This thesis deals with an advanced experimental
investigation of infrared radiation induced gy-
rotropic photocurrents in semiconductor nano-
structures. These provide an access to non-equi-
librium processes in low-dimensional materials
like quantum wells allowing especially studies
of spin and orbital properties of carriers. Even
though a noticeable progress in both the basic
research and utilisation of the gyrotropic currents
has been achieved, their complete understanding
is still a challenge. The conducted measurements
improve the knowledge by revealing a number of
new phenomena. Among them are a first experi-
mental observation of circular photon drag effect
demonstrating a simultaneous transfer of pho-
ton linear and angular momenta to carriers and
a detection of a nonlinear magneto-gyrotropic
photocurrent. The latter effect coheres with the
heavy-hole type of the lowest conduction band
in HgTe quantum wells allowing, for instance,
determination of the quantum spin Hall insula-
tor state.
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Chapter 1

Introduction

Transport of electrons and holes in semiconductor nanostructures belongs to key problems of the
contemporary electronics [1,2]. One of its major applications is the charge transfer for the sake of
information processing. In the last decades, a significant progress in the enhancement of the oper-
ation capability has been achieved due to the decrease of RC time constants and minituarisation
of the device fabrication [3]. Although the Moore’s empirical law which describes the doubling of
performance every 2 years is still valid [4], this development is faced with various problems. One
of them is the ascending heating of structures accompanying the charge flow. Seeking for alter-
native solutions, another root of the information transduction can be realised exploiting the axial
rotation quantum number of the electron, i.e., its spin, being a candidate for a qubit in quantum
computers [5,6]. The spin degree of freedom is utilised in the section of electronics called spin-
tronics which is a rapidly developing field of modern physics regarding the basic research as well
as its applications [7,8]. An example of spin-dependent effects is the tunnel magnetoresistance
in ferromagnetic metals which has been recently successfully implemented for information storage
in non-volatile magnetic random access memories [9]. Developing spin-based logical components,
besides spin injection and detection, the middle cornerstone builds a controlled spin manipulation.
In semiconductors, this ability arises in low-symmetrical structures and is related to the gyrotropy
of the material. This feature allows a linear coupling of polar and axial vectors and leads, for
instance, to linear spin-orbit coupling terms in the Hamilton function [10,11]. Discussing spin-
dependent processes in nanostructures, one should mention the spin-orbit induced spin relaxation
via D’yakonov-Perel’” mechanism [12-14] as well as direct and inverse spin Hall effects [15-18].
Recently, different novel phenomena have attracted a considerable attention. Among them are
spin-galvanic effect [19], zero-bias spin separation [20], circular photogalvanic effect [21-23] and
quantum spin Hall effect [24,25]. Although most phenomena are based on the spin-orbit coupling,
the reduction of symmetry enables also spin-independent phenomena such as orbital circular pho-
togalvanic effect [26,27]. Photocurrents which require simultaneously gyrotropy and the presence
of a magnetic field may be gathered in a class of magneto-optical phenomena denoted as magneto-

gyrotropic photogalvanic effects [28,29].

Gyrotropic and magneto-gyrotropic photocurrents have excelled in the fundamental research of

the elementary processes of the electrons and holes in semiconductors as they allow a direct access
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to spin and orbital properties of carriers. An extensive understanding of carrier basic principles
becomes important for an efficient implementation of nanostructures in modern devices. While
the features of the electron orbital motion are crucial for the electron transport, a comprehensive
knowledge about spin properties is indispensable for the field of spintronics and its applications. One
of such applications is the recently introduced all-electric polarisation detector which is based on
the sensitivity of photocurrents to the polarisation state of the incident radiation [30,31]. Moreover,
photocurrents have been successfully used for the characterisation of structures giving information
on structure symmetry, doping level position, band structure and spin relaxation times (for review
see [32,33]). Even though a noticeable progress in both basic research and utilisation has been
achieved, a complete understanding of photogalvanics is still a challenge.

The objectives of the present work are experimental studies of new photogalvanic effects in wide
and narrow bandgap semiconductor nanomaterials such as n-type GaAs- and HgTe-based QW
structures by means of mid-infrared and terahertz optical excitation. The reported results in GaAs
structures comprise the observation of two novel phenomena under intersubband absorption of ra-
diation: the circular photon drag effect and the resonant magneto-gyrotropic effect. Investigating
narrow bandgap HgTe structures, a nonlinear magneto-induced photocurrent has been detected
and is related to the inverted band structure where the ground conduction subband is of heavy-
hole-type. Since the current is linear for normal band sequence, the method of magneto-gyrotropic
photogalvanics can give a quick and reliable experimental feedback to theoretical calculations con-

cerning band structure.



Chapter 2

Basics

Much current interest in condensed matter physics is directed towards understanding of carrier
spin and orbital phenomena. An effective access to basic features of electrons and holes provide
gyrotropic photocurrents. In the present chapter, various gyrotropic and magneto-gyrotropic pho-
togalvanic effects are discussed. As it will be shown, these can originate from both asymmetrical
spin-dependent as well as orbital processes in semiconductor nanostructures. Those photogalvanic
effects which involve the spin of carriers are called spin photocurrents and require the k-linear
spin-orbit coupling. Independent of the current formation art, the generation ability of either pho-
togalvanic effect is related to the gyrotropy. In the following section, starting with the standard
band structure of bulk semiconductors this feature will be introduced as it removes the spin degen-
eracy by k-linear terms in the effective Hamilton function creating a precondition for any further

photocurrent treatment.

2.1 Band structure

Discussing electrical and optical properties of semiconductors, the basic knowledge of the band
structure is indispensable. If one neglects the high-order effects such as strain and the spin-orbit
interaction, the basic band structure of a direct bandgap bulk semiconductor can be imagined as
shown in Fig. 2.1(a) where electron, heavy- and light-hole bands are spin degenerated [3]. Due
to the fact, however, that quantum phenomena in semiconductors such as spin photocurrents are
highly sensitive to subtle details of the carrier energy spectrum, this picture does not allow their
correct description and should be modified. Below, an upgrade of the basic band structure owing
to the relativistic effect of the spin-orbit interaction is considered. The latter leads to the removal

of the spin degeneracy in low-symmetrical systems.

2.1.1 Removal of spin degeneracy

Step by step, moving from diamond to zinc blende bulk structures and over symmetric, finally, to
asymmetric low-dimensional structures, the removal of the spin degeneracy by k-linear terms in
the Hamiltonian becomes apparent. Spin degeneracy of the electron bands in bulk semiconductors

and subbands in heterostructures originates from the simultaneous presence of the spatial and time
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Figure 2.1: Electronic band structure of a bulk semiconductor with a direct bandgap both
(a) neglecting and (b) accounting the spin-orbit interaction. Energy dispersions are sketched
together with correspondent degeneracy numbers.

inversion symmetry [8]. Indeed, in bulk materials with only one sort of atoms (diamond cubic
crystal structure) like bulk Si, the electron bands are spin degenerated. Here, the spatial inversion
symmetry

Eqy(k) = E(—k) or E\(k) = E|(—k) (2.1)

together with the Kramers doublets due to the symmetry of the time reversal

E: (k) = B\ (~k) (2.2)
results in the spin degeneracy at any wave vector k

B: (k) = B, (k). (2.3)

From equations (2.1) and (2.2) it is obvious that there are two general ways to remove the spin
degeneracy. An application of an external magnetic field B breaks the Kramers doublets in Eq. (2.2)
and lifts the degeneracy of the spin states o due to the Zeeman effect. This situation may be

expressed by an additional term in the Hamiltonian as
H;=—(o-B). (2.4)

Another possibility to remove the spin degeneracy arises in spatially asymmetric structures. In this
context, two asymmetries should be mentioned: the bulk and structure inversion asymmetry. While
the first one is an inherent feature of the host material, the latter appears due to any additional

asymmetry in the particular structure.

Bulk Inversion Asymmetry (BIA)

In contrast to the diamond cubic, bulk zinc blende structures have 2 sorts of atoms and lack
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the centre of inversion. This results in the so called Bulk Inversion Asymmetry (BIA). In bulk
non-centrosymmetric structures belonging to the T,; point group, the spin-orbit interaction induces

spin-dependent contributions to the conduction-band Hamiltonian starting with &3 [32]

Hpias = & [o2ko (k] — k2) + oyky (k2 — k) + ok (k2 — k)] (2.5)

where o, are the Pauli matrices, k is a pseudo-scalar and x, y, z indicate the space directions along
the cubic axes
|| [100], [/ [010], = || [001]. (2.6)

Although in materials of Ty symmetry the spin degeneracy is lifted by k-cubic terms, the spin
splitting of the conduction band along any cubic axis, however, is absent as shown in Fig. 2.1(b).
Moreover, the generation of spin-dependent and orbital photocurrents remains forbidden as these
are related to k-linear splitting in gyrotropic media. The gyrotropy could be either the immanent
property of a material or be induced extrinsically, for instance, by means of an externally applied
magnetic field or uniaxial deformation [34]. Generally speaking, the gyrotropic point group symme-
try makes no difference between components of axial vector A (e.g., spin, magnetic field, angular
momentum) and polar vector P (e.g., momentum, electric current) and allows their linear coupling
over the second-rank pseudotensor T’

B =Ty (2.7)

Once the symmetry of the system is reduced to one of the gyrotropic crystal classes, the spin-
dependent k-linear terms in the Hamiltonian due to the spin-orbit interaction appear and can be

written as

HSO = ZleUlkm‘ (28)

Im

Such downgrade can be achieved experimentally in low-dimensional materials like zinc-blende-based
QWs. For instance, (001)-grown GaAs symmetrical QW structures belong to the already gyrotropic
Dog point group symmetry. In the cubic coordinate system (2.6), the spin-orbit interaction excites

k-linear contributions given by [35]
HBIA,l = ﬂ(o'xij - o'yk;y)7 (29)

where pseudo-scalar § is the Dresselhaus linear coupling parameter. It is quiet obvious that BIA-
induced k-linear splitting can be easily derived from the Eq. (2.5) for the bulk material taking into

account the quantum confinement of the QW structure (ﬂ = —n(k§>)

Structure Inversion Asymmetry (SIA)

Besides Bulk Inversion Asymmetry, both unrequested or intended on purpose additional asymme-
tries in structures result in the so called Structure Inversion Asymmetry (SIA). This can originate
from a lattice stress, atom diffusion in the epitaxially grown structures, inhomogeneity due to an
externally applied electric field, doping asymmetry and so on. As a result of the STA contribution,
(001)-grown GaAs QW structures become asymmetrical belonging now to the Cg, point group

symmetry and the corresponding linear-in-k contributions to the Hamiltonian are given by [36]

HSIA,l = a(axky - Uykw)u (210)



6 | Chapter 2. Basics

(a) € (b) €
ejJ 2 ej €]
(£1/2) (+1/2) (-1/2)
2D

hhj /\ 2 hh ]ﬂhh ]
(£3/2) (+3/2) (-3/2)

lhy 2 thy lhi
(£1/2) (+1/2) (-1/2)
0 kx 0 kx

without spin-orbit coupling with spin-orbit coupling

Figure 2.2: Electronic band structure of two-dimensional material like QW structure both
(a) neglecting and (b) accounting the spin-orbit interaction. In the case of zinc-blende-based
structures, the electron, heavy- and light-hole energy dispersions become spin-split due to
k-linear terms given by general Eq. (2.8).

where pseudo-scalar « is the Rashba parameter. Since all structures under investigation are asym-
metrical QWSs, thus calculating the band energy splitting, a combination of both BIA and STA
contributions must be taken into account. The relative shift A(k) of the spin-split sublevels in the

energy spectrum is given by [37]

A(k) = 2|k|\/a2 + 32 + 2a sin 20y, (2.11)

where 0, is an angle between k and the cubic x axis. The interference term on the rhs of (2.11)
causes anisotropy of the energy dispersions E(k) in the QW plane. Assuming a particular case
a = (3, electrons moving in [110] direction are spin-degenerated, while those with the wave vector k
in [110] direction feature the maximum possible value of the energy splitting. Figures 2.2(a) and (b)
sketch qualitatively the k-linear spin splitting of the electron and hole subbands in 2-dimensional
structures while the effect of the size quantisation separates energetically the light and heavy hole
states at the I-point [3]. Since in the absence of an external magnetic field the Kramers doublets
are conserved, the energetic parabolas shift symmetrically in respect to & = 0 and their relative
shift A is given by Eq. (2.11). It should be noted that in real structures the energy dispersions F (k)
of the conduction band become nonparabolical, for instance, due to the admixture of the valence

band, and the shift given by Eq. (2.11) remains valid for small values of k only.

2.1.2 Effective magnetic field

Comparison of the mathematical expressions (2.4), (2.9) and (2.10) for spin splittings induced by

external magnetic field and BIA /STA terms suggests to express the removal of the spin degeneracy
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by either spatial asymmetry similar to the Zeeman splitting in terms of the effective magnetic
field. As an example, for (001)-grown asymmetrical zinc-blende-based QWs, the k-linear effective

magnetic fields BT caused by BIA and SIA are given by

BlegffA,l = ﬂ (kl’a _ky7 O) ) (212)
Bl 1 =a (ky, —kz,0).

Before pointing out the benefits of such representation, first, several important differences be-
tween effective and real magnetic fields should be mentioned. As it can be seen from the equation
array (2.12), the effective field Be°ff acting on the spin of a particular electron depends on the mo-
mentary wave vector k of the electron itself. Moreover, in contrast to the external magnetic field,
its effective counterpart B does not break the time reversal symmetry. However, an introduction
of such a field appears to be very useful, since both spin splitting and dynamics within it can be
described similar to that in a real magnetic field. Indeed, the spin splitting originating from either

spatial asymmetry can be written as
Hso = (a ' Beff(k;)) . (2.13)

and by any means injected non-equilibrium electron spin S starts precessing around the vector
B°f(k) with the frequency

(k)| = % B (2.14)

This spin precession will play in the following investigations of the spin phenomena an important
role as it influences directly the spin polarisation providing a tool of the spin manipulation. Indeed,
at small values of Q) the effective magnetic field rotates the non-equilibrium spin at an average angle
generating a nonzero orthogonal spin component and, therefore, acts as an inductor of the spin.

On the other side, it is the driving force of an efficient spin dephasing mechanism.

2.2 D’yakonov-Perel’ spin relaxation mechanism

The precession of the spin polarisation in the effective magnetic field between scattering events
is the basis of the spin depolarisation in the terms of the D’yakonov-Perel’ (DP) spin relaxation
theory [12-14]. The DP mechanism dominates in n-type low-dimensional wide bandgap structures
with inherent spin splitting like GaAs-based QW structures [38]. At high frequencies, 2 > 1/7,, the
transversal component of the spin vanishes before the first momentum scattering event, i.e., 7, o< 7.
In the opposite limiting case, 2 < 1/7,, the angular rotation between elementary scattering events
is small and the spin relaxation is a result of successive accidental small precessions. Indeed, as the
orientation of €2 depends on the momentary wave vector k of the electron after every stochastic
scattering event (see equations (2.12) and (2.14)), the DP spin relaxation mechanism becomes
anisotropic. In the collision-dominated regime, which holds in typical ITI-V-based semiconductors,
one obtains the condition Q7, < 1 [39]. The resultant spin relaxation time is, therefore, reciprocally

proportional to the scattering time 7, [12]

(2.15)
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with C' given by [39]

(2.16)

As it is seen from the equations (2.15) and (2.16), the spin dephasing occurs between the scattering
events and becomes longer at low temperatures and in wide bandgap materials. Moreover, the DP
spin relaxation mechanism may be even suppressed for specific directions of the electron momentum
and spin by an appropriate choice of the confinement axis as it has been demonstrated on the
example of (110)-grown GaAs-based QWs [14,40].

2.3 Gyrotropic Photogalvanic Effects

In the first section of this chapter, it has been shown that the reduction of symmetry by introduction
of low-dimensional materials influences the electronic band properties. The modification of the
carrier energy spectrum by k-linear terms enables a wide class of photogalvanic phenomena called
gyrotropic photocurrents. These currents arise in low-symmetrical homogeneous structures due to
a uniform illumination. For instance, absorption of a circularly polarised light in zinc-blende-based
QWs may lead to current generation due to circular photogalvanic effect [21] and optically induced
spin-galvanic effect [19]. In either case, a characteristic feature of these photocurrents, which occur
in unbiased samples, is that both currents reverse their direction upon changing the radiation
helicity from left-handed to right-handed and vice versa. However, one of the principal differences
between these helicity-dependent effects is their temporal behaviour. While current caused by the
circular photogalvanic effect decays with the momentum relaxation time of free carriers, the spin-
galvanic effect induced current is limited by the relaxation time of the non-equilibrium spin in the

system.

2.3.1 Circular Photogalvanic Effect

The Circular Photogalvanic Effect (CPGE) was predicted in [41,42] and then observed in bulk
tellurium applying mid-infrared laser radiation [43]. The effect has been entirely investigated in
different materials like GaAs [44,45], InAs [21], SiGe [46], HgTe [31,47], strained InGaAs QWs [22,
23], GaN/AlGaN heterojunctions [48,49] as well as Si-MOSFETs [27] and could be utilised in
different applications like in all-electric polarisation detectors [30,31] and experimental separation
of Rashba and Dresselhaus spin splittings [50]. The CPGE can be imagined as a transfer of an
angular momentum of a photon into a directed motion of free carriers. This process is comparable in
conventional life, for instance, with a rotating motion of a screwdriver while moving straightforward.
Similar to the removal of the spin degeneracy by the k-linear terms in the Hamilton function, the
CPGE is allowed in gyrotropic structures only. Neither in bulk diamond crystals like Si and Ge
nor in bulk structures of zinc-blende-type the appearance of the CPGE is possible. However, in
nanostructures like GaAs QWs the CPGE is enabled due to the reduction of symmetry.

