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Chapter 1

Introduction

GaMnAs belongs to a family of (III,Mn)V dilute magnetic semiconductors. These
materials attracted a great deal of the scientific interest after the recent discovery
of their relatively high Curie temperature [1]. The interest is stimulated by the
possible applications of these materials in semiconductor spintronics.

The role of magnetic Mn atoms in the (III,Mn)V materials is two-fold: first,
they introduce localized magnetic moments, second, when substituting group III
element they acts as acceptors introducing free carriers, holes. The combination
of localized magnetic moments of Mn atoms and high density of holes intercepting
the ferromagnetic order between the localized moments results in strong carrier
mediated ferromagnetism observed in this class of material. The robustness of
the carrier mediated ferromagnetism is demonstrated in GaMnAs where Curie
temperature as high as 150 K has been observed in material with Mn doping around
5% (of Ga sublattice), in contrast to ferromagnetism of MnAs metal where 100%
Mn concentration results in Curie temperature of ”only” 310 K.

Mn concentrations well above the equilibrium solubility limit are needed for
the ferromagnetism in GaMnAs. The non-equilibrium low temperature molecular
beam epitaxy growth is used to circumvent this problem. During the low temper-
ature growth, however, large amount of defects is formed in GaMnAs material.
The properties of the layers depend critically on the defects which are controlled
by the growth conditions. This thesis focuses mainly on the experimental aspects
of the preparation of GaMnAs layers and their basic characterization.

1.1 Structural properties of GaMnAs

Structural properties of GaMnAs are derived from the properties of the GaAs host
semiconductor. GaMnAs epitaxial layers retain the zinc-blend structure of GaAs.
Mn atoms are randomly distributed in the host matrix. At low concentrations the
equilibrium Mn position is in the substitutional position at the Ga sub-lattice. In
this position Mn acts as an acceptor. The GaAs structure is illustrated in Fig. 1.1.

At high Mn concentrations, compensating defects form in the p-type GaMnAs
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Chapter 1. Introduction

Figure 1.1: The crystal structure of GaMnAs. Red and blue spheres represent As
and Ga atoms, respectively. The green sphere in the center represents a Mn atom
in the tetrahedral interstitial position with four Ga nearest-neighbor atoms.

material [2]. This is result of the material tendency to self-compensation. The
most common defects are Mn interstitials and As antisites, both of them being
double donors.

The properties and the role of compensating defects were studied in detail in
numerous works both theoretically and experimentally [2-10] . Experimentally
the presence of Mn interstitial defects was evidenced by channeling Rutherford
backscattering experiments [3].

Theoretically the onset of formation of compensating Mn interstitials was pre-
dicted to Mn concentration around 2% [4], which is in good agreement with ex-
perimental observations [5].

The role of Mn interstitials is very important. The formation of Mn interstitials
limits the substitutional Mn concentration which is decisive for magnetic properties
of GaMnAs. Moreover, the Mn interstitial atoms couple antiferromagnetically with
neighboring substitutional Mn atoms thus further weakening the ferromagnetism
of the material [6]. The role of the compensating defects will be discussed in detail
in the following section in connection with the MBE growth of the GaMnAs layers
and in connection with the low temperature annealing.

The lattice constant of GaMnAs layers is larger than the lattice constant of
GaAs. As confirmed by x-ray diffraction experiments, fully strained (pseudo-
morphic) layers are prepared by low temperature MBE when GaMnAs layers are
deposited on GaAs substrates [1, 7, 8].
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Chapter 1. Introduction

xMn (%) p (cm−3) M (emu/cm3)
0.001 2.21 × 1017 0.00924
0.01 2.21 × 1018 0.0924
0.1 2.21 × 1019 0.924
1 2.21 × 1020 9.24
5 1.1 × 1021 46.2
10 2.21 × 1021 92.4
100 2.21 × 1022 924

Table 1.1: Table of calculated hole concentration p and magnetic moment density
M of GaMnAs material with varying Mn doping xMn calculated assuming one
hole and magnetic moment of 4.5µB per Mn atom.

