In this work spin injection into GaAs from Fe and (Ga,Mn)As was inves-
tigated. For the realization of any spintronic device the detailed know-
ledge about the spin lifetime, the spatial distribution of spin-polarized
carriers and the influence of electric fields is essential. In the present
work all these aspects have been analyzed by optical measurements
of the polar magneto-optic Kerr effect (pMOKE) at the cleaved edge of
the samples. Besides the attempt to observe spin pumping and thermal
spin injection into n-GaAs the spin solar cell effect is demonstrated, a
novel mechanism for the optical generation of spins in semiconductors
with potential for future spintronic applications. Also important for
spin-based devices as transistors is the presented realization of electri-
cal spin injection into a two-dimensional electron gas.
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1. Introduction

Today, modern information technology is mainly based on semiconductors and
ferromagnets. While data processing and computing usually takes place in semi-
conductor transistors, information is mostly stored magnetically on hard discd'}
In field effect transistors (FET) a gate contact controls the “on” and “off” state
of a transistor, if electron charge can pass through or not. This technology has
experienced a remarkable performance boost since its invention - mainly due to
minimization, i.e. the systematic reduction of the device dimensions. This trend
is reflected in Moore’s Law [1] from 1965, predicting that the amount of transis-
tors per area is doubled each 18 month. However, the ongoing size scaling will
come into conflict with practical and fundamental limits in the near future, when
the transistor size reaches the atomic scale. Quantum mechanical effects such as
tunneling will then prevent the “oftf” state of the FET.

Up to now, the whole semiconductor technology including FETs only makes use
of the electron charge, completely ignoring the associated electron spin and the
connected magnetic moment. Electron spins are randomly aligned in these de-
vices and hence cannot be used for information processing. Consequently, by
integrating spin polarized currents and using the carrier spin as a new degree of
freedom, there is a huge potential to further improve this technology and enhance
functionality. This active field of research, also called spintronics, is a potential
candidate for future electronic devices. It was triggered by the discovery of the
giant magnetoresistance (GMR) effect in 1988 [2,3]. Its implementation in read
heads for hard discs led to the breakthrough of stored information density and
showed the economic potential for spintronic devices. In 2007, A. Fert and P.
Griinberg were honored with the Nobel Prize in Physics for the discovery of this
effect.

In contrast to metal-based spintronic effects as GMR, semiconductor-based spin-
tronics offers new prospects. This is due to the existence of a bandgap and the
ability to control carrier concentration via doping, gate voltages, band-bending
and light irradiation. Basically, there are four key requirements for the realization
of a semiconductor spintronic device:

e cfficient injection of spin-polarized electrons into the semiconductor,

'beside the growing influence of semiconductor-based solid state drives (SSDs)
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e reasonable spin diffusion lengths and spin lifetimes in the semiconductor to
preserve and transfer the information,

e effective control and manipulation of the spins for the requested function-
ality,

e efficient detection of the spins to generate the output.

A natural source of electron spin polarization is provided by ferromagnetic mate-
rials, which are mostly used for information storage, e.g. in hard discs, since the
magnetization direction is an ideal, nonvolatile possibility to mimic the “1” and
“0” of a digital bit. The use of ferromagnetic electrodes enables to electrically
inject and detect spin polarized currents in semiconductors. Since the rotation
of the electron spin orientation is, in principle, less energy consuming than the
movement of electron charges [4], FETs using the orientation of a spin polarized
current to control the “on” and “oftf” state have the potential to improve this tech-
nology beyond the ultimate scaling limits of the existing silicon-based CMOS?]
technology |5, Chap. 17]. The basic structure of a Spin-FET is sketched in Fig.
as an example for the integration of magnetism in semiconductors. Combining
ferromagnets and semiconductors also opens the window for the incorporation of
information storage and information processing.

A further advantage of semiconductors and their bandgap is the interaction with
light, on which the large optoelectronic industry is based. As an example for the
insertion of photonics, a Spin-LED is sketched in Fig.[I.T] converting a spin polar-
ized current into circularly polarized light. Altogether, by merging these different
technologies, the realization of storage, detection, logic and communication on a
single chip should be possible [5, Chap. 1]. However, despite the intense research
in recent years, a commercial semiconductor spintronic device is still waiting for
its realization.

A first step for the realization of any semiconductor spintronic device is the gen-
eration of spin polarized currents in semiconductors. For that purpose GaAs is
an excellent candidate for several reasons: first of all a large spin lifetime was
found in n-doped GaAs of about 100ns [7], as well as long spin transport dis-
tances (100 um in n-type GaAs) [8,9]. Furthermore, ferromagnetic materials can
be grown epitaxially on GaAs, e.g. Fe or (Ga,Mn)As, which is a dilute mag-
netic semiconductor. In addition, GaAs as direct semiconductor is well suited
for the interaction with light. The Spin-LED for instance has proved to be suc-
cessful to demonstrate and quantify the efficient spin injection into GaAs based
heterostructures, which was first shown in 1999 with magnetic semiconductors as
injector material [10,/11]. The direct bandgap in GaAs also enables the optical
detection of spin polarization via the polar magneto-optic Kerr effect (pMOKE).

2complementary metal-oxide-semiconductor
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Figure 1.1.: Integration of magnetism in semiconductors may lead to the realization
of novel devices as the spin field effect transistor (Spin-FET). In combination with
photonics Spin-LEDs could already be realized, converting a spin-polarized current
into circularly polarized light (from @)

This approach in conjunction with a scanning technique is utilized in this work to
visualize spin injection into GaAs and analyze the resulting spin density distribu-
tion in the GaAs channel. By means of a special measurement geometry, a direct
observation of the injected spin accumulation in GaAs is feasible, even below the
ferromagnetic electrodes and without the need of external magnetic fields. This
technique was first applied by Kotissek et al. in 2007 , demonstrating electri-
cal spin injection from an FeCo contact into n-type GaAs. The here presented
work extends the observations with Fe and (Ga,Mn)As as injector materials and
provides further insights for spin injection into GaAs.

The layout of the presented work is as follows: the second chapter describes the
fundamentals and the theoretical background. It begins with an introduction
into the optical properties of GaAs, also explaining the principle of the optical
detection mechanism. In Sec. the processes relevant for the relaxation of the
spin polarization in GaAs will be explained, which are directly connected with the
electronic properties, i.e. the doping density in GaAs. Theoretical aspects for the
generation of spin-polarized currents in GaAs by electrical spin injection from
ferromagnetic materials will be discussed in Sec. 2.4, The subsequent sections
then describe spin injection from Fe and (Ga,Mn)As into GaAs, including the
formation of the essential tunnel barrier between ferromagnet and semiconductor
for efficient spin injection.

Chap. 3 gives an overview of the used methods, sample geometry and mea-
surement principle. An important tool is the Hanle measurement explained in
Sec. [3.5] which describes the depolarization of the injected spins in an external
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magnetic field and allows to extract the spin lifetime.

The experimental results are summarized in Chap. 4, first demonstrating electri-
cal spin injection from Fe and (Ga,Mn)As into n-doped GaAs. In addition new
insights in the distribution and relaxation of the injected spin accumulation are
given. In Sec. a novel and efficient mechanism to optically generate spins
in semiconductors is shown, the spin solar cell and spin photodiode effect. A
comparison between thermal and electrical spin injection in Sec. [£.4] then shows
the practical obstacles that have to be overcome for efficient thermal spin in-
jection. Finally, optical results from electrical spin injection into a GaAs-based
two-dimensional electron gas are discussed in Sec.

Chap. [f] then summarizes the results and gives an outlook for future experi-
ments.



2. Fundamentals and theory

2.1. Optical properties of GaAs

Before discussing electrical spin injection, a brief introduction into the basic band
structure features of GaAs is given. The III-V semiconductor GaAs has a zinc-
blende structure, i.e. the Ga and As atoms occupy a face-centered cubic lattice
that is shifted against each other along the space diagonal. Each atom constitutes
the center of a tetrahedron, shaped by four atoms of the other component. The
valence band and conduction band are then formed by the 4s and 4p states of
the Ga and As atoms.

GaAs is a direct band gap semiconductor with the band gap at the center of the
Brillouin zone (I-point). Thus, as shown in Fig. [2.1h, the conduction band (CB)
and valence band are separated by an energy gap £, (about 1.52¢V at 0K). The
conduction band is two-fold degenerate and consists of s-like states (total angular
momentum j = 1/2). The valence bands, on the other hand, consist of p-like
states with a two-fold degenerate heavy-hole (HH) and light-hole (LH) subband
(7 = 3/2), and a two-fold degenerate split-off (SO) band (j = 1/2) separated by
the spin-orbit energy Ago = 0.34¢V.

Fig. shows the optical transitions in GaAs between the valence band and
the conduction band. The circled numbers indicate the corresponding transi-
tion probabilities for left and right circularly polarized light (¢ and o7). For
photons with the energy of the bandgap E, (1.515eV at 10K), only transitions
from the HH and LH states into the conduction band are allowed. However,
these transitions obey selection rules that preserve the angular momentum of the
absorbed photon of +1 or -1 (denoted by ot and o), respectively. Thus, only
four different transitions are allowed. Light with o -polarization, for instance,
will generate electrons with m; = —1/2 for heavy hole transitions and electrons
with m; = 1/2 for light hole transitions. Since the transitions HH—CB are
three times more likely than LH—CB transitions, the absorption of light with
oT-polarization results in a spin imbalance in the GaAs conduction band.

This means, circularly polarized light can be used to create an unequal occupation
of electrons with the spin orientation parallel and anti-parallel to the propagation
direction of the incident light. This method has been shown to be useful for
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Figure 2.1.: Optical transitions in GaAs (from [13]). (a) Schematic band structure
of GaAs near the I'-point illustrating the band gap F,, the spin-orbit splitting Ago ,
the conduction band (CB), the heavy hole band (HH), the light hole band (LH) and
the spin-orbit split-off band (SO). (b) Optical selection rules between the valence band
and the conduction band for left and right circularly polarized light (oF and o). The
numbers describe the relative transition probabilities.

the optical generation and investigation of spins in n-doped GaAs (n-GaAs) [14].
Since the selection rules are also true for the recombination of electrons with holes,
a spin imbalance in the conduction band will generate circularly polarized light
when recombining. This effect is exploited in the already mentioned Spin-LEDs,
which were first used to demonstrate spin injection into GaAs. The different
transition probabilities also build the basis for the optical detection of a spin
accumulation in the conduction band, described in the next section.

2.1.1. Magneto-optic Kerr effect

The polar magneto-optic Kerr effect (pMOKE) is directly connected with the
optical selection rules. It is used in this work to measure and image the spin po-
larization in the GaAs. The effect describes the polarization rotation of a linearly
polarized laser beam after being reflected from the sample surface. For GaAs, a
Kerr rotation occurs if an unequal occupation of spin up and spin down electrons
in the conduction band exists. This imbalance, i.e. the difference of the chemical
potential between spin up and spin down electrons, also called spin accumula-
tion, is illustrated in Fig. on the left hand side. The out-of-equilibrium state
is described by the different Fermi energies for the spin up and the spin down
subband. For photons with the energy close to the bandgap, only transitions
into the spin down subband are possible. Due to the optical selection rules in
GaAs as shown in the previous section, transitions into only one spin subband
of the conduction band result in different absorption probabilities for left (lc)

10
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Figure 2.2.: Left: Illustration of a spin accumulation in the GaAs conduction band
resulting in a different absorption edge for transitions of left (Ic) and right circularly
(rc) polarized light from the light (Ih) and heavy hole (hh) band into each spin sub-
band (from [15]). Right: Calculated absorption spectrum for n' = 1.5-10'" cm™ and
nt =0.5-10" cm™ at 4.2K. ag represents the absorption coefficient without spin ac-
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and right (rc) circularly polarized light. The resulting absorption coefficient for
both helicities as a function of the photon energy is shown in Fig. on the
right hand side. The calculated curves nicely illustrate the four energy steps
for the transitions from the light (Ih) and heavy hole (hh) states into both spin
subbands. Thus, depending on photon energy, the absorption coefficient differs
for both helicities. From the absorption coefficient the corresponding refractive
index can be calculated via the Kramers-Kronig transformation. The difference
in the refractive index between lc and rc polarized light is finally proportional to
the Kerr rotation, as shown for instance in the work of P. Kotissek [16].

Fig. shows the spectral dependence of the Kerr signal calculated from the
absorption coefficients illustrated in Fig.[2.2] The curve matches well with exper-
imental results, as will be shown later. Important to note is the sign reversal in
the Kerr spectrum between the pronounced maximum and minimum value. This
shows that the photon energy plays a decisive role for the optical detection of a
spin accumulation in GaAs. Experimentally, only one sign reversal of the Kerr
rotation near the bandgap energy is usually visible (about 1.515eV at 10 K).

Altogether, it is shown that a spin accumulation in the n-GaAs conduction band
results in a Kerr rotation for photon energies close to the bandgap. For relatively
small spin accumulations as in the here presented work, the Kerr rotation is pro-
portional to the spin polarization or spin accumulation in the n-GaAs conduction
band [15]. A nonlinear behavior between spin polarization and Kerr rotation oc-
curs for spin polarizations above 20% in the conduction band, as shown in the
work of M. Beck together with detailed calculations concerning the temperature,

11
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Figure 2.3.: Calculated Kerr rotation as a function of photon energy for a spin accu-
mulation in GaAs, determined by nT = 1.5-10'" cm™ and n* = 0.5-10'" ecm™ at 4.2K
(from [15]).

doping and wavelength dependence [15].

2.2. Spin relaxation in n-GaAs

Since an imbalance of spin up and spin down electrons in the GaAs conduction
band is not the energetically favorable state, the question arises how long this
imbalance persists (after switching off the spin generation source) and how the
relaxation into an equilibrium state takes place. Depending on the active spin
relaxation and spin dephasing mechanism, the spin accumulation relaxes or depo-
larizes within a characteristic lifetime or spin relaxation time 7,. Usually one has
to distinguish between the spin relaxation time 77 and the spin dephasing time
T,. The spin dephasing time 75, also called transversal relaxation time, describes
the time until a spin ensemble oriented perpendicular to an external magnetic
field dephases, e.g. due to slightly different Lamor frequencies. In contrast, the
longitudinal relaxation time 7 corresponds to the relaxation time for the spin
component parallel to the external magnetic field. However, for n-GaAs and rel-
atively weak magnetic fields, 77 and T, are equal [13,[17]. Hence it is sufficient
to only use one characteristic time 7.

Fig. shows the spin lifetime in n-type GaAs as a function of doping den-
sity. Large spin lifetimes above 100 ns were found in GaAs at low temperatures
for doping densities around 10'® cm™, which is close to the insulator-metal tran-
sition at n = 2-10'® cm™. Fig. also illustrates the dominant spin relaxation
mechanism depending on the carrier concentration. For low doping densities, this
is mainly the hyperfine interaction, where donor-bound electrons interact with

12
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their surrounding randomly aligned nuclear spins. Around n = 10'® cm™, accord-

ing to Dzhioev et al. [18], spin relaxation of the localized electrons is dominated
by exchange interaction with neighboring electrons. Since a metallic behavior
with large mobility is preferred for spin injection experiments, besides a large
spin lifetime, all investigated samples in this work have doping densities above
2.5-10% ecm™. For these doping densities above the insulator-metal transition,
the D’yakonov-Perel’ (DP) mechanism is dominant (see Fig. [2.4)). The principle
of this spin relaxation mechanism will be explained below.

Before introducing the D’yakonov-Perel’ mechanism, it should be noted that other
important spin relaxation processes exist. A complete overview is given elsewhere
[13,17,{19]. One of the important spin relaxation mechanisms worth mentioning
is the Elliot-Yafet mechanism, which is based on momentum scattering. Due to
spin-orbit coupling, electron states are mixtures of spin up and spin down states.
Nevertheless, since spin-orbit coupling is usually weak, the electron states still
have mainly spin up or spin down character. However, the small admixture of
the opposite spin direction gives a probability to flip the spin at each momentum
scattering event, resulting in spin relaxation. The Elliot-Yafet mechanism is
most important in crystals with structural inversion symmetry as Si or Ge [19,
Chap. B6]. In crystals without this symmetry as GaAs, this mechanism plays a
negligible role.

13
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2.2.1. D’yakonov-Perel’ mechanism

In contrast to the other spin relaxation processes, the D’yakonov-Perel” mecha-
nism actually leads to dephasing rather than relaxation. It is based on internal
electric fields in the GaAs zinc-blende structure. Electrons moving through the
crystal will experience this field Lorentz-transformed as a magnetic field. Thus,
depending on size and direction of the electron wave vector k, an effective mag-
netic field appears and the electron spin will precess around this field axis. The
dephasing due to the D’yakonov-Perel” mechanism arises then from momentum
scattering. Electrons in the GaAs conduction band experience a different effective
magnetic field when changing direction and hence have a different precession fre-
quency and precession axis. The basic idea of this dephasing process is sketched
in Fig. 2.5 on the left hand side.

The effective magnetic field can also be derived from spin-orbit coupling, which
in fact is the consequence of relativistic effects. The GaAs conduction band can
be modelled by the Hamiltonian [19, Chap. B6]

h2
2m*

H=—k+=3-Q(k). (2.1)
The first part describes the parabolic band structure with effective mass m*. The
second term includes the spin via the Pauli matrix vector &. ﬁ(lg) can be viewed
as the E—dependent effective magnetic field. The resulting spin-splitting of the
GaAs conduction band is shown in Fig. on the right hand side. In bulk III-V
semiconductors with zinc-blende structure, the effective magnetic field Q(k) is

proportional to k3 |19, Chap. B6]:

ah?

WD) = G pyy7e

—

(koK = k2 + ky (k2 — k2)§ + ko (K2 — k2)3] (2.2)

Today, this is called Dresselhaus field or Dresselhaus effect. Here, o is a material-
dependent parameter (for GaAs o = 0.07), and E, the semiconductor bandgap.
Beside the k3-dependence of the effective magnetic field, Eq. also shows that
the spin precession axis strongly depends on the wave vector direction. However,
the efficiency of the resulting D’yakonov-Perel” mechanism relies on the momen-
tum scattering time 7. Since the dephasing of a spin ensemble basically occurs
during the precession between two scattering events, the mechanism is more effec-
tive the larger 7 is. For small scattering times the precession angle between two
scattering events becomes small and dephasing is suppressed due to the random
changes that cancel each other. This effect is called motional narrowing, details
are given in Ref. [17].

Despite the fact that the D’yakonov-Perel” mechanism is less effective with in-
creasing scattering rate, Fig. shows a drastic decrease of the spin lifetime in

14
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Figure 2.5.: Left: The D’yakonov-Perel’ mechanism. Starting at position 1, an elec-
tron spin is precessing around the k-dependent effective magnetic field. After scattering
from 2 to 3, the effective field changes and the spin starts to precess around a new axis
(from [19, Chap. B6]). Right: Spin splitting of the GaAs conduction band due to spin-
orbit coupling and the absence of space inversion symmetry (from [19, Chap. B6)).

n-GaAs with increasing doping density in the metallic regime above a doping
density of 3-10'%cm™. This is mainly due to the wave vector increase with in-
creasing carrier density. Larger k-values enhance the dephasing mechanism due
to the increased precession frequency (see Eq. ) In addition, the scattering
time 7 increases with increasing Fermi energy as explained in the next section
(T x Eg/ ?/n) [13], which counters the decrease of 7 with increasing doping den-
sity n. In general, the energy dependence of the D’yakonov-Perel’ mechanism
can be described with the following formula [13]:

/7, < 7(E)-E* (2.3)

In the same manner the spin lifetime decreases with increasing temperature.
However, only a weak temperature dependence was found below 50 K for metal-
lic n-GaAs [7,[20]. In the low temperature regime the thermal energy is small
compared to the kinetic energy of the electrons in the conduction band, as dis-
cussed in the next section.

2.3. Spin drift and diffusion

The behavior of a spin ensemble or a spin accumulation in the GaAs conduction
band is naturally determined by the properties of the conducting electrons around
the Fermi level. The mobility for instance describes the ability to accelerate these
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electrons in electric fields. When applying an electric field E in the semiconductor,
the average velocity (drift velocity) is defined by the mobility y, not to be confused
with the chemical potential introduced below:

€T

*

vg=—pu-E=—— F (2.4)
The mobility depends on the scattering time 7 and the electron effective mass
m*. The fact that an electron ensemble travels with a constant drift velocity in
an electric field is due to scattering that decelerates the ensemble. The scattering
time 7 or momentum-relaxation time is a property of the semiconductor and
depends on the doping density, the temperature and the crystal purity. A general
introduction for GaAs based semiconductors is given in the textbook by E. F.
Schubert [21].

In the case of n-GaAs at low temperatures, the main scattering mechanism is ion-
ized impurity scattering due to the strong coulombic interaction. The scattering
mechanism strongly depends on the electron velocity. The faster the electron the
shorter is the interaction time with the ionized impurity. Therewith, the deflec-
tion becomes weaker with increasing electron velocity. Since the electron velocity
increases with temperature, the mobility (in case of ionized impurity scattering)
has the following temperature dependence [21]:

o T3/2 (2.5)

This is directly connected with the temperature dependence of the spin lifetime
shown in the previous section. However, for degenerately doped semiconductors,
i.e. n-GaAs in the metallic regime, the Fermi velocity is larger than the thermal
velocity at low temperatures (~10K). Thus, the mobility is expected to remain
almost constant in this temperature regime [21], where the velocity is defined
by the Fermi energy and not the temperature. Nevertheless, the mobility, i.e.
the scattering time increases with increasing electron energy which contributes
to the strong energy dependence of the D’yakonov-Perel” mechanism discussed in

Sec. 2.2.11

In contrast to the directed motion of drift in an electric field, diffusion describes
the random movement of electrons, which depends on their Fermi velocity v.
This velocity randomly changes direction after the scattering time 7. Thus, in
this simplified picture, the particle travels an average distance of [ = 7-v after
changing its direction. The strength of electron diffusion is described by the
diffusivity or diffusion coefficient [17]:
12 1,
= =% 2.6
217 2 (26)
The last term of Eq. (2.6) implies that the diffusivity is proportional to the
scattering time, as the mobility is (see Eq. (2.4))). Hence, there is a direct relation
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between mobility and diffusivity which is often called the Einstein relation:

b_ lmvz (2.7)
W 2
For doping densities below the metal-insulator transition (nondegenerate elec-
trons in the GaAs conduction band) the kinetic energy on the right hand side of
Eq. is given by the thermal energy kg7. In contrast, for doping densities
above the metal-insulator transition (degenerate electron gas in the conduction
band) the Fermi velocity v has to be used in Eq. . Since the doping densities
used here are well above the insulator-metal transition, the samples consist of a
degenerate electron gas in the GaAs conduction band.

In general, for a more accurate description of the electron behavior in the GaAs
conduction band, the density of states g(Er) has to be taken into account, as the
general form of Einstein’s relation shows [17]:

eD_ n
o g(Er)

This equation enables the calculation of the diffusion constant via the mobility,
which can be experimentally determined from resistance measurements. The elec-
tron density n in the GaAs conduction band can be well controlled by the doping
density and is a very important parameter for the spin lifetime as shown in the
previous section. However, the density of states at the Fermi energy is difficult to
extract, especially for doping densities close to the metal-insulator transition. A
rough empirical formula was estimated from low-temperature photo-luminescence
measurements in n-GaAs for various doping densities. Fitting the data allows to
describe the energy increase AFE in the conduction band as a function of doping
density n [22]:

(2.8)

AEM)[eV] =14-10%-n5  nin [em™] (2.9)

Alternatively, the GaAs conduction band can be approximated by a single-valley,
isotropic and parabolic band. The Fermi energy increase due to the filling of
the conduction band in a degenerately doped n-type semiconductor is then given

by [21]:

AE)[J] = ;;(3%211)2/3 n in [m™] (2.10)

Eq. (2.9) and Eq. (2.10) can be used to estimate g(Er) in n-GaAs for the corre-
sponding doping density by using the derivative of the inverse function n(AFE).

Since injected spins are carried by the conduction electrons, the presented equa-
tions also describe the drift and diffusion of spins. However, in contrast to the
electron charge, spin is not conserved and decays by several mechanisms as shown
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in the previous section. Thus, there is a characteristic decay length of a spin ac-
cumulation, the spin diffusion length

L.=+\/D-1, . (2.11)

It is determined by the spin lifetime and the diffusivity. For large spin diffusion
lengths, either a large spin lifetime or a large diffusivity is necessary, i.e. a large
Fermi velocity and long scattering times (see Eq. (2.6))). Interestingly, if the
spin lifetime is limited by the D’yakonov-Perel’ mechanism, the corresponding
spin diffusion length does not depend on the scattering time 7 [19, Chap. B6],
since the influence of 7 on D and 7, cancels each other. Additionally, in the same
manner, it was predicted that the spin diffusion length in n-GaAs with dominating
D’yakonov-Perel” mechanism does not depend on temperature [13].