General phenomenological description

Without any knowledge about the microscopic processes leading to the current formation, on the
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phenomenological level the CPGE current j can be described by [41]

I =D Wp 6o B Peie, (2.17)
o
where ~ is the second-rank pseudotensor coupling the dc electric current j and the radiation
propagation direction given by the unity vector é. Maybe the most characteristic fingerprint of this
gyrotropic photocurrent is its proportionality to the radiation helicity P, given by
I(oe") —1(07)

Pcirc = TN T
I(ot)+1(o7)

(2.18)

where I(oc") and I(0™) are intensities of right- and left-handed circularly polarised light, respec-
tively. Light helicity Pei. can be considered as a normed average spin projection of photons on
their propagation direction: (S, -€)/h. Therefore, for completely right-handed (o) or left-handed
(o07) circularly polarised light the helicity Pei.. is equal to +1 or —1, respectively. Following the
phenomenological Eq. (2.17), the CPGE arises under illumination with circularly or elliptically po-
larised light only. Moreover, the photocurrent j is determined by the point group symmetry, which
discloses the non-vanishing components of the pseudotensor ~ for a certain coordinate system. In
respect to the helicity-dependent photogalvanic experiments carried out on (110)-oriented asym-
metrical QWs, in the following phenomenological and microscopical discussion, the description of

the CPGE is given for the case of the relevant C; point group.

Phenomenological description in C,-Symmetry

The asymmetric (110)-oriented GaAs/GaAlAs QW structures under investigation belong to media
of Cs point group symmetry which corresponds to the monoclinic-domatic crystal class. The Cg
point group has only two symmetry elements: (E,oy,), the identity operator and the (110) reflection

plane [51]. It is convenient to use the coordinate system along the crystallographic axes
2" || [110], " || [001], 2" || [110], (2.19)

where the 2”7 and y” lie in the plane of the QW and z” is the structure growth direction. The
projections of the CPGE current on the both in-plane directions for the arbitrary aligned light in

respect to the interface plane are then given by [33]

]CE” = (’yx//y// éy// —|— ’yx//Z// éZ//) IPcirc and jy// = ’)/yllwll éx// IPCier (220)

where the intensity is set as [ = Eg. While the tensor component ~y,~,» arises due to the BIA
of the low-dimensional structure, components v, and 7y, are due to the SIA and present in
asymmetric QWs only. For instance, normal incidence illumination (é,» = é,» = 0) yields CPGE
current in the direction z” which is normal to the symmetry reflection plane (110). Below, the

spin-dependent microscopic mechanism of the current formation under normal excitation is given.

Microscopical description in C,-Symmetry
Up to the present, several microscopic mechanisms of the CPGE have been proposed. The latest
one is the pure orbital mechanism which is based on the interference of different pathways con-

tributing to the light absorption [26]. It does not involve the spin of carriers and is expected to
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Figure 2.3: Mechanism of the CPGE current at intersubband resonance induced by the

normal incident circularly polarised radiation in structures of Cs-symmetry.

be the predominant in the Drude-like absorption range. However, the experimental observation
of CPGE under intersubband resonant absorption of mid-infrared light suggests to introduce here
the intersubband dominating spin-related model [45] which is the original one and bases on the
spin-orbit splitting.

In (110)-oriented QW structures of Cy point group symmetry the electron spin degeneracy along

the growth direction (z”) is lifted by spin-orbit coupling,
HSO = ﬁz”x” Uz”kx”a (221)

where (3,1, is the Dresselhaus spin splitting constant. As a result, the conduction band splits in

two sublevels with the spin components o,» = £1/2 as given by

B2
ko) =e® 4 20w 4 g0) 4 92.92
€V,:l:1/2( T ) € + 2m* lgz T T ( )

where the ) is the energy of size-quantised subbands and v = 1,2 denominates the first and
the second subband, respectively. Irradiation of the material with a polarised light leads to an
intersubband absorption in the structure. However, it occurs only if energy and momentum conser-
vation laws as well as optical selection rules are satisfied. For example, a single photon with helicity
P.c = —1 and energy hw; can be absorbed only by a certain electron with the spin o,» = +1/2
and quasi-momentum £, as shown in Fig. 2.3(a). As a result, under normal incidence a spin-flip
transition from the ground conduction subband e; to the upper subband es occurs [52] and the

angular momentum conservation relation

0% + Poiye = 0% (2.23)

Z” ZN

is fulfilled. The non-uniform electron distributions in both subbands originating from the depleted

electron state (quasi-hole) in the ground subband e; and the created electron state in the upper
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subband ep drive currents of the same magnitude (|k_,|) but opposite signs compensating each
other. However, for the typical n-type QW structures the contribution from the electrons in the
upper subband ey to the total current is temporally controlled by the fast emission of the LO-
phonons'. Therefore, the electric current in 2” direction is determined by the spin polarised (here:
o1 = +1/2) quasi-holes in the ground subband e; and decays with the momentum relaxation
time 7151). From the angular momentum selection rule (2.23), it is obvious that switching helicity
from +1 to —1 the whole picture mirrors and the current inverts its direction. Holding the helicity
constant and scanning the photon energy around the intersubband resonance maximum 91, the
current changes its sign as well while passing the frequency €21 /h (see Fig. 2.3(b)). These qualitative
features of the CPGE current as well as an essential need of the spin splitting are reflected in the

following expression for the averaged CPGE current

. dy (hw)
Jat X (ﬁi/ll)xu + ﬁi/zl)x//)T;gl)!i'TIPcirc (2'24)

where 7] is the averaged intersubband absorbance of the normally incident light?, I is the light
intensity and ﬁi,l,j,), the spin splitting constants of the first and second electron subband, respectively.
At pulsed excitation, the CPGE current vanishes with the momentum relaxation time T;(,U, i.e., the
time is needed to achieve the uniform distribution of the photoexcited carriers in k-space. However,
if the spin relaxation time Tégl) is longer than the ngl) and some general symmetry requirements are
met, than the uniformly distributed but still spin polarised electrons may give rise to an electric

current due to the spin-galvanic effect.

2.3.2 Spin-galvanic Effect

Spin-galvanic effect (SGE), predicted in [34], has been observed for the first time in n-type GaAs
QWs by means of optical spin orientation [19] and thus belongs to the class of spin-related pho-
tocurrents. Even though the optical way of spin injection is a natural one, the method itself,
however, is not crucial. Indeed, by any means induced uniform non-equilibrium spin polarisation

S may give rise to an electric current j,
Jo = QapSs, (2.25)
8

where @ is a second-rank pseudotensor. In every particular material, the non-equilibrium spin
Sp may drive an electric current j, if the relevant coupling pseudotensor component (),g is not
equal to zero. In general, non-vanishing components of the SGE tensor @ can only exist in non-
centrosymmetric systems belonging to one of the gyrotropic classes. Regarding the experimental
investigations, two relevant symmetry classes should be mentioned. In (001)-grown asymmetrical
GaAs-based QWs belonging to the Cs, point group, the nonzero components in the cubic coordinate
system are @y and @y;. As a result, in such structures only in-plane spin polarisation may drive

an electric current. In contrast to (001)-oriented QWs, the (110)-oriented asymmetrical QWs allow

'Energy of LO-phonons in n-GaAs QWs is about 35 meV.
2The resonant intersubband absorbance of the normally incident light is known to be forbidden by the dipole

selection rules [53,54]. However, these rules were shown to be not rigorous [55].
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Figure 2.4: Mechanism of the spin-galvanic effect based on the asymmetry of the spin-flip

relaxation processes in the k-space.

conversion of even out-of-plane spin component in a dc current. The latter nanomaterials are related
to the Cs symmetry and possess in the double-prime coordinate system (2.19) three non-vanishing
components Q gy, Qyirgr and Qgr,n. Microscopically, two models of the SGE current formation
exist. The newest one bases on the combination of the anisotropy of spin-preserving and spin-flip
scattering and is expected to be the predominant at room temperature [56]. In a much simple
way, however, microscopic picture of SGE can be understood in terms of the originally proposed

mechanism. This is due to the asymmetry of the spin-flip relaxation processes in the k-space [19].

Spin-galvanic effect due to asymmetry of the spin-flip relaxation

Injection of non-equilibrium spin in a system activates relaxation processes tending to an equilibrium
situation. In general, these processes do not lead to electric current generation. However, in
media with a spin non-degenerated electron gas, relaxation of the spin polarisation can drive an
electric current. In addition, both spin-up and spin-down subbands should be shifted linearly in
k-space. This requirement is satisfied in all nanostructures used in the experiments. Figure 2.4(a)
demonstrates the subband shift in the k-space along = together with the uniform non-equilibrium
spin polarisation §,. In this band structure, spin polarisation means that one subband is occupied
up to higher energies than the another. On their way to the equilibrium, electrons from the higher
filled subband (spin-up) scatter to the less filled subband (spin-down) performing a spin-flip. In
this respect, four quantitatively different events exist and are shown in Fig. 2.4(b) by bent arrows.
Since the electron scattering rate depends on the values of the wave vectors of the initial and final
states, an asymmetry of relaxation processes arises. Although transitions shown by blue arrows

have the same rates preserving the uniformity of the electron populations in the both subbands,
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scattering events sketched by thick and thin red arrows depopulate the right branch of the spin-
up subband while preferably populating the left branch of the spin-down subband. The resulting
non-uniform distribution of the electrons in the k-space after these elementary spin-flip events is
shown qualitatively in Fig. 2.4(c). The current of electrons starts flowing in z direction and decays
for the already spin relaxed electrons with the momentum relaxation time ngl) [57]. However, new
spin-flip processes will occur as far the electron gas is still spin polarised and, therefore, the total
SGE current decays with the spin relaxation time 7'3(1). Within the model of the elastic scattering,
the electric current caused by the non-uniform distribution of the electrons shown in Fig. 2.4(c)
is not spin polarised because the same number of the spin-up and spin-down electrons move in
the same direction with the same velocity. The situation of the relaxed sublevels is shown in the

Fig. 2.4(d) whereas the current vanishes.

2.4 Magneto-Gyrotropic Photogalvanic Effects

In contrast to photocurrents caused by circular photogalvanic and spin-galvanic effects, magneto-
gyrotropic photogalvanic effects (MGPGE) allow current generation in homogeneously illuminated
structures only if an external magnetic field B is applied. After the first experimental report
on circular MGPGE in [58], an essential progress has been achieved. The effect has so far been
detected in GaAs, InAs, GaN and SiGe QWs (for a review see [29]) and applied for characterisation
of structures giving information on structure symmetry and doping level position [59,60]. On the
macroscopical level, within the linear approximation in the magnetic field strength B, the MGPGE
current is given by [33]

Jo =3 GapyBs{EES} + > ptapyBaéyEQ Peire. (2.26)

B3 By

Here, the fourth-rank pseudotensor ¢ is symmetric in the last two indices, ¢agys = Pagsy, Ly
are components of the complex amplitude of the radiation electric field E which is presented as
E = Eye with Ej being the modulus |E| and e indicating the polarisation unit vector. The symbol

{E,E5} means the symmetrised product of the electric field with its complex conjugate
1
{E,E5} = 5 (EyE; + E;EY) . (2.27)

In the second term on rhs of Eq. (2.26), u is a regular third-rank tensor, P is the helicity of
the radiation and é is the unit vector pointing in the direction of light propagation. While the
second term requires elliptically polarised light, the first term may be nonzero even for unpolarised
radiation.

In the present work, MGPGE photocurrents have been investigated in (001)- and (013)-oriented
QWs. While the latter belongs to the C| point group possessing only the identity as a symmetry
operation and, therefore, provides the highest possible number of the non-vanishing components of
the pseudotensor ¢ and regular tensor u, the phenomenological picture can, however, be specified
for (001)-grown asymmetrical QWs which are related to the C, symmetry. In this case, it is

convenient to use the prime coordinate system

' |[[110], g’ [l [110], 2" | [001], (2.28)
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St = 5 Beywe + oyyy) Tt = 5 (Dyararer + Gyraryryr)
S = L(Guyar — beyyy) To = L (Gyarars — byaryy)
SB = Q/)a:/ac/ac’y’ = ¢x’w’y’x’ T3 = ¢y’y’w’y’ = ¢y/y/y’$’

S Ty = [y

Table 2.1: Definition of the parameters S; and T; (i = 1...4) in Eq. (2.29) in terms of the non-
vanishing components of the pseudotensor ¢ and the regular tensor p for the Cy, symmetry in

the prime coordinate system (2.28) under assumption of normally incident light [28].

where 7’ and v are oriented along the crystallographic axes in the QW plane and 2’ is the growth
direction. For the normally incident light and the magnetic field oriented in the interface plane of
the QW, the intensity normed projections of the MGPGE photocurrent on both in-plane directions
2’ and y' are then given by [28§]

jx//I = SlBy/ + 2SQBy/.Phn + 2S3B$’Pl/in + S4B Peire, (2.29)
jy’/-[ = Tle’ + 2T2B1”-Plin + 2T3By’-P1,in + T4By’Pcir(37

where, again for simplicity, the intensity is set to be I = Eg. The coefficients S7 to Sy and 717 to Ty
expressed in terms of non-vanishing components of tensors ¢ and p in the Cs, symmetry group are
given in Tab. 2.1. The set Py, ‘Pl/m and P are Stokes parameters describing the polarisation state
of the light. While the latter parameter Pey is the light helicity given by Eq. (2.18), P, and P
describe the degree of linear polarisation and are defined via polarisation unit vector components

as
Plin = (|€x”2 - ’ey"Q) ) (230)

/o
IDlin:

N =N =

(ex/e;, + ey/e’;/) )

From the equation set (2.29) it can be seen that the terms described by S; and 77 are polarisation-
independent and appear even at illumination with unpolarised light. However, all other contri-
butions on the rhs of (2.29) require either linear (S3,75 and S3,73) or circular (Sy,7y) radiation
polarisation. For the case of the elliptically polarised light all current contributions are present.
Studying MGPGE currents in a particular nanostructure, observation of the polarisation depen-
dences is an important investigation tool as it helps to conclude on the microscopic origin of the
observed signal.

Microscopically, there are different mechanisms for involving magnetic field in the current for-
mation processes. In the case of orbital (diamagnetic) mechanisms, the magnetic field B acts on
the orbital motion of the electrons k rather than on their spin and induces a directed electron flow.
Basically, diamagnetic mechanisms originate from the Lorentz force, which pushes electrons to the
right or the left interface depending on their velocity direction and, therefore, changes their electron
wave function and energy. Since the Lorentz force is proportional to the magnetic field and the
electron velocity, the resulting small diamagnetic corrections to the wave function and energy are

linear in k as well as linear in B. However, these k-linear corrections arise similar to o;k,,-terms
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in gyrotropic materials only. Below, linear-in-k corrections caused by SIA are considered. The
corresponding contribution to the effective Hamiltonian induced by the in-plane magnetic field has

in the prime coordinate system (2.28) the form [53]
he
Hg}ﬁ = E(Bz’ky’ - By’kx’)zl y (2.31)

where e is the electron charge, m* is the effective electron mass, B, and B, are the in-plane
components of the magnetic field, and z’ is the coordinate operator. Up to date, several diamag-
netic mechanisms of the MGPGE current formation based on the B;k,,-terms have been proposed.
One of them originates from Bk,,-corrections in the hot electron scattering probability leading to
current formation [61]. Another example is the diamagnetic shift of the subbands de, o< Bjky, [53]
while the current is determined by the relative shift of the two participating subbands which is
nonzero in heterostructures and asymmetrical QWs [62]. Regarding paramagnetic mechanisms of
the MGPGE, where the magnetic field B acts on the spin of electrons o, one should mention the
magnetic field induced conversion of pure spin currents into electric current due to the introduction
of an equilibrium spin polarisation in the system by means of the Zeeman effect. In the following
elaboration, first the diamagnetic mechanism of the MGPGE current generation due to the dia-
magnetic band shift and then the paramagnetic mechanism due to the Zeeman conversion of pure

spin currents are discussed.

2.4.1 Diamagnetic band shift induced photocurrent

Magnetic field induced shift of the energy dispersions in the k-space was investigated theoreti-
cally [63,64] and observed experimentally for direct interband optical transitions [65,66]. Orig-
inating from orbital effects and excluding any relation to the relativistic spin-orbit coupling, the
asymmetry of the energy spectrum, e(k, B) # £(—k, B), was shown to be large and the diamagnetic
shift mechanism proven to be efficient. Regarding MGPGE investigations under intersubband ab-
sorption of light in the chapter 5), it is reasonable to discuss the mechanism of the current formation
based on the diamagnetic shift of size-quantised subbands.