Theoretical calculations predict the lattice constant of Ga1−xMnxAs material
to be only weakly sensitive to the substitutional Mn concentration xs. On the
other hand, it is predicted to be sensitive to the presence of Mn interstitials and
As antisites. Ab-initio calculations predict the following dependence of the lattice
constant [9]:

a(xs, xi, y) = a0 + 0.002xs + 0.105xi + 0.069y (nm) (1.1)

where a0 = 0.565361 nm is the lattice constant of GaAs, xs is the concentration of
substitutional Mn atoms, xi is the concentration of interstitial Mn atoms, and y
is the concentration of As antisite defects.

The magnetic moment per Mn atom in GaMnAs is reported to be between
4 and 5 µB . The value depends on presence of Mn interstitials and on the hole
density [10]. In this thesis, the value of 4.5µB will be assumed for the sake of
interpretation of experimental data. Tab. 1.1 lists the hole concentration and
magnetic moment density calculated for various Mn concentrations assuming one
hole per Mn atom and magnetic moment of 4.5µB per Mn atom.

The ferromagnetic Ga1−xMnxAs material with Mn concentration above ∼1% is
in the metastable phase above the equilibrium solubility of Mn which is ∼ 0.1%. In
equilibrium, the excess Mn atoms form MnAs precipitates in GaAs. To circumvent
this problem, the technique of low temperature MBE needs to be used for the
preparation of GaMnAs material.

1.2 Preparation of GaMnAs

1.2.1 Low temperature epitaxial growth

Non-equilibrium low temperature MBE growth is used for the preparation of heav-
ily Mn doped GaAs material. First attempts to introduce magnetism to III-V host
by this technique date back to late 1980s, when the first report on the Mn incor-
poration to GaAs by the technique of low temperature MBE was published [8].
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Chapter 1. Introduction

This pioneering work revealed the possibility to dilute over-equilibrium amount of
Mn to the III-V host. Three growth regimes were recognized:

• At standard growth temperatures (∼550◦C) Mn segregates to the surface.

• At lower growth temperatures (∼400◦C) ferromagnetic MnAs inclusions form
in the growing material.

• At very low growth temperatures (∼200◦C) homogeneous (non-equilibrium)
GaMnAs alloy is formed.

At that time, however, no ferromagnetism was observed in the (III,Mn)V al-
loy. The first successful preparation of the ferromagnetic (III,Mn)V material was
reported in 1992 for InMnAs [11]. The first ferromagnetic GaMnAs was reported
in 1996 [12].

By careful optimization of the growth parameters the Curie temperature of
GaMnAs has been increased up to 110 K [13]. With the post-growth annealing
(which is discussed in detail in the following section) the Curie temperature of
high quality GaMnAs layers was increased well above 150 K [7, 14]. Currently the
highest Curie temperature achieved in GaMnAs reaches 185 K [15, 16].

The main effect of the low growth temperature is the slowing down of the
adatom lateral diffusion, thus inhibiting the Mn clustering and segregation from
the growing GaMnAs alloy. The low growth temperature, however, in general
induces formation of defects deteriorating the material properties.

Fig. 1.2 shows the growth diagram of GaMnAs reconstructed following [17, 7].
The 2D growth occurs only below the indicated roughening boundary. With in-
creasing Mn doping the growth temperature needs to be lowered to avoid Mn
segregation and accumulation on the surface which results in surface roughening.
The roughening can be observed by Reflection High Energy Electron Diffraction
(RHEED) and is deteriorating for the magnetic properties of the prepared mate-
rial. The best magnetic properties are achieved on layers grown at temperature
close to the roughening temperature. The exact knowledge of the roughening
boundary is essential for successful growth of GaMnAs layers. Sec. 3.2 provides
detailed description of construction of the growth diagram with extended Mn dop-
ing (up to 13%) and using reliable substrate temperature measurement by band
gap thermometry.