When an electric field is applied, a constant drift velocity can be ascribed to
the spin ensemble. A superposition of electron drift and spin diffusion occurs,
resulting in an effective spin relaxation length L.g. Leg depends on the spin
diffusion length L, and the spin drift length L; = v, - 75, which itself depends
on the electric field induced drift velocity. A detailed derivation is given within
the standard model of spin injection [17], which also includes the here used drift-
diffusion model.

2.4. Spin injection into GaAs

The previous section has shown how spins distribute in the GaAs due to drift
and diffusion. This section now generally introduces into the creation of spins in
semiconductors by electrical spin injection from ferromagnets.

2.4.1. Conductivity mismatch

In principle, spin polarized currents in GaAs can be simply created by driving
a current from a ferromagnetic material like Fe or (Ga,Mn)As into the GaAs.
However, this may lead to a very poor spin polarization in the GaAs because of
the so-called conductivity mismatch problem, which was first realized by Schmidt
et al. [23]. One can demonstrate this problem in a simplified way with effective
resistances, illustrated in Fig. [2.6]

Depending on the band structure and the density of states (DOS) at the Fermi
energy, a metallic ferromagnet usually has different resistances in this two current
model - for the spin up (majority) and the spin down (minority) channel. Thus,
ferromagnets provide a natural source for spin polarized currents. In contrast, for
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Figure 2.6.: Two current model with effective resistances for majority (up) and mi-
nority (down) spins. The corresponding resistance in both materials is illustrated by
the different block widths.
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the semiconductor, the effective resistance for spin up and spin down electrons is
equal. Furthermore, as in our case, the resistance of the n-GaAs is much larger
than the resistance of Fe or (Ga,Mn)As. As a consequence, the total resistance
of the spin up channel and the spin down channel is similar, i.e. the current
polarization in this heterostructure is negligible (see Fig. [2.6). Details about
this equivalent circuit of spin injection and the effective resistances are given
elsewhere [17].

A closer look of what occurs with the spin polarized current from the ferromag-
net when it is flowing towards the interface is shown in Fig. 2.7 First of all the
spin-polarized current across the interface creates an accumulation of spins in
the semiconductor. This spin accumulation can be described by the difference
between the chemical potential for spin up and spin down (ps = py — pty). Since
a spin imbalance in the GaAs is not energetically favorable and due to certain
spin relaxation mechanisms (see Sec. , a transformation of majority spins into
minority spins occurs in the zone of spin accumulation, resulting in an unpolar-
ized current coming out of the semiconductor (see Fig. 2.7b). The zone of spin
accumulation is determined by the spin diffusion length in both materials.

Without any interface resistance between the ferromagnet and the semiconduc-
tor, the spin imbalance in the semiconductor diffuses back into the ferromagnet.

19



Chapter 2. Fundamentals and theory

In equilibrium, the absence of an interface resistance causes a continuity of the
chemical potential across the interface (see Fig. 2.7¢). Thus, the maximum spin
accumulation at the interface not only depends on the spin lifetime in the semi-
conductor, it additionally depends on the spin relaxation rate in the ferromag-
net. The decisive problem here usually is the much larger DOS in the metallic
ferromagnet, i.e. the spin accumulation described by the chemical potential cor-
responds to a much larger amount of spin up electrons. Thus, even for similar
spin lifetimes in ferromagnet and semiconductor, the amount of spin flips is sig-
nificantly larger in the ferromagnetic region. As a result, the current already
depolarizes in the ferromagnet before reaching the interface |25, and hence the
whole spin accumulation is suppressed. The same effect occurs if the DOS in both
materials is similar, but the spin lifetime is much shorter in the ferromagnet, e.g.
for spin injection from (Ga,Mn)As into n-GaAs.

This shows that the conductivity mismatch is not only a problem of the different
conductivities, it is rather the combination of the continuity of the chemical
potential across the interface and the fact that there is a much larger spin flip
rate in the ferromagnet. This is also relevant for efficient spin injection from the
dilute magnetic semiconductor (Ga,Mn)As (see Sec.[2.6.1]). A detailed derivation
of this phenomenon can be found within the standard model of spin injection
from Fabian et al. [17].

2.4.2. Tunnel barrier

A solution for the conductivity mismatch problem is the use of a tunnel barrier,
which was first suggested in 2000 by Rashba et al. [26]. For Fe on GaAs the
formation of a Schottky barrier can be used as a tunnel barrier. In a similar way
an Esaki- or tunnel diode can be used for efficient spin injection from (Ga,Mn)As
into GaAs. In both cases, the thickness of the barrier can be well controlled
by the doping density in the GaAs, as will be shown in Secs. and 2.6 For
electrical spin injection it is favorable to have a narrow barrier, which enables
large tunneling currents and thus reasonable spin accumulations.

Fig.[2.8]illustrates the two current model in a ferromagnet /semiconductor-junction
consisting of a tunnel barrier at the interface which dominates the total resistance.
The current polarization is now determined by the spin-dependent resistance of
the tunnel barrier, arising from the band structure of ferromagnet and semicon-
ductor (see Secs. and . For the case shown in Fig. , the tunneling
current is mainly carried by majority spin electrons. This generates a majority
spin accumulation in the n-GaAs when injecting spins, i.e applying a negative
voltage at the ferromagnet. If a positive bias voltage is applied at the ferromag-
net, the flow of electrons is reversed. Assuming that the tunneling current is still
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Figure 2.8.: Spin injection across a tunnel barrier where the spin dependent tunnel
resistance determines the current polarization. Injection of majority spin electrons
(indicated by the small black arrows) creates a majority spin accumulation in the

semiconductor.
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Figure 2.9.: Majority spin extraction across a tunnel barrier leads to a minority spin
polarization in the semiconductor.

dominated by majority spin electrons leads to a minority spin accumulation in
the semiconductor (see Fig. [2.9)).

In summary, by reversing the bias voltage, which means going from spin injection
to spin extraction, the spin polarization in the semiconductor is expected to be
reversed, too.

2.4.3. Spin accumulation

The spin accumulation in a semiconductor at the interface with a ferromagnet
resulting from a spin-polarized current is determined by [17]

Hs = P] jRN (2.12)

For spin injection through a tunnel barrier, the current polarization P; is given
by the spin-polarization of the tunnel barrier conductance Ps;. The spin accumu-
lation is then proportional to the current density j and the effective resistance
of the nonmagnetic semiconductor Ry = Ly - py, which is a product of the spin
diffusion length times the resistivity. Besides the current density j which pumps
spins into the semiconductor, the spin accumulation u4 also depends on how fast
the spins distribute and relax in the semiconductor. The maximum spin accu-
mulation at the interface thus also depends on the scattering rate and the spin
lifetime in the semiconductor.
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2.5. Fe/n-GaAs Schottky contact

The previous section has shown that a tunnel barrier is necessary for the efficient
injection of spins from a metallic ferromagnet into GaAs. In this work, spin in-
jection from Fe and (Ga,Mn)As is investigated, where the tunnel barrier between
the ferromagnet and the n-GaAs is created by a Schottky barrier or Esaki bar-
rier, respectively. The formation of a Schottky barrier will be explained in the
following. The same principles hold for the formation of an Esaki diode between
(Ga,Mn)As and n-GaAs, which is shown in Sec.[2.6] In addition, spin-dependent
tunneling from Fe into n-GaAs through a Schottky barrier will be addressed in
this section.

A Schottky barrier is a potential barrier formed at a metal-semiconductor junc-
tion. Electrons from the metal have to overcome this barrier to get into the semi-
conductor, as well as electrons flowing from the semiconductor into the metal.
For spin injection from Fe into GaAs, this barrier can be highly useful as ex-
plained in Sec. 2.4, The formation of such a barrier will be explained for now in a
simple model of Schottky and Mott. A few enhancements for a better agreement
with experimental results will be shown later in this section.

For the derivation the work function of metal and semiconductor has to be known,
which defines the Fermi energy in both materials, here Fe and n-doped GaAs (n-
GaAs). Fig. shows on the left the energy diagram of Fe and n-GaAs without
being in contact with each other. Upon connecting Fe and n-GaAs, electrons
from the semiconductor flow into the metal until the Fermi level is balanced and
no net current is present (see Fig. right). However, a local charge density
stays in the metal at the interface, and the missing electrons in the semiconductor
generate a positive background charge. This generates an electric field close to the
interface causing the upwards band bending in the semiconductor. In the simple
case where the space-charge in the semiconductor only comes from the ionized
donors, the resulting width W of the depletion zone decreases with increasing
doping level Np [21]:

2e5Psp

eNp

Here, €g corresponds to the permittivity of the semiconductor (about 12.5 - €y for

GaAs). Since the Fermi energy of Fe lies in the middle of the GaAs band gap,
the Schottky barrier height e®gp is about 0.7eV.

W= (2.13)

Altogether, this simple model explains the principle of a Schottky contact very
well. For Fe on n-GaAs the Schottky barrier height also matches with experi-
mental results (0.6-0.8 eV). However, for other metals on GaAs, differences were
found in ®gp with respect to the predicted barrier height (see Fig. [2.10]). Indi-
cated by numerous experiments, the difference of @55 could be traced back to
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Figure 2.10.: On the left, the energy diagram of Fe and n-doped GaAs without being
in contact with each other. The Fermi energy in Fe (ER") lies in the center between
the conduction- and the valence band edge E¢c and Fy and determines the Schottky
barrier height e®gp. The band bending and the local charge density after connecting
are shown on the right.

metal-induced gap states at the interface, resulting in Fermi level pinning in the
middle of the band gap [27]. To characterize transport over the Schottky barrier,
the correct barrier height ®¢p is highly important and decisive for current-voltage

calculations.

2.5.1. Schottky contact under applied bias

When applying an external bias voltage V, at the ferromagnet (see Fig. [2.11)),
the maximum band bending is modified to (®s5p — V3). Thus, the width of the

depletion layer W is also changed [27]:

W) = ¢ UG (2.14)

These changes are illustrated in Fig. for a positive V4, called forward bias,
and in Fig. 2.11(b)|for a negative V}, called reverse bias.

Forward bias 1}, > 0

A positive bias results in an electron current from the n-GaAs into the Fe (see

Fig.[2.11(a)]). Since electrons in the conduction band obey Boltzmann statistics,
the number that is able to overcome the barrier exponentially increases with
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Figure 2.11.: Schottky contact under applied bias. A consequence is the change of
the band bending and the width of the depletion layer.

decreasing barrier height. This height is linearly lowered by a forward bias.
Thus, the current-voltage characteristic in forward direction ideally is [27]:

I(Vy) = Ip(eVo/*eT _ 1) (2.15)

Equation ([2.15)) is only true when tunneling through the barrier can be neglected.
This is the case for a large barrier width W or at high temperatures, where
thermionic emission dominates the characteristic. In this regime, the width of
the depletion layer W has no influence on the current.

However, at low temperatures and for sufficiently thin barriers, the major contri-
bution to the current is due to electrons tunneling directly from the conduction
band of the semiconductor into the metal. The current-voltage characteristic of
this process was investigated by Padovani and Stratton [28]. The consideration
was done for two regimes, for low temperatures where the tunneling mainly occurs
at the Fermi level, called field emission (FE), and for intermediate temperatures,
where most of the electrons tunnel at an energy FE,, above the Fermi level, called
thermionic field emission (TFE). The achieved equations are based on the -V
relationship for an arbitrary potential barrier, where only the first terms of the
Taylor expansion were considered. This equation was then applied to the shape of
a Schottky-barrier with its dependence on doping level and voltage as explained
above. In addition to the mentioned approximations, the image force correction
is neglected as well in this consideration. The resulting current-voltage charac-
teristic basically describes an exponential increase of the current with increasing
bias voltage. For not too high doped semiconductors, the function can be used to
fit parameters of the Schottky contact, e.g. the doping density Np in the GaAs
as shown in Refs. [16] and [29].
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Reverse bias V, < 0

For electrical spin injection, the transport characteristic in this direction is deci-
sive. In contrast to a forward bias where spins are extracted out of the GaAs, a
reverse bias does not lower the barrier height. Instead, electrons from the metal
experience a thinner barrier under reverse bias (see Fig. [2.11(b))). The current-
voltage characteristic of electrons tunneling through the barrier can be described
after Padovani also by an almost exponential increase of the current with increas-
ing bias voltage [30]. However, for larger doping densities used in this work the
1-V characteristics becomes almost ohmic, as shown later.

2.5.2. Spin-dependent tunneling

The realization of a tunnel barrier for efficient spin injection from Fe into n-GaAs
has been shown in the previous section via a Schottky barrier. Beside the tunnel
barrier, another key ingredient for efficient spin injection is the band structure
of both materials, ferromagnet and semiconductor, and the role of band symme-
tries. Calculations have shown that the symmetry matching of the wavefunctions
is decisive for the tunneling probability through a GaAs barrier [31]. This can be
understood in terms of the complex band structure of GaAs shown in Fig. [2.12
on the left. The imaginary part describes the exponential decay of an incom-
ing wavefunction corresponding to evanescent states close to the semiconductor
surface.

Energy [eV]
1o <)
T T
\

a Im (ky) Re (ky) a

Figure 2.12.: Left: Complex band structure of GaAs (from [32]). Right: Illustration
of the decay paramater x as a function of k:H with its minimum at kH = 0 corresponding
to the T-point (from [33]).

In general, the electron wavevector k can be separated into components parallel
and perpendicular to the interface between ferromagnet and semiconductor (k?H
and k). For perfect crystal structures and interfaces, k?” is preserved during the
tunneling process. Only the perpendicular component k., = ¢ + ik is complex
within the barrier, where x describes the decay parameter of the wavefunction
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GaAs

Figure 2.13: Band structures
along (001) for Fe and GaAs
around the Fermi energy. Grey
lines correspond to minority
spin bands, black lines to ma-
jority spin bands. The numbers
represent the symmetries of the
(001)-direction A (from [31]). 7 = X

Energy [eV]

[34]. In case of a Schottky barrier between Fe and n-GaAs, the Fermi level lies in
the GaAs bandgap (see previous section). The states at the ferromagnet’s Fermi
level thus couple to the complex band within the GaAs band gap. Important for
tunneling are the symmetry properties of these states which may be different for
the majority spin bands and the minority spin bands.

In Fig. m on the right, & is plotted as a function of k7| for an energy in the middle
of the band gap. As expected, the states with k:] = 0, i.e. electrons under normal
incidence will farther penetrate into the GaAs. However, since the amount of
states with nonzero k] is much larger, they still can have a large contribution
depending on the barrier thickness [33].

For large barriers, the tunneling current is mainly carried by states having the
smallest imaginary part . This corresponds to the small loop in the GaAs band
structure shown in Fig. [2.12 connecting the valence band with the conduction
band. Now the symmetry of these states is decisive in order to see which states
from the ferromagnet can couple to them and hence dominate tunneling.

Fig. 2.13] shows the spin-resolved band structure of bulk Fe and bulk GaAs for
k-vectors normal to the GaAs(001) interface. For Fe, the black lines correspond
to majority spin bands and the gray lines to minority spin bands, while the
numbers denote the band symmetry. The slowest decaying states in the GaAs
barrier have A; symmetry. In Fe, there are three bands crossing the Fermi energy
with different symmetries. It is important to note that the symmetry notations
for Fe and GaAs belong to different groups, namely Cj, for Fe and Cy, for GaAs.
However, only the states with A; symmetry couple well with the conduction band
of the GaAs [35]. Thus, the GaAs barrier acts as a strong spin filter, favoring the
majority spins with A; symmetry. Based on the complex band structure and the
wavefunction symmetries, a current polarization of 99% was predicted for spin
injection from Fe into GaAs(001) through a Schottky barrier [31]. A detailed
description of the calculations can be found in Ref. [35], where the authors also
state that interface states or intermixing decreases the tunneling polarization.

26



2.6. (Ga,Mn)As/n-GaAs Esaki diode

Experimentally, current polarizations only in the order of 10% were observed
at low temperatures [36]. A larger spin polarization of 32% was found later in
Spin-LED experiments with an Fe/AlGaAs Schottky barrier [37]. Majority spin
injection from an FeCo contact also resulted in a large current polarization up to
30% |12]. Recently, even sign reversals of the spin polarization with varying bias
voltage were found for an epitaxial Fe contact on GaAs(001) [38]. This subject
will be addressed in Sec. in more detail together with the bias dependence
of electrical spin injection from Fe into n-GaAs.

2.6. (Ga,Mn)As/n-GaAs Esaki diode

Before focusing on spin-dependent tunneling through the Esaki barrier, the fer-
romagnetic semiconductor (Ga,Mn)As will be briefly introduced. (Ga,Mn)As is
a dilute magnetic semiconductor (DMS) which shows ferromagnetism for a large
enough concentration of Mn atoms replacing the Ga atoms in the crystal. The
discovery of ferromagnetism in (Ga,Mn)As was presented in 1996 with a Curie
temperature 7 of about 60 K [39]. Since the distance of the randomly distributed
Mn atoms is relatively large, ferromagnetism in (Ga,Mn)As is not based on direct
exchange coupling. In contrast, the ferromagnetic order arises from a indirect ex-
change interaction via the induced hole carriers in the valence band. In that
case, holes mediate the spin-correlation between the localized magnetic moments
of the Mn atoms. This indirect exchange coupling is substantially weaker than
the direct exchange coupling for example in Fe, which qualitatively explains the
relatively low T¢ in (Ga,Mn)As. The Curie temperature is basically limited by
the maximum possible p-doping with Mn on Ga sites. So far, Curie temperatures
around 190 K could be realized [5, Chap. 19]. Details about the origin of ferro-
magnetism and the influence of Mn on the GaAs band structure are discussed
elsewhere [40]. A recent introduction into magnetic semiconductors including
(Ga,Mn)As is given in Ref. [5, Chap. 19].

An Esaki diode or tunnel diode describes a semiconductor p-n junction where
tunneling between the valence band of the p-type semiconductor and the con-
duction band of the n-type semiconductor is possible. This was first shown
by Esaki in 1958 with a Ge-based p-n junction [41]. Tunneling also occurs
when (Ga,Mn)As is grown on highly n-doped GaAs. Since Mn?T replaces the
Ga3t ion in the GaAs crystal, Mn acts as an acceptor and thus donates a
hole. Due to the relatively large Mn concentration of about 5.5% for the in-
vestigated samples, the (Ga,Mn)As layers consist of a large hole concentration in
the order of 10%° cm™ [42] and the Fermi energy lies in the valence band of the
(Ga,Mn)As [40].
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Figure 2.14.: Esaki diode in forward (left) and reverse direction (right) illustrating
the band-bending and the depletion width W in the n-GaAs.

When connecting the (Ga,Mn)As with the n-GaAs, electrons from the n-GaAs
conduction band flow into the (Ga,Mn)As valence band until the Fermi level
is balanced across the junction. As for the Schottky barrier described above,
the space-charge region builds up an electric field causing band bending in the
heterostructure. Fig. illustrates the energy diagram of an Esaki diode under
forward (left) and reverse bias (right). In contrast to Fe having the Fermi energy
in the middle of the GaAs bandgap (see Fig. [2.10)), the difference in Fermi energy
between (Ga,Mn)As and n-GaAs is in the order of the bandgap, i.e. about 1.52 eV
at cryogenic temperatures. Compared to the Fe/n-GaAs Schottky contact, more
electrons need to move from the n-GaAs into the (Ga,Mn)As until the Fermi
energy is balanced. As a consequence, band-bending on the GaAs side is more
pronounced as for Fe on GaAs. Since the effective p-doping in (Ga,Mn)As is one
order of magnitude larger than the n-doping on the GaAs side, band-bending in
the (Ga,Mn)As is relatively weak (see Eq. (2.13))). Therefore the above presented
formulas for the Schottky barrier can be used to calculate the depletion zone in
the n-GaAs (see Eq. (2.14))), only the barrier hight e®gp has to be adapted to
the GaAs bandgap.

2.6.1. Spin-dependent tunneling

Spin injection from (Ga,Mn)As into GaAs by interband tunneling from the va-
lence band of (Ga,Mn)As into the conduction band of n-GaAs was first shown
by Kohda et al. in 2001 [43]. In 2004, a large current polarization of about 80%
was obtained for such heterostructures by measuring the circular polarization
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Figure 2.15.: Sketch of the tunneling process from the (Ga,Mn)As valence band into
the n-GaAs conduction band (from [46]).

from a (Ga,Mn)As based Spin-LED [44]. Recently, Ciorga et al. demonstrated
electrical injection and detection with a current polarization of 50% [45]. These
observations demonstrate that (Ga,Mn)As in conjunction with an Esaki diode is
a well suited spin injector material and provides a large current polarization. A
further advantage of (Ga,Mn)As is the possibility to integrate it in GaAs based
heterostructures with epitaxial growth. The growth conditions of (Ga,Mn)As
on GaAs are described in Sec. B.1.2 However, the disadvantage of (Ga,Mn)As
compared to Fe as injector material is the low Curie temperature, which is still
below room temperature.

A theoretical model for spin-dependent tunneling through the Esaki barrier was
developed by Sankowski et al. [46]. As for the calculation of Fe/n-GaAs shown
before, a conservation of the in-plane wave vector k:] was assumed. The tunnel-
ing process is sketched in Fig. 2.15] In the low bias limit, the total current is
dominated by states near the I'-point, i.e. under normal incidence. This is, be-
cause for small biases, 15” also has to match the small /{:T‘ values in the conduction
band of n-GaAs, which is indicated in Fig. [2.15] However, the calculations also
show a strong anisotropy of the tunneling polarization as a function of the in-
plane wave vector. Depending on the hole concentration in the (Ga,Mn)As layer,
larger in-plane wave vectors are responsible for the high tunneling polarization.
The reverse bias dependence was calculated in a previous publication [47], match-
ing well with the experimentally observed decrease of current polarization with
increasing negative bias voltage.
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3. Methods

In this chapter the measurement principle and the sample geometry will be in-
troduced. In the present work experiments on spin injection and spin accumula-
tion in GaAs were mainly investigated by pMOKE measurements at the cleaved
edge of the sample. This technique was first demonstrated by Kotissek et al.
in 2007 |12]. The advantages of this method will be explained in Sec. after
describing the film growth and the sample preparation. The third section then
discusses the observed depth range of this optical detection technique and the
influence of the incident light on the electronic properties in the n-GaAs. Finally,
the Hanle measurement principle will be explained which is important for the
estimation of the spin lifetime.

3.1. Film growth

In this section the film growth of the studied samples will be described. Different
samples with Fe and (Ga,Mn)As as ferromagnetic injector material were investi-
gated within this work, grown on GaAs layers with a special doping profile. Since
the doping profile and the layer thickness slightly differ from sample to sample,
both will be listed together with the experimental results in Chap. 4} The general
layer stack, however, is similar for all samples.

The semiconductor layers were grown by Martin Utz in the group of Prof. D. Bou-
geard. All layers were grown by molecular beam epitaxy (MBE) on undoped
(semi-insulating) GaAs(001) substrates. The general procedure was as follows:

First of all, the oxide from the GaAs surface was removed by annealing in UHV[}
After that, in order to clean and flatten the GaAs(001) surface for epitaxial
growth, a 300 nm thick GaAs layer was grown at temperatures above 620 °C.
The subsequent GaAs layers are relevant for spin injection and were grown at
temperatures of about 620 °C. First, the n-GaAs layer where spin accumulation
takes place was grown on the undoped GaAs buffer layer. The thickness of this
Si-doped layer was usually 1 um, which was adjusted to the laser spot diameter
for the optical measurements of the spin polarization. Wafers with a thicker n-
GaAs layer up to 4 um were also investigated. For the maximum spin lifetime

Lultrahigh vacuum
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in the n-GaAs layer, a doping density close to the metal-insulator transition was
chosen for most samples, i.e. n &~ 2.5-10% cm™ (see Sec. [2.2)).

On top of the n-GaAs layer a 15 nm thick transition layer n — n™* was grown with
a gradual increase of doping density followed by a n*t-GaAs layer with a doping
density of 4 —6-10¥ cm™3 and a thickness between 8 and 15nm. The large
doping density is crucial for the formation of a narrow tunnel barrier between
the ferromagnetic material and the n-GaAs (see Sec. . Consequently, the
thickness of the n*-GaAs layer should be similar to the width of the depletion
zone for the corresponding doping density (see Eq. )

3.1.1. Fe/GaAs

For the growth of Fe on the n**-GaAs layer, it was necessary to transfer the
samples into another MBE system after the semiconductor growth. In previous
spin injection experiments done by P. Kotissek the samples had to be transferred
in atmosphere into a metal MBE system. Therefore, the samples were capped
with an arsenic layer in order to protect the n**-GaAs layer from oxidation.
After removing the As capping layer in the metal MBE system by annealing
(~300°C), FeCo and Au could be epitaxially grown on the n**-GaAs [16].