An application of an in-plane magnetic field to an asymmetric two-dimensional electron gas
(2DEG) induces in each size-quantised subband a spin-independent diamagnetic shift of the electron
spectrum in k-space. The corresponding corrections to the electron energies are determined by the
diagonal matrix elements of the Hamiltonian (2.31) and have the form [53]

h

&
551/ = %(Bx/ky’ — By’kx’)zlljy y (232)

where v is the subband index, z/,, = [ ¢2(z)z'dz’ is the coordinate matrix element and ¢, is the
function of size quantisation in the subband v in zero magnetic field. This situation is sketched
in Fig. 2.5 for e; and ez subbands. Although in QWs the spin degeneracy is removed even in the
absence of an external magnetic field, in the following description, both the zero-field spin-orbit
splitting and the Zeeman spin splitting are neglected. The value of the diamagnetic shift depends on
z),, and is generally different for e; and ey subbands. Due to the relative shift of the two subbands

Ak, o< By, intersubband optical transitions induced by the monochromatic radiation of the photon
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Figure 2.5: Mechanism of MGPGE current at intersubband resonance induced by asymmetric

optical excitation due to diamagnetic shift of subbands in the k-space.

energy hwi occur only at a fixed wave vector k_, where the energy of the incident light matches
the transition energy as it is indicated by the red vertical arrow in Fig. 2.5(a). As a result, optical
transitions generate an imbalance of momentum distribution in both subbands yielding an electric
current. However, a non-equilibrium distribution of carriers in the upper subband rapidly relaxes
due to the very effective relaxation channel of LO-phonon emission. Thus, the contribution of the
eo subband to the electric current vanishes and the electron flow is determined by the momentum
distribution of carriers in the lowest subband resulting in a negative current J,/. As directly follows
from this model picture, the variation of the incident light frequency causes the inversion of the
current direction at the photon energy hw = g;,, corresponding to the optical transitions at the
minimum of e;. Indeed, at small photon energies, fiws < €ipy, excitation occurs at k:, shifted to the
right from the e; minimum resulting in a positive current J, as shown in Fig. 2.5(b). Calculations
show that, for the case of optical transitions between the subbands e; and ey and the magnetic
field aligned along 3/, the diamagnetic band shift induced photocurrent has the form [62]
e’B,, ) dn(hw)] I

Jar = (211 — Z52) e | n(hw) + (ngl) - 7}@) € “dhw | e (2.33)

where T,Sl) and TISQ) are the momentum scattering times in the first and second subbands, respec-

tively, n(hw) is the QW absorbance which is calculated neglecting k-linear terms but taking into
account the inhomogeneous spectral broadening of the intersubband resonance, €9 is the energy
separation between the subbands e; and eq, and £ is the average electron kinetic energy. The latter
equals to kgT and £p/2 for a non-degenerate and degenerate 2DEG, respectively, whereas T is the
temperature and e the Fermi energy. In accordance to general symmetry arguments, the MGPGE
current given by Eq. (2.33) is related to SIA of the QW and vanishes in symmetric structures where

21y = 2zby. If the relaxation time of carriers in the excited subband is much shorter than that in
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Figure 2.6: Mechanism of the pure spin current formation due to the spin-dependent asym-

metry of the photoexcitation.

the ground subband, 7152) < 7'151), than the current contribution due to the diamagnetic shift of the

electron subbands is proportional to the spectral derivative of the QW absorbance. This is similar

to the spectral behaviour of the circular photogalvanic effect caused by intersubband transitions.

2.4.2 Magnetic field induced pure spin current conversion

Another mechanism of the MGPGE is based on the magnetic field conversion of pure spin cur-
rents and can be considered in two stages. The first stage is the zero-bias spin separation which
has been considered theoretically in [67] for interband as well as inter- and intrasubband optical
transitions. The experimental observation of the MGPGE under intrasubband absorption of the
terahertz radiation in GaAs- and InAs-based QWs and heterostructures has been shown to stem
from the zero-bias spin currents and, in the second stage, their subsequent conversion in an electric
current applying magnetic field [20,68]. This spin-dependent mechanism has been verified to cause
the MGPGE current in diluted magnetic semiconductor (DMS) structures [69] by means of g-factor

control.

1st Stage: Pure spin currents generation

Pure spin currents can be considered as fluxes of magnetisation without charge current and result
in a spatial spin separation. In contrast to the spin Hall effect, in structures with suitable symmetry
the spin separation can be achieved even at zero bias either due to the spin-dependent asymmetry
of the photoexcitation or/and due to the spin-dependent asymmetry of the hot electron relaxation
processes.

The first mechanism of the spin separation is related to the asymmetry of the photoexcitation
and is shown in Fig. 2.6 for spin-up (¢,y = 41/2) and spin-down (o,y = —1/2) subbands separately.
An illumination in the terahertz range results for the typical QWs like InAs and GaAs in an
absorption of Drude-type where an incident photon can be absorbed by an electron only if a
third particle like a phonon or an impurity attends the process in order to satisfy the energy
and momentum conservation laws. In gyrotropic media, however, the electron scattering on a
third particle becomes asymmetrical due to an additional term in the scattering matrix element

proportional to components of [o x (k+ k’)], where o is the vector composed of Pauli matrices, and
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Figure 2.7: Mechanism of the pure spin current formation due to the spin-dependent asym-

metry of the hot electron relaxation.

k and k' are the electron wave vectors of the initial and scattered state, respectively. Thus, for the
spin-up subband the scattering to the positive k!, occurs with higher probability than to negative
k!, as it is demonstrated by horizontal arrows of different thickness in the Fig. 2.6(a). For the sake
of simplicity, it has been assumed that k,» = 0, even though the argument holds for any k,/. The
asymmetry of electron scattering results in the non-equilibrium non-uniform distribution of the
spin-up electrons in the k-space. For the spin-down subband the whole picture mirrors in respect
to the ks = 0 axis as sketched in the Fig 2.6(b). The asymmetric relaxation of the hot electrons
exhibits the second mechanism of the spin separation and is shown in the Fig. 2.7. It should be
pointed out that whereas the first mechanism is sensitive to the degree of the linear polarisation of
the light, the second one is polarisation-independent [20]. In the framework of either mechanism,
opposite sign spin currents ./ of an equal magnitude drift in opposite directions, /o = —%_1/2,
leading to spin separation without any charge flow. The total spin currents for the first (Jslpin) and

the second (JSQpin) mechanism are given then by

Jslpin = (1/2) ['&1/2 - i1—1/2 J JSZpin = (1/2) ’&1/2 - Z'2—1/2 : (2.34)

Since total spin currents in (2.34) for both mechanisms have opposite signs, in a particular case for
a specific radiation polarisation state, these contributions may compensate each other vanishing
the total spin current Jgspin = Jslpin + JSQPin. In the general case, however, the spin separation is
nonzero and can be visualised. For instance, the method of magneto-optical Kerr rotation is one
of the experimental techniques which has been successfully used to demonstrate the spatial spin
separation due to spin Hall effect [70]. However, a much simple method is to introduce an average
spin in the system by means of an externally applied magnetic field. The resultant conversion of pure

spin currents in an electric current represents the second stage of the spin-dependent mechanism.

2nd stage: Current conversion by magnetic field
An application of an external magnetic field breaks the time inversion symmetry and induces a
non-zero equilibrium spin S(®). Due to the spin polarisation of the system, the pure spin current

Jspin is converted to the net electric current j as [20]

:MGPGE _

j e(iy1ya +5179) = 4SO Jgpin . (2.35)
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Figure 2.8: Model of MGPGE current based on the magnetic-field-induced conversion of
pure spin currents due to the spin-dependent asymmetry of the hot electron relaxation into
electric current. This polarisation-independent mechanism corresponds to the coefficient Sy in

the phenomenological equation set (2.29).

Here e is the electron charge and S(© = (1/2)(n41/2 — nq12)/(nq1/2 +nq1/2) is the average spin
magnitude which depends on the different populations n.; /5 of spin-up and spin-down sublevels.
In the presence of a magnetic field B the populations n.;/,; become unequal in terms of the
Boltzmann distribution as a result of the Zeeman effect. The magnetic field generated equilibrium
spin polarisation S(® can be written as

) _ 9usB
§©) = = (2.36)

where g is the effective Landé factor, up is the Bohr magneton and ¢ is the characteristic electron

energy conditioned by either state of the two-dimensional electron gas

(2.37)

B {Fermi energy e, degenerate gas

thermal energy kg7, non-degenerate gas

Figure 2.8 demonstrates the mechanism of the current conversion by an external magnetic field
whereas, in particular, the spin currents originate from the asymmetric relaxation of the hot elec-
trons (Jszpin). Here, the magnetic field is aligned along y’ generating the photocurrent in 2’ direction.
This current j,» corresponds to the coefficient S; in the equation set (2.29) and is polarisation-
independent. Its magnitude can be estimated as [62]

Jar OC eTél)S(o)%In(w) , (2.38)

where £ is a parameter standing for the ratio of spin-dependent to spin-independent parts of the
electron-phonon interaction. As one can see from the Eq. (2.38), the MGPGE current j, is pro-
portional to the frequency-dependent absorbance n(w) and decays with the momentum relaxation
time in the ground subband Tél).

Summarizing the discussion above, it has been shown that the MGPGE current may be of dif-
ferent microscopic nature stemming from both diamagnetic as well as paramagnetic processes. In
particular, photocurrents originating from the diamagnetic band shift and magnetic field induced

pure spin current conversion have been elaborated. From the basic point of view, their separation
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appears to be of a fundamental interest as it allows to conclude on the elementary spin and orbital
processes in every particular structure. From the Eq. (2.36) it is obvious that the paramagnetic
mechanism of the MGPGE should be sensitive to any controlled variation of the parameters deter-
mining the equilibrium spin polarisation S(®. Recently, in various sets of materials a distinctive
separation of the paramagnetic and diamagnetic mechanisms has been performed. For instance,
the experimental observation of the photocurrent sign inversions by the temperature controlled
g-factor in the DMS structures [69] has verified the spin-related origin of the MGPGE current.
Besides controlling the spin polarisation, experimental studies of current spectral and tempera-
ture dependences can give an additional information on the microscopical origin of the observed
magneto-induced photogalvanic effects. Similar to the helicity-dependent CPGE and SGE, the
MGPGE photocurrents allow to study the spin and orbital phenomena as well. One of the advan-
tages of the latter method, however, is the MGPGE sensitivity even to the unpolarised light, the

fact which may simplify the experimental setup.



Chapter 3
Experimental setup

All photogalvanic phenomena reported in this work are linked to the gyrotropic feature of the
media. This can be achieved intrinsically, for instance, introducing low-dimensional materials
such as QW structures. In the beginning, two sample sets, GaAs- and HgTe-based QWs, are
presented and explicitly analysed in respect on their symmetry properties and peculiarities of the
band structure. Generally, optical excitation of QWs can lead to galvanic effects due to interband,
inter- and intrasubband absorption of light. Depending on the requested photon energy range, an
appropriate excitation system is required. In this work, different gas laser systems such as COo-,
NHjs- and CH4F-lasers for the generation of radiation in the mid-infrared and terahertz spectral
ranges have been applied. Besides the possibility of the wavelength selection, in all the experiments
an additional optical setup has been used. An application of attenuators, polarisers and various
adjustment geometries allowed variation of intensity, polarisation state as well as incidence angle
of the laser beam. For investigations of magneto-gyrotropic effects in the range from room down
to liquid helium temperatures different cryomagnetic systems have been used. All photogenerated

currents have been evaluated in a specific electric setup which is reviewed at the end of this chapter.

3.1 Samples

Investigations of photo-induced currents have been performed on MBE!-grown single and mul-
tiple QW structures of n-type belonging to various gyrotropic symmetry classes. Two different
zinc-blende semiconductor arrays have been grown up on differently aligned wafers. Their initial
orientation determines the confinement axis of the 2DEG in the quantum well. The first set of the
QW samples is based on GaAs and the second one on the narrow bandgap HgTe material. An
exciting feature of HgTe-based QWs is the variation ability of the ground conduction band type in
dependence on the QW width and temperature.

3.1.1 GaAs QWs

Bulk GaAs is a ITI-V direct bandgap zinc-blende-based semiconductor (see Fig. 3.1(a)) and belongs
to the Ty point group. Preparing a QW structure, it is usually sandwiched with Ga,Al;_,As

'MBE: Molecular Beam Epitaxy.
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Figure 3.1: Direct bandgap of (a) GaAs and (b) Gag.gsAlg.34As bulk semiconductors as well
as (c) temperature dependence of the fundamental gap epg — erg in bulk tertiary Ga,Aly_,As

semiconductors with direct bandgap at I'-point [71].

which is for x > 0.6 a direct semiconductor as well (see Fig. 3.1(b)) and builds up the barrier.
All GaAs/GagAly_,As structures have been doped with silicon. Below critical concentrations, the
dopant atoms occupy the gallium position providing an additional electron to the system. In all QW
structures such n-type doping has been displaced from the QW edge. In spite of the fact that the
modulation doping lowers the density of 2DEG in comparison to the electron densities of structures
doped inside the well, such technique allows, however, to increase the carrier mobility due to the
reduced scattering probability of 2DEG on the ionised and neutral impurities. An example of MBE-
grown (110)-oriented multilayer array and the correspondent evolution of the conduction band edge
forming multiple QWs is shown in Fig. 3.2. The characteristic data of all experimentally studied
GaAs/GaAlAs QW structures are summarised in the Tab. 3.1. The typical carrier mobilities of the

QW structure Growth | QW | Spacer 1 | Spacer 2 | QWs | Density/QW
axis nm nm nm cm 2
1 | GaAs/GazAli_zA 8.2 5 25
#l | GaAs/GasAli—ohs | ) 100 710"
#2 (x=0.66) 8.2 15 15
3 7.6 15 15
# GaAs/GagAli—zAs "
#4 (001) 8.2 15 15 30 3-10
(x=0.66)
#5 8.8 15 15

Table 3.1: GaAs-based multiple QW structures with characteristic data.

2DEG are in the range of several hundred thousands cm?/Vs. The QW width in all the samples
has been intended to be about 8 nm in order that the mid-infrared radiation of the COs-laser
can match the separation energy between the first and second size-quantised subbands exciting
resonant intersubband transitions. The generated photocurrents in the 2DEG have been measured

along specific sample directions as a voltage drop in a closed circuit. For this purpose, pairs of
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Figure 3.2: (a) MBE-grown (110)-oriented multilayer array and (b) the correspondent evo-
lution of the conduction band edge for the GaAs-based QW structure #2 with Ly = 8.2
nm.

ohmic contacts have been placed along crystallographic axes [110], [001] for (110)-oriented and
[110], [110] for (001)-oriented structures while indium atoms have been thermically diffused in the

multilayer array at sample edges.

Sample symmetry

Generally speaking, observation ability of photocurrents in a particular structure is governed by
the point group symmetry of the structure itself. Therefore, clarification of the relevant symmetry
classes for the nanomaterials under investigation appears to be of basic importance. Regarding
GaAs-based QWs from the Tab. 3.1, two sample groups can be distinguished.

The first group of samples is grown along [110]-axis. Basically, (110)-grown symmetrical QWs
belong to Cs, point group. However, any structure inversion asymmetry such as lattice stress or
asymmetry of the doping position (see Sec. 2.1.1) destroys the mirror reflection symmetry of the
QW downgrading the symmetry class to the Cs point group. As it can be seen from the Tab. 3.1,
the sample #1 possesses asymmetric band edge profile due to the asymmetric modulation doping
and belongs, therefore, to the C point group. Although the geometrically set profile of the sample
#2 is symmetrical, this structure should be accounted, however, to the Cs symmetry class as well.
This fact can be understood as following. In the MBE procedure of the sample growth, the sample
surface is shelled by silicon atoms at equal spacings from the QW edges (see Fig. 3.2). However, the
adsorption peak position of the silicon atoms shifts in the growth direction of the hot structure?,
the so-called segregation, and the real modulation profile differs from the geometrically set doping

position. The resultant asymmetry downgrades the symmetry class from Cs, to Cs due to the STA

%(110)-oriented structures have been grown in the temperature range between 480°C and 500°C. Although the
dopants diffusion was shown to be strongly suppressed [59], in the sample #2 with narrow spacer about 15 nm even

a small shift modifies the symmetry affiliation.
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ere-rs(0) o g
(eV) (10~* eV /K) (K)
GaAs 1.519 54 904
Gao.esAl 34As 1.954

Table 3.2: Semi-empirical Varshni coefficients for bulk GaAs and GagggAlp.34As struc-
tures [71].

terms.

The second group of samples is oriented along the cubic [001]-axis. (001)-grown symmetric QWs
belong to the Dy point group. Introduction of any additional asymmetry, however, downgrades
the symmetry class of the nanomaterial to the Cy, point group. Similar to the consideration above
for the (110)-grown structures, the segregation of the symmetrically placed dopant atoms in (001)-

oriented materials® allows to relate the samples #3, #4 and #5 to the Cy, symmetry class.

Band structure
Illumination of GaAs-based QW structures with the infrared radiation can lead to interband, inter-
and intrasubband absorption of light. While the latter case of absorption predominates in a wide
range of low photon frequencies (Drude-like absorption), the inter(sub)band absorption of radiation
is a resonant process and depends on the relative spectral position of valence and conduction
subbands in a particular structure.

Starting from bulk materials, the bandgap energy of GaAs increases while the temperature
decreases leading to spectral "blue shift’ of about 100 meV as shown in Fig. 3.1(c) for differently
composed Ga,Alyj_,As alloys with a direct bandgap at I'-point [71]. The shift of the peak position

energy (PPE) with temperature can be described by semi-empirical Varshni equation [72]

oT?

T (3.1)

er6-r8(T") = ere-rs(0)

where epg_rg(0) is the energy gap value between I'¢ and I's band points at the theoretical temper-
ature of 0 K, and a and [ are material specific constants. The values of these parameters for bulk
GaAs and Gag ggAlg.s4As, which form the well and barrier of QW structures, are given in Tab. 3.2.
From the physical point of view, temperature-induced bandgap offset in a bulk material is believed
to arise from following two mechanisms. Besides the thermal dilatation of the lattice [73], the
major contribution to the gap variation comes from the shift in relative position of the conduction
and valence bands due to a temperature-dependent electron-lattice interaction [72]. Indeed, the in-
creasing temperature gives raise to the amplitude of atomic vibrations. Subsequently, an increased
interatomic spacing decreases the potential seen by the electrons in the material, which in turn
reduces the energy of the bandgap. This bandgap offset leads to the PPE red (blue) shift with the

temperature increase (decrease).

3The growth temperature of (001)-oriented structures is about 630°C. This results in a homogeneous distribution
of Ga and Al over each monolayer and decreases the number of defects. On the other hand, the temperature raise

enhances the segregation of silicon atoms in the growth direction.
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Figure 3.3: Effect of the quantum confinement on the band structure in QWs. The subsequent
decrease of the well width by factor /2 doubles the intersubband separation energy.

Discussing resonant absorption of light in GaAs QWs, one should point out the spectral shift
of subbands by variation of quantum well width and temperature. In QWs of the type-I like
GaAs/GaAlAs QW structures, the decrease of the well width shifts the PPE position of in-
ter(sub)band resonance to the higher energy values (blue shift) due to the effect of the size quanti-
sation (see Fig. 3.3). In the case of intersubband transitions between the subband n and subband

n+ 1, the intersubband PPE e,,41,, is proportional to the inverse square of the well width Ly [74]

2n+1

T (3.2)

€n+17n X
As it is shown in Fig. 3.3, subsequent decrease of the QW width by factor v/2 increases in each
step the intersubband separation by factor 2. For interband transitions the effective bandgap
ere—rg of bulk material is enhanced by the confinement-induced blue shift in the conduction band
Aecp = £1,0* (see Fig. 3.3).