Another important parameter during the low temperature MBE growth of
GaMnAs is the As flux. The best properties of grown GaMnAs layers are achieved
in near stoichiometry group V:III ratio [7]. It has been shown that the 2D-3D
boundary can be substantially shifted when applying As overpressure [18].

Even under the non-equilibrium growth conditions, the semiconductor material
tendency to self-compensation limits the substitutional Mn concentration, which
is decisive for magnetic properties of GaMnAs layers [2, 19, 4]. Mn atoms in dif-
ferent crystallographic positions possess different energies depending on the hole
concentration [2, 4]. In the case of low Mn doping the substitutional acceptor
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Figure 1.2: Transition from 2D to 3D growth mode as a function of growth tem-
perature and Mn concentration.

position possess the lowest energy. With increasing doping the energy of substi-
tutional Mn increases and the energy of compensating defects decreases. This
results in increasing fraction of Mn incorporated into the interstitial positions. In
simplified growth simulation the incorporation probabilities can be calculated as
Boltzmann weighting factors reflecting the energy differences of Mn incorporated
into different sites at given growth temperature [4]. This approach predicts onset
of Mn interstitials at around 2% of the total Mn concentration and subsequent
linear increase of their fraction. Though this approach completely neglects the
kinetics of the growth process and the energies are calculated for bulk crystal, its
predictions compare well with experimental observations [5].

The detailed description of the growth of GaMnAs layers requires the under-
standing of all involved surface processes (e.g. surface reconstructions, Mn seg-
regation to the surface, surface diffusion of species during the growth, formation
of precipitates with different phases, role of As overpressure). The incorporation
pathway of Mn through Mn interstitial position was pointed out [2], however sys-
tematic theoretical description of the growth processes is still lacking.

It can be expected that the self-compensation tendency and the formation of
defects resulting from the low growth temperature will at some point limit the
effective Mn doping. Nevertheless, the question on the maximum value achievable
by optimization of the low temperature MBE growth remains open, still motivating
efforts to increase the Curie temperature of GaMnAs.

It is worth noting, that also an alternative route for preparation of (III,Mn)V
with over-equilibrium Mn concentration by ion implantation has been developed.
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With optimized post-implantation pulse-laser-melting and recrystallization proce-
dure relatively high Curie temperatures has been achieved in GaMnAs (reaching
130 K [20, 21]). This procedures results in Mn incorporation into desired substitu-
tional position thanks to short time scale of the recrystallization processes which
inhibits Mn segregation from the alloy. Nevertheless, at present, the properties
of the layers prepared by this technique do not reach the quality of the epitaxial
GaMnAs layers. An important advantage of this technique is that materials with
different semiconductor hosts can be relatively easily prepared (e.g. GaMnP [22]).

1.2.2 Annealing of GaMnAs layers

Low temperature annealing (at temperatures close to the growth temperatures ∼
200◦C) results in a substantial improvement of magnetic and transport properties
of GaMnAs epitaxial layers [23, 24]. This effect is understood as a result of the
out-diffusion of Mn interstitial defects towards the surface of GaMnAs layers. The
high diffusivity of Mn interstitial atoms comes from relatively low barrier between
adjacent interstitial sites [2, 24].

With increasing Mn content, both the growth and annealing temperature must
be lowered to avoid the segregation of substitutional Mn from the GaMnAs alloy
[15, 25, 26], which results in Mn clustering and formation of MnAs. Upon annealing
at very high temperatures (500-600◦C) MnAs clusters tend to grow and change
phase to hexagonal NiAs-type [27].

Arsenic antisite defects are stable up to the temperature of about 450◦C [28].
The role of As antisites during the low temperature annealing is believed to be
negligible.