In order to circumvent this critical sample transfer, a transportable metal MBE
system was modified within this work. This MBE chamber could be directly
connected to the semiconductor MBE chamber, enabling sample transfer under
UHYV conditions. Hence, after the semiconductor film growth, the samples could
be directly transferred into the metal MBE chamber without the need of an
arsenic capping layer. There, 2-3nm of Fe were deposited on the ntt-GaAs layer
at room temperature. Since the magnetic anisotropy of Fe on GaAs(001) changes
with Fe thickness [4§], it was important to limit the thickness of the Fe layer to
about 3nm. This guarantees a magnetic easy axis along the [110] direction which
is convenient for the optical detection on the cleaved edge, as will be shown later.
Finally a Au layer (5 nm) was grown in order to prevent the Fe from oxidation. A
photo of the MBE system when connected to the semiconductor MBE chamber
can be found in the appendix.

3.1.2. (Ga,Mn)As/GaAs

For the samples with (Ga,Mn)As as injector material no transfer into a second
MBE system was necessary. The ability to grow (Ga,Mn)As layers is integrated
in the semiconductor MBE chamber. The growth was also done by Martin Utz.
For the investigated spin injection samples a Mn concentration of about 5.5%
was chosen. This corresponds to a Curie-temperature of ~ 50 K. Usually, 50 nm

32



3.1. Film growth

of GagsMnsAs were grown at relatively low temperatures of 240 °C (with respect
to the GaAs growth temperature at 600 °C) on the n**-GaAs layer. In order to
prevent back-diffusion of manganese into the GaAs, a 2.2 nm thick Al3gGaggAs
layer was added in between the n™"-GaAs and the (Ga,Mn)As layer. The scope
of these samples was not a maximum Curie-temperature, rather reproducible
growth conditions and a high quality interface with epitaxial growth. A detailed
introduction into the semiconductor MBE system and the growth conditions of
(Ga,Mn)As is given in the work of M. Utz [42].

3.1.3. Optical access to the cleaved edge plane

After the layer growth contacts were defined on the sample by standard optical
lithography or e-beam lithography, Ar ion milling and a wet etching technique.
Details about the contact geometry are given for each sample in the correspond-
ing section of Chap. @ Finally, for the optical measurements, the samples were
cleaved across the ferromagnetic contact pads. For that purpose a small scratch
was made at the border of the sample with a diamond cutter. This scratch had to
be along the natural breaking axis of GaAs, that is [110] or [1-10]. By slightly ap-
plying a pressure from the rear side, the sample breaks along the crystallographic
axis and provides a perfect flat cleaved edge plane (see Fig. [3.1)). This enables
a direct optical access to the n-GaAs channel even beneath the ferromagnetic
contacts.

Figure 3.1.: Light microscope pictures of a simple sample design with 4 Au/Fe con-
tacts from top view (left) and of the cleaved edge plane (right). There the left edge
corresponds to the sample surface.

The position of the diamond cutter could be well adjusted under a microscope so
that an accuracy of 10 um could be achieved. Since the magnetic easy axis of
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the Fe samples is along the [110] direction, the samples with Fe were cleaved along
the [1-10] direction. Thus the (110) surface is exposed and the polar magneto-
optic Kerr effect on the cleaved edge is sensitive to the [110] direction. Hence, the
remanent magnetization of the Fe layer already aligns the injected spins along
the measuring axis [110] as illustrated in Fig. In contrast, for (Ga,Mn)As,
the magnetic anisotropy is more complex depending on growth properties, tem-
perature and a patterning induced magnetic anisotropy ,. The different
contributions may result in a tilted remanent contact magnetization with respect
to the measurement geometry. The influence on the experimental results will be
discussed later in Sec. 3.5

3.2. Experimental setup

For the optical detection of the spin polarization in GaAs, a scanning Kerr micro-
scope was constructed within this work. A sketch of the measurement principle
and the sample geometry is shown in Fig. 3.2

magnetic field

n-GaAs [001] (-x)

undoped
GaAs substrate

[110] (2)
[1-101 (y)

Figure 3.2.: Measurement principle and sample geometry.

The probe laser beam is shining under normal incidence on the cleaved edge of
the sample. Thus, by scanning across the cleaved edge plane along the n-GaAs
channel the distribution of the spin accumulation can be observed. The working
principle of the polar magneto-optic Kerr effect (pMOKE) in GaAs was already
explained in Sec.[2.1.1} One of the advantages of the cleaved edge detection is the
possibility to observe the injected spin polarization without applying an external
magnetic field. For Fe the injected spins are already aligned with the axis of
the laser beam for pMOKE measurements, as denoted by the solid blue arrow
in Fig. [3.2l which indicates possible directions of the remanent Fe magnetization.
In other approaches, when measuring pMOKE at the sample surface ,,
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an external magnetic field was necessary to rotate the spins in the out-of-plane
direction which does not allow measurements in the remanent state.

Another advantage of this measurement geometry is the ability to observe the
spin polarization even below the ferromagnetic contacts. This is a unique feature
of this imaging technique that proved to be very helpful for a better understand-
ing of spin injection and the distribution of spins in the n-GaAs channel, as
demonstrated in the next chapter. In addition, by means of this method, a new
and efficient way for the optical generation of spins in semiconductors could be
established as shown in Sec.

A schematic representation of the optical setup is given in Fig. 3.3 A photo
of the setup can be found in the appendix. For the optical measurements the
sample is mounted in a He flow cryostat where silver conductive epoxy is used
to glue the sample on the cold finger. The cryostat itself is mounted on top of
a nano positioner, thus two-dimensional scans can be performed by moving the
sample under the static laser beam. The nano positioner allows to move in the
x- and y-direction within a range of 100 um and an accuracy better than 100 nm.
In addition, a movement range of 20 um in z-direction is given. For pMOKE
measurements a tunable diode laser (Toptica DL pro) with a wavelength range
from 810 to 860nm was used. This corresponds to a photon energy between
1.53eV and 1.44¢eV. It allows to adjust the wavelength to the GaAs bandgap
in order to maximize the Kerr rotation (see Sec. 2.1.1). The diode laser has
a typical linewidth of 100kHz and a maximum output power of 80 mW. The
axis of the linearly polarized light is defined by a Glan-Thompson polarizer. An
uncoated pellicle beamsplitter is then used to reflect 8% of the linearly polarized
light on the microscope objective. The objective has a magnification factor of
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60, corrections for the coverglass of the cryostat and a working distance of about
2.5 mm. The z-component of the electron spin polarization in the n-GaAs channel
is then detected via pMOKE by splitting the reflected laser light from the sample
with a Wollaston prism into two orthogonal linearly polarized beams on two
balanced photodiodes. The difference signal of the two diodes representing the
Kerr rotation is then amplified by a factor of 10°.

For the measurements a square-wave bias voltage alternating between zero and
V, is applied between two ferromagnetic contacts and the Kerr rotation is de-
tected synchronously with a lock-in technique (see Fig. [3.2)). Thus, the spin
accumulation in the n-GaAs is modulated, which ensures that the (quasistatic)
magnetization of the ferromagnetic contacts does not contribute to the Kerr sig-
nal. In addition, magneto-optical effects in the cryostat window or the objective
induced by the external magnetic field are not detected as well.

The Kerr rotation angle in the n-GaAs, 0k, versus the magnetic field applied
along the [110] direction (z-direction) is shown in Fig|3.4| for spin injection from
a (Ga,Mn)As contact. The resulting hysteresis loop reproduces the magnetiza-

s

Figure 3.4: Kerr rotation
in the n-GaAs channel ver-
sus applied magnetic field
along z-direction for elec-

O (arb. units)
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trical spin injection from a 75 50 -25 o5 50 75
(Ga,Mn)As contact. H (Oe)

tion curve of the contact. Thus, due to the modulation technique mentioned
before, the observation of a hysteresis curve is a direct proof for a spin-polarized
current from the ferromagnet into the n-GaAs. The exact correspondence be-
tween the magnetization loop of the ferromagnetic contact and the spin density
in the n-GaAs has been proven earlier by Kotissek et al. for an FeCo contact [12].
The same correspondence for an (Ga,Mn)As contact will be corroborated by the
switching field observed in the electric detection of the spin accumulation dis-
cussed in Sec. (see Fig. [4.24)).

However, as plotted in Fig[3.4] the signal of the hysteresis loop is not symmetric
around zero Kerr rotation. This means, due to the modulation of the injection
current, that an offset Kerr rotation arising from electro-optic effects is usually
observed [52|. However, the pure spin signal can be extracted from the height of
the hysteresis loop. In this manner, to eliminate any electro-optic background,
the measurements presented in Chap. [4] were performed in remanence after satu-
ration along [110] and [-1-10], respectively and only the difference between both
remanent values was used as a measure of the spin polarization in the GaAs
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layer. This value is strictly proportional to the spin accumulation in the n-GaAs
at the laser spot position. It is also labeled as 0k in the following, since only the
electro-optic offset signal was removed.

The magnetic field in z-direction for the magnetization reversal of the ferromag-
netic contacts (see Fig. is created by an air coil that is placed outside the
cryostat. The sample affixed to the cold finger is in the center of this air coil
as illustrated in Fig. In addition a Helmholtz coil is attached to the air
coil that allows to apply a magnetic field along the x-axis, necessary for Hanle

measurements (see Sec. [3.5).

3.3. Depth of pMOKE detection

The previous section has shown the advantages of the optical detection at the
cleaved edge. This section now discusses the penetration depth of the incident
laser beam in the n-GaAs. Fig. illustrates the absorption coefficient in n-
GaAs as a function of the photon energy for a doping density of n ~ 1016 cm™.
For pMOKE measurements, as explained in Sec. [2.1.1], the photon energy of the
linearly polarized laser beam must be close to the absorption edge of the n-GaAs
(about 1.515eV at 10K). Fig. shows the strong variation of the absorption
coefficient in this regime. For photon energies below 1.52eV (~ 816nm) the
absorption coefficient falls below 0.5-10*cm™, corresponding to a penetration
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Figure 3.5.: Photon energy dependence of the absorption coefficient for n-GaAs with a
doping density around 10' cm™3 (from [53]). The dashed line describes the absorption
spectrum measured at room temperature but shifted by +95 meV.
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depthﬂ of 2 um. The penetration depth rises dramatically with increasing wave-
length until the absorption becomes zero for photon energies below the GaAs
bandgap. Interference effects can appear for a large penetration depth due to
back-reflections at the border of the n-GaAs channel. Thus, depending on the
depth of the n-GaAs layer in z-direction (see Fig. [3.2), smaller wavelengths are
more suitable for the optical detection on the cleaved edge.

Besides interference effects, the penetration depth is important for two other
reasons. On the one hand a depletion zone in the n-GaAs layer exists due to
Fermi level pinning of the air-exposed GaAs(110) surface in the center of the
bandgap [54]. For the used doping densities above n = 2.5-10'® cm™ the resulting
width of the depletion zone is in the oder of 200nm or below (see Eq. (2.13)).
Within this region no charge carriers are available. Consequently no current is
flowing and no injected spin accumulation builds up in this zone. For probing the
spin polarization in the n-GaAs layer at about 10 K, wavelengths between 816
and 819 nm were used where the penetration depth and therefore the detecting
depth range is between 2 and 10 um. Therefore, the penetration depth of the
light is significantly larger than the depletion zone at the n-GaAs surface. Hence,
for the analysis of the experimental data it can be simply ignored. On the other
hand the penetration depth is important for the estimation of the absorbed laser
power density and the resulting influence on the GaAs electronic system. This is
discussed in the next section.

3.4. Absorbed laser power

In this section the absorbed laser power in the GaAs and the influence on the
electronic system will be estimated. The latter of course depends on the absorbed
laser power, but also on the penetration volume, i.e. the penetration depth and
the spot size of the laser beam. Since the incident light is used for probing the
spin polarization, the influence on the material should be as low as possible. Ex-
perimentally, a good signal to noise ratio for pMOKE measurements was obtained
with an intensity in the order of 12 uW and a spot size of about 1 um diameter.

First of all, in order to estimate the absorbed power density the spot size is
important. It can be determined by scanning the laser beam in x-direction across
the sample edge while detecting the reflected light intensity (see measurement
geometry in Fig. . This linescan is illustrated by the red curve in Fig. .
The derivative of this curve gives the laser spot profile with a full width at half
maximum (FWHM) of 1.04 um, as shown by the green curve in Fig. [3.6]

2The penetration depth corresponds to the reciprocal absorption coefficient.
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Figure 3.6.: Linescan of the reflected laser intensity across the sample edge (x-
direction). The derivative of the topography gives the laser spot profile.

Due to the refractive index of about 3.5 for GaAs at low temperature and photon
energies close to the bandgap [55], 31% of the incoming laser intensity is reflected
under normal incidence. The penetration depth of the transmitted 69% of the
incident light strongly depends on the wavelength with respect to the n-GaAs
bandgap as shown before [53]. Therewith the penetration depth can easily vary
between 1um and 100 pm within a few nm change of the wavelength. For a
rough estimation of the absorbed power density a wavelength of 819 nm with a
penetration depth of about 10 um is chosen. In order to calculate the absorbed
laser power density the transmitted light has to be normalized to the spot size
area of 1 um diameter. Assuming that 50% of the laser intensity is located within
the FWHM of the two-dimensional Gaussian spot profile results in an absorbed
power density in the order of 5uW/um?. For 10 um penetration depth, the
average volume density of the absorbed power is in the order of 0.32 pW /pum?3.

The absorbed laser energy generates electron-hole pairs in the GaAs and thus
additional electrons in the conduction band. The recombination lifetime in the
n-GaAs is about 100 ps (for n = 1.5-10% cm™ at 10K [56]). In equilibrium be-
tween generation and relaxation, the additionally generated electron density in
the conduction band is given by

N = 1.5feV -100 ps. (3.1)
For an absorbed power density G of 0.32 uW /um3, this results in an electron
increase of about 1.3-10'* cm™. This rough estimation shows that the electron
increase in the conduction band should be well below 1% with respect to the
doping density. Experimentally no influence on the spin density distribution
could be observed with this laser power. Also for larger laser intensities, no
significant change in the spin density distribution occurred. However, the increase
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of the electron density in the conduction band with increasing laser power can
be observed in the Kerr spectrum, which is shown later in Sec. [4.3]

3.5. Hanle effect

Hanle measurements have been shown to be very useful as an additional proof for
spin injection into semiconductors and for the estimation of the spin lifetime. The
measurement principle corresponds to the depolarization of spins when applying
an external magnetic field aligned perpendicular to the injected spin direction.
Thus, an injected spin ensemble is forced to precess around this field during its
lifetime. When measuring the spin polarization at a certain distance from the
continuously injecting contact, one therefore collects spins in a broad time of
flight range and thus with different precession angles, arising from the diffusive
transport. This is sketched in Fig. by two spin paths between the ferromag-
netic contact in the middle and the red circle which represents the laser spot that
observes the local spin polarization. By sweeping the external magnetic field in-
dicated by the blue arrow, a Lorentzian shaped curve of the spin polarization can
be observed at the laser spot position as shown in Fig. on the right hand side.
The spin lifetime is basically determined by the width of the Hanle curve. The
larger the spin lifetime the narrower is the Hanle lineshape. This can be qual-
itatively understood by taking into account the average time of flight of a spin
ensemble. With increasing spin lifetime the average time of flight increases, and
hence the time under the influence of the external magnetic field increases. Thus,
lower magnetic fields are necessary in order to observe the same precession angles
of the injected spins at the point of detection. Consequently the depolarization
curve becomes narrower.

For most cases the description of spin dynamics can be simplified by a model with
diffusive transport along a one-dimensional channel. In general, the z-component
of the spin density at a distance y from the point of spin injection can be described
by [17]

S:(y,t) ~ \/ﬁe_(y”dtﬂ/w%_tm cos(wot). (3.2)
Here, vg describes the drift velocity, D the diffusivity and 7, the spin lifetime. The
external magnetic field B is included in the Lamor frequency wy = %42 B, where
the g-factor is fixed at -0.44 for n-GaAs. Since spins are injected continuously,
the function has to be integrated over all transport times ¢ in order to count all
electrons reaching the detection point at position y. For fitting the experimental
data with this one-dimensional model an analytic solution of the problem can be
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Figure 3.7.: Left: Hanle measurement geometry - the red circle represents the laser
spot position for the pMOKE measurement while spins are extracted from the ferro-
magnetic contact which is biased at +3V relative to the reference contact on the right.
Right: Hanle measurement showing the Lorentzian lineshape of the spin polarization as
a function of the magnetic field in x-direction. Red curve illustrates the fitted function
with a spin lifetime of about 25ns.

used, derived in Ref. [17] (Eq. 11.239, P.617):
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(3.3)
Here, L, = /D - 75 describes the spin diffusion length, x = ”g—L:“ the ratio of drift
to diffusion, and Jy a scaling factor that was used as a fitting parameter. For
Hanle measurements performed on the diffusion side, i.e. left of the ferromagnetic
contact as illustrated in Fig.[3.7], no electron drift is present in the one-dimensional
case and k = 0 can be used. In addition, to take into account the width of the
contact and hence all possible injection-detection distances, the fitting function
must be numerically integrated over the contact width. The 1 um wide laser spot
is small compared to the contact width and hence can be neglected. Since the
spin diffusion length L, can be independently extracted from linescans along the
n-GaAs channel without external magnetic field, the spin lifetime 7 is the only
remaining fitting parameter beside the scaling factor Jy. Numerically fitting the
measured S, (y) curve, therefore, provides a convenient way to determine the spin
lifetime in the n-GaAs.

3.5.1. Magnetic anisotropy
The analytic solution shown in Eq. (3.3)) is based on spin injection at y = 0 with

spins pointing in z-direction. However, for (Ga,Mn)As, due to a superposition of
different magnetic anisotropies, an in-plane tilt of the magnetization with respect
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Figure 3.8.: Hanle measurement with an in-plane tilt of the magnetization of the
injecting contact with respect to the z-axis. The red curve illustrates the fitted function
S(¢,y) with a magnetization tilt ¢ = 23°.

to the laser beam axis has to be considered. The complex magnetic anisotropy
in (Ga,Mn)As leads to reorientation of the easy axis with varying carrier concen-
tration and temperature. Since all measurements are performed in remanence,
the magnetization of the injecting contact is aligned along the magnetic easy axis
which may have a certain angle ¢ with respect to the z-axis. For Hanle measure-
ments, due to the tilted magnetization, the injected spins either start to precess
into the laser beam axis or away from it, depending on whether a positive or
negative magnetic field in x-direction is applied. This must result in asymmetric
Hanle curves when detected by pMOKE, which is experimentally observed for
(Ga,Mn)As contacts, where a patterning induced anisotropy [49,50] relevant for
narrow contacts also comes into play.

Fig. [3.8 shows an example for an asymmetric Hanle curve. Due to the tilted
magnetization of about 23° (from fit, see below) the maximum Kerr rotation is
not observed at zero magnetic field but slightly shifted to about -10 Oe. At this
magnetic field value the average precession angle of the injected spins counters the
initial in-plane tilt of 23° and hence the z-component of the spin polarization is
maximized. The larger the magnetization tilt, the more asymmetric is the Hanle
curve in this measurement geometry. In a special case with a magnetization tilt
of 90°, where the initial spin direction is perpendicular to the z-axis, a point
symmetric Hanle curve without Kerr rotation at zero magnetic field would be
observed.

In order to describe the data points in Fig. [3.8] also the analytic solution of the
y-component of the spin polarization is required, which is also derived in Ref. [17]
(Eq. I1.238):

_ 2k + oy . [ Q2 %
S = Jo- e/t + + ( > + + ( )
v(¥) 0°¢ (26 + a1)? + a3 St Lsy (2K + a1)? + a3 o8 Lsy
(3.4)
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Since the analytical solution relies on spin injection at y = 0 with spins pointing
in z-direction, the magnetization tilt can be considered by assuming to probe
the projected spin polarization along the tilted direction, i.e. using S(¢,y) =
cos(¢) - S, (y) +sin(¢) - S, (y) as fitting function. Therefore, with the combination
of both components the function for each in-plane direction can be expressed
and ¢ can be used as an additional fitting parameter. The red curve in Fig.
illustrates the fitted function S(¢,y) with a magnetization tilt ¢ = 23°. Details
on this sample are discussed later in Sec. 4.1.4]

3.5.2. Influences on Hanle lineshape

The value of the spin lifetime in GaAs is often extracted from Hanle curves
obtained from non-local voltage measurements or by optical means using the
one-dimensional spin drift-diffusion model described above [38]|45]|57,58]. In
order to extract the correct spin lifetimes from Hanle lineshapes with the above
formulas in Eq. and Eq. (3.4)), the correct distance to the injecting contact
and the exact spin diffusion length are crucial. In addition, other influences on
the Hanle lineshape need to be ruled out:

Beside the magnetization tilt of the injecting contact, parasitic contributions such
as dynamic nuclear polarization (DNP) have to be taken into account, where a
large magnetic field arises from polarized nuclear spins, induced by the injected
electron spins through hyperfine interaction [59]. The effect of DNP at low tem-
peratures should be avoided by fast periodic magnetization reversal of the in-
jecting contact [60]. This also applies to the experiments presented here since
the external magnetic field and injected spin polarization are switched fast (2-3
Hz) compared to the nuclear spin relaxation time (10 min) [61]. The influence
of DNP on the Hanle lineshape, that in general enhances depolarization, was
already discussed elsewhere [58}62,63].

In addition, the influence of the out-of-plane magnetic field on the contact magne-
tization needs to be considered. This is determined by the magnetic anisotropy
of the thin (Ga,Mn)As or Fe layer. For thin layers of Fe on GaAs the shape
anisotropy creates a hard magnetic axis along the out-of-plane direction with an
anisotropy field of 47 M, = 21kOe. Correspondingly, in Spin-LED experiments
a magnetic field of about 20 kOe was necessary to saturate the Fe magnetization
in the out-of-plane direction [64]. For (Ga,Mn)As, where the magnetization is
two orders of magnitude smaller compared to Fe (~20G vs. 1700 G [65]), the
shape anisotropy is proportionately weaker. However, since (Ga,Mn)As grows
compressively strained on GaAs(001) it exhibits a strong perpendicular magnetic
anisotropy which favors an in-plane magnetization [39]. Hanle experiments on
similar samples as used in Sec. with a 20nm thick (Ga,Mn)As layer have
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shown that the magnetization rotation in the out-of-plane direction becomes vis-
ible for magnetic fields above 700 Oe [45,/66]. For other samples with a 50 nm
thick (Ga,Mn)As layer magnetic fields between 1.5 and 3kOe are necessary for
a significant out-of-plane magnetization [67]. Thus, for the relatively small mag-
netic fields in Hanle measurements used in this work (< 180 Oe), the influence
on the contact magnetization is negligible.

Furthermore, the injected spins may be affected by magnetic stray fields in the
GaAs arising from the ferromagnetic contact. However, this influence is not
significant for smooth interfaces, especially for (Ga,Mn)As with its small magne-
tization, since the stray field decays within a few nm [68]. In contrast, is has been
shown for rough interfaces that the injected spin accumulation in the semiconduc-
tor can be slightly depolarized due to magnetic stray fields [69]. The initial spin
polarization in the semiconductor could be recovered in this work by applying an
external magnetic field along the contact magnetization in order to suppress spin
precession about the stray fields. This so called inverted Hanle effect could not
be observed in the work presented here, indicating a smooth interface between
semiconductor and ferromagnet. The inverted Hanle effect corresponds to the
measurement geometry for the observation of hysteresis curves as shown for in-
stance in Fig. [3.4l If the injected spin polarization was depolarized due to stray
fields, the Kerr rotation would not be constant before and after the magnetization
reversal.

Spin-orbit effective fields from the Dresselhaus-effect (see Sec. may also in-
fluence the Hanle lineshape. On the one hand the Dresselhaus term is responsible
for spin relaxation via the D’yakonov-Perel’ mechanism, on the other hand it can
cause a net spin precession if spin-polarized electrons are drifting along a crystal
direction with a nonzero effective magnetic field, e.g. the [110] or [1-10] direc-
tion. However, for the samples used here a spin precession length in the order of
centimeters can be expected from this effect |[15]. Since Hanle measurements are
usually observed in a distance of a few um to the injecting contact, this effect is
not relevant.

Altogether, the present measurement geometry and measurement principle should
allow to extract correct spin lifetimes from Hanle lineshapes. However, in some
cases the one-dimensional model is not sufficient to describe the spin density
distribution along the n-GaAs channel. Thus, in order to extract the correct
spin lifetimes from Hanle data, a two-dimensional model has to be used. This
influence had not been considered so far and is discussed in detail in Sec. [4.2]
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In this chapter the experimental results will be discussed. The results are starting
in Sec. with a qualitative comparison between different injector materials as
Fe and (Ga,Mn)As, focusing on the bias dependence and the different spin density
distributions in the n-GaAs channel. The next section then shows that a more
complicated spin density distribution can also occur due to a nonuniform current
density in the n-GaAs channel. In Sec. a novel method for the efficient
generation of spins will be presented, the spin solar cell effect together with the
spin photodiode effect. In addition, experiments on thermal spin injection were
performed and are discussed in Sec. [£.4] together with the attempt to optically
observe spin pumping into GaAs. Finally the first optical results for electrical
spin injection into a two-dimensional electron gas are demonstrated and analyzed

in Sec. [4.5]

4.1. Fe and (Ga,Mn)As as injector materials

Electrical spin injection from Fe and (Ga,Mn)As into n-GaAs will be demon-
strated in this section by pMOKE measurements on the cleaved edge. For these
first experiments a simple contact design was chosen. On the one hand, this
minimizes the influence of patterning processes, on the other hand the results
are comparable to previous results from Kotissek et al. in 2007 [12,|16], where
FeCo was used as injector material. The subject of this section was published
in Journal of Applied Physics 109, 07C505 (2011) |70]. Therefore parts of this
section directly reproduce our publication from April 2011.