In a similar manner like the decrease of the QW width, the temperature fall causes the blue PPE
shift of inter(sub)band transitions as well. However, the physical origin of the temperature-induced
offset in QWs differs from that in bulk GaAs discussed above. It has been demonstrated that
the blue shift of the intersubband PPE can be described correctly if depolarisation and exciton-
like shifts as well as many-body effects such as exchange and direct Coulomb interactions are
accounted [75]. In the modulation doped GaAs-based QW structures the intersubband PPE blue
shift was shown to be about 3 meV. This value should be kept in mind while spectral measurements
of the magneto-gyrotropic photocurrents due to the intersubband absorption of radiation at room

and liquid helium temperatures are considered.

3.1.2 HgTe QWs

Bulk Hg,Cd;_,Te is a II-VI direct bandgap semiconductor alloy with a possibility of bandgap
energy variation in a wide range of about 2 eV (see Fig. 3.4(a)) [76]. While the CdTe features a
bandgap similar to the GaAs, the increase of Hg fraction lowers drastically the bandgap energy.
Indeed, at z =~ 0.85 the band points I's and I's become already degenerated. Furthermore, bulk

“In the valence band, the qualitative picture is the same but mirrored enhancing the effective bandgap by valence-

band-correction Aevi.
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Figure 3.4: (a) Temperature variation of the fundamental gap epg — erg of bulk tertiary
Hg,Cd;_,Te for different x values as well as direct bandgap of (b) HgTe and (b) Hgg 5Cdg.7Te

bulk semiconductors.

HgTe exhibits an inverted I's-I'g band ordering as shown in Fig. 3.4(b). For the experimental study
of HgTe-based QWs the HgTe has been combined with Hgy3Cdg7Te (see Fig. 3.4(c)) forming a
high barrier. In order to form the 2DEG in the QW, generally, the desired n-type doping of a II-VI
semiconductor can be achieved either injecting elements of the 3rd group in the metal sublattice, or
settling elements of the halogen group on the nonmetal site in the host crystal. Preparing QW sam-
ples, two different dopant elements have been employed. While the set of nanostructures oriented
along the [001]-axis has been doped with iodine, the (013)-grown QW structure has been endowed
with asymmetrically placed layers of indium. All investigated HgTe samples are summarised in the
Tab. 3.3 possessing a single QW only. After the MBE growth procedure, (001)-oriented samples
have been cleaved along the crystallographic plane (110) and for better performance a clover profile
has been etched on the sample top as it is shown in the Fig. 3.5. Pairs of ohmic contacts have
been placed along the cubic axes by thermal diffusion of indium on cloverleaf ends. Regarding the
(013)-oriented structure, the natural cleavage will fashion a rhombus form with directions along

[331] and [331] as well as [331] and [331]. In order to obtain a rectangular form, the sample has

QW structure Growth | QW | Spacer 1 | Spacer 2 Density Mobility
axis nm nm nm 10" cm™2 | 10* cm?/Vs
#6 5 10 10 5.6 5.6
#7 | HgTe/Hg,Cd,_,Te (001) 8 10 10 6.1 2.1
#8 (x=0.3 I-doped) 12 10 10 6.2 17.7
#9 22 20 541 10 17.2
10 | HeTe/HeCdizaTe |0 | o) 5 8 2.7 8.1
(x=0.27 In-doped)

Table 3.3: HgTe-based single QW structures with characteristic data.
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Figure 3.5: Clover profile etched on the HgTe-based QW structure #9 with two pairs of

ohmic contacts along cubic axes.

been cut along two almost orthogonal directions. These are denoted using a triple-prime system as
"

2" and 3" building a right-handed coordinate system with the growth direction 2" || [013].

Sample symmetry
Before starting the experimental investigation of HgTe-based QWs, primarily, a proper determina-
tion of the sample symmetry is necessary. According to basic substrate orientation, two groups of

samples can be distinguished.

The first group comprises four nanostructures oriented along the cubic [001]-axis. As it has been
already noticed discussing the GaAs-based samples, (001)-grown symmetric zinc-blende-based QWs
belong to the Dsy point group. Besides this fact, it has been demonstrated that the segregation
of silicon atoms in a hot structure constitutes an asymmetric profile of the conduction band edge
leading to appearance of structure inversion asymmetry and downgrading the symmetry class to
the Cy, point group. Although the growth temperature of the HgCdTe barrier is cooled down to
180°C-190°C for better adsorption of Hg atoms, the iodine atoms being in general strongly agile
diffuse along the confinement axis in the range from several up to ten nanometres as supposed from
SIMS® measurements [77]. As a consequence, both symmetrically doped structures #6, #7 and #8
as well as the one-side-doped sample #9 with 22 nm well are in fact asymmetrical and should be

accounted C, point group.

The structure #10 in the Tab. 3.3 is oriented along very unusual [013]-direction. Low-dimensio-
nal structures confined along this axis belong to the lowest possible symmetry C; possessing only
the identity as a symmetry operation. Although the C; point group cannot be downgraded any
more, the SIA caused by asymmetric doping position together with a strong diffusion of indium

dopant atoms in the growth direction may, however, enhance effects allowed in this group.

TOne side doped sample, the distance is given from QW edge to sample surface.
5SIMS: Secondary Ion Mass Spectrometry.
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ere—rs(0) a B

(eV) (107% eV/K) (K)

Hg'Te ~0.303 6.3 1
Hgp.3Cdo.7 Te 1.006 —1.6 58
Hgg.27Cdg.73Te 1.065 —1.8 60

Table 3.4: Semi-empirical Varshni coefficients for bulk HgTe, Hgy3CdgrTe and
Hgo,27Cd0_73Te structures [76]

Band structure

As a last point of sample analysis, peculiarities of the band structure of HgTe-based QWs should
be reviewed. Indeed, the inverted band ordering of the HgTe forming the well causes a nontrivial
situation different from that in GaAs-based samples.

Considering first bulk materials, the bandgap epg_rg of tertiary Hg,Cd;_,Te depends both on
the Hg/Cd composition and temperature. Figure 3.4(a) demonstrates the temperature behaviour
of the bandgap for fix compositions according to Laurenti formula [76]. As it can be seen from
the figure, in cadmium dominated tertiary (x < 0.5) for a constant z, the energy distance between
I's and I'g increases with the temperature fall leading to the blue shift of the light absorption.
However, in mercury surpassing regime (x > 0.5) the shrunken bandgap follows the temperature
decrease performing the red shift. Increasing the Hg fraction at a fix temperature, the points I'g
and I'g narrow each other until they cross at a definite inversion point i, (7"). For z > xj,y, the
mutual trend of the bands continues and the band ordering becomes inverted. In this mode, the
temperature decrease enlarges the energy distance between I'g and I's. For the bulk HgTe (2 = 1)
the passage from room down to liquid helium temperature results in a blue shift of about 180 meV.
Tab. 3.4 summarises the Varshni coefficients for HgTe and Hgg 3Cdg 7 Te (Hgp.27Cdg 73Te) forming
the well and barrier, respectively.

Discussing the band structure in a QW, similar conventions to that for GaAs-based structures
can be applied, i.e., the influence of both confinement effect and temperature on the energy position
of the size-quantised subbands. However, the inverted band ordering of the bulk HgTe material
and a strong shift of the fundamental bandgap with temperature complicate the trivial scheme. A
qualitative picture of the band structure is shown in Fig. 3.6 whereas the effective mass ratio my/me
of heavy holes and electrons has been assumed to be around 6 [78]. Figure 3.6(a) demonstrates the
case of quasi-bulk HgTe at 4 K where the energy distance between the lowest electron subband and
the topmost hole-type subband is almost 0.3 eV. The stepwise decrease of the QW width by factor
2, figures 3.6(b) and (c), increases the separation between quantised subbands due to the Eq. (3.2)
by factor 4 lifting drastically first electron subband from the well bottom. Below the inversion point
Liny = 6.3 nm [25], the lowest electron subband lies above the highest hole subband (Fig. 3.6(d))
and the band ordering becomes normal. This situation can be imagined as a quasi-bulk state of
the barrier material Hgg3Cdg7Te with a trivial band sequence. Moving from liquid helium to
room temperature, the fundamental bandgap of the bulk HgTe scales down to 0.12 eV shifting the

electron and hole subbands in the quasi-bulk material (Fig. 3.6(e)) against each other. It is obvious
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Figure 3.6: Qualitative picture of the band structure in wide and narrow HgTe/Hgg 3Cdg 7 Te

QWs at liquid helium and room temperature.

that the effect of temperature increase acts in the same manner as the reduction of the well width.
This leads, in particular, to an appearance of a definite well width region above Li,, = 6.3 nm where
simple temperature variation allows to switch between both phases. This is demonstrated by band
structure calculations for QW with Ly = 8 nm at liquid helium and room temperatures which have
been performed using the eight-band k-p model in envelope function approximation [79,80]. While
at 4 K the topmost heavy-hole-like subband is energetically higher reclined than the lowest electron
subband (Fig. 3.7(a)), at 300 K the band ordering becomes normal (Fig. 3.7(b)). In the qualitative
consideration shown in Fig. 3.6, the shift of the size-quantised subbands with the temperature has
been excluded. However, the calculations in Fig. 3.7 legitimate this neglection as the blue shifts
of about 20 meV and 5 meV for electron- and heavy-hole-like subbands, respectively, have been
determined which are by an order of magnitude weaker than that of the fundamental gap in a bulk
material. Even though the situation around the HgTe-based QWs is complex, it is worth the effort

since the narrow gap can be tuned in a wide range.

3.2 Laser systems

In the previous section, different QW structures have been considered. Depending on their band

properties, optical excitation in the infrared range can lead to interband, inter- and intrasubband
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Figure 3.7: Calculated band structure for 8 nm wide HgTe quantum well at (a) 7' = 4.2 K
and (b) T = 300 K.

light absorption. While for inter(sub)band resonance the radiation of the mid-infrared COs-laser,
for inducing of intrasubband transitions the light of optically pumped terahertz lasers has been
used.

For the purpose of the inter(sub)band excitation, radiation of CO2 gas laser has been applied
(for review see [81]). The spectral range originating from rotational-vibrational transitions of COq
molecule lies between 9.2 and 10.8 pum corresponding to photon energies between 115 and 135 meV.
Since the laser oscillation occurs in general on transition with the largest gain, wavelength tuning
away from the strongest line appears to be of interest as it allows to measure the photocurrent
spectral function. For this sake, it is common to use a diffraction grating as one of the resonator
mirrors. The angular setting of the grating allows to reflect the desired wavelength exactly back
into the resonator. Depending on the required intensity, pulse frequency and duration, two laser
systems have been utilised: transversally excited atmospheric pressure (TEA) lasers with short
pulses in the range of about 100 ns and intensities up to hundred MW /cm? as well as a continuous-
wave COq laser with slow axial gas flow. The latter system has been converted in a quasi-pulse
mode by an active J-switching technique while a rotating mirror has been inserted inside the laser
cavity. The average values of output pulse frequency, duration and peak intensities obtained are
about 100 Hz, 300 ns and several kW /cm?, respectively.

Studying various phenomena under intrasubband (Drude-like) absorption of light, low-dimensio-
nal structures have been irradiated with the light of terahertz molecular lasers. These have been
pumped optically by TEA COs-laser pulses exciting rotational transitions of active medium gas
molecules. Selecting the appropriate pumping line and cavity gas, here, NH3 and CH3F, the spectral
range of the terahertz laser could be tuned from 90 um to 496 pm. Single laser modes used in the
experiments are summarised together with their relevant characteristic data in the Tab. 3.5. The
temporal behaviour of the terahertz laser pulse is similar to that of the particular pumping line of

the TEA COg-laser and is in the range of about 100 nanoseconds. Regarding the output beam,
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A f hw Intensity Pulse energy Pumping
pm THz meV kW /cm? mJ line

90 3.32 13.7 5000 4.8 9R(16)
148 2.03 8.4 4500 6.4 9P(36)
280 1.07 44 1000 2.0 10R(8)
496 0.61 2.5 10 0.02 9R(20)

Table 3.5: Single terahertz laser modes and their characteristic data [82].

either laser system emits a linearly polarised radiation.

3.3 Optical setup

Performing spectral investigations, a proper choice of the laser system appears to be sufficient.
However, measurements of polarisation functions require an additional optical setup. Moreover,
studying those photocurrents which behave linearly on the incident light intensity, sometimes it is
necessary to attenuate the beam power. For this reason, stacks of CaFs and polymer plates made
from teflon and pertinax have been inserted in the optical path for the COs-laser and terahertz
radiation range, respectively [33].

Studying polarisation dependences, it is necessary to vary the polarisation state of the elec-
tromagnetic wave. The original linear polarisation of the laser emitted radiation could be either
rotated on azimuthal angle a or transformed into elliptical (circular) polarisation state. In the
mid-infrared range, elliptical polarisation has been obtained employing Fresnel rhombuses cut from
ZnSe single crystals. Depending on the orientation of the rhombus to the electric field vector of
the incident wave, the linearly polarised light performs two internal reflections in the crystal ex-
periencing two phase shifts up to 45° at each time. The rotation of the rhombus on an angle
o= (2n+1) - (w/4) leads for n = 0 and even n to right-handed (¢7) and for odd n to left-handed
(07) circular polarisation. The light helicity P describing the degree of circular polarisation is
connected with the angle ¢ over P = sin(2¢). Linear polarisation of mid-infrared light has been
obtained from the circularly polarised light. For this reason, behind the Fresnel rhombus a pair
of oppositely inclined Brewster windows have been installed transmitting only the desired linear
polarisation and preventing the lateral shift of the beam. The rotation of the double-Brewster
array on an angle « in the plane normal to the radiation propagation allowed to obtain any linear
polarisation state.

Optical excitation in the terahertz range has been performed using linearly polarised light only.
However, studying photocurrents as a function of the polarisation plane orientation, an azimuthal
rotation of the wave electric field vector is required. In this spectral range, A\/2 birefringent wave
plates made of crystal quartz have been applied. The physical principle is based on different
propagation velocities of two electromagnetic wave components with the electric vector aligned
along the optical (slow) and perpendicular (fast) axes of the plate. The phase shift occurs due to

the outpacing of the quick wave by a half wavelength inside the plate. As a consequence, inclination



32 | Chapter 3. Experimental setup

Figure 3.8: Function principle of A/2-plate.

of the optical axis to the electric vector of the incident wave by an angle 3 leads to an azimuthal
rotation of the emergent polarisation plane by an angle a = 20 as shown schematically in the
Fig. 3.8.

3.4 Cryomagnetic systems

Optical excitation of samples with polarised light can lead to current generation. However, explor-
ing magneto-gyrotropic photogalvanic effects, an application of external magnetic field is necessary.
For this reason, different tunable magnet systems have been utilised. Moreover, studying photocur-
rent behaviour at low temperatures, a reliable technique of controlled sample cooling is required.
Magneto-optical measurements at low and room temperatures are performed in various cryomag-
netic configurations. For low magnetic fields, a continuous flow optical cryostat is installed in the
variable gap of a dipole electromagnet generating fields up to 0.5 Tesla. For measurements at room
temperatures the cryostat is removed from the setup allowing enhancement of the magnetic field
strength by simple reduction of the magnet pole gap. Investigating photo-induced currents at high
magnetic fields, superconducting magnet cryostat systems have been used permitting fields up to
7 Tesla. These are supplied with cylindrical vacuum and nitrogen jackets providing a permanent
liquid helium pool for the magnet coils. The temperature in the sample chamber can be condi-
tioned in a wide range from 4.2 up to 265 K. While cooling occurs by continuous flow of the liquid
helium through the open inlet, the heating is generally achieved in the regime of the closed valve
using Joule effect. Optical access to the chamber both along and perpendicular to the field allowed

magneto-optical measurements in both in- and out-of-plane geometries.

3.5 Electric evaluation setup

Up to now, different initiating systems of the photocurrent generation have been discussed. Basic
research, however, requires current evaluation in order to suggest on the fundamental processes

under investigation. In general, photo-induced currents have been measured in a closed circuit as
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Figure 3.9: Experimental setup of photogalvanic measurements under terahertz excitation in

an external magnetic field.

a voltage drop over 50 €) load resistance by means of a storage digital oscilloscope. Although the
electric evaluation of signals induced by pulsed and Q-switched laser systems are a bit different,
the main concepts remain the same. In either case, the excitation and measuring system must
be triggered. Experimental setup scheme shown in Fig. 3.9 describes a sample in a cryomagnetic
system excited by radiation of optically pumped terahertz laser as well as the trigger and evaluation
configuration. After desktop controlled discharge of a COs-laser, a short infrared pulse triggers the
oscilloscope over Faraday cage outlet detector. Simultaneously, the latter stores at each time a set
of temporal signal shapes originating from both reference photon drag detector and sample under
terahertz laser pulsed excitation. While photocurrents in GaAs-based samples have been amplified,
those in HgTe nanostructures have been measured simply as a voltage drop over 50 {2 resistance.
In the last step, the oscilloscope has forwarded the stored information to the computer hard drive

for the sake of further evaluation.
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Chapter 4

Helicity-dependent photocurrents in
(110)-grown GaAs QWs

Helicity-dependent photocurrents are gyrotropic effects which arise in low-symmetrical structures
under homogeneous irradiation. Besides their importance for the fundamental research of carrier
spin and orbital properties, such currents like circular photogalvanic effect (CPGE) and optically
induced spin-galvanic-effect (SGE) have excelled as an investigation tool of spin relaxation times,
spin splitting of the band structure and symmetry properties of the materials [32,33]. A particular
case of helicity-dependent effects are spin photocurrents, i.e., those photocurrents which involve
the carrier spin degree of freedom. Experimental study of spin currents may provide an additional
understanding about the carrier spin properties which are of essential relevance for the field of
spintronics. Basically, these currents arise in low-symmetrical structures with spin-orbit interaction
and are strongly controlled by the magnitude of the linear spin-orbit splitting. However, the same
spin splitting is simultaneously the driving force of an efficient spin dephasing mechanism in terms of
the D’yakonov-Perel’(DP) spin relaxation theory (see Sec. 2.2). Spin relaxation time determines the
spin memory of the spintronics devices and, generally, should be sufficiently long for the processing
of the information encoded as spin polarisation. Since the DP interaction depends on the directions
of the electron momentum and spin in the host crystal, it should be possible to suppress this
mechanism in QWs by an appropriate selection of the confinement axis. Recently, this ’switch-
off” has been achieved in (110)-grown symmetrical GaAs-based QW structures where the spin
relaxation time was shown to increase in the range of nanoseconds at room temperature [83, 84].
The suppression of the DP relaxation mechanism is sketched in Fig. 4.1. The precession of the
out-of-plane spin S around the co-oriented effective magnetic field B preserve the initial spin
polarisation leading to substantially longer spin memory time which is determined by another
relaxation mechanisms (for review see [18]). As a matter of fact, the experimental observation
of the long spin dephasing times has attracted a great deal of attention to the spin-dependent
phenomena in the (110)-oriented structures.