The Mn interstitial out-diffusion towards the surface during the annealing has
been evidenced by various experiments [24, 29, 30]. It has been established that
the Mn interstitial atoms need to be neutralized (e.g. by oxidation) on the surface
of GaMnAs during the annealing. The influence of a controlled oxygen supply
to the GaMnAs layer surface has been found [31]. Another approach to the Mn
interstitial neutralization is based on the annealing under the As capping. In this
case the Mn interstitials are neutralized by the reaction with arsenic resulting in
the formation of a MnAs layer on the top of the GaMnAs layer [32].

It has been shown that the annealing is inefficient if the GaMnAs layer is
covered by the GaAs capping layer [29]. The diffusion of Mn interstitials towards
undoped GaAs (either to the substrate or capping layer) is not efficient. This is
understood as a consequence of electrostatic interaction between positively charged
mobile Mn interstitials (and holes) and negatively charged Mn substitutional atoms
which are fixed in the GaMnAs layer.

To summarize, three aspects are essential for the effect of low temperature
annealing:

• At annealing temperatures comparable to growth temperatures 150-250◦C,
only Mn interstitials are mobile, Mn substitutional atoms and As antisites

10
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Figure 1.3: Illustration of carrier mediated ferromagnetic order in GaMnAs di-
lute magnetic semiconductor. Blue circles represent Mn atoms carrying magnetic
moment, red circles represent itinerant holes anti-ferromagnetically coupled to the
Mn ions and mediating their ferromagnetic order.

remain stable.

• Mn interstitials do not diffuse to substrate GaAs (or other undoped layers)
due to the charging effects.

• Mn interstitials can leave the GaMnAs layer only if they are passivated on
the surface (e.g. by oxidation).

In Chap. 6 we investigate the role of the surface oxide layer during annealing
and the effect of its removal by etching on the efficiency of the annealing process.

1.3 Carrier mediated ferromagnetism

Long range Zener kinetic-exchange interaction is widely accepted as the dominant
interaction determining the magnetic properties of Mn doped III-V semiconductors
[33, 34]. This model captures the physics of interaction between localized moments
of Mn atoms as being mediated by the semiconductor valence band holes (as
illustrated in Fig. 1.3). The presence of magnetic ions results in the spin splitting
of the semiconductor host bands, and hence in the spin polarization of free carriers
which in turn stabilizes the magnetic order of the magnetic ions.

For the strength of carrier mediated ferromagnetism in Mn doped semiconduc-
tor, three properties are essential: Mn density, free carrier density, and strength
of Jpd interaction between holes and d states of magnetic ions. Within mean field
approximation the following expression for the Curie temperature Tc was derived
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for the (III,Mn)V ferromagnets [33]:

kB · Tc =
NMnS(S + 1)

3
J2

pdχf (1.2)

where NMn is the Mn density, S is the magnetic moment of magnetic ions, Jpd is
the exchange interaction, χf is the spin susceptibility of itinerant holes, and kB is
the Boltzmann constant.

The mean field theory predicts that room temperature ferromagnetism could
be achieved in GaMnAs with non-compensated substitutional Mn concentration
around 10%. It is not clear at present, whether the preparation of GaMnAs with
so high effective Mn concentration is technologically possible [5].

Other related materials are investigated in order to reach room temperature
ferromagnetism in semiconductors [35]. Within the family of Mn doped III-V
semiconductors the most promising material is the wide band gap GaN with very
strong Jpd interaction. Its preparation is, however, very difficult and it is not clear
at present whether high Curie temperatures reported in this material [36] should
be attributed to the GaMnN alloy or to the presence of Mn rich precipitates.

Also promising are some special semiconductor heterostructures. In Mn δ
doped AlGaAs/GaAs heterostructure the Curie temperature of 250 K was observed
[37]. Recently, another route for realization of the room temperature ferromag-
netism was reported [38]: the magnetic polarization of GaMnAs has been achieved
by a magnetic proximity effect at a Fe/(Ga,Mn)As interface and has been evi-
denced at room temperature.