4.1.1. Sample preparation

For the Fe and (Ga,Mn)As sample standard proceedings with optical lithography
were used to define the contact pads. The process steps were performed partly
in the yellow room of Prof. C.H. Back and in the clean room of Prof. D. Weiss.

The sample with Fe consists of a 4 um thick n-GaAs layer for the electron trans-
port and spin accumulation (nominal doping density n = 2-10'® cm™3). Between
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the n-GaAs layer and the 2nm thick epitaxial Fe(001) layer a 15nm thick tran-
sition layer n—n*" and a 15nm n*"-GaAs layer for the creation of a narrow
Schottky barrier were grown (see Sec. . For the contact patterning, a pho-
toresist was first spun on the cleaned surface of the Au covered Fe/GaAs sample.
The exposure to light was done with a mask-aligner in order to define the contact
pads. After developing the photoresist the contact areas were uncovered. 150 nm
of Au were then deposited on the sample. After the lift-off process the evapo-
rated Au layer was only left on the exposed areas defined by the mask. The thin
MBE-grown Au and Fe layer on the remaining area was then removed with Ar
ion etching. After that, chemical etching with acetic acid was used to remove the
ntT-GaAs layer and the transition layer to confine the electron transport to the
n-GaAs layer. To ensure a complete removal of the highly doped GaAs, 50 nm of
the n-GaAs layer were removed, too. The chemical wet etching also reduces the
damage at the contact edges from ion sputtering, which was shown by Spitzer et
al. with citric acid [71].

The (Ga,Mn)As sample was grown by Martin Utz and prepared by Andreas
Einwanger. The 3 um thick n-GaAs channel has a nominal doping density of
4-10" cm™3. For the creation of the Esaki diode (see Sec. a 15nm thick
transition layer n—n*" and a 8nm n*T-GaAs layer were grown between the
n-GaAs and the 20 nm thick GagsMnsAs layer. Details on growth conditions are
given in Sec.[3.1.2] Spin injection on similar samples has already been investigated
in electrical detection [45,66], where a Curie temperature of about 65 K was found
for the (Ga,Mn)As layer. The contacts were defined by optical lithography as
shown above for the Fe sample. Since the (Ga,Mn)As samples are not covered
with Au, the wet etching technique could be directly used after the evaporation
of the Au pattern. As for the Fe sample, etching was stopped in about 50 nm
depth of the n-GaAs layer.

4.1.2. Spin density distribution

Both samples were finally cleaved across the ferromagnetic contact pads, which
enabled a direct optical access to the n-GaAs layer (see Sec. . The opti-
cal measurements on the cleaved edge were done at 10 K using a wavelength of
819nm. The measurements were carried out in remanence after magnetic sat-
uration along the z-directions [110] and [-1-10], respectively, and the difference
between both remanent values was used as a measure of the spin polarization in
GaAs, as described in Sec. [3.2

Fig. shows two-dimensional scans of the Kerr rotation in the n-GaAs, illus-
trated as a color coded map for the injection and the extraction case from a
(Ga,Mn)As contact. The top panel in Fig. illustrates the spin density dis-
tribution in the n-GaAs channel for electrical spin injection, i.e. a negative bias
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Figure 4.1.: Left: Two-dimensional scans of the Kerr rotation in the n-GaAs chan-
nel, shown as a color coded map for spin injection and extraction from a GagsMnsAs
contact. Right: One-dimensional model of the spin accumulation along the n-GaAs
channel with a spin generating point contact at y = 0. The spin accumulation is de-
fined by the chemical potential for spin up (blue) and spin down electrons (red) and
describes an exponential decay on both sides of the contact. The green line illustrates
the electric potential along the channel for spin injection (top) and extraction (bottom).

voltage was applied between the injecting (Ga,Mn)As contact and a second con-
tact on the left hand side at a distance of 0.5 mm. The negative bias continuously
drives the spin polarized electrons tunneling from the (Ga,Mn)As layer into the
n-GaAs channel. The created spin accumulation at the interface then diffuses in
all directions. The decay of the spin polarization in both directions away from
the injecting (Ga,Mn)As contact can be well fitted with an exponential as shown
in Fig.[4.2] Due to the applied bias voltage the decay to the left is a superposition
of electron drift and spin diffusion. For a negative bias voltage, the electric field
in the n-GaAs channel accelerates the injected spins towards the left resulting in
an effective decay length L.s; of 6.5 um for spin injection with Vi, = —=1V. In
contrast, no electric field is present on the right hand side of the contact. Thus,
the spin diffusion length L, can be extracted from the exponential decay to the
right resulting in about 3.3 um for this sample.

The bottom panel of Fig. [f.T]illustrates the spin density distribution for a positive
applied bias voltage. There, majority spin electrons are extracted out of the n-
GaAs leaving a minority spin accumulation behind. Due to the positive bias
voltage the electrons are now flowing from the left into the (Ga,Mn)As contact.
Thus, electron drift and spin diffusion are opposed to each other on this side of
the contact, leading to a reduced spin decay length. On the right hand side of
the contact where no electric field is present the decay is again determined by
the spin diffusion length Ls. The spin density distribution for both cases shown
in Fig. can be well described with a one-dimensional model, since almost no
variation of the spin accumulation along the x-direction in the 3 wm thick channel
is visible. Fig. [4.1] illustrates on the right hand side the spin accumulation in a
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Figure 4.2.: One-dimensional linescan of the Kerr rotation along the n-GaAs channel
for electrical spin injection (Vi, = —1V) on the drift side left of the injecting contact
(left) and on the diffusion side to the right of the contact (right). Exponential fit
provides the effective decay length L.¢; and the spin diffusion length L.

one-dimensional channel assuming a spin generating point contact at y = 0. As
for the experiment shown on the left in Fig. [4.1] an electric field is assumed in
the channel left to the contact due to the applied bias voltage, influencing the
spin accumulation on this side of the contact.

Fig. [4.3] shows two-dimensional scans of the Kerr rotation with Fe as injector ma-
terial, again for both, spin injection and extraction. Here, a significant difference
can be observed in the spin density distribution compared to (Ga,Mn)As. While
the spin polarization for the (Ga,Mn)As sample shows only slight variations be-
low the contact for injection and extraction, the spin injection from Fe is mainly
concentrated at the edge of the contact. A similar behavior was seen earlier for
an FeCo contact . Interestingly, spin extraction is even more confined to the
Fe contact edge than injection and the spin polarization decays to a negligible
value at about 10 um from the edge below the contact.

The spatial spin density distribution for both contact materials can be qualita-
tively understood with the following assumptions:

0.3V Au _y
L = Fo I
i Injection |

I GaAs substrate '
60 um

€
+0.5V Au y
— 1 98— e ]
| |

. Extraction |
|

| 4pum
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Figure 4.3.: Two-dimensional scans of the Kerr rotation in the n-GaAs channel, shown
as a color coded map for spin injection and extraction from an Fe contact.
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Figure 4.4.: I-V characteristic of the Schottky contact between Fe and n-GaAs.

1. the injecting contact represents an equipotential surface.

2. the voltage drop along the n-GaAs channel and the current density distribu-
tion are affected both by the channel resistance and the interface resistance.

For the (Ga,Mn)As sample the interface resistance is Ohmic and much larger
than the channel resistance. As a consequence, the voltage drop and, hence, the
current density j, across the interface is essentially uniform along the channel.
Thus, the current density j, along the channel should increases from right to
left below the contact. The spin density distribution results from the interplay
between current density and spin relaxation. Experimentally, this leads to a
nearly uniform spin density below the entire contact with a weak tendency to an
increase from right to left as seen in Fig. [£.1] for spin injection.

In contrast, for the Fe sample (or FeCo sample in Ref. [12,|16]) the interface re-
sistance of the Schottky barrier for a bias voltage of 0.5V is of the same order
of magnitude as the channel resistance. Therefore, the voltage drop across the
metal/GaAs interface decreases from left to right and, due to the nonlinear I(V)
characteristic of the Schottky contact, the current density and spin polarization
show a drastic decrease away from the left contact edge. The I-V characteristic
of the Schottky barrier is shown in Fig. [4.4] where the current is plotted against
the voltage drop across the Schottky barrier V;,;. The inset illustrates the mea-
surement geometry. Since no current flows on the diffusion side of the n-GaAs
channel right to the injecting Fe contact, V,; describes the potential drop across
the Schottky barrier. V;,; was measured while sweeping the bias voltage V}, used
for the spin injection experiments shown in Fig. from -0.5V to 0.5V.

The spin density distributions seen in Figs. and are of considerable rel-
evance for spin injection experiments. For Hanle measurements the assumed
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position of spin injection and the distance to the point of detection directly af-
fects the extracted spin lifetime (see Sec. [3.5). In a non-local voltage geometry
the effective distance between the injecting and the sensing contact may be dif-
ferent from the geometric contact pattern and shift with applied bias voltage.
A unique feature of our imaging technique is the possibility to directly evidence
the actual position of spin injection in such a case. The strong influence of the
spin density distribution on the spin lifetime extracted from Hanle lineshapes
is shown later in Sec. [£.2] There, two-dimensional simulations of the electron
drift and spin diffusion were used to describe the spin density distribution in the
n-GaAs channel and to extract the correct spin lifetime.

4.1.3. Bias dependence

The bias dependence of the injected spin polarization is shown in Fig. for Fe
(left) and (Ga,Mn)As (right). For (Ga,Mn)As the bias dependence was measured
in the center below the contact (see Fig. while for the Fe sample it was
measured at the left edge of the contact (see Fig . Both graphs clearly show
the expected sign reversal discussed in Sec. [2.4] when switching from spin injection
(negative bias range) to spin extraction (positive bias range). In contrast to Fe
as injector material, the bias dependence for the (Ga,Mn)As sample is almost
symmetric. This behavior depends on the sample properties and is strongly
connected with the band structure of (Ga,Mn)As and the band bending of the
Esaki diode (see Sec. [2.6]). (Ga,Mn)As samples with different interface properties
and a strong asymmetric bias dependence will also be presented in the following
sections. The flattening of the function with increasing positive or negative bias
voltage shows the decrease of the spin injection efficiency, i.e. the decrease of the
current polarization. This has been studied in detail by Ciorga et al. in 2009,
using electrical detection in a non-local voltage geometry [45]. For a similar
(Ga,Mn)As/n-GaAs heterostructure a current polarization of 50% was found,
which also showed a decrease with increasing positive or negative bias voltage.

In 2007, majority spin injection into GaAs(001) from Fe epitaxial contacts has
been observed [38], where a complex bias dependence of the injected spin accu-
mulation was found changing from sample to sample. All samples showed an
additional sign reversal of the spin polarization in the GaAs as a function of bias
voltage indicating a sign reversal of the current polarization. It was suggested
that surface bands are created by disorder from which the preferred extracted
spin polarization is opposite to that from the bulk conduction band [72], or that
the observed sign reversal results from an interface resonant band which strongly
contributes to the tunneling conductance [73]. However, the fact that no sign
reversal of current spin polarization was seen by Kotissek et al. [12] for injection
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Figure 4.5.: Comparison of the bias dependence of the injected spin polarization below
the contact for Fe/n-GaAs (left) and (Ga,Mn)As/n-GaAs (right).

from an epitaxial FeCo contact raised the question whether the different behav-
ior was due to the larger band filling expected for bce FeCo compared to bee
Fe, or due to interface-related electronic states. Since the present results for an
Fe contact as seen in Fig. show a similar behavior as for the FeCo contact,
showing only the expected sign reversal at zero voltage when switching from spin
injection to spin extraction, the different band filling can not be the main reason
for the different behavior found in Refs. [12] and [38]. Instead, this indicates that
the metal /GaAs interface resulting from the particular sample preparation con-
ditions plays a decisive role. The strong influence of the interface between Fe and
GaAs was confirmed by Schultz et al. in 2009 by studying the effect of growth and
annealing temperature on the sign of the injected spin polarization [74]. Their
Spin-LED experiment showed that the current polarization differs with varying
growth temperatures and can even be reversed by post-growth annealing. In
2011, a comparison between spin injection from Fe and FeCo into n-GaAs di-
rectly showed that an additional sign reversal of injected spin polarization with
bias voltage can occur for both injector materials [75]. Only a slight shift in
the detected spin accumulation as a function of applied bias voltage was visible
between both injector materials in this experiment.

Recently, no polarization inversion for spin injection from Fe into GaAs(001) with
an abrupt interface was observed [76], as for the sample presented here and for the
FeCo contact in Ref. [12]. The authors suggest a mixed interface as an explanation
for the polarization inversion observed elsewhere, that they partially found in
their sample by electron microscopy. By using the experimentally determined
atomic distances, their calculations show that resonance states of minority spins
do not contribute to the transport for an abrupt interface. However, minority
spin injection can be enhanced in the low bias regime due to intermixing at the
interface [76]. The experiment and the calculations in Ref. [76] imply that the
Fe sample presented here also consists of an abrupt interface, as well as the FeCo
sample in Ref. [12]. Altogether, the discrepancy in current polarization as a
function of bias voltage observed in the experiments mentioned above can clearly
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be ascribed to the particular interface between Fe and GaAs.

4.1.4. Hanle effect measurements

We now want to estimate the spin lifetime in the n-GaAs channel via Hanle mea-
surements. The theory of the Hanle effect for a spin injection experiment, which
describes the depolarization of the injected spin accumulation in a perpendicu-
lar magnetic field, was introduced in Sec. 3.5 Fig. shows a Hanle curve
measured at a distance of 7.5 um to the center of the (Ga,Mn)As contact. The
detection position is indicated by the red dot in Fig. [4.6h.

In order to extract the spin lifetime from the Hanle measurement, all parameters
responsible for the spin transport along the n-GaAs channel must be identified
(see Sec.[3.5]). Since the Hanle measurement shown in Fig. was taken left to
the injecting contact, within the current path, the electron drift has to be taken
into account. The strength of the electron drift with respect to spin diffusion can
be described by the dimensionless parameter x [17]:

Lqg  vg-7s

T 9L, oL.

K

(4.1)

Here, L, is the spin diffusion length and L, the spin drift length, defined by the
drift velocity vy and the spin lifetime 7,. k can be extracted from the spin density
distribution shown in Fig. via L, and the effective decay length L.¢; on the
left hand side of the contact:

oy -n

— el s 4.2
2L, Less (4.2)

The asymmetric shape of the Hanle curve stems from the fact that the remanent
magnetization is not aligned along the z-axis but tilted in plane (discussed in
Sec.[3.5). Thus, the angle ¢ describing the in-plane tilt of the magnetization with
respect to the laser beam axis must be used as an additional fitting parameter. For
Lepp = 6.5 um and L, = 3.3 pum, the fit according to Eq. and illustrated
by the red curve in Fig. provides a spin lifetime of 8 ns and a magnetization
tilt of 23°. The magnetization tilt is also visible in the observed hysteresis loop
of the injected spin polarization shown in Fig. 4.6k, where the magnetic field was
swept along the z-direction. The curve reproduces the magnetization loop of the
(Ga,Mn)As contact along the z-axis. Although a magnetic field of 180 Oe is not
sufficient to saturate the magnetization with the external magnetic field along
the z-axis, the hysteresis loop confirms the tilted magnetization: when lowering
the magnetic field the curve shows a coherent rotation of the magnetization until
it switches in a reversed field of about -30 Oe. A magnetization tilt of 23° would
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Figure 4.6.: (a) Contact geometry and spin density distribution in the n-GaAs chan-
nel for electrical spin injection. (b) Observed Hanle measurement at 7.5 um distance
to the contact center. Numerical fit based on Eq. and (red curve) yields
a spin lifetime of about 8ns. The asymmetric behavior stems from a tilted contact
magnetization with respect to the z-direction. (c¢) Kerr rotation beneath the contact
while sweeping the external magnetic field along the z-direction. The resulting hys-
teresis curve of the injected spin polarization reproduces the magnetization loop of the
(Ga,Mn)As contact.

corresponds to a remanent magnetization of ~87% along the z-direction. This
is qualitatively in good agreement with the observed hysteresis loop in Fig. |4.0c.
Since the saturation of the magnetization along the z-direction ([110]) requires
larger external magnetic fields an accurate value of the remanent magnetization
can not be extracted from the data.

The extraction of the spin lifetime from Hanle measurements is based on a model
with one-dimensional spin transport from the point of injection to the point of
detection (see Sec. . Since the injected spin density distribution illustrated
in Fig. shows almost no variation in x-direction, the n-GaAs channel can be
well described by a one-dimensional channel, as illustrated in Fig. 4.1 However,
even more important for the legitimation of the one-dimensional model is the fact
that the spin transport from all positions beneath the contact to the detection
position can be described by a constant drift velocity in y-direction, which is
assumed in the one-dimensional model. This is garatueed by the large interface
resistance of the (Ga,Mn)As contact, causing a homogeneous electric field £, in
the n-GaAs channel (on the drift side and beneath the contact area). Therefore,
the (Ga,Mn)As sample is well suited for this investigation. In contrast, when
E, is not constant for the spin transport from the point of spin injection to the
point of detection, the estimation of the spin lifetime becomes more complicated.
This is analyzed in detail in Sec. where for larger bias voltages a nonuniform
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Figure 4.7.: Observed Hanle measurement in the n-GaAs channel at the left edge of
the injecting Fe contact (see Fig. for a bias voltage Vi, = —0.3 V. Numerical fit
based on Eq. (3.3) and (3.4]) (red curve) yields a spin lifetime of about 6 ns.

current around the extracting contact significantly influences the spin density
distribution.

A more complicated spin density distribution in the n-GaAs channel was also
observed for the Fe sample as illustrated in Fig. [£.3] Due to the lower interface
resistance of the Fe contact, the current density across the Schottky barrier is not
homogeneous, and hence the injection-detection distances are not well defined.
In addition, E, is not constant beneath the contact and thus, the extraction of
the spin lifetime from Hanle measurements is less precise on this sample. Fig. [4.7]
shows a Hanle curve for electrical spin injection with V, = —0.3 V, measured at
the left edge of the Fe contact in the center of the n-GaAs channel (see Fig. [4.3)).
For the numerical fit (red curve) a spin diffusion length of 6 um and a drift-
diffusion ratio k = 0.5 was used, which provides a spin lifetime of about 6 ns.
Similar samples from the same Fe/GaAs wafer were analyzed later within the
diploma thesis of Stefan Merz [77]. There, the temperature dependence of spin
injection was investigated, demonstrating electrical spin injection up to room
temperature. At 10K, a spin diffusion length of about 6 um and a spin lifetime
of about 7ns were found [77].

A hysteresis loop in the n-GaAs due to spin injection from the Fe contact is shown
in Fig. 4.8 For thin layers of Fe on GaAs(001), the [110] direction (z-direction)
is the magnetic easy axis due to a strong uniaxial in-plane anisotropy for Fe on
GaAs(001) [48]. This is reflected by the rectangular switching behavior shown in
Fig. 4.8. The 100% remanence of the Fe contact in z-direction is consistent with
the symmetric shape of the Hanle curve shown in Fig. [£.7] Further examples
of Hanle curves with asymmetric shape and a large magnetization tilt of the
corresponding (Ga,Mn)As contact of almost 40° can be found in Sec.

It should be noted that due to the measurement in remanence the Kerr rotation
observed on the (Ga,Mn)As sample, e.g. in Fig. , only corresponds to about
85% of the saturation Kerr rotation (see Fig.|4.6c). However, this has no influence

o4



4.2. Nonuniform current density

15

i 0 Figure 4.8: Hysteresis loop of the

< injected spin polarization represent-

© ing the magnetization loop of the
-1.5

75 50 25 o0 25 so 75 Fe contact along the [110] (z) direc-
H (Oe) tion.

on the observed spin density distribution since the magnetization curve of the
(Ga,Mn)As contact should not change during the measurement. Consequently,
the observed Kerr rotation in remanence is still proportional to the local spin
accumulation as discussed in Sec. 3.2

4.2. Nonuniform current density and spin
accumulation in the n-GaAs channel

The previous section has shown how the spin density distribution in the n-GaAs
changes when the current density across the interface of the injecting contact
is not homogeneous anymore (compare Fig. and . Here we show that,
in addition, the electric field near the injecting contact strongly influences the
spin density distribution around it. As a result a one-dimensional picture of
drift and diffusion along the channel leads to incorrect spin lifetime values. This
becomes obvious by comparing fitting results of Hanle data from a one- and a
two-dimensional model. This topic is discussed in our publication in Applied
Physics Letters 100, 092405 from March 2012 [78].

For the investigation an extended sample design was used, where the n-GaAs
layer is confined into a n-GaAs channel. This also confines the current and the
injected spin accumulation. A micrograph picture of the (Ga,Mn)As contact
and the n-GaAs channel is shown in Fig. [{.9 The sample preparation was done
by Mariusz Ciorga. The layers of the sample were grown by molecular beam
epitaxy on a semi-insulating GaAs(001) substrate. The layer stack is similar as
for the (Ga,Mn)As sample shown in the previous section, sketched in Fig. [1.6]
The 1 um thick n-GaAs channel for the electron transport and spin accumulation
has a doping density of 2.7-10' cm=3. Spin injecting contacts are formed by
a 50 nm thick layer of GagsMnsAs, a 8 nm thick layer of n**-GaAs doped up
to 5-10®¥ cm™2 and a 15 nm thick n™" — n transition layer. The large doping
density in the n*"-GaAs layer and the transition layer, between the (Ga,Mn)As
layer and the n-GaAs channel, is necessary for the creation of an Esaki diode (see
Sec. [2.6). Details about film growth are described in Sec. [3.1]
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Figure 4.9.: Micrograph picture of the cleaved sample showing the 40 um wide n-GaAs
channel with the 4 x 40 um? large (Ga,Mn)As contact. Part of the reference contact
on the right end of the n-GaAs channel in a distance of ~ 300 um is visible as well.

The fabricated lateral device has a 50 pum wide mesa channel, one 4 pm x50 pm
injecting contact and two large reference contacts located at a distance of 300 um
to the (Ga,Mn)As contact (see Fig. [1.9). By cleaving the sample along the [110]
direction across the mesa channel and the ferromagnetic pad, the contact area is
reduced to 4 um x40 um. The wavelength of the linearly polarized laser beam was
chosen at 816 nm for the following measurements at 9 K. The confinement of the
n-GaAs layer requires the use of this relatively small wavelength. Otherwise, for a
larger wavelength with a larger penetration depth (see Sec. , back-reflections
at the border of the n-GaAs channel and interference effects would occur.

4.2.1. Spin density distribution

Fig. [£.10] shows one-dimensional scans of the Kerr rotation along the n-GaAs
channel for different applied positive voltages between the (Ga,Mn)As contact
in the middle and the reference contact at the right hand side. As illustrated
in Fig. [£.10] this denotes that unpolarized electrons in the channel are acceler-
ated to the left and the spin accumulation is generated by an electron flow into
the (Ga,Mn)As contact. Thus, spins are extracted from the n-GaAs layer. To
eliminate any electro-optic background, the measurements were performed in re-
manence after saturation along [1-10] and [-110], respectively, and the difference
between both remanent values was used as a measure of the spin polarization in

the GaAs layer as described in Sec. [3.2]

The observed spin density distribution in Fig. shows an unexpected maxi-
mum spin polarization that is located outside the contact opposite to the max-
imum charge current density. This peak shifts even further to the left with
increasing bias voltage. On the left hand side of the contact the spin density
distribution should be solely driven by diffusion. However, the measured decay
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Figure 4.10.: Representation of the local spin polarization by one-dimensional line-
scans of the Kerr rotation along the n-GaAs channel for electrical spin extraction under
various applied voltages.

of the spin polarization on the diffusion side cannot be described by a single ex-
ponential decay as expected. Depending on the bias voltage, a faster decay close
to the contact edge was observed, as illustrated in Fig. .11} Since the decay
constant defines the spin diffusion length L, = /D -7, , either the spin diffusiv-
ity or the spin lifetime must be reduced in this area. A small bias dependence
is still visible when fitting the curves from y-position -30 um to -7 um, where a
spin diffusion length of 8.2 um was extracted for the largest bias (9V / 750 pA)
and 9.2 um for the smallest bias (1V / 25 uA) (see Fig. [£.11)). On the right hand
side of the contact, the drift side, the spin distribution can be described by a
superposition of drift and diffusion. This explains the shortened effective decay
length with increasing bias voltage, but it does not explain the decay of the spin
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Figure 4.11.: One-dimensional linescan of the Kerr rotation on the diffusion side for
electrical spin extraction using Vi, =9V (left) and Vi, = 1V (right). Exponential fit
from y-position -30 pm to -7 um provides a different spin diffusion length L, for both
bias voltages.
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polarization that already shows up beneath the contact area. The origin of this
phenomenon will be discussed in the following sections.