In the present chapter, observation and study of the helicity-dependent photocurrents in (110)-
grown GaAs/GaAlAs QW structures under intersubband absorption of the mid-infrared radiation
are presented. The investigated effects comprise the CPGE and the circular photon drag effect

35
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Figure 4.1: Precession of the spin polarisation S around the co-oriented effective magnetic

field B leads in collision-dominated regime via Eq. (2.15) to infinite spin relaxation time

value (75 = 00).

(CPDE) predicted a long time ago [85,86] but so far not observed. The experimental data are well
described by analytical expressions derived from the phenomenological theory and fit well to the
microscopic picture of the CPGE (see 2.3.1). The developed microscopic model of the CPDE is
related to the spin-dependent processes and bases on the optical spin orientation and the subsequent

asymmetric spin-flip relaxation.

4.1 Experimental results and discussion

The experiments have been carried out at room temperature on asymmetrical (110)-grown GaAs/
GaAlAs multiple QW structures. Two QW structures, #1 and #2, with the same QW width of
8.2 nm, but different doping profiles are investigated (see Tab. 3.1). The mid-infrared radiation of
the Q-switched COas-laser in the range between 9.2 and 10.8 pum induces in both structures reso-
nant intersubband transitions between the first and second size-quantised subbands. Illuminating
the unbiased samples with the mid-infrared light under normal and oblique incidence, different
polarisation-dependent as well as polarisation-independent current contributions have been ob-
served [87]. However, in order to study the helicity-dependent photocurrents J, in the following,

the current responses to o and o~ radiation are determined and the data evaluated after
Jre = [J(et) = J(o7)] /2. (4.1)

Discussing the (110)-grown QW structures, it is convenient to use the double-prime coordinate
system (2.19),
2 || [110], " | [001], 2" | [110],

where z” and y” are oriented along crystallographic axes and z” denotes the quantum confinement
axis. Irradiating samples at normal incidence, a photocurrent proportional to the radiation helicity
Peirc is detected. This helicity-dependent current has been observed with the contact pairs aligned
along 2" || [110] only which is in agreement with the phenomenological theory. In fact, the asym-
metric (110)-oriented structures belong to media of Cs point group. In this symmetry, the circular

n_n
z

photocurrent density j,~ excited by light incident in the x plane is given by [33]

. q "
Jzlr = ’Yx”z”tptS %E(%PCirC’ (42)
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Figure 4.2: Spectrum of the helicity-dependent photocurrent .J¢° obtained in the sample

x!!

#1 with Ly = 8.2 nm under normal incident mid-infrared excitation. The solid line is a guide
for the eye. The inset sketches the experimental geometry. Spectral dependence of the optical

transmission ratio T, /T of p- and s-polarised radiation is shown by red dashed line.

where ~ is the second-rank pseudotensor describing the sum of the circular photogalvanic effect
(CPGE) and optically induced spin-galvanic effect (SGE), ¢, and t, are the transmission coefficients
for the p and s components of the light electric field, q is the light wave vector inside the medium, Fq
is the electric field amplitude of the incident light and P is the light helicity whereas Py = £1
for the o4 polarisation, respectively. The half difference of the currents for P.,. = *£1 yields
the helicity-dependent current density jS'. The dependence of the photocurrent on the angle of

incidence 6y is given by ¢, /q = cos 6 and Fresnel’s formulas for ¢, and ¢, [88]

4 cos? O,

4.
(cos By + ncos ) (ncosby + cosb)’ (43)

tpts =

where 6 is the angle of refraction defined by sinf = sinfy/n and n = 3.3 is the infrared refractive
index of the GaAs surface at room temperature.

circ

€. Since

An interesting question is the physical origin of the observed circular photocurrent
the second-rank pseudotensor ~ characterises both helicity-dependent current contributions, i.e.,
the CPGE and the SGE, it is obvious that their separation by mere variation of parameters in
the phenomenological Eq. (4.2) is not possible. In the case, if the spin-relaxation time exceeds the
momentum relaxation time, time-resolved measurements could help to distinguish between them.
However, a much easier method is to study the spectral dependence of the circular photocurrent.
Whereas the CPGE behaves as a derivative of the intersubband absorption spectrum, the SGE is
proportional to it. Measurements of the spectral behaviour of J;%m in the mid-infrared range have
revealed a spectral inversion at 9.5 um as plotted in Fig. 4.2. The point of the inversion corresponds
to the maximum of the resonant intersubband absorption which is measured by means of Fourier
transform transmission spectroscopy. The fact that the photocurrent changes its sign by tuning

the wavelength indicates that it is mainly caused by the CPGE outweighing the SGE [89]. The
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Figure 4.3: Angular dependence of the helicity-dependent current JC}¢ obtained in samples
(a) #1 and (b) #2 under mid-infrared excitation with A = 10.6 gm and A = 10.2 pm, respec-
tively. The plotted curves represent the terms in square brackets (doted blue), the last term
on the right hand side of Eq. (4.5) (dashed red), and the sum of all three terms (solid black).

The inset shows the experimental geometry.

model picture of the CPGE illustrating the spectral sign inversion of the current at the centre of the
absorption line is demonstrated in the Subsec. 2.3.1. This mechanism of the CPGE is based on the
spin splitting due to the o,k »-terms which arise due to the BIA in (110)-oriented both symmetrical
and asymmetrical GaAs-based QW structures. In accordance with the phenomenological Eq. (4.2),
it predicts that the current reaches its maximum at normal incidence and becomes smaller under
oblique incidence keeping the same flow direction.

In order to verify the validity of the phenomenological Eq. (4.2) in respect to the measurements,
the current response as a function of the incidence angle 6y is studied. In the terahertz range,
where the photocurrent is caused by Drude absorption, the data are well described by this equation.
However, in the mid-infrared range, a qualitative discrepancy to Eq. (4.2) is observed. In contrast
to the sign conserving behaviour of the photocurrent given by t,t, cos @, the signal in sample #1
changes its sign twice at 6y ~ £50° (see Fig. 4.3(a)). The experiment carried out on sample
#2 produced an even more pronounced effect: here, the inversion takes place at 6y ~ +30° (see
Fig. 4.3(b)). This angle inversion of the current direction can not be explained in the framework of
the conventional theory of the CPGE or optically excited SGE, which ignores the linear momentum
transfer from photons to free carriers. Taking into account the linear momentum of the photon,
which was neglected in Eq. (4.2), an additional contribution to the current excited by circularly
polarised light is obtained. Then, the total helicity-dependent photocurrent in structures of Cj

symmetry is given by [90]

. qyr qqr
Dzt = tpts { |:(’yx//z// —+ QZ”T:E”Z”Z”) ; -+ q:):”Tm”x”x” Z } Egpcir(h (44)

where T is the third-rank pseudotensor that describes the CPDE current. Following Eq. (4.4), one
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obtains the angular dependence of the photocurrent

jac” = tpts {[(’}/I//Z// + quuzuzu COS (9) COS 9} + qu//x//x// SiIl2 0} Egpcirc' (45)

Equation (4.5) shows that the CPDE given by terms containing the linear photon momentum g
can be observed, in principle, at both normal (# = 0°) and oblique incidence. The distinction
between the contributions of the CPGE and CPDE for 8 = 0° may be performed keeping in mind
that the replacement Pei,c — — Peire and q,» — —g.» conserves the first term in the square brackets
on the rhs of Eq. (4.4) while it changes the sign of the second term. Experimentally, it is realised
by putting a mirror behind the sample (here, sample #2) and comparing the current magnitudes
with and without the mirror. While the gained magnitude of the CPGE under normal incidence
given by the coefficient ..~ is 7x1072 nA/W, the strength of the CPDE described by qT .
is obtained to be 2x1072 nA/W. This method has revealed that in the sample #2 both current
contributions are nonzero, of the same order of magnitude and have the same sign, however, an
application of such technique in every particular structure is difficult as it requires a very high

accuracy of adjustment.

Much more reliable access to the CPDE is provided by studying the angular dependence of
the photocurrent. Indeed, the terms in square brackets in Eq. (4.5) have a maximum at normal
incidence and their contribution to the current decreases with increasing the angle of incidence. At
the same time, the CPDE given by the last term in Eq. (4.5) vanishes at normal incidence and
increases with |f|. This interplay of the current contributions may result in the observed twofold
sign inversion of the total current by the variation of 6y from —7n/2 to 7/2 if the CPDE and
CPGE currents have opposite sign. The fits of Eq. (4.5) to the experimental data for both QW
structures are shown in figures 4.3(a) and (b). The plotted curves represent the terms in square
brackets (doted blue), the last term on the rhs of Eq. (4.5) (dashed red), and the sum of all three
contributions (solid black). The correct application of the phenomenological equations is shown
for the sample #2 in the Fig. 4.3(b), where the coefficients 7, .~ and ¢T,»,»,» have been obtained
from the experiment with the mirror. However, in each sample the value in the round brackets in
Eq. (4.5) can be set as a constant, since the CPDE under normal incidence was shown to be small
as compared to CPGE. Therefore, in order to fit the data, first, an ordinate scaling parameter for
the doted blue curve is estimated to obtain agreement at normal incidence, where the last term on
the rhs of Eq. (4.5) vanishes. Then, the dashed curve is scaled to fit the data in the whole range
of the incidence angles . As a result, it can be seen that phenomenological Eq. (4.5) describes
well the experimental angular dependence of the photocurrent. The contribution to the circular
photon drag effect given by the component T~ reaches its maximum in GaAs/GaAlAs QW
structures at fy ~ +50° and its magnitude for the sample #2 is 32x1072 nA/W demonstrating
that the CPDE under oblique incidence is the strongest observed helicity-dependent photocurrent

in the particular QW structure.
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Figure 4.4: Spin-dependent model of the CPDE current. 1st stage: helicity and photon wave

vector dependent photoexcitation.

4.2 Microscopical model of circular photon drag effect

The experimental observation of the CPDE has motivated an exciting discussion on its microscopic
mechanism. As a result of collaboration, a new spin-related model has been developed [90]. In
the following microscopic analysis, the CPDE current excited under oblique incidence is considered
which corresponds to the last term on the rhs of the Eq. (4.5) proportional to T »». Since the
tensor T is not invariant under time inversion, dissipative processes should be involved in the mi-

croscopic model of the effect. The proposed model includes three stages.

1st stage: Optical spin orientation

The first stage is a helicity and photon wave vector dependent photoexcitation. The intersubband
absorption of circularly polarised radiation is a spin-dependent process. While at normal incidence
the absorption of circularly polarised light occurs due to spin-flip processes (see Fig. 2.3), under
oblique excitation due to selection rules the absorption is dominated by spin-conserving transi-
tions [52]. However, the rates of these transitions are different for electrons with the spin oriented
parallel and antiparallel to the in-plane direction of the light wave vector (q,» in Fig. 4.4). For
instance, the right-handed circularly polarised light (P, = +1) excites electrons in the spin-down
subband o,» = —1/2 with higher probability than those in the spin-up subband o,» = +1/2. These
spin-conserving transitions are shown by thick and thin tilted arrows in figures 4.4(a) and (b), re-
spectively. Although the arrows are sketched extremely inclined, they point, however, out that the
photon wave vector cannot be neglected any more by this type of the optical orientation. As a
result of the linear momentum transfer, the optical transitions occur at a distinct initial electron
wave vector determined by energy and momentum conservation. The angular momenta of pho-

tons yield a spin polarisation S,» at k71 and —S,~ at k.9 in the subbands e; and es, respectively.
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Figure 4.5: Spin-dependent model of the CPDE current. 2nd stage: spin rotation in an
effective magnetic field caused by spin-orbit coupling.

These spin polarisations are indicated in Fig. 4.4(a) by antiparallel horizontal arrows. While optical
excitation results in a spin polarisation at well determined wave vectors, the electrons in the upper
subband have sufficient energy to emit LO-phonons and rapidly relax due to this process. Thus,
the optically oriented in-plane spin S is determined by the spin polarisation S, of the electrons in

the ground conduction subband with the momentum k,»; (see Fig. 4.4(a)).

2nd stage: Intrinsic spin rotation

The second stage is the electron spin precession in an effective magnetic field € originating from
BIA/SIA induced spin-orbit coupling (see Subsec. 2.1.2). The orientation and the strength of this
effective magnetic field is determined by the direction and the magnitude of the electron wave
vector. Optical orientation in the first stage resulted in spin polarisation S,» of electrons with the
wave vector k1. The effective magnetic field linked to this wave vector has in the C point group
two components, 2,» o< kyry and Qv o< k. As a consequence of the spin precession in both
field components, new spin projections Sy» and S,» appear as shown in figures 4.5(a) and 4.5(b),
respectively. Under steady-state excitation, the generation rates of the spin components Sy~ and

S, are determined by the average angle of spin rotation in the effective magnetic field.

3rd stage: Spin-galvanic effect

In the third stage, the non-equilibrium spin polarisation obtained in the first two stages drive an
electric current. This is due to the spin-galvanic effect caused by asymmetric spin-flip relaxation
processes (see Subsec. 2.3.2). In (110)-oriented QW structures with both BIA and STA, the relax-
ation of both non-equilibrium spin components S,» and S.» may drive an electric current in the z”

direction due to the non-vanishing tensor components Q. and Q.»,» present in this symmetry
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Figure 4.6: Spin-dependent model of the CPDE current. 3rd stage: asymmetrical spin
relaxation resulting in an electric current flow due to the spin-galvanic effect.

as given by
ja:” = Qm”y”Sy” and jx// = QZNZNSZN. (46)

The conversion mechanism of the spin component Sy~ into the electric current j,» and the required

spin-orbit splitting of the subbands due to o,/k,s-terms in the effective Hamiltonian are briefly
sketched in Fig. 4.6(a). The difference in carrier populations in the spin branches oy = £1/2 of
the ground subband (ny > n|) causes spin relaxation. The asymmetry of the spin-flip relaxation
processes results in the non-uniform population of the both spin sublevels and a consequent electric
current in the 2’ direction. The generation of an electric current due to the relaxation of the spin
component S, is shown in Fig. 4.6(b) where the spin splitting is induced by o,»k,»-terms in the
Hamiltonian. As it has been demonstrated in [90], the generation rates of the spin components
Sy and S,» originating from the optically induced S,» are proportional to the derivative of the
intersubband spectral absorbance. Thus, the CPDE current under oblique incidence due to the
Tpngnen tensor component is expected to invert its flow direction while passing the intersubband
resonance maximum.

Summarizing all three stages, the microscopic model of the circular photon drag effect under
oblique incidence is based on the optical spin orientation and the following asymmetric relaxation.
Although the process of the last stage, spin-galvanic effect, was already studied, the first two
stages, however, are new and can be considered as as a specific kind of the optical spin orientation
which is caused by simultaneous transfer of the photon linear and angular momenta to the carriers
and the subsequent spin polarisation alignment due to the spin-orbit interaction in asymmetrical

low-dimensional structures.



Chapter 5
Magneto-gyrotropic photocurrents

Ilumination of semiconductor materials can lead to generation of photocurrents. In the previous
chapter, irradiation of (110)-grown GaAs-based QWs with mid-infrared circularly polarised light has
revealed a circular photogalvanic effect and a completely new helicity-dependent phenomenon, the
circular photon drag effect. Besides helicity-dependent phenomena, further access to electron spin
and orbital features can provide magneto-gyrotropic photogalvanic effects (MGPGE), i.e., those
photocurrents which arise in gyrotropic structures in the presence of an external magnetic field.
The latter breaks the time inversion symmetry resulting in additional mechanisms of photocurrents
which may be of both spin-dependent as well as diamagnetic nature. In the following sections,
investigations of MGPGE currents induced by interband, inter- and intrasubband optical transitions

in differently constituted QW structures are presented.

5.1 MGPGE in (001)-grown GaAs QWs

An exciting experimental discovery of the CPDE under intersubband absorption of light in GaAs-
based QWs motivates to an advanced study of such media. In the present section, photocurrents
induced by intersubband optical transitions in (001)-grown GaAs-based QWs subjected to an exter-
nal magnetic field are considered. It will be shown that the observed magneto-induced photocurrents
are related to the gyrotropy of the material caused by BIA and SIA terms. First, experimental
studies of the MGPGE photocurrents under illumination with the linearly polarised light in the
mid-infrared radiation range are presented. Thereafter, gained data are discussed in terms of both

phenomenological and microscopical theory.