1.3.1 Magnetic anisotropy

The GaMnAs epitaxial layers exhibit a rich magnetic anisotropy. Theoretically
this behavior is described on the basis of the anisotropy of energy of valence band
electrons with respect to the magnetization direction. This is given by anisotropy
of the valence band and strong anisotropic spin-orbital interaction [39, 40]. The
anisotropic properties are modulated by magnetization density (which controls
spin splitting of the valence band) and by hole concentration (which controls the
occupation of the valence band). The temperature dependence of the anisotropy
is governed by the temperature dependence of the magnetization [41].

Three main contributions to anisotropy are observed in GaMnAs epitaxial lay-
ers:

• Cubic anisotropy

• Uniaxial out-of-plane anisotropy

• Uniaxial in-plane anisotropy

The cubic magnetic anisotropy of GaMnAs is result of the cubic symmetry of
the valence band of GaAs.
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The out-of-plane anisotropy is understood as a consequence of strain/stress
induced anisotropy of the valence band of GaMnAs layers grown on substrates
with a slightly different lattice constant. Typically, GaMnAs is grown on the GaAs
substrate which has a smaller lattice constant (the ratio aGaMnAs/aGaAs = 1.001−
1.005 for Mn concentrations 1-10%). Mismatch of this size produces anisotropy in
the valence band which is strong enough to overwhelm the cubic anisotropy and
govern the easy axis to the plane or to the out-of-plane direction depending on the
Mn doping and hole concentration.

The change of strain can be used for control of GaMnAs anisotropy. This
was demonstrated on magnetic properties of GaMnAs layers grown on InGaAs
substrate with larger lattice constant [42], and by experiments with piezo-electric
stressors [43].

The third main magnetic anisotropy observed in GaMnAs layers is the in-
plane uniaxial anisotropy, with its axis along in-plane diagonal direction [44]. The
symmetry of zinc-blend structure does not allow the uniaxial in-plane anisotropy
in bulk crystal. It has been shown theoretically that very small hypothetical
shear strain could be used for simulation of the in-plane uniaxial anisotropy [34].
However, no experiment has evidenced such a shear strain in GaMnAs layers nor
it is expected to be probable in epilayers grown on cubic substrates with cubic
symmetry.

In principle the presence of uniaxiality in MBE grown GaMnAs is physically
possible. During the epitaxial growth the symmetry between [110] and [11̄0] direc-
tion is broken on the surface of the zinc-blend structure. The presence of surface
reconstructions demonstrates this effect. It is known that the surface diffusivity of
Ga is different in [110] and [11̄0] directions [45]. So, it is probable that the distri-
bution of distances between substitutional Mn atoms (and all defects) is different
along [110] and [11̄0] directions. However, so far no direct experimental evidence
of such an ordering has been found. It is worth mentioning in this context, that
the influence of MnAs precipitates on the anisotropic behavior has been observed
[46].

The following expression is used for the description of the anisotropy energy
using the lowest-order cubic and uniaxial terms [34]:

eani(n) = Kc(n
2
xn2

y + n2
xn

2
z + n2

yn
2
z) + Kout

u n2
z + Ku

(nx + ny)2

2
. (1.3)

where Kc is the cubic anisotropy constant, Kout
u is the out-of-plane anisotropy

constant, Ku is the in-plane uniaxial anisotropy constant, and n is the unit vector
of the magnetization direction (n = M/|M |).

The out-of-plane uniaxial component results in energy maxima in the out-
of-plane axis if Kout

un is positive, hence in the in-plane easy axis orientation. For
standard layers grown on GaAs substrates the Kout

un is positive and large. Negative
Kout

un occurs in the case of GaMnAs layers grown on substrates with larger lattice
constant (e.g. InGaAs) or in the case of very low hole density [41].
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Figure 1.4: Example of the anisotropy energy functional calculated using Eq.1.3
with Kc/M = 100 Oe, Kout

u /M = 200 Oe, and Ku = 0 Oe.

An example of the anisotropy energy calculated with Kc/M = 100 Oe, Kout
u /M =

200 Oe, and Ku = 0 Oe is shown in Fig. 1.4. The out-of-plane anisotropy domi-
nates. The anisotropy energy minima (dark blue spots in the figure) in the xy-plane
reflect the influence of the cubic component.