4.2.2. Hanle measurements

For a better understanding of the observed spin density distribution and its
bias dependence we also performed Hanle measurements at y-position -5 um and
-10 um for different applied voltages, illustrated in Fig. The curves were
fitted using a one-dimensional function based on Eq. and (see Sec. [3.5)).
Assuming pure spin diffusion from the contact area to the measurement position,
the only free parameter left is the spin lifetime, as the spin diffusion length is well
known from the spin density distribution shown in Fig. [£.10 However, this ap-
proach leads to spin lifetimes depending significantly on the applied bias voltage
and the injection-detection distance. The spin lifetime is directly connected to
the width of the Hanle curves, while the height of the curves, i.e. a scaling factor,
has no influence on the spin lifetime. The values are changing from 14ns for a
large voltage and small distance (y = —5 um and Vi, = 9V) to 46 ns for a small
voltage and large distance (y = —10 um and Vi, = 1 V). The bias dependence is
less pronounced when measuring further away from the contact, but still a factor
of two difference in the resulting spin lifetime is observed. However, even the
1V-data with a current of 25 uA yield different values at both positions (42 and
46 ns).

Since the spin lifetime should not depend on the applied bias voltage for spin
extraction, the result indicates that the one-dimensional model is insufficient to
correctly describe the spin transport in the n-GaAs channel. This is also reflected
by the observed spin density distribution shown in Fig.[4.10]which can not be fully
described by the one-dimensional model as well. To shed light on this behavior
we performed numerical simulations using a two-dimensional model for electron
drift and spin diffusion as shown in the following.

4.2.3. Two-dimensional simulation

The two-dimensional simulations of the spin density distribution in the n-GaAs
channel were done in collaboration with Robert Wagner using COMSOL Multi-
physics. A detailed description of the simulation and a step-by-step instruction
are given in his thesis [79]. The simulation was done in two steps: first the cur-
rent density distribution was simulated in the n-GaAs channel that in principle
depends on the interface resistance of the Esaki diode and the channel resistance.
Both values could be determined experimentally, e.g. the voltage drop across the
interface was detected via the second reference contact. At 9K, the channel’s
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Figure 4.12.: Hanle-curves for different applied bias voltages, measured at y-position
-5um (top) and -10 pm (bottom) (see Fig. [4.10). Fits using a one-dimensional (1D)
model yield different values of the spin lifetime which are shown in Table 4.1.

conductivity is 1500 S/m, resulting in an electron mobility p of 0.35m?/(s-V)
in the n-GaAs channel. In the simulation, the Esaki diode was represented by
a 10nm thick layer with a conductivity of 0.025S/m, matching with the ex-
perimentally determined resistance. Based on the result for the current density
distribution, the spin density distribution was then calculated in a second step.
There, a spin current across the interface was assumed that is proportional to the
local charge current density. The generated spin accumulation in the simulation
then spreads due to diffusion and the electron drift previously calculated for this
sample geometry until a steady state was found. A derivation of the used dif-
ferential equations and boundary conditions can be found in Ref. [17]. The spin
diffusivity in the simulation is defined by the spin diffusion length, extracted from
the measurements shown in Fig. , and the spin lifetime (42 ns), estimated by
Hanle measurements.

Fig. |4.13] illustrates the simulated spin density distribution for a large positive
applied bias voltage at the (Ga,Mn)As contact. The color-coded spin polarization
reproduces the observed spin density distribution shown in Fig. [£.10] quite well:
the pronounced nonuniform current density beneath the contact area shifts the
spin accumulation towards the diffusion side. Thus, depending on the applied
bias voltage, the polarization peak shifts towards the left as observed in the
experimental results shown in Fig. |4.10f The simulation also directly explains
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Figure 4.13.: Two-dimensional drift-diffusion simulation of the spin accumulation in
a 1 um thick n-GaAs channel. Black lines represent the local current direction with an
electron flow from right to left except for the leftmost trajectory.

the extremely fast decay of the spin polarization on the right hand side of the
contact, where the decay already begins beneath the contact area.

A direct comparison of the simulated spin density distribution and the experimen-
tal data is shown in Fig. [f.14 There, a one-dimensional linescan was extracted
from the simulated distribution using the spin density values in the center of the
n-GaAs channel (red squares) in order to fit the data to the Kerr rotation along
the n-GaAs channel (blue circles) via the spin diffusion length and a scaling fac-
tor. Fig. |4.14] shows that the experimental data can be nicely reproduced by our
two-dimensional model. Small deviations only occur beneath the contact area
for larger bias voltages, e.g. the simulation provides a polarization peak which is
closer to the contact edge than experimentally observed. The fitted spin diffusion
length L is mainly determined by the exponential decay on the diffusion side.
Due to the deviations close to the contact, the values slightly differ from the spin
diffusion length extracted above (see Fig. [4.11)) where only the experimental data
from y = —30 um to y = —7 um was used to extract L,. A fixed spin lifetime
was used for each simulation as denoted in Fig. [£.14 Since the influence of the
spin lifetime on the spin density distribution is rather weak, the integration of
the spin lifetime as an additional fitting parameter is not useful [79]. A variation
of the spin lifetime could not resolve the small deviations of the two-dimensional
model and the experimental data. Also a convolution of the simulated spin den-
sity distribution in order to take into account the averaging of the Gaussian laser
beam does not reduce the small deviations close to the contact area [79]. Pos-
sible reasons are shown below. Nevertheless, the two-dimensional model nicely
explains the main features of the one-dimensional linescans of .

An important point to note is the nonuniform current density on the diffusion
side and underneath the contact area. As illustrated in Fig. by the black
lines representing the local current direction, the n-GaAs channel on the diffusion
side, i.e. left to the (Ga,Mn)As contact, can be divided into a bottom channel
where electrons are flowing to the left away from the contact and a top channel
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Figure 4.14.: Fit of the observed spin density distribution (blue circles) with the
two-dimensional model (red squares) via the spin diffusion length L (from [79]). The
corresponding two-dimensional spin density distribution for each bias voltage is shown
beneath the graphs.

with a back-flow towards the contact. This nonuniform current density decays
rapidly with increasing distance to the contact but cannot be neglected within
the first micrometer on the diffusion side. Due to this inhomogeneous current
density it is not sufficient to describe the electron spins solely by diffusion on this
side of the channel, which was done before when fitting the Hanle curves with the
one-dimensional model. In particular, the electric field beneath the contact area
generates a positive drift velocity towards the Hanle measurement positions left
to the contact at y = —10 pum and y = —5 um (see Fig|4.10). This additional drift
widens the Hanle curves and therefore the fit provides lower spin lifetimes. This
effect becomes apparent when the Hanle data shown in Fig|4.12]is fitted with the
two-dimensional model where the bias dependent spin denS.lty distribution and
the nonuniform drift is taken into account, as described in the following.

In order to fit the Hanle data using the two-dimensional simulation, spin pre-
cession about an external magnetic field was included in the second simulation
step . For each out-of-plane magnetic field value that was used in the Hanle
measurement a simulation of the spin density distribution was carried out and
compared with the experimental data at positions y = —10 um and y = —5 pum.
Then a variation of the fitting parameters including the spin lifetime was per-
formed until a least square fit to the experimental data was found. As in the
one-dimensional case a spin diffusion length Ly of 9 um was used for all curves.
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Figure 4.15.: Fit of the experimental Hanle data at position y = —5 um with an
applied bias voltage of 9V. The red curve represents the fit with the two-dimensional
model which yields a spin lifetime of 38 ns and a magnetization tilt of 10°. The green
curve illustrates the lineshape of the one-dimensional model for the same spin lifetime.

A slight asymmetry arising from the magnetization tilt was also found in all
Hanle measurements and had to be taken into account in the fitting procedure.
A magnetization tilt ¢ of about 10° could be extracted from the curves (for
details see Sec. . Fig. shows an example of the two-dimensional model
fit for the 9V-data. It also shows the discrepancy when using the 1D-model
with the parameters extracted from the 2D-model fit. Table 4.1 shows a direct
comparison of the spin lifetimes obtained from the two-dimensional model (2D)
and the frequently used one-dimensional model (1D) introduced in Sec. 3.5

A spin lifetime of 38 ns was extracted from the 9V-data using the 2D-model, in
contrast to 14 ns for the 1D-model. Thus, the strong bias dependence of the spin
lifetime from the one-dimensional model (from 14 ns for 9V to 42ns for 1 V) can
be primarily attributed to the neglect of the nonuniform current. However, a
variation of the spin lifetime with bias voltage and contact distance of about 20%
remains (see Table 4.1), which needs an explanation.

The dominant spin relaxation mechanism for n-doped GaAs above the metal-
insulator transition is the D’yakonov-Perel’” mechanism [18]. This mechanism
strongly depends on the electron energy in the conduction band, for instance on
the doping density or the temperature (see Sec. . Thus, a small temperature
increase due to Joule heating might be responsible for the observed decrease of
the spin lifetime with increasing bias voltage. However, only a weak temperature
dependence of the spin lifetime was found below 50 K for metallic n-GaAs [7,
20], where the thermal energy is small compared to the electron energy in the

conduction band (see Sec. [2.3)).

Besides the temperature, also the electric field has an influence on the spin life-
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1v 3V 5V 7TV 9V

y=—-bum 1D |42ns 25ns 20ns 16 ns 14 ns
y=—-5um 2D [46ns 47ns 46ns 41 ns 38 ns
y=—10um 1D |46 ns 29 ns 23 ns
y=—10um 2D |53 ns 53 ns 47 ns

Table 4.1.: Spin lifetimes from numerical simulations based on 1D and 2D drift-
diffusion models at two different distances, y, from the contact edge and different bias
voltages.

time, as has already been shown for optically pumped spins in 2006 [80,[81]. The
reason is the increased energy of the electrons when accelerated in electric fields
leading to a more efficient spin relaxation due to the D’yakonov-Perel’ mecha-
nism (see Sec. 2.2.1). In addition the momentum relaxation time 7 increases
with electron velocity (see Sec. [2.3), which also enhances the D’yakonov-Perel’
mechanism. A detailed calculation of this effect was reported by Beck et al. [80].

From the one-dimensional scans and the simulation it is evident that electric fields
are present around the contact area. Even for the 1V-data, the electric field in
the n-GaAs channel is in the order of 10V /cm, that, according to Refs. [80]
and [81] should already reduce the spin lifetime. Since strong electric fields are
only located beneath the contact area and the electric field intensity decreases
rapidly on the diffusion side, larger spin lifetimes and a less pronounced bias
dependence can be expected when measuring further away from the contact, as
observed in the experiment.

In summary, it is shown that a nonuniform current density in the n-GaAs chan-
nel affects the spin density distribution. The pronounced electric field beneath
the contact area generates a drift towards the diffusion side and therefore widens
Hanle curves when measured on this side of the contact. As a consequence,
extracting the spin lifetime with the frequently used one-dimensional model as-
suming pure spin diffusion leads to a strong bias and contact distance dependence.
Hence a two-dimensional model has to be used to yield correct spin lifetimes. The
remaining variations with distance and bias can be attributed to Joule heating
or the presence of electric fields around the contact area.

As a final note, the discrepancy between the diffusion of spins and electrons ob-
served earlier will be addressed. It was reported in 1999 that the spin diffusivity
resulting from the spin diffusion length and the spin lifetime (D, = L?/7,) ex-
ceeds the electron diffusivity D, extracted via the mobility (see Sec. by more
than one order of magnitude [9]. Since n-GaAs with a doping density below
the metal-insulator transition was used in this experiment (n = 1-10'% cm™), the
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thermal energy at 1.6 K was used to obtain D, via the mobility (see Eq. )
The sample investigated here has a carrier concentration of 2.7-10'% cm™ and a
mobility of 3.5-10% cm?/Vs. Using Eq. to estimate the density of states at
the Fermi energy gives an electron diffusivity of D, 5cm?/s. Using Eq.
to estimated the density of states at the Fermi energy gives an electron diffusivity
of D.~ 11cm?/s. Extracting the diffusivity from the spin diffusion length and
the spin lifetime (D, = L?/7,) gives D,~ 16 cm?/s for L, =9 um and 7, = 50 ns,
which is approximately a factor of two larger. However, taking into account the
amount of parameters for the calculation of D, and D, and the approximations
used for the density of states, both values are in fair agreement. No difference
between electron and spin diffusion was found recently in n-GaAs at room tem-
perature [82]. A possible explanation for the larger D, with respect to D, found
in Ref. [9] at 1.6 K is given in Ref. [83], where the authors predict that due to the
charge-neutrality of a spin packet, the diffusion of it in the conduction band is
not inhibited by holes and thus has a larger diffusivity than a charge packet [83].
A further theoretical discussion is including the influence of Coulomb interac-
tions on spin diffusion [84], e.g. the spin Coulomb drag effect which reduces the
spin diffusion coefficient. The authors also predict that D, is larger then D, at
1.6 K for the doping densities used here. However, at 20 K their calculations show
almost no deviation between Dy and D..

4.3. Spin solar cell and spin photodiode effect

The last section has shown the influence of electric fields on the spin density
distribution in the n-GaAs channel. The ability to displace the spin accumulation
by an electric field opens new possibilities for modulation, which will be used in
the following to demonstrate the spin solar cell and spin photodiode effect.

One of the main quests in spintronics research today is the efficient and energy
conserving generation of pure spin currents. Ideally, and mainly in order to
reduce energy consumption, pure spin currents should be generated without the
use of charge currents which cause Joule heating. Modern concepts avoiding
charge currents in the conventional sense range from spin pumping (generated by
microwaves into Pt [85] or GaAs [86], or by temperature gradients or phonons [87])
to thermal injection [88], which will be both discussed in Sec. [4.4l In contrast,
electrical spin injection requires the use of charge currents, as shown before. In
direct bandgap semiconductors, optical spin pumping is also a convenient way
to generate spins without the need of charge currents (see Sec. . Due to the
optical selection rules this method usually calls for circularly polarized light at a
well defined wavelength.
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Figure 4.16: (a) Influence of illu-

mination on a GaAs p-n-junction

a p-GaAs n-GaAs illustrated via the energy diagram.
(b) Working principle of the spin

solar cell: The light induced photo-

\ voltage Vpy drives an electron tun-
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GaAs and generate an oppositely
oriented spin accumulation. Only
the electron-hole pairs which are
responsible for the corresponding
effect are illustrated in (b) and (c).
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New effects can be expected when instead of a homogeneous semiconductor a
p-n-junction is illuminated. A spin-voltaic effect has been predicted for a mag-
netic/nonmagnetic p-n-junction where either the p-type or the n-type semicon-
ductor is magnetic, i.e., has a spin-split band [89,/90]. This effect has recently
been experimentally demonstrated in a non-magnetic n-GaAlAs/p-GalnAs/p-
GaAs junction in the presence of a magnetic field allowing to convert circu-
larly polarized light into an electric signal [91]. Additional functionalities (e.g.
magneto-amplification) have also been proposed [92,93] and observed [94] for
magnetic transistors.

Here, the spin solar cell is introduced as a novel spintronic device which com-
bines the principle of a solar cell with the creation of spin accumulation. It will
be demonstrated that efficient optical spin injection can be achieved with unpo-
larized light by using a p-n-junction where the p-type region consists of a ferro-
magnetic semiconductor. The discovered novel mechanism opens the window
for the optical generation of a sizeable spin accumulation also in semiconductors
without direct band gap such as Si or Ge. Moreover, it will be shown that the
device can be used as a photo-sensor presenting an additional degree of freedom,
namely the generated spin polarization, which can be set by the magnetization
direction and, for instance, read out by the inverse spin Hall effect [95,96].

Fig. 4.16p shows the energy diagram of a p-n-junction based on GaAs. When
illuminated by photons with an energy larger than the band gap, electron-hole
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pairs in all three regions - p-type semiconductor, p-n transition region and n-
type semiconductor - are generated. While the optically excited electrons within
the p- and n-side of the junction diffuse in all directions and mostly recombine,
the electron-hole pairs created at the interface in the band-bending region are
separated by the built-in electric field. This effect is used in a conventional solar
cell for the generation of a photo-voltage or photo-current. The same working
principle holds for the device demonstrated here, except that the p-side of the
junction is replaced by the dilute magnetic semiconductor (DMS) (Ga,Mn)As
in the ferromagnetic state (see Sec. . In addition a large doping density at
the interface of the n-GaAs is used in order to create a tunnel diode or Esaki
diode (see Sec. . Due to the heavily p-doped (Ga,Mn)As, the band bending
region is mostly confined to the n-GaAs. If such a p-n-junction is illuminated the
resulting photo-current will mostly consist of photo-excited electrons from the
n-GaAs side and only a small fraction of spin-polarized electrons created in the
(Ga,Mn)As. Thus, the spin polarization of the photo-current is small. The charge
accumulation in the n-GaAs leads to a photo-voltage Vpy which in turn causes
electrons to tunnel across the narrow barrier into the (Ga,Mn)As, as illustrated
in Fig. [4.16p. Due to the different tunneling currents for spin up and spin down
electrons, the generation of a spin accumulation can be expected in the n-GaAs.
This means, the incident light not only creates a voltage due to the photo-voltaic
effect, but also a spin current across the interface and hence spin accumulation
in the GaAs, i.e. light-induced spin extraction should occur (see Fig. [4.16Db).

Moreover, a second working mode can be expected by applying a negative volt-
age to the p-side of the junction (reverse bias). In a common p-n-junction, the
current is suppressed in reverse direction unless the junction is illuminated. Thus
a common p-n-junction can be used as a photo-sensor converting light into cur-
rent. In our device, light creates electron-hole pairs in the (Ga,Mn)As layer as
well, which are spin polarized due to the spin-dependent density of states [40].
The electric field at the p-n-junction drives the optically generated spins from the
(Ga,Mn)As conduction band into the n-GaAs layer. At the same time the neg-
ative bias suppresses the spin-polarized current tunneling from the n-GaAs into
the (Ga,Mn)As as sketched in Fig. [4.16p, thus the sign of the spin accumulation
is expected to be reversed (Fig. compared to Fig. 4.16p).

The experimental realization of a spin solar cell and a spin photodiode will be
presented in the following on two samples from two different wafers. Both samples
were prepared by Mariusz Ciorga using optical and e-beam lithography and a wet
etching technique. An overview of the performed measurements is sketched in
Fig. The p-n-hetero-junction is designed as a tunnel diode consisting of a
(Ga,Mn)As p-layer and a 1 pm thick n-GaAs channel. The spin solar cell effect
will be first demonstrated in Sample A by using the laser-beam simultaneously
for the generation of electron-hole pairs and as a detector for the generated spin
accumulation via pMOKE (Fig. 4.17b). Furthermore the spin solar cell effect will
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be analyzed electrically in Sample B in a non-local voltage geometry illustrated
in Fig. [1.17d. There, the photo-current is used (Fig. [£.17k) in order to compare
the spin solar cell effect with electrical spin injection. The layer stack of Sample
A and B is similar, only the doping density at the interface is slightly increased in
Sample B. Therefore, the spin photodiode effect will be demonstrated on Sample
A where the tunneling current is suppressed in reverse direction. This means,
electrical spin injection is suppressed in Sample A and the spin photodiode effect
can be directly observed as illustrated in Fig. [£.17p.

4.3.1. Spin solar cell

The effect of spin extraction due to laser illumination is demonstrated in the
following by measuring the local Kerr rotation underneath the ferromagnetic
contacts at 15 K. The layer stack and contact geometry of Sample A are sketched
in Fig. [£.17h. The spin accumulation is observed in a 1 pm thick n-GaAs channel
with a doping density of 2.5-10' cm~2. This layer is followed by a 15nm thick
transition layer where the doping density is gradually increased and a 8 nm
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Figure 4.18.: Two-dimensional simulation of the spin density distribution due to the
spin solar cell effect with (bottom) and without (top) applied electric field along the
n-GaAs channel (600 pm length, conductivity of 1500 S/m). Details about the simu-
lation procedure can be found in Sec. The constant spin current density across
the (Ga,Mn)As/n-GaAs interface generated by the laser light is described by using a
Gaussian function around the contact center with a FWHM of 1 um. In addition, a
spin diffusion length of 6 um and a spin lifetime of 10 ns are assumed in the n-GaAs.

thick layer of n*"-GaAs with a nominal doping density of 5-10® ecm™3. This
creates a tunnel diode between the 50nm thick GagsMnsAs layer and the n-
GaAs layer as described in Sec. 2.5 In addition a 2nm thick (Al,Ga)As layer
was inserted between the GaAs and the (Ga,Mn)As (see Sec. [3.1)). The electron
transport in the lateral device is confined to a 50 um wide mesa channel with a
4 um x50 um (Ga,Mn)As contact on top and two reference contacts at both ends
of the channel with a distance of 300 um to the injecting contact. By cleaving
the sample along the [110] direction across the mesa channel the contact area is
reduced to 4 pm x40 pm. In addition the cleaving process exposes the GaAs(1-10)
surface and enables direct optical access to the n-GaAs channel (see Sec. [3.1.3)).

In order to observe the spin solar cell effect in Sample A, the modulation tech-
nique used for electrical spin injection (see Sec. must be adapted. Since the
spin solar cell effect works without any electrical connection to the (Ga,Mn)As
contact, the spin accumulation in the n-GaAs was modulated by applying a
square-wave bias voltage V4, alternating between zero and £10V, between the
two reference contacts A and B on the left and the right end of the GaAs channel
(see Fig. [4.17n). The situation for zero voltage is shown in Fig. in the up-
per panel where the generated spin accumulation is located at the laser spot. In
contrast, when 10V are applied, the large electric field that builds up along the
channel shifts the laser-induced spin accumulation ps = g4 — py away from the
spot position as sketched in Fig. [L.I7b in the lower panel. Thus, for large enough
electric fields, the spin accumulation is almost zero at the laser spot position
since the spins are subsequently drifting away. The principle of this modulation
technique can also be shown by two-dimensional simulations of the electron drift
and spin diffusion in the n-GaAs channel, as introduced in Sec. [£.2.3] Fig. .18
shows the simulated spin density distribution due to the spin solar cell effect,
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Figure 4.19.: Kerr rotation along the n-GaAs channel showing a comparison between
the spin solar cell effect (green, red) and electrical spin extraction (blue, 0.7V / 12 uA,
spin diffusion length of 6 wm, offset added for clarity) using the same absorbed laser
power (816nm - 35 uW/um? - 15K). Positive and negative applied voltages (-10V,
10V) along the channel are only used for modulation. The shaded area indicates
the contact position. The position-dependent photo-current along the channel was
measured separately in closed circuit (black). The inset shows Hanle depolarization of
the spin solar cell effect in an out-of-plane magnetic field. The fit yields a spin lifetime
of about 13 ns.

with and without an electric field along the n-GaAs channel. The spin solar
cell effect was simulated by assuming a constant spin current density across the
(Ga,Mn)As/n-GaAs interface, described by a Gaussian function around the cen-
ter of the (Ga,Mn)As contact in order to represent the laser spot at this position.
The upper panel of Fig. shows the generated spin accumulation without
electric field, i.e. pure spin diffusion with a spin diffusion length of 6 um. The
lower panel illustrates the situation when 10V are applied between the reference
contacts at both ends of the 600 um long n-GaAs channel, which significantly
reduces the spin accumulation beneath the (Ga,Mn)As contact by about a factor
of 10. The Kerr rotation in this state therefore can be used as a reference signal
for the case when almost no spin accumulation is present at the laser spot. Beside
the adapted electrical modulation, the measurement principle is the same as for
electrical spin injection (see Sec. using only the difference in Kerr rotation of
both remanent magnetization values along the z-axis. This results in a signal 65
which is strictly proportional to the spin accumulation in the n-GaAs channel at
the laser spot position.

Fig. [4.19)shows linescans of the Kerr rotation along the n-GaAs channel obtained
by the technique described above (red and green symbols: V45 = 10V (O) and
—10V (O)). The position of the (Ga,Mn)As contact is indicated by the shaded
area. Due to the absence of spin accumulation at the laser spot for £10V (see
Fig. , the traces of O for +10V and -10'V are equivalent. Both curves clearly
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show that a spin accumulation can only be observed when the laser spot is placed
at the contact. The signal immediately vanishes when the laser spot is moved
away from the contact area, indicating that the spin accumulation is induced by
laser illumination. Due to the large interface resistance of the (Ga,Mn)As contact
and a relatively large capacitance a modulation frequency of only 187 Hz was
chosen for the measurements of the spin solar cell effect. For larger frequencies,
due to the floating potential of the (Ga,Mn)As contact, charging and decharging
effects of the (Ga,Mn)As contact can be observed which correspond to electrical
spin injection and extraction. However, the signal from this effect changes sign
when the modulation voltage is reversed and therefore cannot be responsible for
the observed Kerr rotation. The Hanle depolarization of the spin solar cell effect
is shown in the inset of Fig. .19 where the fit yields a spin lifetime of 13 ns in the
n-GaAs channel. This additionally confirms the presence of spin accumulation in
the n-GaAs. The fitting procedure is described in Sec.