5.1.1 Experimental results

The MGPGE photocurrents have been detected in GaAs/GaAlAs QWs under irradiation with
mid-infrared light at room and liquid helium temperatures. All experiments have been carried
out on (001)-oriented multiple QW structures #3, #4 and #5 characterised by three different
quantum well widths of 7.6 nm, 8.2 nm and 8.8 nm, respectively (see Tab. 3.1). These have been
consciously chosen to be around 8 nm so that the separation energy between the lowest (e;) and

the second (e2) conduction subbands matches the photon energy range of a COg-laser from 115
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Figure 5.1: (a) Basic experimental geometry of the photogalvanic experiments in an external
magnetic field By, (b) signal pulse of a fast photon drag detector and (c) oscilloscope traces of
the current in (001)-grown GaAs-based QWs obtained for pulsed excitation at A = 10.27 pm
and magnetic fields B, = +0.3 T.

to 135 meV [89,91]. In order to correlate the spectral dependence of the photocurrent to the
absorption spectrum of the QWs, optical transmission measurements have been performed using a
Fourier transform infrared spectrometer. The samples have been irradiated at normal incidence,
i.e., along the growth direction, as well as at oblique incidence with an angle 6y between the light
propagation and the QW confinement axis. In respect to the orientation of the crystallographic

planes it is convenient to use the prime Cartesian coordinates (2.28)
o || [110], ¢ |l [110], 2| [o01],

where 2’ and ¢/ lie in the QW plane and 2’ is the growth orientation. The external magnetic field
B up to 1 T has been applied parallel to the interface plane.

Irradiation of samples with normally incident linearly polarised radiation in the absence of an
external magnetic field causes no photocurrent. This result agrees with the phenomenological
theory which does not allow any photocurrent at homogeneous excitation of structures belonging
to Dayg or Cy, point group symmetries relevant for (001)-grown GaAs QW structures [10,32]. A
photocurrent response is obtained only when a magnetic field B is applied. The signal is solely
detected in the direction perpendicular to the orientation of the magnetic field, independently
whether B is aligned along x’ or 3’. Since the basic features of the signals remain the same in
both geometries, it is sufficient to confine the further consideration on either one. The following
results are presented for the photocurrents measured in the x’ direction and magnetic field oriented
along ¢ as shown in the Fig. 5.1(a). The signal follows the temporal structure of the laser pulse
(Fig. 5.1(b)) and changes its sign upon inversion of the magnetic field direction from B, > 0 to
By < 0 (Fig. 5.1(c)). Besides the experimental geometry with normal incidence of the radiation,
the magnetic field induced photocurrent has also been observed at oblique incidence. It should be
noted that the excitation of QWs at oblique incidence results in a measurable electric current even
at zero magnetic field due to the linear photogalvanic and photon drag effects (for review see [33]).

JMGPGE

In the present and following sections, magneto-induced currents only are examined, i.e.,
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Figure 5.2: Magnetic field dependences of the MGPGE current measured in structures #3-5
of various quantum well width. Data are presented for normal incident mid-infrared radiation
with P ~ 1 kW at three different photon energies corresponding to the signal maximum in
each QW (see arrows in Fig. 5.4).

those currents which reverse their sign upon switching the magnetic field direction. For this reason,
current responses J, for the field aligned along the ¢y axis (B4 ) and along —y’ (B_) are determined

and the data are evaluated after

TN OPOE — [T (By) = Jur(B2)] /2. (5.1)

Magnetic field and polarisation dependences of J é\,/[ GPGE are presented in figures 5.2 and 5.3. As
it is shown in Fig. 5.2, the photocurrent exhibits linear dependence on the magnetic field strength
in all investigated samples. Figure 5.3 demonstrates the essential difference between the mag-
netic field induced photocurrents excited at normal and at oblique incidence. While at normal
incidence the current is almost independent of the radiation polarisation, at oblique incidence the
magneto-induced photocurrent becomes polarisation-dependent: it reaches maximum for the ra-
diation polarised in the incidence plane (s + p - state, « = 0°) and minimum for the orthogonal
polarisation where radiation electric field has no component normal to the QW plane (s - state,
la| = 90°). Figure 5.4 shows the spectral dependences of the photocurrent obtained in the range
of photon energies accessible with COs-lasers. The data are obtained at normal incidence for a
constant magnetic field B = 0.3 T in QW structures of various well widths Ly . It is seen that the
photocurrent has a resonant character and the peak position energy (PPE) of the resonance shifts
to the higher values for narrower QWs (blue shift) that is in accordance with the band structure
considerations in the Subsec. 3.1.1. In the Fig. 5.5, the observed current in the sample with multiple
QWs of 8.8 nm width is plotted as a function of photon energy hw together with the absorption
spectrum. The spectral dependence of the photocurrent corresponds to that of intersubband ab-

sorption and can be well fitted by a Lorentzian. Decrease of the temperature from 293 K down to
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Figure 5.3: Polarisation dependences of the MGPGE current obtained in the sample #5 at
normal (6y = 0°) and oblique (fy = 40°) incidence of mid-infrared radiation. In the latter case,
the plane of incidence is x’z’ and azimuth angle o = 0° corresponds to the maximum value of
p-polarisation. Solid curves are fits by an analytical expression given by Eq. (5.3) taking into
account the light refraction and absorption in QW structure (see Eq. (5.2)).

12 K strongly enhances the current amplitude. Moreover, the photocurrent resonance performs a
blue shift of about 2 meV and narrows if the temperature is reduced (see Fig. 5.6). All the observed
features, the coincidence of the photocurrent and the absorbance spectra as well as the spectral
shift of the photocurrent resonance peak by both variation of the QW width and temperature
demonstrate distinctively that the observed photocurrent is caused by resonant transitions between
the first and second electron subbands.

Now, the dependence of the MGPGE photocurrent on the angle of incidence 6y and the azimuth
angle « is analysed. The QW structures under investigation are considered to be an absorbing
uniaxial medium with the optical axis perpendicular to the structure surface. One may assume that
in the investigated samples the anisotropy of the refractive index is sufficiently small (n./ ~ n| ~ n),
but the anisotropy of the absorbance is strong (1, > 77||), where the subscripts 2’ and || correspond
to the radiation polarised along the growth direction z’ and parallel to the QW plane, respectively.
In the case of linearly polarised radiation, the polarisation dependence of the structure absorbance

n(a, 0) following to [92] and Fresnel’s laws is described by
n(a, 8) = tz cos? a(n cos? @ + n, sin” ) + t?nH sin® (5.2)

where 6 is the angle of refraction in the QW structure, sin @ = sin 6y/n, t, and ¢, are the transmission
coefficients through the sample surface for p- and s-polarised components of the light electric field,
respectively. Taking into account the polarisation-independent photocurrent at normal incidence

as shown in Fig. 5.3, the polarisation dependence of the MGPGE current under oblique incidence
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Figure 5.4: Spectral dependences of the MGPGE current obtained for samples #3-5 with
various QW widths under normal incidence of the light at room temperature. Solid curves
are fits to experimental data by Lorentz functions. Arrows indicate photon energies used in
Fig. 5.2.
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Figure 5.5: Spectral dependence of the MGPGE current obtained in the sample #5. Solid
curve is a fit to experimental data (triangles) by a Lorentz function. The dashed curve shows

the normalised absorbance spectrum measured in the multiple pass geometry.

may originate solely from the polarisation dependence of the radiation absorbance. In this case the

current density has the form
. ne
GMGPGE CBy/EEgn(a,H), (5.3)

where ( is a parameter, Ey is the electric field amplitude of incident light and c is the light

velocity. While in the experiments the electric current Jé\,/[GP GE is measured, in the theoretical
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Figure 5.6: Spectral dependence of the MGPGE current obtained in the sample #5 under
normal incidence of the light at T = 12 K (red) and T" = 293 K. Solid curves are fits to
experimental data by a Lorentz function. The arrows indicate the shift of the peak position

energy.

consideration the current density j i\f[ GPGE js used which is proportional to the current

Jé\,{[G’PGE‘
The measured polarisation dependences of the photocurrent are fitted by equations (5.2) and (5.3)
using, besides the ordinate scaling parameter ¢, the ratio 7,/ n as a fitting number. Figure 5.3
shows that the data can be well fitted by Eq. (5.2) for n.//n =~ 50 supporting the assumption
that the polarisation dependence of the photocurrent can solely be described by the polarisation
dependence of absorption.

As demonstrated above, the MGPGE photocurrent is caused by direct inter-subband transi-
tions. These are usually supposed to be excited by light with the polarisation vector having a
nonzero component normal to the QW plane only (for review see [53]) corresponding in the present
consideration to the absorbance 7,/. In contrast, the intersubband absorption of light polarised
parallel to the QW plane 7 is generally expected to vanish because these transitions are forbidden
by the dipole selection rules. However, these rules are valid in the framework of the simple one-band
model only [52,54] and it has been experimentally demonstrated that they are not rigorous [55].
The data obtained in this work support this conclusion and show that the absorbance of light with
the polarisation vector parallel to the QW plane can be as large as 2 % of the absorbance of the

light polarised along the QW growth direction.

5.1.2 Phenomenological analysis

The observed magneto-induced current is related to the gyrotropic properties of the investigated
structures. The gyrotropic point group symmetry makes no difference between components of axial
and polar vectors, and hence allows an electric current j, oc IBg, where I is the light intensity
inside the sample and Bg are components of the applied magnetic field. The dependence of the

photocurrent direction on the light polarisation and orientation of the magnetic field with respect
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to the crystallographic axes may be obtained from symmetry considerations which do not require
knowledge of the microscopic origin of the effect. Particularly, the MGPGE current in response to
linearly polarised radiation and within the linear regime in the magnetic field strength is given by
the first term on the rhs of the Eq. (2.26). Now, experimentally studied (001)-grown GaAs-based
asymmetrical QW structures of Cg, symmetry are considered. In structures belonging to this point

group, components of the MGPGE current for B || y" are described by [62]
o = [Ci(el + €) + Calet — e) + Cs e2)| By 1 (5.4)

Jy = Caegrey Byl | (5.5)

where (e, e,,€e,) are components of the unit polarisation vector e inside the medium that is
assumed to be real for the linearly polarised radiation and I is the light intensity inside the medium
related to the electric field of the incident light Ey by I = (ncE/4m)[(t2 — t2)sin® o + ¢2]. The
linearly independent coefficients C; + C4 can be nonzero in QWs of the (9, symmetry and are

related to components of the fourth-rank pseudotensor ¢,g5 (see Sec. 2.4) by

Cl X ((bx’y’:p’w’ + ¢x’y’y’y’)/2 (56)
CQ XX ((;Sx/y/x/x/ — ¢$/y/y/y/)/2
03 0.8 ¢m’y’z’z’

04 X 2¢y’y’x’y/ = 2¢y’y’y/x/

and can be extracted directly from the experiment. The fact that at normal incidence (e, = 0,
ez, + eg, = 1) only a polarisation-independent photocurrent in the direction perpendicular to the
magnetic field was observed demonstrates that the coefficients Cy and Cy in the present experiments
are negligibly small as compared to C7. At oblique incidence, the polarisation-dependent current
contribution determined by the coefficient C5 is also detected which is found out to be much
stronger than the coefficient C7. Such a behaviour is similar to the polarisation dependence of
the QW absorbance 1 where, in accordance with Eq. (5.2), the radiation polarised in the QW
plane causes weaker optical transitions than that having nonzero out-of-plane component of the
polarisation vector. As it has been shown, current j can be described solely by the polarisation
dependence of 7. In this model, the parameters C; and C5 in the phenomenological expression
Eq. (5.4) are given by C1 = (1 and C3 = (7.

5.1.3 Microscopic theory

Microscopically, magneto-gyrotropic photocurrents in QW structures can be of both spin-dependent
as well as diamagnetic origin. The proposed spin-dependent mechanisms of photocurrents include
asymmetry of direct optical transitions between Rashba—Dresselhaus spin-split branches of the
lowest electron subband [93-95], spin-dependent asymmetry of the scattering-assisted radiation
absorption by free carriers and spin-dependent energy relaxation of the electron gas heated by
the radiation [20, 68] as well as asymmetry of spin-flip relaxation processes [19,28]. The dia-

magnetic mechanisms reported so far comprise magnetic field induced photocurrents caused by
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Figure 5.7: Mechanism of MGPGE current at intersubband resonance induced by spin-

dependent asymmetry of energy relaxation.

a diamagnetic shift of energy bands [53,63-66] and diamagnetic corrections to electron-phonon
interaction [61,96,97]. Various microscopic models of the MGPGE induced by resonant optical
transitions between the subbands e; and ey in the presence of an in-plane magnetic field are con-
sidered in detail in [62]. Here, two spin-dependent as well as two diamagnetic mechanisms models
are reviewed stressing the most favourable scenarios. For the sake of simplicity, those magneto-
induced photocurrents excited at oblique incidence with p-polarised radiation only are concerned.
This particular case can be described in a simple single-band model where the intersubband optical
transitions are induced by the e, component of the polarisation vector only. In the phenomeno-
logical theory, this contribution to the current corresponds to the last term on the rhs of Eq. (5.4)

proportional to the parameter Cj.

Spin-dependent mechanisms of the MGPGE caused by intersubband optical transi-
tions

The group of spin-related MGPGE mechanisms involves spin-dependent asymmetry of photoexci-
tation and/or relaxation in QWs with equilibrium spin polarisation due to the Zeeman effect and
the asymmetry of spin relaxation, i.e., the spin-galvanic effect. However, the model based on the
asymmetry of the photoexcitation can be neglected, since the current formation, in contrast to the
absorbance, was shown to be polarisation-independent. Two relevant mechanisms considered below
are non-sensitive to the polarisation state of the radiation and follow the spectral dependence of
the QW absorbance n(hw).

The first mechanism is based on the spin-dependent asymmetry of electron relaxation and is
considered in detail in the Subsec. 2.4.2 for electron gas heated by the Drude-like absorption of the
terahertz radiation. The mechanism is based on processes of energy relaxation and, therefore, does
not relate on details of optical excitation, besides the strength of absorption. Figure 5.7 sketches
the basic physics of this mechanism. Its principle is mostly the same as it was shown above,

besides the fact that the electron gas heating proceeds not by means of Drude-like absorption of
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Figure 5.8: Mechanism of MGPGE current at intersubband transitions due to asymmetry of
spin relaxation (spin-galvanic effect).

the terahertz light, but by the resonant absorption of the mid-infrared radiation (red arrow) and the
subsequent electron scattering to the ground subband. After the emission of optical phonons, the
energy of electrons becomes smaller than Awro and the relaxation continues due to the emission of
acoustic phonons. The spin-dependent asymmetry of the energy relaxation (downward bent arrows
of different thickness) leads to the zero-bias spin accumulation on the edges of the sample. An
application of an external magnetic field introduces an equilibrium spin polarisation S in the
system. As a result, the pure spin currents are converted into an electric current which is given by
Eq. (2.38).

An asymmetry of spin-flip relaxation processes may also be responsible for the current formation
and has been previously considered in [28]. It represents in fact the spin-galvanic effect [19] where

the current is linked to non-equilibrium spin polarisation

ji = Qiy(S;— 5\ (5.7)

Here S is the average non-equilibrium electron spin and S is its equilibrium value. This mech-
anism requires spin-flip processes together with a non-equilibrium spin polarisation which results
from the photoinduced depolarisation of electron spins in the system with equilibrium polarisation
S caused by the Zeeman effect. The process of spin depolarisation caused by resonant intersub-
band transitions to the subband es and a subsequent return to the ground subband e; is shown
qualitatively in Fig. 5.8(a) by red and blue arrows, respectively. Indeed, due to the fact that in
equilibrium electrons preferably occupy the lower spin sublevel (here: o, = 41/2), optical tran-
sitions, being proportional to the electron concentration, predominantly excite this branch (thick
red arrow). Optically excited electrons under energy relaxation return to both spin sublevels (blue
arrows) leading to non-equilibrium spin polarisation. The following spin relaxation (Fig. 5.8(b))
results in the spin-galvanic current which has been considered in the Subsec. 2.3.2. An estimation

of this photocurrent for the DP spin relaxation mechanism yields

1)
) Xgryy In(hw
Jut ~ 67';1) S:S/)) h,y{—:(Ql) 5 (58)

where y1) is the constant of k-linear spin-orbit splitting of the subband e; due to BIA and SIA
contributions and 5159) is given by Eq. (2.36).
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Figure 5.9: Mechanism of MGPGE current at intersubband resonance induced by asymmetric

free carrier relaxation due to k-linear diamagnetic terms in the scattering amplitude.

Diamagnetic mechanisms of the MGPGE caused by intersubband optical transitions
The group of diamagnetic mechanisms comprises two current contributions. The first one origi-
nates from the diamagnetic band shift of subbands and the second one stems from the k-linear
diamagnetic corrections to the scattering amplitude. In the following, for the simplicity, linear-in-k

corrections caused by the STA are considered.

As it has been demonstrated in the Subsec. 2.4.1, an in-plane magnetic field applied to an
asymmetric 2DEG induces a diamagnetic shift of the electron spectrum in k-space in each size-
quantised subband [53]. The electric current driven by the relative diamagnetic shift of the subbands
is expected to be strong compared to the spin-dependent mechanisms due to its non-relativistic
nature. However, this mechanism predicts a current inversion at the intersubband absorption
resonance which contradicts the experimental observations (see Fig. 5.5). In contrast, the proposed
diamagnetic contribution below predicts a photocurrent which spectral dependence follows the QW

intersubband absorbance.

The mechanism based on the k-linear diamagentic terms in the amplitude of scattering to the
ground conduction subband is up to now the most favourable scenario of the MGPGE caused by
intersubband optical transitions. In the previous models, such scattering has been considered to
be independent on the electron wave vector k. The present model, however, demonstrates that the
asymmetry of these relaxation processes can lead to a current generation. The basic features of
this mechanism are depicted in Fig. 5.9. The direct intersubband optical transitions are shown by
a vertical red arrow and the subsequent intersubband scattering to the ground subband by tilted
downward yellow arrows. In gyrotropic quantum wells subjected to an external magnetic field,
the matrix element of intersubband scattering by static defects or phonons contains an additional
term proportional to (Byk, — Byk,). Therefore, the scattering rates to final states with posi-
tive and negative wave vectors k, become different as reflected in Fig. 5.9 by arrows of different
thickness. Such an imbalance caused by asymmetry of the intersubband scattering results in an

electric current in the ground subband which is proportional to the applied magnetic field and de-
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cays with the momentum relaxation time T;Sl). It should be mentioned that the energy relaxation of

the electrons within the ground subband, which follows the intersubband scattering, becomes also
asymmetrical in the presence of an in-plane magnetic field [96,97] and contributes the total current.
The estimations of the k-linear diamagnetic corrections in the electron scattering amplitude and
the corresponding MGPGE current are given in [62] demonstrating that this current contribution
becomes nonzero in asymmetric QW structures and may even determine the MGPGE behaviour
in real structures.