1.4 Magnetic semiconductors for spintronics

In spintronics, the spin degree of freedom of electrons is used in addition to their
charge [47, 48, 49] . Today’s spintronics is based on ferromagnetic metals and
exploits the possibility to manipulate electrical transport properties of devices by
magnetic means. The prototype example is the giant magnetoresistance device
where the magnetization orientation of two ferromagnetic layers results in the low
resistivity state in the parallel configuration and in the high resistivity state in the
antiparallel configuration.

The essential property making the group of carrier mediated ferromagnetic
semiconductors exceptional among other magnetic materials is that the magnetic
properties are in a direct connection to the transport properties. This is a direct
consequence of carrier mediated ferromagnetism, in which the spin polarization
of charge carriers is not a side effect of ferromagnetic order, but it is an essential
ingredient of it. Hence the ferromagnetic properties can be directly controlled by
the electronic means (electric fields, gating, co-doping).

New spintronic phenomena based on ferromagnetic semiconductors have been
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already demonstrated: control of magnetism by electrical gating of GaMnAs and
InMnAs layers [50, 51, 52] and polarized light emission resulting from recombina-
tion of spin polarized carriers in the semiconductor material [53].

1.5 Aims and structure of this thesis

This thesis presents experimental study of preparation of GaMnAs epitaxial layers
and their basic characterization. It pursues the following main aims:

• Optimization of the conditions of the epitaxial growth in order to achieve the
best crystallographic, transport and magnetic properties of GaMnAs layers.

• Optimization and understanding of the post-growth annealing of the layers.

• Basic characterization of magnetic and electronic transport properties of the
layers.

The structure of this thesis is as follows:
The first chapter provides an introduction to current state of understanding of

GaMnAs preparation and its properties.
The second chapter surveys the used experimental methods. For the prepa-

ration of the layers we used the technique of low temperature Molecular Beam
Epitaxy (MBE). The growth was monitored by the in-situ Reflection High Energy
Electron Diffraction (RHEED). The method of band-gap thermometry was used
for the sample temperature determination during the growth. For the characteri-
zation of the magnetic properties of the layers we used Superconducting Quantum
Interference Device (SQUID) magnetometry. Finally, the technique of angular
resolved X-ray Photoelectron Spectroscopy (XPS) is introduced, which we used
for investigation of surface processes occurring during annealing of the GaMnAs
layers.

Chapter 3 presents our experience concerning the growth of GaMnAs layers
by the technique of low temperature Molecular Beam Epitaxy (MBE). The char-
acterization of GaMnAs layers by RHEED is described and the role of the growth
temperature and its monitoring by band-gap thermometry is studied. The chapter
is concluded by the construction of the growth diagram which defines the optimal
conditions for the growth of GaMnAs layers with a wide range of Mn doping.

Chapter 4 presents magnetic properties of the prepared layers. The Curie
temperature trends are investigated on a series of samples with varying Mn dop-
ing grown in optimal conditions. The influence of the growth temperate on the
magnetic properties is shown on a series of samples grown at different growth tem-
peratures. In addition, the magnetic anisotropy of the layers is investigated in
detail.

Chapter 5 presents electrical transport properties of the layers. The trends of
conductivity are investigated and the temperature dependence of the resistivity of
GaMnAs layers is studied.

15



Chapter 1. Introduction

Chapter 6 presents results concerning the low temperature annealing of GaMnAs
layers. The role of the surface oxide during the annealing is studied. The processes
which occur in the surface oxide during annealing are studied in detail by the tech-
nique of angular resolved x-ray photoemission spectroscopy (XPS).

The last chapter presents a summary of results and conclusions.
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Experimental methods

2.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) has developed from vacuum evaporation tech-
niques in the late 1960s. It is used for growth of epitaxial layers of various materi-
als. The technique is characterized by precise control of thickness and composition
of the grown layers. The operation under ultrahigh vacuum conditions allows the
preparation of very high purity materials.