When the laser spot is located at the contact region (y = 0pum in Fig. 4.19)
the photo-voltaic effect can be observed, resulting in a positive voltage Vpy of
130 mV between the (Ga,Mn)As contact and the n-GaAs channel for the used
laser power (absorbed power density of 35 uW/um?, see Sec. . The corre-
sponding photo-current flows when short-circuiting the (Ga,Mn)As contact and
the n-GaAs channel (see Fig. |4.17c). It is plotted as the black curve in Fig. 4.19]
The good agreement of this trace with the Kerr rotation signal is further evidence
of the spin solar cell effect, since the photo-current in closed circuit directly re-
flects the laser-induced tunneling current in open circuit. The direct connection
between the photo-current and the spin extracting tunneling current is shown
experimentally later. It can also be understood in a simple picture: when illumi-
nating the contact region, part of the laser-light (~ 1 pm spot size) is absorbed
in the band-bending regime where electrons and holes are separated in the built-
in electric field (see Fig. 4.16). This gives rise to a negative current in closed
circuit, the so-called photo-current, signifying an electron flow into the n-GaAs
and a hole flow into the (Ga,Mn)As. In a stationary state, the generation rate of
electron-hole pairs within the band-bending region should be equal to this photo-
current. Since the resistance of the tunnel barrier is more than a factor of 10
larger than the channel resistance (~ 15k{2), the tunneling current is suppressed
in closed circuit (see Fig. 4.17¢). In open circuit, a photo-voltage builds up until
in equilibrium the tunneling current should also match the generation rate of
electron-hole pairs in the band-bending region. Consequently, photo-current in
closed circuit and tunneling current in open circuit should be similar.

The dependence of the photo-current and the photo-voltage on the absorbed
laser power is shown in Fig. [£.20] As expected, the photo-current shows an
almost linear dependence contrary to the photo-voltage which already starts with
a value of about 100 mV for the lowest laser power and saturates with increasing
power density at about 200 mV. This shows that the interface resistance decreases
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when illuminated, which is reasonable since both the photo-excited electrons in
the n-GaAs and the photo-generated holes in the (Ga,Mn)As effectively reduce
the tunnel barrier thickness. Due to the reduction of the tunnel barrier with
increasing laser power the photo-voltage can be balanced more easily by the
tunneling electrons. This is important for the analysis of the spin solar cell effect
since it ensures that the laser-induced spin extraction process mostly takes place
at the laser spot position.

Fig. also illustrates the spin density distribution for electrical spin extraction
(blue), where a bias voltage of 0.7V was applied between the (Ga,Mn)As contact
and the reference contact B on the right end of the GaAs channel. The forward
bias voltage causes an extraction of spin up electrons at the interface from the
n-GaAs into the (Ga,Mn)As contact, leaving behind a spin down accumulation
diffusing in both directions along the n-GaAs channel. On the right hand side of
the (Ga,Mn)As contact, due to the application of the bias voltage, the spin density
distribution is determined by the superposition of electron drift and spin diffusion
opposing each other. On the left hand side of the contact the spin transport is
purely diffusive and a spin diffusion length of 6 um can be extracted from the
exponential decay of 0x. Interestingly, the maximum Kerr rotation angle for
the solar cell effect in Fig. for a laser intensity producing a photo-current of
0.9 HA in short-circuit is essentially the same as for electrical spin extraction with
a current of 12 pA. This somehow unexpected observation can be understood by
taking into account that the photo-current and the equivalent tunneling current
are confined to a cross section defined by the laser spot diameter of 1 um and
the penetration depth of the laser beam of a few um. In the case of electrical
spin extraction the cross section of the current is given by the dimension of the
(Ga,Mn)As contact of 4 um x 40 um. Apparently, the accumulated spin density
due to the effective current densities and spin diffusion in both cases is nearly
the same.

Fig. [4.21] shows the influence of laser power on the n-GaAs via the Kerr spec-
trum. With increasing laser power the Kerr spectrum is altered by the additional
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Figure 4.21.: Kerr-spectra for various laser intensities (absorbed power density) taken
at the diffusion side next to the contact (see inset) while directly extracting spins
electrically.

optically generated electrons that increase the electron density in the GaAs con-
duction band (see Sec. . Therefore, a quantitative dependence of the spin solar
cell effect on laser power via the Kerr rotation is not trivial. The Kerr spectra
were determined in a reference experiment on the same sample where the spin
accumulation was created by direct electrical spin extraction (Vi =9V). The
spectra were observed on the diffusion side a few pm away from the (Ga,Mn)As
contact in order to rule out any influence of the laser light on the contact re-
sistance. The data clearly shows a shift to shorter wavelengths with increasing
laser intensity. A shift of 1 nm corresponds to about 2 meV shift of the absorption
edge or a 1meV shift of the Fermi energy in the conduction band. Compared
to the generated photo-voltage, the increase of the Fermi energy in the n-GaAs
conduction band by the optically generated electrons of a few meV is negligible.
In fact, the Fermi energy increase is balanced across the whole p-n-junction in
equilibrium. The additionally generated electrons and holes therefore act as an
increased doping density in the p-n-junction and hence illumination will solely
result in a narrower tunnel barrier as shown before. For the lowest laser power
of 5 uW /um? no spin solar cell effect could be observed. However, a well defined
Kerr spectrum is visible as shown in Fig. by the red curve so that this laser
intensity can be used as a probe for spin accumulation where any other effects
due to laser illumination can be ruled out.

Finally - due to the electrical modulation - other effects like thermal spin in-
jection may appear. However, it is easy to prove that no spin accumulation is
generated by the relatively large voltage applied along the n-GaAs channel for
the modulation of the spin solar cell effect (e.g. thermal spin injection due to
Joule heating), since the Kerr rotation signal disappears when the laser power is
reduced to a probe beam intensity (corresponding to an absorbed laser power of
5 uW/um?). Furthermore a spin density distribution with a spin diffusion length
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of 6 um would be observed and the drift effects from the electric field would be
visible. Since the observed Kerr rotation is only visible when the laser spot is
at the contact region (see Fig. , the spin accumulation must be created by
the laser light itself. A temperature gradient due to the incident laser light is
also not expected since the n-GaAs and (Ga,Mn)As layer are equally illuminated
in the experiment. Furthermore, the large photo-voltage in the order of 100 mV
which occurs also for low laser intensities can not be explained by a temperature
gradient. Assuming that this voltage is mainly of thermo-electric origin, then us-
ing a Seebeck coefficient of 0.5 uV/K for GaAs/(Ga,Mn)As given by Naydenova
et al. [97] a temperature difference across the junction of nearly 2-10° K would
be required to generate the observed voltage. Thus, a thermo-electric origin of
(photo)voltage and (photo)current can be ruled out, and this should also be true
for a conceivable spin accumulation related to the spin Seebeck effect [88]. Al-
together, this clearly shows that the observed signal in Fig. corresponds to
laser-induced spin extraction - the spin solar cell effect. In addition, the signal
fits the observed photo-current distribution quite well which is measured when
short-circuiting the junction. The electrical detection of the effect in the next
section will directly prove the equivalence of the measured photo-current and an
electrically applied current.

4.3.2. Electrical detection

To further substantiate the presented spin solar cell mechanism, the effect was
measured in electrical detection in a non-local voltage geometry, which allows to
separate illumination and detection. This is shown in Sample B, which consists
of the same layer stack as Sample A with a slightly increased doping density
at the interface. In addition, Sample B has a 0.5 pum wide (Ga,Mn)As injection
contact, located at 4 um distance to the 4 um wide (Ga,Mn)As detection contact
(see inset of Fig. ) The generated spin accumulation beneath the narrow
contact with a spin diffusion length of 6 um (corresponding spin lifetime of 15-
20 ns, see below) can therefore be observed by measuring the non-local voltage
signal between the 4 um wide detection contact and a reference contact placed
at a distance of 300 pm. In Fig. we compare the non-local voltage signal
from electrical spin injection (V) to the optically induced signal V.. Electrical
spin injection is demonstrated by applying a negative voltage Vy, to the narrow
(Ga,Mn)As contact (red curve, —1 pA injection current). When decreasing the
external magnetic field starting from +150 Oe, a jump of the non-local voltage
signal was observed at -50 Oe, corresponding to the magnetization reversal of
the 4 um wide detection contact at the right. At this magnetic field value, the
magnetization directions of injector and detector switch from a parallel to an an-
tiparallel configuration. The corresponding change of the non-local voltage AV .
is proportional to the spin accumulation in the GaAs channel [98]. At -100 Oe,
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when the narrow injector reverses its magnetization, both contacts are again in
a parallel configuration and the non-local voltage signal returns to the starting
value. The same occurs for +50 Oe and +100 Oe when sweeping the magnetic
field back to +150Oe. The small peak at zero magnetic field originates from
dynamic nuclear polarization (DNP) that slightly depolarizes the spin accumu-
lation , ,. The increase of the non-local voltage in the antiparallel
configuration for electrical spin injection corresponds to a spin-up accumulation.
In contrast, when reversing the bias voltage and now extracting spins, the spin
valve signal AV, is also reversed, corresponding to a spin down accumulation
as shown by the blue and green curve for the extraction currents of 0.5 pA and
1 uA.

If instead of applying an electrical voltage, the laser spot is placed below the
narrow injection contact, the spin solar cell effect generates the spin accumulation,
as illustrated in the upper pictogram of Fig. [4.22b. Two spin-valve curves are
plotted in Fig. (light blue and magenta curve), where the absolute value
of the photo-current (0.5 uA and 1 pA, measured independently as sketched in
Fig. [4.17c) reflects the different absorbed laser power. The larger noise level and
slight drift can be ascribed to illumination and the limited long-term mechanical
stability of the optical setup.

The qualitative comparison of the non-local voltage generated by the spin solar
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Figure 4.23.: Left: Geometry of Sample B from top view. Right: I-V characteristic
at 11.5 K of the 0.5 um wide and the 4 um wide contact.

cell effect with the one observed for electrical spin injection clearly shows that the
spin accumulation induced by illuminating the contact (x AV,,) has the same
sign as the spin accumulation resulting from electrical spin extraction (o< AVye)
and the opposite sign compared to electrical spin injection (red curve, o AVy,).
In Fig. both spin valve signals AV, and AV, are plotted versus the
electrically applied current I, or photo-current I, respectively. The data shows
that the magnitude of the non-local signals is similar when the photo-current
matches the electrically applied current. This suggests that the photo-current
indeed reflects the laser-induced tunneling current, since it creates a similar spin
accumulation as an electrically applied current. The same correlation between
the photo-current and the generated spin accumulation is also indicated by the
optical results shown in Fig.[4.19] Altogether, the excellent agreement of the sign
and the amplitude of the spin accumulation with respect to the photo-current
confirms the described mechanism of the spin solar cell effect.

For the electrical detection of the spin solar cell effect, the (Ga,Mn)As contacts
of Sample B were patterned along the [100] direction with an angle of 45° to the
mesa channel oriented along [110]. Fig. [4.23|shows on the left a sketch of the two
(Ga,Mn)As contacts (yellow) from top view. The advantage of this geometry is on
the one hand the reduction of stray-light or incoming laser-light on the detecting
contact in the non-local voltage geometry (otherwise, due to the photo-voltaic
effect a large offset voltage would be created even for very small light intensities).
On the other hand the tilted contacts were used to check the penetration depth
of the incident laser light as a function of the wavelength (see below in Fig. [4.27)).
Fig. [4.23]shows on the right the I-V characteristics for both contacts. In contrast
to Sample A (see Fig. , a lower interface resistance and a more symmetric
bias dependence is visible, indicating the larger doping density at the interface.

Fig. shows on the left hand side the hysteresis curves measured magneto-
optically when electrically injecting spins from the narrow (0.5 um) and the wide
contact (4 um). The curves clearly show the different switching fields of the two
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Figure 4.24.: Left: Kerr rotation in the n-GaAs channel vs. applied magnetic field (z-
direction) for electrical spin injection from the 0.5 um wide and the 4 pm wide contact
at 11.5 K. Right: Detection of the electrically injected spins via the non-local voltage
signal (see inset) with the same magnetic field sweep at 11 K.

contacts at 11.5 K when sweeping the external magnetic field along [-110] (z-
direction). The switching fields of 50 Oe and 100 Oe together with the almost
rectangular switching behavior are in good agreement with the spin valve sig-
nal from the electrical detection (Fig. right). The fact that the remanent
magnetization of both contacts is not 100% shows that the [-110] direction is not
exactly the magnetic easy axis. Without external magnetic field the magnetiza-
tion is therefore oriented at a certain angle ¢ to the [-110] direction, as discussed
in Sec. This angle can be estimated by measuring the depolarization of the
spin accumulation in an out-of-plane magnetic field along the x-direction (Hanle
measurement). Due to the tilted magnetization the injected spins either start
to precess into the laser beam axis or away from it, depending on the magnetic
field direction. This must result in asymmetric Hanle curves when detected by
pMOKE which are illustrated for both contacts in Fig. [£.25]
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Figure 4.25.: Optically detected Hanle curves for spin injection from the wide (-1V
applied) and the narrow contact (-0.5V applied) showing the spin lifetime and the tilt
¢ of the magnetization with respect to the laser beam axis [-110], as obtained from a

numerical fit according to Eq. (3.3)) and Eq. (3.4)).
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Figure 4.26.: Hanle measurements in the non-local voltage geometry for “parallel”
and “anti-parallel” configuration of both contact magnetizations. Upper figures show
electrical spin injection, the bottom figures show the spin solar cell effect.

Numerical fitting the asymmetric shape of the Hanle curves in Fig. yields a
magnetization tilt ¢ of 37° for the wide contact and -38° for the narrow contact.
Thus, the magnetization of the narrow contact is oriented almost along the pat-
terned contact direction [100] in remanence, which can be explained by the pat-
terning induced anisotropy relevant for narrow contacts discussed in Refs. [49,50],
and the magnetization of the wide contact is tilted in the opposite direction, al-
most along [010]. Consequently, when detecting the spin accumulation generated
by the narrow contact electrically using the wide contact as detector, we have an
angle between the spin directions of about 75°. Thus, Hanle measurements in
the non-local voltage geometry show a strong asymmetry, illustrated in Fig. |4.26|
The extracted angle of 76° between the magnetization of both contacts matches
with the results obtained by optical detection. The bottom figures in Fig. [4.26|
illustrate the electrically detected Hanle signal when generating the spins via the
solar cell effect. The graphs again show the strong asymmetry between the con-
tact magnetizations. The reason for the slightly smaller angle (~ 60°) probably
arises from the fact that the generated spins from the solar cell effect are mostly
created at the contact edge. The extracted spin lifetime from the electrical de-
tection is usually affected by dynamic nuclear polarization (DNP) [59]. From the
optical detection a spin lifetime of 15-20 ns results that should be more reliable
since DNP is eliminated in this measurement technique due to the fast peri-
odic reversal of the magnetization direction (see Sec. [3.5.2). The offset-voltage
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Figure 4.27.: Wavelength dependence of the photo-current (right) with the laser spot
a two different positions (illustrated left).

which occurs in the non-local voltage signal also for electrical spin injection may
originate on the one hand from a small nonuniform current that passes the de-
tecting contact, which can be shown in 2D simulations (see Sec. , or from
thermo-electric effects due to a small temperature gradient created by the ap-
plied current [99].

In addition to the laser-induced spin extraction process also the ferromagnetic
proximity polarization (FPP) of the optically excited electrons may be observed
[100,/101]. Using time-resolved Faraday rotation, the authors of Ref. [100] and
[101] observe a spontaneous spin polarization in n-GaAs close to a ferromagnetic
layer when illuminating with linearly polarized light. The origin of FPP is sug-
gested to be spin-dependent reflection at the interface [102]. In our experiments,
no significant spin polarization could be observed in a reference sample with a
larger doping density (n = 7-10'® cm™3) and hence a much smaller photo-voltaic
effect. The proximity effect on the other hand should not depend on doping
density. Altogether, the excellent agreement of the optical and electrical mea-
surements with the photo-current and with electrical spin injection shows that
the spin solar cell effect must be the dominant mechanism in our device.

Finally, Fig.4.27]illustrates the wavelength dependence of the photo-current. The
two positions of the laser spot are illustrated in Fig.[£.27on the left hand side. The
absorbed laser power was already discussed in Sec. [3.4] At laser spot position
y = 0 um, the photo-current begins to drop above 819nm, indicating that the
penetration depth of the transmitted laser beam is exceeding the contact region.
In contrast, at position y = 5 um, the incoming light has to first penetrate 5 um of
GaAs before reaching the contact area. Here the photo-current is almost zero up
to 818 nm and has its maximum at 820 nm. This shows that the penetration depth
is below 5 um for wavelengths below 818 nm. Above 822nm the photo-current
approaches zero for both cases, indicating that the photon energy becomes smaller
than the bandgap. Thus, the absorption edge lies in the energy range of 1.51 eV
at 19 K. This is consistent with the observed Kerr spectra illustrated in Fig. |4.21
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Figure 4.28.: Linescan of the reflected laser intensity and photo-current across the
sample edge (x-direction) at 19K (Sample B, y = 0 um, 816 nm - 35 uW /um? absorbed
power density). The derivation of the topography gives the laser spot profile.

and [4.31] showing a sign reversal at about 818 nm.

Fig. shows the reflected light intensity while performing a line-scan across
the sample edge along the x-direction (Sample B, y = 0um). The derivative of
this curve (green curve) gives the laser spot profile with a FWHM of 1.04 pm from
a Gaussian fit (see Sec.[3.4)). In addition the observed photo-current is illustrated
with a FWHM of 1.45 um. This broadening is probably due to the penetration
depth of the light and the re-emission of photons by the recombination of electron-
hole pairs. In addition the extended band-bending region leads to a widening of
this curve. The maximum of the photo-current is shifted towards the left since
the active region, i.e. the band-bending region is not at the sample edge close to
x = 50 wum, but shifted to the left due to the 150 nm thick Au layer and the 50 nm
thick (Ga,Mn)As layer of the contact.

4.3.3. Spin photodiode

The optical and electrical results shown in the previous sections clearly demon-
strate the experimental verification of a spin generating solar cell, where spin
accumulation in the GaAs is created solely by light. According to the explana-
tion given in Fig.[4.16] the laser-induced spin extraction process can be eliminated
by applying a reverse bias, i.e. a negative voltage to the (Ga,Mn)As contact. The
negative bias increases the depletion zone of the p-n-junction and suppresses
the tunneling current. However, due to the negative bias, the optically excited
spin polarized electrons in the (Ga,Mn)As conduction band are driven into the
n-GaAs channel. Fig. shows the resulting “spin photodiode effect” via a
linescan of the Kerr rotation along the n-GaAs channel while applying -10V to
the (Ga,Mn)As contact. Again, as for the spin solar cell effect (see Fig. [4.19),
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Figure 4.29.: Kerr rotation along the n-GaAs channel while applying a negative bias
voltage to the (Ga,Mn)As contact illustrating the spin photodiode effect (815nm -
103 uW/um?). As for the solar cell effect, a spin accumulation can only be observed
when the laser spot is located at the contact area.

no spin accumulation can be observed unless the laser spot enters the contact
region. However, in contrast to the spin solar cell, this effect creates a spin up
accumulation (negative signal in Fig. , as expected from the explanation
illustrated in Fig. [4.16.

In the following, we show that no additional spin accumulation is generated by
the negative bias voltage used for the observation of the spin photodiode effect.
Usually, applying a negative bias results in injecting spins from the (Ga,Mn)As
into the n-GaAs. To disable electrical spin injection in reverse bias, we adjusted
the doping profile of this particular sample (Sample A) such that the tunnel
diode almost blocks the current in reverse direction. The I-V characteristic of
Sample A is shown in Fig. [4.30] on the left hand side, which resembles the I-
V' curve of an ordinary diode blocking the current in reverse direction at low
temperatures. In conjunction with the decreasing spin injection efficiency with
increasing negative bias voltage [45], the spin accumulation from electrical spin
injection can be neglected for this sample. This is illustrated in Fig. on the
right hand side where the bias dependence of the Kerr signal is shown for three
relatively low laser powers. In the negative bias range the spin photodiode effect
appears only for the largest laser power (red curve in Fig. . The absence of
bias dependence shows that the laser power and not the voltage is decisive for the
generated spin accumulation. When reducing the laser power, the Kerr rotation
decreases in the negative bias range, as expected, until it becomes zero for the
lowest laser power (blue curve). In contrast, for positive bias voltages, electrical
spin extraction occurs resulting in a visible Kerr rotation even for the lowest
laser power (shaded area in Fig. [4.30]). This proves that no spin accumulation is
generated by electrical spin injection, i.e., under reverse bias. Thus, the negative
voltage can be used to directly observe the spin photodiode effect, where the
photo-excited spin-polarized carriers from the 50 nm thick (Ga,Mn)As layer are
driven into the GaAs (see sketch in Fig. [4.16¢).
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Figure 4.30.: Left: I-V characteristic of the tunnel diode (Sample A). Right: Bias
dependence of the spin photodiode effect (negative bias range) for low laser intensities.
For positive voltages electrical spin extraction occurs (shaded region).
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Figure 4.31.: Illustration of the spin photodiode effect via the Kerr spectra for various

laser intensities and an applied bias voltage of -10 V. The inset shows the maximum
Kerr rotation of each spectrum versus the laser power.

Fig. illustrates the laser power dependence of the spin photodiode effect via
the Kerr spectra in the n-GaAs beneath the contact. The almost linear laser
power dependence is shown in the inset, where the maximum Kerr rotation of
each spectrum is plotted vs. laser power. In contrast to the reference Kerr spectra
shown in Fig. [£.21], a reduced wavelength shift of the spectra with increasing power
density is observed. Only for the largest laser intensity the zero-crossing of the
spectrum is slightly shifted to lower wavelengths by 0.5nm. This confirms that
now the spin accumulation is generated when the negative bias is applied, which
also broadens the band bending in the n-GaAs and shifts the optically excited
electrons away. Thus the increase of the absorption edge due to the additionally
generated electrons in the conduction band with increasing laser power is less
visible in this geometry.

The spin photodiode effect was already predicted and calculated for a similar
case, where the p-side of a nonmagnetic p-n-junction was proposed to be illu-
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minated with circularly polarized light |103]. By applying a negative voltage to
the junction, it acts as a spin photodiode, converting light into a spin-polarized
charge current. In principle the effect should also be present without a negative
bias, since some of the optically excited spins in the (Ga,Mn)As should reach the
GaAs channel by diffusion. However, the effect seems to be rather small without
negative bias since its manifestation is not observed when detecting the spin solar

cell effect (see Fig. 4.22)).

4.3.4. Towards spintronic application

Finally we would like to discuss possible applications utilizing both the spin solar
cell effect and the spin photodiode effect. The presented experimental verifica-
tion of a spin solar cell and a spin photodiode provides a potential for future
spintronic applications. Both effects are prototypical for the basic idea of semi-
conductor spintronics, where additional features via the spin degree of freedom
are added to a classical electronic device. The effects can be used to create a
photo-sensor which converts light not only into a voltage or a current, but ad-
ditionally into a spin current and a spin accumulation. In order to make use of
this second information provided by a potential spin photo-sensor, it is neces-
sary to electrically read out the generated spin current. The inverse Spin Hall
effect (ISHE) is a potential candidate since it is only sensitive to the spin po-
larization |95]. The usefulness of the spin Hall effect was recently reviewed by
Jungwirth et al. |[96]. As a consequence the photo-sensor is capable of controlling
an event depending on light intensity and magnetization direction. The magne-
tization direction itself could be electrically set via the spin transfer torque ef-
fect |L04-108] in a nano-sized electrode. In contrast to an ordinary photo-sensor,
the spin photo-sensor can create two independent outputs (photo-voltage/photo-
current and ISHE voltage), controlled by two independent inputs (magnetization
direction and light intensity).

Maybe even more important is the very general mechanism behind the spin solar
cell effect: a potential device does not require a p-type ferromagnetic semiconduc-
tor. In fact any ferromagnetic metal with the Fermi energy within the band gap
of the semiconductor could generate the same effect via a Schottky barrier. In
addition also a direct semiconductor as GaAs is not necessary, the same working
principle should hold for silicon or other semiconductors without direct bandgap
as well. Since room-temperature spin injection from various ferromagnetic metals
into GaAs [109-113] or Si [114-117] was already achieved, all requirements for a
working room-temperature spin solar cell are fulfilled. This enables a new and
efficient way for the optical generation of spins in a large material class using
unpolarized light, independent from optical selection rules and not limited to
specific wavelengths.
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4.4. Alternative spin injection methods from Fe
into n-GaAs

The efficient injection of spins into semiconductors is one of the main goals within
the large field of semiconductor spintronics. Besides the established methods of
optical spin pumping (see Sec. and electrical spin injection, the previous
section has shown that the spin solar cell and the spin photodiode effect provide
an efficient way to generate spins in semiconductors. Recently, thermal spin
injection from Fe into Si was demonstrated via a temperature gradient across
the tunnel barrier between the Fe and the Si layer [88]. The effect was analyzed
by electrically probing the depolarization of the generated spin accumulation
in a three-terminal geometry [114]. In addition to thermal spin injection, spin
pumping via magnetization dynamics is another method that allows to generate
pure spin currents from a ferromagnetic layer into the connected nonmagnetic
layers. The effect is usually observed in metals by measuring the generated spin
current from the ferromagnetic layer in a connected Pt stripe via the inverse
Spin Hall effect [85]. Recently, spin pumping into n- and p-doped GaAs could be
observed, however, with an unexpected large signal [86].