Summarizing the microscopic analysis, it has been demonstrated that both spin-dependent as
well as diamagnetic mechanisms may cause the observed current induced by intersubband optical
transitions in the presence of an in-plane external magnetic field in (001)-grown asymmetrical
GaAs/GaAlAs QWs. Unfortunately, these models can not be distinguished qualitatively. Based
on quantitative estimations [62], the strongest current contribution is expected to originate from
k-linear diamagnetic terms in the scattering amplitude yielding asymmetric relaxation of carriers
in k-space. Investigating spin and orbital features, it should be noted that spin-dependent and
diamagnetic mechanisms might be qualitatively distinguished in structures where the g-factor can
be varied, e.g., by temperature tuning in DMS materials [69] or by well width variation in QW
structures [98-100]. Indeed, while spin-dependent mechanisms are proportional to the g-factor,
diamagnetic mechanisms are non-sensitive to the Zeeman splitting. Another way is the unilateral
enhancement of the spin-dependent mechanisms in structures with both large spin-orbit coupling
and g-factor such as HgTe-based QWs.

5.2 MGPGE in (001)-grown HgTe QWs

In the previous section, a novel MGPGE under intersubband resonance in GaAs-based QWs has
been observed. However, a distinctive qualitative separation between spin-dependent and diamag-
netic mechanisms of the current formation was not possible. Emphasizing the first group of the
phenomena, i.e., the spin photocurrents, one can expect their enhancement in systems with large
spin-orbit coupling. In particular case of the spin investigation by means of pure spin currents, a
large g-factor is of an additional interest. Therefore, quantum well structures based on HgTe appear
to be very attractive especially for the study of fundamental spin-orbit effects. Indeed, narrow gap
HgTe-based QWs are characterised by an extraordinary large Rashba spin-orbit splitting which
can reach values up to 30 meV [101,102] and a large g-factor of about -20 [103]. Even though an
amplification of the spin currents is anticipated, the orbital features of the carriers should not be
excluded a priori from the general treatment of the phenomena. The current section focuses on
studies of MGPGE in (001)-grown HgTe-based QWs.

5.2.1 Experimental results

The MGPGE has been detected in the HgTe/HgCdTe QW structures under illumination with tera-
hertz as well as mid-infrared radiation in the range from liquid helium up to room temperature. All

measurements have been carried out on samples #6,#7,#8 and #9 which are entirely characterised
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Figure 5.10: (a) Cubic (black) and prime (light blue) coordinate systems as given by equa-
tions (2.6) and (2.28), respectively, and (b) basic geometry of the photogalvanic experiments
on HgTe-based QW structures under normal incident excitation in mid-infrared and terahertz
range in the presence of an in-plane magnetic field B.

in the Subsec. 3.1.2 and feature QW widths of 5, 8, 12 and 22 nm, respectively. Optical excitation
occurred at normal incidence in order to exclude the photon drag effect [104,105] and other known

mechanisms of current generation at oblique incidence [32,33].

Mid-infrared excitation

Mid-infrared radiation with photon energies about 120 meV causes in all samples used in experi-
ments direct interband optical transitions. Irradiating samples at normal incidence, for the in-plane
magnetic field B, a photocurrent signal in the perpendicular direction has been observed. In the

cubic Cartesian system (2.6),

|| [100], || [010], = || [001],

where x and y are oriented along the cubic axes in the QW plane and z indicates the confinement
axis (see Fig. 5.10(a)), an application of the magnetic field B along x generates photocurrent J
in y direction as shown in the Fig. 5.10(b). The signal depends linearly on the radiation power
up to P ~ 1.2 kW, the highest power used in the mid-infrared experiments with Q-switched CO»-
laser as an excitation source. In Fig. 5.11 the magnetic field dependence of the photocurrent is
plotted for the structure with the well width of 12 nm. The data are obtained at T = 200 K for
two polarisation states of the radiation with the electric field E of the light wave aligned parallel
and perpendicularly to the magnetic field. In both cases, the signal is an odd function of B. Its
strength and behaviour upon variation of B depends, however, on the orientation of the radiation
electric field vector. Figure 5.12 shows the dependence of the photocurrent J, on the orientation

of polarisation plane specified by the angle a. The data can be well fitted by the equation

Jy(a, By) = Jo(By) + J1(By) cos 2a + Ja (B ) sin 2a. (5.9)

Below it will be demonstrated that exactly these dependences follow from the theory. Recording
signals for two fixed polarisation directions, it is possible to extract two individual contributions:

the polarisation-independent background Jy and the amplitude of one of the polarisation-dependent
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Figure 5.11: Magnetic field dependence of the MGPGE current measured in a HgTe-based
QW structure #8 with the well width Lyy=12 nm at T = 200 K for two states of polarisation
(e =0°,90°). Data are presented for mid-infrared radiation with fuw = 117 meV and P = 0.3
kW. The insets show the experimental geometry and the orientation of the light electric field

FE and the external magnetic field B with respect to the sample orientation.
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Figure 5.12: Polarisation dependences of the MGPGE current at mid-infrared excitation
in the sample #8 at T = 200 K for two magnetic field strengths. The data are fitted after
equations (5.9) and (5.14). The inset shows the orientation of the light electric field E and the

external field B with respect to the sample orientation.
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2 2
Figure 5.13 shows magnetic field dependences of Jy and J; for two samples with the well widths
of 8 nm and 22 nm at T'= 200 K. The signal behaviour is different for these structures. While for

the QW with Ly = 8 nm the photocurrent depends linearly on the magnetic field, in the structure

1Since both polarisation-dependent components J; and J2 in Eq. (5.9) stem from the same microscopic mecha-

nism [28], it is sufficient to focus on either contribution.
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Figure 5.13: Magnetic field dependence of the polarisation-independent current J, and
polarisation-dependent current J; obtained for (a) sample #7 with Ly, = 8 nm and (b) sample
#9 with Ly = 22 nm at T = 200 K. The data are fitted after equations (5.11) and (5.14). For
the narrow structure in (a) the fitting is limited by linear terms. Dashed lines in (b) demon-
strate the linear contribution only. Insets show the experimental geometry and temperature
dependence of the ratio Jy/J; for QWs with Ly =8, 12 and 22 nm at B =1 T.

with Ly = 22 nm the current can be described by a superposition of linear-in-B and cubic-in-B
terms:

Jy(B) =aB +bB* . (5.11)

Figure 5.13(b) demonstrates that the B3-term is more pronounced in the polarisation-independent
photocurrent Jy. Therefore, the attention below will be focussed in particular on it because the
measurements reveal that this contribution dominates the total current in the almost entire temper-
ature range, even at low magnetic fields where the total photocurrent is mostly linear-in-B as shown
in the inset in Fig. 5.13(b) for B =1 T. While the linear dependence of the photocurrent on mag-
netic field is previously reported for various structures (for review see [28,29]), the observation of
the cubic in magnetic field photocurrent is unexpected and has not been detected so far. Moreover,
the last term in Eq. (5.11) corresponding to Jy is strong and overcomes the linear-in-B contribution
at the magnetic field about 6 T. Similar behaviour is observed in the structure with Ly = 12 nm.
However, in this sample the coefficients a and b for polarisation-independent photocurrent Jy have
opposite signs resulting in a sign inversion observed for B about 4 T (see Fig. 5.14(a)). In the
structure with Ly = 5 nm the signals were too small to conclude definitely on the magnetic field
dependence, which has been, however, measured at the excitation with terahertz radiation. The
decrease of the temperature drastically affects the experimental data. At intermediate temperature
of 120 K, it has been observed that the linear-in-B contribution in QW with Ly = 22 nm changes
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Figure 5.14: Magnetic field dependences of the current Jy obtained in samples #7-9 of three
different well widths at three different temperatures. Data are fitted after equations (5.11)
and (5.14). The dashed red line in (c) is plotted according to the linear law.

its sign (see Fig. 5.14(b)). With rising B, the magnitude of the B3-term causes the sign inversion
of the photocurrent Jy. In the sample with Ly = 8 nm the data are still well described by the
linear-in-B dependence. Further reduction of temperature to the liquid helium conditions results
in the sign inversion of the linear-in-B current in structure with Ly = 8 nm as well yielding also
the cubic-in-B component (see Fig. 5.14(c)). Now, the magnetic field dependences in all samples

are described by sum of linear- and cubic-in-B terms with pre-factors of opposite signs. The total
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Figure 5.15: Polarisation dependences of the MGPGE current excited by terahertz radiation
(hw = 4.4 meV) in the sample #9 with Ly = 22 nm at T = 200 K for two magnetic field
strengths. The data are fitted after equations (5.9) and (5.14). The inset shows the orientation
of the light electric field FE and the magnetic field B with respect to the sample orientation.

current tends to the sign inversion, however, at substantially higher magnetic fields B.

Terahertz excitation

Spectral dependence of the MGPGE current may provide an important information on its origin.
Therefore, excitation of HgTe/HgCdTe QW structures with the light in the terahertz range appears
to be of a high advantage. In this optical region, the photon energies within several meV are much
smaller than the energy gap and the inter(sub)band separation. Therefore, such radiation causes
only Drude-like optical transitions. In the terahertz range, magneto-induced photocurrents have
been observed in all structures, including sample with Ly = 5 nm, and at all wavelengths used.
Like in the mid-infrared range, the signal depends on the radiation polarisation (see Fig. 5.15)
and is well described by Eq. (5.9). Figure 5.16(a) shows the magnetic field dependence of the
polarisation-independent photocurrent Jy obtained in the wide QW with Ly = 22 nm in response
to the radiation of the photon energy hw = 4.4 meV demonstrating that also in the terahertz
range the current is well described by the Eq. (5.11) with significant contribution of the cubic-in-B
term at high fields. At liquid helium temperature, a peak in the magnetic field function? has been
detected. It has a maximum at B ~ 4 T and a half-width of about 0.75 T. Decreasing the photon
energy of the applied radiation down to Aiw = 2.5 meV, the peak position shifts to lower magnetic
field values (B =~ 2.3 T) scaling linearly with the photon energy (see Fig. 5.16(b)). At higher
photon energy Aiw = 8.4 meV, no peak has been detected at B < 7 T. Similar behaviour is also
detected in the polarisation-dependent contribution Ji, however, the peak in this contribution is
much less pronounced. The most favourable explanation of the peak appearance is the ionisation
of the partially occupied impurity levels at low temperatures [106]. The spectral dependence of

the four MGPGE contributions, i.e., linear- and cubic-in-B components of currents Jy and Jy, is

2A dip for the absolute value of the signal.
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Figure 5.16: Magnetic field dependences of the photocurrent Jy excited by terahertz radiation
in the sample #9 with Ly = 22 nm. (a) The photocurrent is measured in response to the
radiation with photon energy of fuwv = 4.4 meV at three temperatures. (b) The photocurrent
is measured at liquid helium temperature (4.2 K) in response to the radiation of two photon

energies. The lines are plotted according to equations (5.11) and (5.14).
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Figure 5.17: Wavelength dependences of the absolute values of coeflicients S7, S5, A7 and
AZ (see Eq. (5.14)) obtained for sample #9 at T' = 200 K. Full symbols correspond to negative

values of the coefficients. The dashed line is plotted according to the wavelength square law.

demonstrated in the Fig. 5.17. One can see that moving from the mid-infrared range (A = 10.6 um)
to the longest wavelength used in the terahertz spectrum (A = 496 um), all current contributions
drastically increase by more than two orders of magnitude. Moreover, some contributions invert
their sign with wavelength variation (full symbols).

In contrast to wide QWs, in the narrowest QW sample with Ly = 5 nm the photocurrent was
found to behave only linearly on the magnetic field B. This is demonstrated in Fig. 5.18(a) for both

polarisation-dependent and -independent photocurrents obtained at T' = 200 K and excitation with
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Figure 5.18: Magnetic field dependence of photocurrents Jy (red) and J; (blue) excited
by terahertz radiation in the sample #6 with Ly = 5 nm. (a) The data are presented for
T = 200 K and 7w = 4.4 meV. ((b)—(c)) Photocurrents measured at T' = 4.2 K in response
to the radiation with the photon energies (b) fiw = 13.7 meV and (c) fiw = 4.4 meV. The full
lines are plotted according to equations (5.11) and (5.14) with coefficients b and Aj 5 equal to

Zero.

the photon energy Aiw = 4.4 meV. The linear behaviour of the photocurrent is observed even at low
temperatures down to 4.2 K applying radiation with higher photon energy of fiw = 13.7 meV (see
Fig. 5.18(b)). At excitation with lower energy fw = 4.4 meV, however, this behaviour is masked
by a wide dip presented in the magnetic field dependence of the photocurrent (see Fig. 5.18(c)). At
this photon energy the magnetic field position of the dip is close to that observed in the QW with
Ly =22 nm (B ~ 4 T), but it is much wider and characterised by a half-width of at least 3 T.
Like in the wide QWs, at higher photon energies no dip has been detected for B < 7 T allowing
one to analyse the magnetic field dependence unaffected by the dip.

5.2.2 Theoretical discussion

The most surprising experimental result is definitely the observation of the cubic-in-B contribution
to the MGPGE current. Before attempting to understand its microscopic origin, first, an approach

of phenomenological description should be made.
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Phenomenological description
Considering the symmetry of the structure under investigation as well as experimental geometry
it is possible to derive the phenomenological equations for the observed photocurrents. Holding
the linear and cubic in the magnetic field strength B terms, MGPGE current for unpolarised or
linearly polarised radiation at normal incidence is given by [80]

ey€es + esel

Jo=Y_ basys Bs fﬂr (5.12)
Bvd

+ Y Eapuns BsBuBy
Buvyd

eyes + esel

Here ¢ and E are fourth- and sixth-rank pseudotensors, respectively, being symmetric in the last
two indices, e, are components of the unit vector of light polarisation, and I is the light intensity set
as [ = Eg. Determination of the non-vanishing components of pseudotensors ¢ and E requires the
knowledge about the point group affiliation of the investigated structures. The analysis given in the
Subsec. 3.1.2 has revealed that all HgTe-based QWs are asymmetrical and, thus, belong to the Co,
point group symmetry. In this case, the tensors ¢ and = have six and twelve linearly independent
components, respectively. Assuming normally incident linearly polarised or unpolarised light and
the in-plane magnetic field, in the prime coordinate system (2.28) the Eq. (5.12) is reduced to set

of normalised current projections [80]

jor/I= [S1By + 282 By Py + 253 B, P, ]

+ By[A1B? + A3(B2 — B2))]

+ 2By [A3B* + Ay(B% — BZ)] P

+ 2By[AsB® + Ag¢(B2 — B2)| Py (5.13)
Gy /1= [S} By + 285 Bos Pin + 255 By Pl

+ Bu[A{B? + Ay(BL - BY)]

+ 2By [A4B? + Ay(B% — B2)] P

+ 2By [ALB? + Ay(B2 — B2)|R, ,

where S; and A; are the linearly independent components of the tensors ¢ and =, respectively.
The polarisation dependence of the photocurrent is determined by the Stokes parameters P}, and
P} given in Eq. (2.31). Since the magnetic field in the experiments was oriented along the cubic

x axis and the current measured along y, the set of equations (5.13) can be rewritten as follows

Jy/I = By(—=57 + S5 sin2a — S5 cos 2a) (5.14)
+B3(—A] + A3 sin 20 — A5 cos2a),

where S, = (5; — 5])/2, A = (A — A])/2 and « is an angle between the linear polarisation
direction and the x axis. From these relations, the polarisation-independent and polarisation-

dependent contributions to the MGPGE current measured in the experiment can be expressed in
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terms of the non-vanishing components as

Joox —(B,S] + B3AT), (5.15)
Ji < —(BySy + B2A;), (5.16)
Jo o< (BySy + BiAY).

Equation (5.14) describes well the macroscopic features of the photocurrent. In accordance with
the experimental data, it contains both linear- and cubic-in-B contributions and fully characterises
the observed polarisation dependences in both mid-infrared as well as terahertz range. Figure 5.13
shows that at low fields (B < 1 T) the linear parts of the total photocurrents dominate pos-
sessing both polarisation-independent Jy as well as polarisation-dependent J; contributions which
are given by the coefficients S| and S, respectively. The temperature dependence of the ratio
Jo/J1 = 57 /S5 is presented in the inset to Fig. 5.13(b) and shows that polarisation-independent
contribution Jy (S7 ) dominates the total photocurrent over almost the entire temperature range.
In the narrowest QW with Ly = 5 nm and in QW with Ly, = 8 nm at high temperature the linear-
in-B behaviour remains up to the highest magnetic fields applied. In other samples, by contrast, for
B > 1 T the cubic-in-B contribution is clearly detected and even dominates the photocurrent. In
fact, all experimental data is properly described in terms of the phenomenological theory. However,
the microscopic origin of the observed linear-in-B and cubic-in-B photocurrent contributions is not

clear so far.