In the following, attempts to observe thermal spin injection and spin pumping
into n-GaAs are discussed. Experiments on thermal spin injection were performed
on two Fe/n-GaAs samples at low temperature (Samples A and B). On Sample
A also spin pumping was investigated with the attempt to optically observe spin
pumping into GaAs. The measurements could be realized with the following
contact geometry, illustrated in Fig. [£.32] Here, the sample is already cleaved
along the [1-10] direction across the mesa channel and the ferromagnetic pads.
For the patterning, first of all, a 200 pm wide mesa channel (n-GaAs channel) was
defined on the Fe/GaAs sample with optical lithography. After the lift-off process
the photoresist was solely left on the 200 pum wide mesa stripe in the center of
the sample. The Au and Fe layer from the exposed area were then removed by
Ar ion etching. After that the highly doped GaAs layer at the interface and
the 2 um thick n-GaAs layer were removed by chemical etching so that solely
the semi-insulating GaAs substrate remains. Three Fe contacts on the mesa
channel were then defined in a similar way by optical lithography and etching by
removing the Au, Fe and highly doped GaAs layer on the mesa channel except
for the contact areas. This confines the electron transport and spin accumulation
to the 200 pm wide n-GaAs channel (see Fig. [£.32)). As a last step Au bonding
pads for each contact were evaporated, also defined by optical lithography. The
fabricated lateral device has a 200 pm wide mesa channel, one 50 pmx200 pm U-
shaped contact in the middle and two 20 um wide contacts located at a distance
of 650 um to the middle contact. Finally the sample was cleaved across the mesa
channel cutting the contact length in half (100 pm, see Fig. [4.32)).
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cleaved edge

Figure 4.32.: Photo (optical microscopy) of the cleaved sample illustrating the contact
geometry.

The 2 um thick n-GaAs channel for the electron transport and spin accumulation
has a nominal doping density of 1.4 - 10'® cm~3. Spin injecting contacts are formed
by a 3nm thick layer of Fe, a 15 nm thick layer of n**-GaAs with a nominal doping
density of 6 - 10'® cm ™ and a 15 nm thick n™ — n transition layer. Together these
layers form a narrow Schottky barrier that enables tunneling of spin-polarized
electrons between the Fe and the GaAs channel, as described in Sec.

4.4.1. Electrical spin injection

Before discussing thermal spin injection and spin pumping into GaAs, electri-
cal spin injection and extraction is demonstrated on Sample A. Fig. shows
one-dimensional linescans of the Kerr rotation along the GaAs channel for spin
injection (V, = =3V, red) and extraction (V, =3V, green) at 11 K. The bias
voltage was applied between the U-type contact and the 20 um wide contact on
the left. Due to the superposition of electron drift and spin diffusion, the effective
decay length of the spin accumulation left to the injecting contact results in 20 pm
for the -3V-data. In contrast, for spin extraction, the effective decay length on
this side of the contact is strongly reduced. Due to the large electric field, which
is still present beneath the contact area (see Sec. , the spin accumulation is
driven towards the right even below the contact area. In addition, Fig. shows
the spin density distribution while applying a small bias voltage of -100 mV. The
observed spin accumulation for the -100mV-data corresponds to a current density
across the interface of 1.5-10* A/m?. Assuming the current polarization being
well below 50%, as discussed in Sec. the capability is given to detect spin
currents in the order of 0.5-10* A/m2. Due to the narrow tunnel barrier, this
current density corresponds to a voltage drop across the interface of only 0.7 mV
(total current of 65 pA).
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Figure 4.33.: Spin injection/extracion on an Fe contact at 11 K. Left: Kerr rotation
along the n-GaAs channel for electrical spin injection (-3 V, -0.1 V) and spin extraction
(3V). The 3V-data and -3V-data are scaled by a factor of 10. Right: Hysteresis loop
of the injected spin accumulation reproducing the magnetization reversal of the Fe
contact.

Fig. 4.34) shows the I-V characteristic of the Schottky contact. The current is
plotted as a function of the voltage drop across the barrier of the U-shaped con-
tact, which is detected via the second 20 pm wide contact on the right hand side of
the U-type contact. Due to the high doping level the characteristic looks almost
ohmic, only a slight reduction of the interface resistance with increasing bias volt-
age is visible at low temperature (from 10.5€2 to 8 2). For a contact area of about
40 x 100 um?, this results in an area resistance of about R, ~ 4-107® Qm?2. The
advantage of a narrow tunnel barrier, i.e. a low interface resistance, is the pos-
sibility to yield relatively large currents from small potential differences across
the barrier. This is especially useful for the generation of pure spin currents
across the interface, which is easier to achieve the smaller the interface resistance
is [118].

Fig. shows a Hanle measurement at position y = 30 pm i.e. about 20 pm
outside the contact for a negative applied bias voltage of -5V. The numerical
fit yields a spin lifetime of 8ns. Since the injection-detection distances are not
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Schottky barrier where the current is
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Figure 4.35.: Hanle Depolarization for electrical spin injection at position y = 30 um
and Vi, = —5V. The fit yields a spin lifetime of 8 ns.

well defined due to the large contact area and the small interface resistance (see
Sec. , the value can be seen as a rough estimation. The spin diffusion length
of 7um, which is an important fitting parameter, was extracted from linescans as
shown in Fig. from the effective spin decay length (due to the superposition
of drift and diffusion) on the left hand side of the contact for different applied
voltages the spin diffusion length and the ratio of drift over diffusion can be
estimated (see Sec. . Details about Hanle measurements and the fitting
procedure are given in Sec. 3.5

4.4.2. Thermal spin injection

The possibility to generate spin currents by temperature gradients might be useful
for future spintronic devices and also could help to improve energy consumption.
The fact that a spin accumulation can be created by a small temperature gra-
dient across a tunnel barrier between Si and Fe was recently shown [88]. The
origin of the so-called spin Seebeck tunneling is illustrated in Fig. [£.36] When

a Silicon (hot) Ferromagnet (cold)

Figure 4.36: Origin of the Seebeck E

spin tunneling (from [88]). The tem- Empty|states
perature difference generates electron
extraction above the Fermi level and
electron injection below the Fermi en- Ep v T
ergy. Both currents are equal but
have a different tunneling spin polar-
ization (TSP) so that a spin accumu-
lation in the semiconductor is created
(here Si).

Extraction
TSP above E.

spin

Density of states
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heating the semiconductor and thus increasing its temperature, the filling of the
density of states is changed due to the Fermi-Dirac statistics. Electrons with
an energy above the Fermi level are now occupied, in conjunction with empty
states below the Fermi level. Hence, by connecting the hot semiconductor with a
cold ferromagnet, electrons above the Fermi level are flowing into the ferromag-
net while electrons below the Fermi level are flowing from the ferromagnet into
the semiconductor. The difference between both currents builds up a Seebeck
voltage across the materials until no net charge current is flowing in equilibrium.
However, even for equally strong electron currents a spin current can exist if the
tunneling spin polarization (T'SP) above and below the Fermi level is different.
Thus, a temperature gradient can produce a pure spin current across the interface
and hence a spin accumulation in the semiconductor.

Fig. shows a linescan of the Kerr rotation along the n-GaAs channel below
the U-type contact when electrically heating the n-GaAs by applying £5V be-
tween the two outer contacts (see Fig.[4.32)). For the measurements a square-wave
bias voltage alternating between 0V and +5V or —5V was used. Thus, optical
detection with a lock-in technique as for electrical spin injection is possible (see
Sec. . The results show an opposite behavior for both current directions, indi-
cating that the spin accumulation is not created by thermal effects. Instead, the
observation suggests that part of the current is lowing through the Fe contact
as sketched by the green current line. Thus, when applying a current along the
n-GaAs channel, spins are injected at one side of the contact and extracted at
the other side and vise versa for the opposite current direction. Regarding the
low interface resistance of the contact (9€2) with respect to the channel resis-
tance (382 for the contact width), this current shunting effect can be expected.
Consequently, thermal spin injection by electrically heating the n-GaAs channel
cannot be directly observed.

Nevertheless, electrical heating of the Fe layer without driving a current into
the GaAs should work due to the low resistance of the 140 nm thick Au layer,
sputtered on the Fe contact. However, no significant spin accumulation could be
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Figure 4.38.: One-dimensional linescan of the Kerr rotation along the n-GaAs channel
while driving a heating current along the Fe contact.

detected in the GaAs when heating the Au/Fe layer with currents up to 100 mA
(see Fig. 4.38). The small negative Kerr rotation beneath the right part of the
Fe contact and the small positive Kerr rotation beneath the left part of the Fe
contact can be attributed to a different effect discussed below. For a current of
100 mA, the resistance of the Au leads connecting the U-type contact increases
by Joule heating from 9.6 ) to 102, corresponding to an average temperature
increase of 0.5 K. Hence, due to the confinement of the Au pattern at the contact
region, a larger temperature increase can be expected there. Altogether, for this
temperature gradient in the order of a few K across the interface, which is similar
to the one in Ref. [88] where a thermally induced spin accumulation in Si was
detected, no significant thermal spin injection can be observed. This will be
investigated in more detail on Sample B in the following.

A reason for the absence of thermally induced spin polarization in the GaAs
might be a depolarizing magnetic field arising from the heating current. However,
this can be ruled out by simultaneously injecting spins while driving the heating
current, for instance by grounding one of the 20 um wide contacts so that part
of the heating current along the U-shaped contact flows into the n-GaAs. Then,
a large spin accumulation is still observable as shown in a similar way below.

In order to even more localize the Joule heating, Sample B was prepared with
a reduced thickness of the Au layer above part of the Fe contact. In addition,
also beneficial for thermal spin injection, the interface resistance of Sample B is a
factor 3.5 lower than for Sample A. The layer stack and the contact geometry is
identical to Sample A. Fig. illustrates the observed spin density distribution
for both temperature gradients - when driving a current through the n-GaAs
channel (left) and along the Fe contact (right). When heating the n-GaAs channel
the same behavior occurs as for Sample A, where part of the current is shunting
the Fe contact (see Fig. . In contrast to Sample A, the current shunting effect
in Sample B also dominates when heating the Fe contact, as shown in Fig.
on the right hand side. This originates on the one hand from the lower interface
resistance compared to Sample A, on the other hand from the reduced Au layer
thickness in the middle part of the Fe contact (sketched in Fig. 4.39)). Both
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Figure 4.39.: Kerr rotation along the n-GaAs channel when passing the heating cur-
rent through the GaAs channel (left) and passing the heating current through the
contact layers (right). The dip at y = 28 pm corresponds to an impurity on the cleaved
edge plane.

figures nicely show that, when reversing the current direction, the spin density
distribution is mirrored with respect to the contact center position at y = 50 um.
This is shown in Fig. [f.39 on the right hand side for £10, 5 and £1V. For £1V
(yellow, light blue) the absolute spin accumulation from spin injection and spin
extraction is similar. However, with increasing voltage spin injection becomes
more effective, resulting in an asymmetric spin density distribution. This is also
clearly shown in Fig. [4.39 on the left when heating the n-GaAs channel. The
behavior is consistent with the bias dependence of direct electrical spin injection
from the U-shaped contact, shown in Fig. [£.40] Here, the bias voltage was applied
between the U-type contact and the contact on the right. Around zero voltage,
the Kerr signal has an almost linear behavior. For larger absolute bias voltages
spin injection becomes more efficient than spin extraction. The linear behavior
of the injected spin polarization between -1V and 1V shows that the current
spin polarization, i.e., the tunneling spin polarization (T'SP) is constant for small
bias voltages. Since for efficient thermal spin injection a strong variation of TSP
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Figure 4.40: Bias dependence
of the electrically injected spin
accumulation by applying a
voltage between the U-shaped
contact and the contact on the
right hand side. The signal was
observed beneath the contact
-0.25 - - area of Sample B at y = 70 um

Voltage (V) (see Fig. [4.39).
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Figure 4.41.: Observed spin accumulation at y = 50 um (see Fig. 4.39) for both heat-
ing currents.

above and below the Fermi energy is necessary (see Fig. |4.36]), only a small spin
current can be expected from a temperature gradient on this sample.

Due to the greatly reduced Au layer thickness in the middle part of the Fe contact
on Sample B (5nm instead of 140 nm), a much larger temperature increase with
respect to Sample A can be expected when heating the Fe contact (£10V corre-
sponds to a current of 60 mA along the Fe contact). However, with this approach
the current shunting effect dominates and no significant spin accumulation due
to the thermal gradient can be extracted from the data.

It is worth noting that the current shunting effect can easily be misinterpreted
when the spin polarization is only observed beneath the contact center. Fig.
shows the Kerr rotation at y-position 50 um while sweeping the heating current
either along the n-GaAs channel (blue) or along the Fe contact (red). The result-
ing sign reversal and the quadratic behavior is also expected from thermal spin
injection. However, the reason for the sign reversal of the spin polarization at
this position is the influence of the electric field in the GaAs on the spin accumu-
lation: when heating the n-GaAs channel, the electric field drives the extracted
spin accumulation towards the contact center, independent of the current di-
rection. Therefore a negative Kerr rotation at the center position is observed
when heating the GaAs channel. In contrast, when heating the Au/Fe layer, the
electric field in the GaAs shifts the injected spins towards the contact center,
again for both current directions. Hence, a positive Kerr rotation is observed
at this position. Thus, if the spin polarization is only determined at y-position
50 wm, the result can be spuriously interpreted as a thermal spin injection effect
as shown in Fig. [£.41] The parabolic shape can be qualitatively explained by the
current density across the interface and the electric field in the GaAs, which both
increase linearly with the applied heating voltage and both linearly increase the
spin accumulation beneath the contact center.

When detecting the spin accumulation in a 3-terminal geometry the same side
effect may appear, since the 3-terminal detection method probes the spin ac-
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cumulation beneath the whole contact area. Given that spin injection is more
efficient than spin extraction for the presented samples, one would expect the
current shunting effect to generate more majority spins beneath the contact area
for both cases - when heating the semiconductor channel and the ferromagnetic
contact. Hence, no sign reversal is expected from current shunting when revers-
ing the temperature gradient. This argument is also used in the supplementary
material of Ref. [88] in order to rule out the influence of current shunting on the
observed signal. However, due to the influence of the electric field when heating
the channel, the extracted spin accumulation is pushed beneath the contact area
at the expense of the injected spin accumulation that is shifted out of the con-
tact area (see Fig. . In this manner a minority spin accumulation may be
detected via 3-terminal when heating the channel. Thus, the expected sign re-
versal when reversing the thermal gradient may also occur due to this side-effect
(see Fig. [4.41). In Ref. [88], the current shunting effect was ruled out for sev-
eral reasons, e.g. the large interface resistance (3-10” Qum?). However, here we
show that a sign reversal of the spin accumulation by reversing the temperature
gradient can be produced without thermal spin injection nevertheless.

In a recent theoretical comparison between electrical spin injection and thermal
spin injection [118] it is shown that beside the importance of a narrow tunnel
barrier, also the spin polarization of the Seebeck coefficient is decisive for the
resulting spin accumulation. The presented results indicate that the spin Seebeck
coefficient, i.e. the difference of the Seebeck coefficients for spin up and spin
down electrons for the given Fe/n-GaAs Schottky barrier is too small. Since spin
currents in the order of 5-10% A/m? can be easily observed (see Fig. , one
can conclude that the spin current generated by the applied thermal gradient
across the barrier must be below 5-10% A/m?. Based on this experimental limit,
the required spin Seebeck coefficient necessary to observe thermal spin injection
can be estimated. The following estimation also provides an upper limit for the
spin Seebeck coefficients in Sample A and B.

For electrical spin injection, the spin accumulation in the GaAs at the interface
can be described by [17]

ps = Ry Poj, (4.3)

where Ry = py - Ls is the effective resistance of the n-GaAs, Ps the spin polar-
ization of the tunnel barrier conductivity and j the current density. The spin
accumulation from thermal spin injection can be described by [119)

p" = Ry S (1 — PHAT./(2R,). (4.4)
Sse = Ste—S|¢ is the spin Seebeck coefficient of the junction, AT the temperature

drop across the tunnel barrier and R, the resistance of the junction, dominated
by the tunnel barrier.
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By replacing the current density j with the voltage drop across the barrier AV,
and the barrier resistance R, in Eq. (4.3), the electrically generated spin accu-
mulation as a function of the potential difference AV, is given by

p = RyPsAV,/R.. (4.5)

In order to yield the same spin accumulation from thermal spin injection we can

combine Eq. (4.4) and (4.5):
See = 2Ps AV, /[AT.(1 — P2)] (4.6)

This equation now describes the spin Seebeck coefficient that is necessary to
create the same spin accumulation from thermal spin injection (with a tempera-
ture gradient of AT.) and electrical spin injection (with a potential drop of AV,
across the tunnel barrier). This allows to estimate the required spin Seebeck
coefficient for a given temperature gradient in order to generate an observable
spin accumulation. For Sample A electrical spin injection with a current density
corresponding to a voltage drop AV, of 1mV can be easily detected. Assuming
a temperature gradient of 10 K across the tunnel barrier for Sample A, a spin
Seebeck coefficient in the order of 0.1 mV /K is needed to observe the same spin
accumulation as for electrical spin injection with a voltage drop AV, of 1mV. In
Sample B the interface resistance is about a factor 3.5 lower than in Sample A
and the temperature gradient is much larger. Since no significant indication from
thermal spin injection is visible there, the spin Seebeck coefficient must be well
below 0.1 mV/K.

For the calculation shown above, the additional resistance due to the spin accu-
mulation in the semiconductor was neglected. This is valid, since we are only
interested in a small spin accumulation compared to the voltage drop across the
barrier. In addition, the resistance of the tunnel barrier was used for the junc-
tion resistance. The effective resistance of the n-GaAs, Ry = pn - Ls (Ls= 7 pum,
pn=3-101Qm), is in the order of 210 Qm? and thus about a factor of 20
lower than the interface resistance.

Altogether, a larger spin Seebeck coefficient is needed for the efficient generation
of spins. However, since values in the order of 10 — 10 V/K are usually ob-
tained [120], the observation of thermal spin injection is not expected from this
point of view. Nevertheless, thermal spin injection was demonstrated in Ref. [88],
where the electrical signal from the 3-terminal geometry describing the spin accu-
mulation is orders of magnitude larger than theoretically expected. A reason for
this might be the 3-terminal detection technique which seems to be more sensitive
to a spin accumulation the larger the interface resistance is [121]. Reasons for
the unexpectedly large 3-terminal voltage are discussed elsewhere [122]. Recently,
thermal spin injection into n-type Ge was demonstrated |123], however, also via
3-terminal measurements and an unexpected large signal. Despite the not fully
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understood 3-terminal voltage, Ref. [88] and |123] both demonstrate that, indeed,
thermal spin injection into Si and Ge works. For future experiments in GaAs and
for a better understanding of the 3-terminal detection method, a combination
of electrical and optical detection of the spin accumulation would be desirable,
which is beyond the scope of this thesis.

4.4.3. Spin pumping

Spin pumping is another way for the generation of pure spin currents. In contrast
to electrical spin injection, thermal spin injection or the spin solar cell effect, the
spin pumping mechanism is based on magnetization dynamics. The effect arises
from the precession of the magnetization vector about the effective magnetic field
of the ferromagnetic material. The working principle is sketched in Fig. to-
gether with electrical spin injection shown in Fig. [f.42b and the optical spin
orientation in Fig. [£.42h. The precessing magnetization induces spin-dependent
reflection of electrons in the nonmagnetic material at the interface to the fer-
romagnet. The pure spin current can be imagined, as shown in Fig. £.42k, by
assuming the electron spin to flip after being reflected from the interface being
equivalent to the creation of a magnon. A more detailed description is given
elsewhere [125].

Usually, due to damping, a precessing magnetization will align with the exter-
nal magnetic field. However, by superimposing a small oscillating field on the
static magnetic field, the damping can be canceled leading to a continuous pre-
cession. This can be realized by a microwave field with a frequency in the order
of 10 GHz. The resonance condition then depends on the damping parameter
and the magnetic anisotropy of the ferromagnetic layer in the external static
magnetic field. Being in ferromagnetic resonance (FMR), a direct spin current is
generated across the interface into the connected nonmagnetic layers. In fact, a
spin current flows as long as the magnetization precesses. In resonance, however,

a Optical orientation b Spin injection c Spin pumping
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Figure 4.42.: Comparison of the spin pumping mechanism (c¢) with optical spin pump-
ing (a) and electrical spin injection (b) (from [124]).
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the precession amplitude is maximized and thus the spin current is maximized,
which reflects the shortening of the magnetization along the precession axis. This
generated spin current is usually detected in Pt by measuring a transverse volt-
age arising from the inverse Spin Hall effect (ISHE) [85]. The same effect was
used recently to observe spin pumping from NiFe into n- and p-doped GaAs [86].
Since a tunnel barrier or a large interface resistance should suppress the spin
current [126]/127], as for thermal spin injection, the large signal detected in n-
and p-doped GaAs [86] is not expected. Moreover, the electrical detection of the
ISHE may be superimposed by anisotropic magnetoresistance effects [128] and
thermal effects. Thus, an optical verification of the spin pumping mechanism in
GaAs is desirable.

In the following the attempt to optically observe spin pumping into n-GaAs will be
described. Sample A is a perfect candidate for the experiments, on the one hand
due to the low interface resistance, on the other hand since thermal spin injection
is negligible as shown before. The oscillating magnetic field at the Fe contact was
realized by applying a microwave field between the two Au leads connecting the
U-shaped contact (see Fig. . At the same time the static magnetic field
was applied along the z-axis, i.e. along the magnetic easy axis of the Fe layer
and the sensitive axis for pMOKE. Consequently, the magnetization of the Fe
layer is aligned along the z-direction. Due to the contact geometry with the Au
layer directly above the Fe layer, the applied microwaves generate an in-plane
(y-z-plane) oscillating magnetic field. Beneath both legs of the U-shaped contact
the oscillating magnetic field is pointing in y-direction and thus perpendicular
to the magnetization direction, resulting in a magnetization precession and an
absorption of microwaves. The resonance condition was determined by measuring
the reflected microwave intensity using a Schottky diode in combination with a
circulator. Fig. shows a sweep of the external magnetic field while applying
a 12.5 GHz microwave field. The data shows the first derivative of the resonance
curve (measured with a magnetic field modulation and a lock-in). FMR at 11K
occurs for 12.5 GHz at 180 Oe. For a 12 GHz microwave field the corresponding
resonance field is at 120 Oe (see below).

The question arises if the spin current generated in resonance into the n-GaAs
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Figure 4.44.: Kerr rotation in the n-GaAs beneath the Fe contact on Sample A while
applying a 12 GHz microwave field and sweeping the external magnetic field along the z-
direction at 11 K. A decrease of the Kerr rotation occurs for both resonance conditions,
0k (-120 Oe) and 65 (+120 Oe).

can be optically detected via pMOKE at the cleaved edge as for electrical spin
injection. For electrical spin injection a square wave bias voltage was used in
order to enable lock-in detection, which is described in detail in Sec. [3.2] For
the following experiments, the microwave field was switched on and off with a
kHz frequency which allows an equivalent lock-in detection. Fig. [£.44] shows the
detected Kerr rotation in the GaAs beneath the Fe contact when sweeping the
external magnetic field along the z-direction. A spin current should be gener-
ated depending on the magnetization direction. The magnetization of the Fe
layer switches at about 100 Oe as shown in the hysteresis curve of Fig. [£.33] A
maximized spin accumulation is expected in the GaAs when the resonance con-
dition is met. Indeed, the signal nicely shows a decrease of the Kerr rotation at
—120 Oe. However, since almost the same decrease of the Kerr rotation occurs
for +120 Oe where the Fe magnetization already points in the opposite direction,
the change in Kerr rotation at both resonance conditions can not be related to
a spin accumulation. Since the Kerr rotation in resonance is independent of the
magnetization direction, the signal might be connected with a temperature in-
crease due to the enhanced microwave absorption in resonance. An offset Kerr
rotation is also visible away from resonance. Since for the lock-in detection the
microwave field was modulated by switching it on and off, the offset Kerr rotation
must be induced by the microwave field, probably due to an electro-optic effect
as discussed in Sec. for electrical spin injection. Altogether, as for electrical
spin injection, only a difference signal of the Kerr rotation for both magnetization
directions, i.e. [0k (120 Oe)-0k(-120 Oe)], would indicate a spin accumulation in
the GaAs, which is below 0.01 in Fig. [4.44]

We now want to perform one-dimensional linescans of the Kerr rotation along
the n-GaAs channel. Knowing the resonance field, the spin density distribution
can be detected in a similar way as for electrical spin injection. Instead of taking
the difference in Kerr rotation for both remanent magnetization directions (see
Sec. , now the difference of the Kerr rotations for plus and minus resonance
field is used. This eliminates any offset signal from the microwave field (see
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along the n-GaAs channel at ﬁ(

11 K while spin pumping (12 and -0.02
12.5GHz). Only an offset sig-

nal illustrated by the two darker -0.04
curves was observed.