Microscopical approach

In the following approach, the microscopic roots of the observed photocurrent and especially of the
cubic-in-B contribution are concerned. For this purpose, the knowledge about the band structure
of the material is of essential importance. Depending on the actual well width and temperature,
the ordering of bands in HgTe/HgCdTe QWs is either normal or inverted. As mentioned in the
Subsec. 3.1.2, in a definite well width region above Li,, = 6.3 nm, simple temperature variation
allows to switch between trivial and non-trivial regimes. The band structure of the QW with
Ly = 8 nm at liquid helium and room temperatures is sketched in the Fig. 5.19 together with the
respective Fermi energies and possible direct optical transitions corresponding to the photon energy
hw = 117 meV used in the experiment with mid-infrared radiation. The band structure calculated
using the eight-band k-p model in envelope function approximation [79,80,107] excludes, however,
the strong Rashba spin splitting of subbands. The latter are labelled as heavy-hole- (hh;), electron-
(e;) and light-hole-like (lh;) in accordance with the properties of the corresponding wave functions
at kj = 0 [108]. Figure 5.19 demonstrates that while at 4.2 K nanostructures with 8 nm wide
wells are characterised by the inverted band structure, at room temperature they have a trivial
band sequence. At fixed temperature of 4.2 K, the band ordering is normal below the critical
width of about 6.3 nm and inverted above this value [25]. So far the critical width of the band
ordering inversion depends on two parameters, however, for the analysis of the experimental data
only several relevant cases are concerned. The lowest conduction band states for all samples used
in the experiments and two characteristic temperatures, 4 K and 200 K, are given in Tab. 5.1.

The analysis of the band structure of the investigated samples reveals that the nonlinear MGPGE
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Figure 5.19: Calculated band structure for 8 nm QW at (a) 7' = 4.2 K and (b) T" = 300
K. Arrows show optical transitions induced by mid-infrared radiation with photon energy of
hw = 117 meV.

T ‘ 5nm 8nm 12nm 22 nm
4 K €1 hhl hhl hhl
200 K e1 el hhq hhq

Table 5.1: Lowest conduction subband in dependence on QW width and temperature as

calculated using the eight-band k-p model.

current is detected solely in structures with inverted band ordering where the lowest conduction
subband is formed by p-type orbitals. Fixing the experimentally found mutual coherence of the
band type and current behaviour, possible microscopic mechanisms of the nonlinear effect should

be considered.

In the terahertz spectral range (fuww = 3 + 14 meV), the radiation absorption is dominated by
Drude-type processes in the lowest conduction subband (see Tab. 5.1). In this case, the photocur-
rent is mainly caused by asymmetry of the electron scattering by phonons and static defects in the
magnetic field [29]. The scattering due to the diamagnetic terms is discussed in [61,64] and up to
now considered to be less probable as the spin-dependent emission of phonons leading to generation
of the pure spin currents due to the spin-dependent asymmetry of the photoexcitation or/and hot
electron relaxation. The electric current arises, hence, by means of their conversion owing to appli-
cation of the magnetic field. The conversion current is for small fields proportional to the Zeeman
splitting which is for QW structures with normal band ordering linear in the field strength (com-
pare Sec. 5.1). However, in HgTe-based QWs with inverted band structure, the partially occupied
ground conduction subband is formed from the I's-band (hhq) states (see Fig. 5.19(a)). In this case,
the Zeeman splitting Ay in the in-plane magnetic field depends strongly nonlinear on B [11,109].

Since the conversion mechanism predicts j(B) o Az(B), the photocurrent exhibits a nonlinear be-
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Figure 5.20: Mechanism of MGPGE current due to the magnetic-field-induced conversion
of pure spin photocurrents. ((a)—(b)) Polarisation-independent current Jy due to the spin-
dependent asymmetry of energy relaxation in (a) electron- and (b) heavy-hole-like subbands.
((c)=(d)) Polarisation-dependent current J; due to the spin-dependent asymmetry of pho-
toexcitation in (c) electron- and (d) heavy-hole-like subbands. While the Zeeman splitting
in electron-type subbands is linear-in-B, in the heavy-hole-type subbands the magnetic field
conversion occurs due to the odd-in-B contributions starting with B3.

haviour in the applied magnetic field owing to nonlinear Zeeman effect. On the other hand, in the
narrow QW with Ly, = 5 nm and QW with Ly = 8 nm at high temperatures, the ground conduc-
tion subband is formed from the I'¢-band (e;) states (see Fig. 5.19(b)). Here, the Zeeman splitting
is linear-in-B, and a noticeable cubic-in-B contribution to the photocurrent is absent as observed
in the experiments. Figure 5.20 demonstrates the conversion of pure spin currents originating from
the spin-dependent asymmetry of the hot electron relaxation in structures with (a) normal and (b)
inverted band ordering leading to the polarisation-independent photocurrent Jy. The simultaneous
observation of the polarisation-dependent current J; in the experiment can be attributed to the
magnetic field conversion of the spin currents due to the asymmetry of the photoexcitation as shown
in figures 5.20(c) and (d). The spin-dependent mechanism under free-carrier absorption may also
be responsible for the photocurrent caused by mid-infrared radiation. Although the contribution
from the Drude processes to the total absorption does not seem to be dominant in the spectral
range where interband transitions are possible, it may nevertheless determine the photocurrent.
This scenario is supported by the drastic spectral dependence of the photocurrents demonstrated

in Fig. 5.17. Indeed, the photocurrent strength increases by more than one order of magnitude



5.3. MGPGE in (013)-grown HgTe QWs | 65

with increasing wavelength, the dependence usually detected for Drude-like absorption [33]. The
detection of the polarisation-dependent current J; in this spectral range is an additional support
for this mechanism.

Summarizing the experimental results and band structure calculations, the MGPGE photocur-
rent in quantum wells with the inverted band sequence becomes strongly nonlinear. The most
probable microscopic explanation is based on the nonlinear conversion of pure spin currents in an
external magnetic field due to the nonlinear Zeeman splitting. From practical point of view, the
method of the MGPGE can be utilised for the characterisation of the material band structure pro-
viding, for instance, a quick experimental check of topologically non-trivial state required for the

quantum spin hall phase.

5.3 MGPGE in (013)-grown HgTe QWs

In the previous section, it has been demonstrated that the nonlinear behaviour of the MGPGE
photocurrent is related to the inverted band ordering in nanostructures. In particular case of the
(001)-grown HgTe-based QWs with the heavy-hole-like subband as the lowest conduction band,
the photocurrent dependence upon in-plane external magnetic field has been considered as a sum
of linear- and cubic-in-B contributions. In this context, narrow bandgap HgTe-based nanomate-
rials with even lower symmetry appear to be of an additional interest. Indeed, the decrease of
the symmetry may enhance the nonlinear behaviour and provide an useful information towards
understanding of the microscopical origin of the nonlinear photocurrent formation.

In the present section, a (013)-oriented HgTe/HgCdTe QW structure is studied. Media grown
along such a specific direction belong to the C; point group which possesses only the identity as
a symmetry operation and represents, therefore, the lowest possible structure symmetry. Since in
the previous section the nonlinear behaviour has been detected only in structures with an inverted
band ordering, a (013)-grown structure with a wide quantum well has been chosen. In this case, the
inverted band ordering is present up to room temperature allowing to study the nonlinear MGPGE

current in a wide temperature range.

5.3.1 Experimental results

The MGPGE photocurrents have been detected in the (013)-grown asymmetrical QW structure
#10 with 21 nm width single quantum well under illumination with mid-infrared radiation in the
range from liquid helium up to room temperature. Moreover, the observed currents depend on the
orientation of the electric field vector of the incident light. However, in the following discussion,
photocurrents as a function of an external magnetic field only at a fixed polarisation state of the
radiation are concerned as these feature the structure under investigation. Similar to the previous
section, all measurements have been carried out under normal incidence of light. Although such
geometry does not exclude magnetic field independent photocurrents, however, influence of differ-
ent mechanisms of the photocurrent formation arising in an oblique geometry may be minimised.

Indeed, symmetry considerations for the present material allow even at normal incidence different
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Figure 5.21: Magnetic field dependences of the MGPGE current J, at mid-infrared exci-
tation with photon energy of fiw = 117 meV in (013)-oriented HgTe-based QW structure #10
with Ly = 21 nm at (a) T = 220 K and (b) T' = 262 K. The solid lines are plotted according
to Eq. (5.17). The doted and dashed lines demonstrate the linear-in-B current and the sum of

linear- and cubic-in-B contributions, respectively. The inset shows the experimental geometry.

magnetic field dependent as well as independent current contributions. Therefore, all magnetic field

dependences are evaluated after Eq. (5.1)
JMGPGE _ (5(B,) — J(B_) /2,

allowing one to analyse the odd-in-B currents unaffected by another contributions. Illuminating
samples at normal incidence, for the magnetic field B parallel to the interface plane a photocurrent
signal in the perpendicular direction has been detected. It should be noted that generally in struc-
tures with C symmetry the photocurrent flow direction is not bound and, hence, may rotate at
an arbitrary angle in the plane of interface due to the variation of the wavelength and temperature
as it has been observed in this sample studying the CPGE currents [47]. Here, the photocurrent
projection on the axis perpendicular to the direction of the applied magnetic field has been mea-
sured. In the following, the magnetic field is denoted as By~ and the current as J,» building a
right-handed system with the sample growth direction z”. In figures 5.21(a) and (b) the MGPGE
photocurrent is demonstrated as a function of an in-plane magnetic field at high temperatures of
220 K and 262 K, respectively. In both cases the current is strongly nonlinear and can be described

by a superposition of linear-, cubic- and fifth-power-in-B terms:
Jyn(B) = aB +bB> + ¢B® . (5.17)

While the linear- and cubic-in-B contributions a and b are positive, the fifth-order contribution c is

negative. Reduction of the temperature reveals same general results. Figure 5.22 demonstrates the
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Figure 5.22: Magnetic field dependences of the MGPGE current J,» obtained in the sample
#10 at T =4.2 K and T = 135 K. The data are fitted after Eq. (5.17). The observed peak at

B = 1.2 T is shown in the inset as a temperature function of the amplitude.

current J, as a function of the field B, at 4.2 K and 135 K. Here, in contrast to the nonlinear
contributions, the linear current inverts its flow direction along the z’”-axis.

Unexpected for the mid-infrared region is an observation of a resonant peak. It has a maximum
at the magnetic field B = 1.2 T and a half-width of 1.1 T. The peak amplitude is of about 5 nA/W
at 4.2 K and decays as a function of temperature as shown in the inset in Fig. 5.22. Up to now, the
origin of the peak is not clear. The scenario of the resonant activation of the indium donor levels
by the radiation with the photon energies about 120 meV is not very probable though.

Behaviour of the current components a, b and ¢ in the range from liquid helium up to room
temperature is demonstrated in the Fig. 5.23 whereas the full symbols represent the current inverted
values. As it can be seen, all current contributions increase by one order of magnitude with the
temperature decrease and scale in the same manner. However, while nonlinear contributions b and
c hold their sign, the current a inverts its direction along ="’ while passing the temperature of about
180 K. The conductance of the sample under day light as a function of temperature is shown by
dashed line. It decreases by less than two times with the temperature. In order to check whether
the conductance affects the current strength, the Hall geometry is considered. The characteristical
SdH oscillations have been observed in the transport measurements and are shown by dash-doted
line in the inset in Fig. 5.23. However, the odd-in-B current J,» in the out-of-plane magnetic field

B, (red line) has neither conductance proportionality nor any recognizable functional dependence.

5.3.2 Discussion and outlook

In the previous section, an observation of nonlinear MGPGE photocurrent in (001)-oriented QWs
with heavy-hole-like subband in the ground conduction band has been reported and considered

to be a sum of linear- and cubic-in-B current contributions. Detection of the nonlinear current
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Figure 5.23: Temperature dependences of the absolute values of coefficients a, b and ¢ (see
Eq. (5.17)) obtained for the sample #10 at mid-infrared excitation in the in-plane magnetic
field. Full symbols correspond to negative values of the coefficients. Dashed line shows the
conductance at day light conditions. The inset demonstrates the magnetic field dependences
of the MGPGE current J, (red line) and conductance o, (dash-doted line) in the out-
of-plane field.

in (013)-grown QWs is in a fully agreement with the inverted band ordering in these structures
present at all temperatures. Although the current strength is comparable to that observed in (001)-
grown structures, in (013)-oriented material the next order of the odd-in-B current contribution has
been detected. Probably the reduction of the symmetry down to the C; point group enhances the
nonlinear behaviour in materials with inverted band sequence. Although the new fifth-order-in-B
contribution was found to be very small, at high fields, however, it already codetermines the total
photocurrent which tends, hence, to decline at magnetic fields above 7 T. Generally speaking, the
presence of the nonlinearity does not allow to exclude the higher orders of the odd-in-B MGPGE

current contributions.

It should be noted that in media of C7 symmetry, photocurrents may flow in any arbitrary
direction in the interface plane. Studies of the CPGE currents in (013)-grown QW structures have
revealed that the helicity-dependent currents rotate in the QW plane upon variation of temperature
as well as photon energies of the radiation [47] which is in agreement with the phenomenological
theory. As a matter of fact, the MGPGE currents considered here may flow in any direction in the

" direction represent

QW plane as well. Therefore, experimentally measured photocurrents in x
only the projection of the total photocurrent on this axis. The temperature dependence of the
linear-in-B MGPGE current projection is demonstrated in Fig. 5.23 which is characterised by a

coefficient @ in the Eq. (5.17). This current is positive at high temperatures and changes its sign
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" direction

about 180 K. Additional temperature measurements of the current in the orthogonal y
would give a definite answer whether the linear current performs a flip or a kind of rotation in
the QW plane. Important result is a uniform behaviour of both nonlinear contributions upon
temperature variation. The cubic- and the fifth-order-in-B MGPGE current projections given by
coefficients b and ¢ in Eq. (5.17) are of opposite signs and increase by one order of magnitude
while temperature decreases from the room down to the liquid helium temperature as shown by
red and green symbols in Fig. 5.23, respectively. Similar temperature dependences and, moreover,
opposite signs of both nonlinear current projections support an assumption of the same microscopic
origin of the both nonlinear photocurrents. Indeed, the sign of the nonlinear currents is expected
to alternate with every successive order of the odd-in-B function. One of the probable mechanisms
of the current formation is the nonlinear conversion of pure spin currents due to the nonlinear
Zeeman spin splitting of the heavy-hole-type subband Ayz(B) Ea(gB;f‘,,Jrl (see figures 5.19(b)
and (d)) where sign(as) = —sign(as4+1) and 6 = 1...N. However, other spin-dependent as well as
diamagnetic origins can not be excluded. Moreover, a set of microscopic mechanisms contributing
to the total current must be expected as far the linear and nonlinear current components exhibit

different behaviour upon temperature variation.
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Chapter 6

Conclusion

In terms of the present work, the experimental method of photoinduced currents has been exploited
as it provides an access to the spin and orbital properties of electrons and holes in nanostructures.
The conducted measurements in GaAs-based QW structures have revealed a number of new pho-
togalvanic phenomena. Among them is a novel helicity-dependent current, circular photon drag
effect, which has been observed in (110)-grown QWs under intersubband absorption of circularly
polarised light. The developed microscopic model is related to the spin-dependent processes and
bases on the optical spin orientation and the subsequent asymmetric spin-flip relaxation. While the
last stage is the spin-galvanic effect where a non-equilibrium spin drives a charge current, in first
two steps a specific kind of the magneto-optical spin injection occurs. It is caused by simultaneous
transfer of the photon linear and angular momenta to the carriers and the subsequent spin rota-
tion in the effective magnetic field due to the linear spin-orbit coupling terms arising in gyrotropic
structures with spin-orbit interaction.

Investigations of photocurrents in (001)-oriented QWs exposed to external magnetic field have
revealed a new magneto-induced current under intersubband absorption of light. It has been demon-
strated that the observed effect is related to the gyrotropic feature of the material. Analysing the
experimental data and taking into account the theoretical estimations, the most probable micro-
scopic explanation of the detected magneto-gyrotropic photocurrent under intersubband resonance
is the diamagnetic mechanism based on the asymmetric phonon emission by resonantly excited
electrons in the upper conduction subband.

Expecting a strong enhancement of spin-dependent effects in narrow bandgap materials, magneto-
gyrotropic photogalvanic experiments in HgTe-based QWs with both normal and inverted band
ordering have been performed. Here, considerable photoresponses have been detected which are
by two orders of magnitude stronger than those obtained in GaAs samples in the same excitation
range. Moreover, an exciting result is a discovery of a nonlinear magneto-gyrotropic photocurrent
which is shown to cohere with the type of the lowest conduction band. While in wide wells with
the heavy-hole-like subband the current is strongly nonlinear, in narrow wells with usual band
sequence the effect scales linearly with the applied field. Microscopically, observation of spectral
and polarisation dependences in (001)-oriented QWSs support the model of zero-bias spin separa-

tion in both mid-infrared and terahertz excitation regions due to spin-dependent asymmetry of

71
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Drude-type photoexcitation and hot electron relaxation processes. In the second step, application
of the magnetic field converts the pure spin currents into electric current due to the Zeeman effect
which is either linear or nonlinear in dependence whether the subband is of electron- or heavy-hole-
type. Investigating the inverted band ordering regime in (013)-grown structures, the detection of
two nonlinear components of opposite sign endorses the already mentioned mechanism since the
nonlinear Zeeman splitting can be developed in series of odd contributions with alternating signs.

An important result has been obtained regarding the intersubband absorption of the radiation.
Experimental studies of the photogalvanic effects under intersubband resonance of the normally
incident light in GaAs-based QWs have demonstrated that the usually applied selection rules are
not rigorous. Although the resonant transitions between the first and second subbands in QWs are
forbidden for the light with the polarisation vector parallel to the QW plane by dipole selection
rules, the admixture of valence to conduction band in the framework of the Kane model may,
however, soften them. Measurements of the magneto-gyrotropic photocurrents in (001)-oriented
structures under normal and oblique incidence have revealed that the normal incidence absorbance
is nonzero and as large as 2 % of the absorbance of light polarised out of the QW plane. Studying
magneto-induced currents in HgTe-based structures at low temperatures, resonant drops in the
current magnitude in the magnetic field functions have been observed. Under terahertz excitation,
the field position of the drop scales linearly with the photon energy. The favourable explanation is

the ionisation of partially occupied shallow impurity states.
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