Fig. . Consequently, the measurement principle is equivalent to electrical
spin injection. The results are illustrated in Fig. for 12GHz and 12.5 GHz
microwave field and the corresponding resonance field of +120 Oe and £180 Oe,
respectively. The light red and light blue curve correspond to the spin polarization
in the GaAs and are almost zero. The darker curves illustrate the distribution of
the offset signal (average of the Kerr rotations for plus and minus resonance field).
Interestingly, the large offset signal in the GaAs is concentrated at the contact
edge. This can be explained by the inhomogeneous magnetization excitation
occurring mainly at the edges in this contact geometry. However, the main result
is, that no significant spin polarization can be observed in the n-GaAs with this
approach, even for microwave intensities of 250 mW. Therefore, one can conclude
again as for thermal spin injection, that the generated spin current due to spin
pumping must be below 5-10% A/m? in this experiment.

Additionally, the contact geometry of Sample A (see Fig. allows detection
of the inverse spin Hall effect by probing the voltage between both outer contacts.
The dependence of this voltage on the external magnetic field in z-direction while
spin pumping is illustrated in Fig. [£.46] The signal contains a large offset voltage
with a linear dependence on the applied magnetic field. The linear dependence
indicates a small current which may stem from the microwave modulation (see
above) while the voltage is detected with a lock-in technique as for the optical
measurements. For both resonance conditions a decrease of the signal is clearly
visible, as for the optical detection shown in Fig.[£.44] Since the behavior in reso-
nance is similar for both magnetization directions, i.e. spin current polarizations,
the signal does not originate from the ISHE. This shows again, as for the optical
detection, that an offset effect occurs in resonance independent of the magnetiza-
tion direction. For a potential spin current the ISHE voltage would reverse when
the current polarization reverses which is connected here to the magnetization di-
rection. The inverse spin Hall effect can be in principle hidden in the large offset
signal, however, only in the order of about 100nV. The origin of the symmetric
behavior of the voltage for both resonance conditions can be attributed to the
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Figure 4.46.: Measurement of the inverse spin Hall effect (ISHE) voltage as a function
of the external magnetic field while applying a 12.5 GHz microwave field.

anisotropic magnetoresistance (AMR) effect caused by the oscillating induction
current and the oscillating magnetoresistance in the Fe layer [129]. However,
since no significant spin accumulation was found optically, it was not expected
to observe a large spin current and measure a significant ISHE voltage.

In summary, the comparison of spin pumping and thermal spin injection from Fe
into n-GaAs clearly shows that electrical spin injection is still the most conve-
nient way to create a spin accumulation in the semiconductor, at least for this
particular sample. Spin injection by applying a thermal gradient did not result
in a significant spin accumulation. The comparison with electrical spin injection
shows that material systems with larger spin Seebeck coefficients are needed for
the efficient generation of spins by temperature gradients. The spin pumping
experiment also showed no significant spin accumulation in the n-GaAs. From
the electrical spin injection experiments in Sec. it is shown that a spin cur-
rent density across the interface in the order of 5-10% A/m? is observable. Saitoh
et al., for instance, extracted in their spin pumping experiments from electrical
measurements of the ISHE a spin current in the order of 3.3-10° A/m? for NiFe
on p-GaAs and 1.1-10° A/m? for NiFe on n-GaAs [386]. Based on this result and
due to the lower interface resistance of Sample A with respect to the samples in
Ref. [86], a large spin accumulation could have been expected. However, despite
the low interface resistance of Sample A and similar microwave intensities in the
experiment presented here, the generated spin current across the interface must
be below 5-10% A /m?, which is about two orders of magnitude lower. A possible
reason might be the not optimized magnetization excitation close to the cleaved
edge in this contact geometry, which should be addressed in future experiments
on new samples. However, an increase of the spin current density by two or-
ders of magnitude is unlikely. Since a potential voltage signal from the AMR
effect [129] was not considered in Ref. [86], the extracted spin current densities
might be overestimated there. Therefore, an optical verification of spin pumping
into GaAs is important.
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4.5. Spin injection into a two-dimensional electron
gas

In 1990 Datta and Das proposed a novel transistor concept that is based on the
manipulation of the electron spin [130]. The device requires a semiconductor
heterostructure consisting of a two-dimensional electron gas (2DEG). The 2DEG
enables the ballistic charge transport between the ferromagnetic source and drain
electrodes. Due to the ferromagnetic contacts, the resistance of the transistor de-
pends on the relative orientation of both magnetizations. In order to modulate
the resistance via a gate voltage, as done in a conventional field effect transistor
(FET), the so-called Bychkow-Rashba effect is used [131]. This effect generates
an effective magnetic field perpendicular to the moving electrons in the 2DEG,
which can be varied by an applied gate voltage. This allows to control spin pre-
cession and hence the resistance of the transistor. Despite an intense research
for the implementation of this concept, the Spin-FET is still waiting for its real-
ization. The working principle was already shown in 2009 [132], demonstrating
an oscillatory behavior of the non-local voltage signal with varying gate voltage.
However, the stated perfect agreement with a theoretical model is only valid for
a one-dimensional transistor [133].

An important step towards the realization of a spin transistor is the efficient
electrical spin injection into a 2DEG. Electrical spin injection into 3D semicon-
ductors has been demonstrated in many cases as shown in previous sections and
elsewhere |45,64,/110,113,/114]. Spin injection into a 2DEG is more difficult to
achieve and has not been clearly demonstrated so far, except for the work of
Koo et al. [132]. In the following, electrical spin injection from (Ga,Mn)As into
a GaAs based heterostructure consisting of a 2DEG is demonstrated. The layer
stack is illustrated in Fig. [£.47} In contrast to the samples shown in the previous
sections, where spin injection into bulk n-GaAs is analyzed, this heterostructure
consists of a 50 nm thick undoped GaAs layer above an undoped AlGaAs spacer
layer and a delta doped AlGaAs layer. For the used doping profile, a 2DEG builds

Band structure

Figure 4.47: Heterostructure for
spin injection from (Ga,Mn)As
into a GaAs 2DEG. The 2nm
thick AlGaAs layer in between the
ntt-GaAs (4-10%cm™) and the
(Ga,Mn)As layer is not shown. The 50nm  GaAs(001)
corresponding band structure with e =- -
the triangular shaped potential well

is sketched on the right hand side.
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up in the undoped GaAs layer close to the AlGaAs layer as sketched in Fig. [£.47]
A critical point for the realization of a device was the persistence of the 2DEG
after contact patterning. The sample preparation and contact patterning was
done by Martin Oltscher at the chair of Prof. D. Weiss. A detailed description of
the device preparation and contact patterning is given in his diploma thesis [134].
The realization of a 2DEG was shown by M. Oltscher via the observation of the
quantum Hall effect and Shubnikow de Haas oscillations (see Fig. [4.48)).

In the following the results obtained from the optical detection of the injected spin
accumulation will be described. A comparison to the results of M. Oltscher where
the spin accumulation was detected electrically in a non-local voltage geometry
is given below. Fig. shows a hysteresis loop of the Kerr rotation in the
GaAs at the cleaved edge, demonstrating electrical spin injection into the GaAs
based heterostructure. The hysteresis loop also represents the magnetization
curve of the (Ga,Mn)As contact showing a slight rotation of the magnetization
until it switches at about 50 Oe. The contact geometry will be described below
in Fig. Compared to the measurements in bulk n-GaAs presented in the
previous sections, the Kerr rotation signal is about a factor of 10 smaller and
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\ while measuring the Kerr rota-
tion at position y =35um (see
14 s L s 00 Fig. [4.50) beneath the extracting
H (0e) (Ga,Mn)As contact (Vy, =0.5V).
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hence the signal to noise ratio is lower. This is on the one hand due to the spatial
constraint of the spin accumulation in the 2DEG structure in the order of 50 nm
compared to the laser spot diameter of 1 um. On the other hand the confinement
influences the optical transitions as has been shown in Spin-LED experiments
by comparing the circular polarization in top-emission, where the electron spins
are oriented normal to the surface, and in side-emission (or edge emission) where
the electron spins are oriented in plane [64)135]. First of all, the confinement in
narrow quantum wells lifts the degeneracy of the heavy hole and the light hole
valence band at the I'-point. The light hole states are shifted to lower energies
and do not contribute to the recombination process at low temperatures [64]. The
recombination of spin polarized electrons from the conduction band into the heavy
hole band enhances in principle the circular polarization of the emitting light (see
Sec. . However, the reduced symmetry forces the orientation of the heavy hole
angular momentum in the out-of-plane direction and thus perpendicular to the
injected spin direction for side emission [64]. Therefore, the emission of circularly
polarized light is prohibited in this geometry for narrow quantum wells [135].
Almost no circular polarization was found for a 10 nm and a 15 nm wide quantum
well [64,[135]. However, for the 50 nm and 100 nm wide quantum well a significant
circular polarization could be observed in remanence [64]. Consequently, in not
too narrow quantum wells, pMOKE on the cleaved edge should be possible but
reduced in efficiency.

4.5.1. Spin density distribution

Fig. shows a linescan along the 2DEG channel for spin extraction and spin
injection. The top sketch illustrates the cleaved edge of the sample with three
(Ga,Mn)As contacts. A positive voltage of 0.5V was applied between the middle
contact and the reference contact on the left hand side at a distance of 300 um.
By applying the bias voltage, electrons are flowing from the left into the middle
contact where the spin accumulation is created by spin extraction. The red curve
describes the spin density distribution, observed by a one-dimensional linescan
of the Kerr rotation along the 2DEG channel at 9 K. The spin diffusion length
can be extracted by an exponential fit of fx on the right hand side of the middle
contact, resulting in about 3.5 um. The effective decay length on the left hand
side of the contact is shortened due to the influence of the electron drift towards
the positive y-direction.

The bottom sketch in Fig. shows the spin density distribution with a negative
applied voltage, i.e., spins are injected into the 2DEG. The effective decay length
on the left hand side of the contact is now increased with respect to the spin
diffusion length since drift and diffusion operate in the same direction. Given that
a larger spin diffusion length is extracted from this curve shows the relatively large
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Figure 4.50.: Linescan of the Kerr rotation along the GaAs channel for spin extraction
(top, 0.5V) and spin injection (bottom, -0,5V) at 9K. The decay lengths extracted
from exponential fits are also given.

error due to the smaller signal compared to the measurements in bulk n-GaAs as
discussed above. Taking all decay lengths into account, the spin diffusion length is
in the order of 3.5 & 1 um. This value is consistent with the spin diffusion length
found by M. Oltscher when measuring the non-local voltage signal at various
distances to the injecting contact at 4.2 K .

Fig. on the left shows the bias dependence of the electrically injected spin
accumulation. The voltage was applied between the injecting contact and a
reference contact at the end of the GaAs channel as shown in Fig. [£.50 The
curve was measured beneath the injecting contact at 9 K showing the expected
sign reversal when going from injection to extraction. The curve also shows a
strong reduction of the spin injection efficiency for larger bias voltages above 0.5V
or below -0.5 V. Fig. on the right shows the corresponding /-V characteristic.
The small dip of the current in forward direction is characteristic for Esaki diodes
and matches with the strong decrease of the current polarization at around 0.5V,
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Figure 4.51.: Left: Bias dependence of the injected spin accumulation at position
y = 35 um. Right: I-V characteristic using the same bias voltage range.
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as observed earlier by Ciorga et al. [45].

4.5.2. Spin lifetime

The spin lifetime in the 2DEG is expected to be much smaller than in bulk n-
GaAs. The dominant spin relaxation mechanism in GaAs-based 2DEGs is also the
D’yakonov-Perel’ mechanism [13]. Besides the Dresselhaus effect (see Sec. [2.2.1)),
an additional effective magnetic field arises from the electric field in the 2DEG due
to the asymmetric confinement (structure inversion asymmetry), which is called
the Bychkow-Rashba effect |[131]. Since the D’yakonov-Perel’ mechanism is more
effective the larger the scattering time is, shorter spin lifetimes are expected with
respect to bulk n-GaAs. The long scattering times in the 2DEG are indicated by
the large mobility shown in Fig. |4.48, which is two orders of magnitude larger
than in bulk n-GaAs. Beside the mobility, the spin lifetime also depends on other
parameters of the 2DEG such as the growth direction, the quantum well width,
the carrier density and the temperature [13]. For GaAs(001)-based quantum
wells, spin lifetimes between 20 and 200 ps have been observed [136].

Interestingly, the spin diffusion length extracted from the data in Fig. has
the same order of magnitude as in bulk n-GaAs. Since the diffusivity D is pro-
portional to the mobility (see Sec. , a large spin diffusion length Ly = /75 D
can also occur for small spin lifetimes. In the following we want to estimate the
spin lifetime 7, via the diffusivity D and the spin diffusion length L, (7, = L?/D).
D is defined by the scattering time and the Fermi velocity (see Eq. . The
scattering time can be determined from the mobility. The Fermi velocity results
from the carrier density which is also denoted in Fig. [£.48 This results in a
diffusivity D = 4163 cm?/s for this heterostructure [134]. Consequently, the spin
lifetime must be in the order of 30 ps for a spin diffusion length of 3.5 um. Here
we assumed that the electron diffusivity from conductivity measurements is the
same as the spin diffusivity, as discussed at the end of Sec. £.2l However, it
has been shown in GaAs quantum wells that the spin Coulomb drag effect can
reduce spin diffusion with respect to electron diffusion [137]. Nevertheless, the
spin lifetime still should be in the order of 100 ps.

Spin lifetimes in the order of 100 ps or below can not be extracted from Hanle mea-
surements in this setup (see Sec. since much larger magnetic fields (~ 5kOe)
would be necessary to depolarize the spin accumulation. The small spin lifetime is
therefore consistent with the measured Hanle curves showing no significant depo-
larization within the maximum range of the external magnetic field (see Fig.[4.52)).
The Hanle measurements were observed next to the injecting or extracting con-
tact at y = 32 um (see Fig. [4.50). For electrical spin injection (Vi, = —0.5V),
one Hanle measurement plotted in Fig. [4.52] was performed beneath the contact
area, showing no depolarization as well. A slight depolarization was only visible
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Figure 4.52.: Hanle measurements at y = 32 wm for spin injection (left, Vi, = —0.5V)
and spin extraction (right, Vi, = 0.5V). The magenta curve on the left hand side shows
the depolarization at position y = 35 um.
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when, for positive applied voltages, the measurement was performed directly be-
neath the contact (y = 35um). There, a spin lifetime of about 1.4 £ 0.5ns for
Vi, = 0.5V could be extracted from the Hanle curves (see Fig. . A possible
explanation for this behavior is the change in band-bending when applying a for-
ward bias. The positive voltage reduces the depletion zone in the GaAs so that
a spin accumulation may be created in the n-doped region as well when the laser
spot is at this position (see Fig. . Since the spin lifetime in the n-GaAs layer
is much larger, a Hanle depolarization can be observed.

A drawback of the optical detection technique is the continuous generation of
electron-hole pairs in the heterostructure by the probe laser beam. In contrast
to bulk n-GaAs (see Sec. [3.4)), the increase of the electron density in the 2DEG
is more critical since it can generate a parallel conduction channel |134]. Thus,
the question arises if transport also occurs in the n-GaAs layer and if the Kerr
rotation originates from the spin accumulation in this region. However, if trans-
port was dominated by the n-GaAs layer and not the 2DEG, a depolarization
of the spin accumulation would be visible in the Hanle curves due to the much
larger spin lifetime in n-GaAs. Furthermore, the observation of the same spin
diffusion length in electrical detection, where a parallel transport channel in the
n-GaAs can be excluded [134], indicates that spin injection into the 2DEG is in-
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deed demonstrated. However, the electrical results are not fully understood yet:
On the one hand the Hanle curves observed in a non-local voltage geometry in-
dicate a spin lifetime of about 10ns [134]. This relatively large spin lifetime is
expected for bulk n-GaAs, not for a 2DEG. However, such narrow Hanle line-
shapes were only observed for spin injection using a certain bias voltage. On
the other hand the non-local voltage signal was unexpectedly large for these bias
voltages, so that the analysis yields a spin polarization of the injection current
of more than 100%. A possible explanation might be that the “standard model
of spin injection” is not applicable to this close to ballistic regime with a mean
free path of a few um. Further investigations are needed to really clarify this
behavior.

Altogether, the optical and electrical results indicate that indeed spin injection
into a 2DEG works, which is an important step towards the realization of a spin-
FET. A further step will be the integration of a gate contact. If spin precession
could be induced by the gate voltage, it would be an additional prove for electrical
spin injection into a 2DEG.
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Semiconductor spintronics is an active research field which promises a huge im-
provement compared to conventional charge-based electronics. By combining
ferromagnets with semiconductors the realization of storage, logic and commu-
nications capabilities on a single chip should be possible. The basic concept of
a spintronic device requires three key features in a ferromagnet/semiconductor
heterostructure: spin injection, spin manipulation and spin detection. For spin-
based transistors, in particular, the efficient injection of spins is crucial in order
to achieve an advantage in power consumption.

In this work spin injection into GaAs from Fe and (Ga,Mn)As was investigated.
(Ga,Mn)As is a dilute magnetic semiconductor exhibiting a large spin polariza-
tion at the Fermi energy in the ferromagnetic state. Both heterostructures are
promising candidates for semiconductor spintronic devices. The advantages of
GaAs are on the one hand the large spin lifetime, on the other hand the epitaxial
growth of ferromagnetic materials. In addition, GaAs is a direct semiconduc-
tor which opens the window for the integration of optoelectronic features. For
the realization of any spintronic device the detailed knowledge about the spin
lifetime, the spatial distribution of spin-polarized carriers and the influence of
electric fields is essential. In the present work all these aspects have been ana-
lyzed by optical measurements of the polar magneto-optic Kerr effect (pMOKE)
at the cleaved edge of the samples.

First of all, spin injection from Fe and (Ga,Mn)As into n-GaAs was verified by
two-dimensional pMOKE scans at the cleaved edge at low temperatures. The
results demonstrate the powerful detection method by imaging the spin accumu-
lation in the n-GaAs channel in remanence and even below the ferromagnetic
contacts, which is a unique feature of this measurement geometry. The different
spin density distribution from both injector materials unveils the inhomogeneous
current density across the Schottky barrier arising from the relatively low inter-
face resistance of the Fe contact, in contrast to the (Ga,Mn)As contact.

Further investigations have shown that a nonuniform current in the n-GaAs chan-
nel also affects the injected spin density distribution. The pronounced electric
field beneath the contact area when electrically extracting spins generates a drift
towards the diffusion side of the GaAs channel. This effect was not considered so
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far and could be nicely reproduced by two-dimensional simulations of the elec-
tron drift and spin diffusion. The effect shifts the maximum spin accumulation
beneath the contact area towards the contact edge at the diffusion side of the
n-GaAs channel. As a consequence, Hanle curves are widened when measured
on this side of the contact. Thus, extracting the spin lifetime 7, with the fre-
quently used one-dimensional model spuriously leads to a strong bias and contact
distance dependence of 7,. Correct spin lifetimes could be extracted by using a
fitting procedure with a novel two-dimensional model. The remaining variations
with distance and bias can be attributed to Joule heating or the presence of elec-
tric fields around the contact area. The experiment for the first time has shown
the influence of the nonuniform current density through electrical spin injection
on Hanle lineshapes and the importance for the determination of the spin lifetime
in electrical spin injection experiments.

Furthermore a novel spintronic device that combines the principle of a solar cell
with the creation of spin accumulation could be realized in this work. The working
principle is demonstrated by using the laser beam simultaneously as a light source
for the generation of electron-hole pairs and for the detection of the generated
spin accumulation via the polar magneto-optic Kerr effect (pMOKE). The spin
solar cell effect could also be observed electrically in a non-local voltage geometry
where the creation of spin-polarized carriers by illumination and their detection
are separated. In addition, a second working mode was realized by applying a
negative voltage to the (Ga,Mn)As contact: the spin photodiode effect. Here, the
negative bias drives the optically excited spins from the (Ga,Mn)As conduction
band into the GaAs layer, resulting in a sign reversal of the spin polarization
with respect to the spin solar cell effect. Both effects are prototypical for the
basic idea of semiconductor spintronics. The effects can be used to create a spin
photo-sensor where light is not only converted into a current or a voltage, but
additionally into a spin current and a spin accumulation. The spin solar cell
effect also enables a new and efficient method for the optical generation of spins
with unpolarized light, independent of optical selection rules and not limited to
certain wavelengths. The very general mechanism behind the spin solar cell effect
is expected to allow adaptation to different material systems such as Fe on Si.
Since room-temperature spin injection into GaAs or Si has already been achieved,
all requirements for a working room-temperature spin solar cell are fulfilled.

In order to reduce energy consumption in future spintronic devices, modern con-
cepts as thermal spin injection and spin pumping try to avoid charge currents
which cause Joule heating. The investigation of both effects in the present work
has shown the practical obstacles that have to be overcome for efficient spin in-
jection into a semiconductor like GaAs. Despite the low interface resistance of
the used Fe/n-GaAs sample, spin injection by applying a thermal gradient did
not result in a significant spin accumulation. The comparison with electrical
spin injection on the same sample shows that larger spin Seebeck coefficients are
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necessary for the generation of a sizeable spin current. In addition a direct com-
parison with electrical detection, e.g. the three-terminal geometry, should provide
a better understanding of this effect.

Spin pumping is another method for the generation of pure spin currents and is
based on magnetization dynamics. Spin pumping is usually observed electrically
via the inverse spin Hall effect. Due to possible side effects in the electrical
signal, the optical verification of spin pumping is desirable. However, in the
present work no clear indication of spin accumulation could be observed in the
GaAs by bringing the Fe layer into ferromagnetic resonance. This is in mismatch
with recent spin pumping experiments into GaAs where a large spin current
was extracted from the observed inverse Spin Hall voltage. Despite the lower
interface resistance of the Fe/n-GaAs sample used in the present experiment, the
spin current density seems to be at least two orders of magnitude lower than
reported in the literature. The reported value might be overestimated due to
possible artifacts in the electrical signal. Therefore, an optical verification of the
spin pumping mechanism and the generated spin accumulation in GaAs would
be important. Future experiments should clarify whether spin pumping into
semiconductors really is efficient, ideally with an optimized contact geometry
and a maximized magnetization excitation close to the cleaved edge.

Finally, spin injection from (Ga,Mn)As into a two-dimensional electron gas (2DEG)
was investigated. For the realization of spin-based transistors, e.g. the Datta-Das
spin field effect transistor, electrical spin injection into a 2DEG is a crucial step
which has not yet been clearly demonstrated. In the present work, the optical
measurements on the cleaved edge demonstrate electrical spin injection into the
GaAs based heterostructure. The observed spin diffusion length of 3.5 um is con-
sistent with the results obtained by electrical detection on a similar sample. A
spin lifetime of about 100 ps could be estimated from the spin diffusion length
and the large mobility in the 2DEG. The relatively small spin lifetime is expected
from such heterostructures and is consistent with Hanle measurements showing
almost no depolarization of the spin accumulation within the applied external
magnetic field range. This observation excludes that the spin accumulation or
the spin transport take place in the n-doped bulk region showing a larger spin
lifetime. However, in contrast to the electrical detection method, the creation
of a parallel transport channel in the n-GaAs due to the generation of electron-
hole pairs during the optical measurements can not be excluded. This influence
should be analyzed in future experiments. Furthermore, the electrical results on
a similar sample are not yet completely understood. On the one hand the Hanle
curves showed an unexpected large spin lifetime of about 10ns, on the other
hand the non-local voltage signal is larger than theoretically predicted. Future
experiments using a combination of electrical and optical detection should give
a better understanding of the system. Nevertheless, the realization of electrical
spin injection into a 2DEG brings us closer to spin-based transistors.
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In summary, the present work provides further insights into the generation, the
distribution and the lifetime of spins in GaAs. In addition the spin solar cell
effect is demonstrated, a novel mechanism for the optical generation of spins
with potential for future spintronic applications. Also important for spin-based
devices as transistors is the presented realization of electrical spin injection into
a two-dimensional electron gas. The next step should be the manipulation and
control of the injected spins (without using external magnetic fields) and the
demonstration of functionality at room temperature.



A. Appendix

A.1. MBE picture

Figure A.1l.: Picture of the transportable metal MBE during film growth while con-
nected to the III-V semiconductor MBE on the left.
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Appendix A. Appendix

A.2. Optical setup picture

Figure A.2.: Picture of the optical setup with the scanning Kerr microscope in the
middle. The tuneable diode laser is on the right hand side (blue), on the left the helium
can is visible.
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