Typical growth rates during MBE growth are 0.1-10 monolayers per second.
At these growth rates the layer-by-layer growth can be achieved which is char-
acterized by very smooth interfaces between layers of different composition and
physical properties. This makes MBE a unique tool for the preparation of layered
semiconductor heterostructures. MBE systems are nowadays designed and used
not only for research purposes but also in the industry.

2.1.1 MBE chamber equipment

The schematic view of an MBE growth chamber is shown in Fig.2.1. It corresponds
to Veeco Gen II MBE system used for all the growths presented in this thesis.

It is equipped with several effusion cells, shutters, rotatable sample holder,
electron gun, screen for observation of RHEED patterns, vacuum gauge, band gap
thermometer, vacuum pump, and cryo-panels.

The equipment of the MBE system can be divided into four groups according
to its purpose: vacuum supporting equipment, sample manipulation, effusion cells
and analytic tools.

To achieve ultra-high vacuum conditions (characterized by the pressure below
10−9 Torr) the MBE systems are equipped with sophisticated vacuum maintaining
systems, consisting of a series of vacuum pumps, moreover cryo-panels cover a
great part of the inner surface of the growth chamber, which act as pumps during
the growth.

Once evaporated, the growth chamber is not exposed to the atmosphere to
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Figure 2.1: MBE chamber equipped with effusion cells, electron gun and fluores-
cent screen for RHEED, band gap thermometer, mass spectrometer, and rotatable
sample manipulator.
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prevent the contamination of materials in effusion cells and the inner environment
in general.

When introducing new samples into the MBE system, they are first moved to
the entry chamber. Here, samples are subjected to the first degassing procedure,
then they are moved to the preparation chamber. In the preparation chamber,
samples are degassed again and only then they are moved to the growth chamber.
The degassing procedure is finished inside the growth chamber where the substrate
is shortly heated above 600◦C and the native oxide is desorbed from its surface.
This last step is performed under As pressure to prevent As loose in the surface
which would result in disruption of the monocrystallinity of the surface layers.

The in situ RHEED technique is widely used for the characterization of surfaces
during MBE growth. For this purpose the growth chambers are equipped with an
electron gun and with a fluorescent screen. The RHEED analysis is discussed in
detail in Sec. 2.2.

2.1.2 Molecular beam fluxes

Effusion cells are used for the production of molecular beams, their fluxes are
controlled by the temperature of the cells. In the ideal case of the Knudsen effusion,
the molecular flux J impinging the sample surface is given by:

J = p(T ) · S · G (2.1)

where p is the vapor pressure of a particular material, S is the orifice area of the
cell, and G is the factor taking into account geometry and distances inside the
growth chamber. In practice however, the beam fluxes are modified by specific cell
parameters such as the shape of the inner space or the amount of material left and
periodic calibrations of fluxes are necessary.

The As cells are usually equipped with special valved-cracker cells. The valve
of this cell is used for fast change of arsenic pressure. The temperature of the
cracker part of the cell controls the fraction of arsenic dimers and tetramers.

Beam equivalent pressures (BEP) of molecular beams produced by effusion
cells can be measured by the beam flux monitor (BFM). BFM is an ionization
vacuum gauge which is positioned on the rear side the of the sample manipulator.
BFM can be rotated to the growth position of the sample. In this position, it is
used for the determination of the flux of the molecular beam. The change of the
current in the vacuum gauge due to the cell opening and closing is proportional
to the molecular beam flux. From the ratio of BEPs PX/PY measured for two
cells (with materials X and Y) the ratio of fluxes JX/JY can be obtained using
equation 2.2.

JX

JY
=

PX

PY

ηX

ηY

(

TXMY

TY MX

)1/2

(2.2)

where TX and TY are the absolute temperatures of beam sources, and MX and
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MY are their molecular weights. The ionization efficiencies η are given by

η

ηN2

=

[

0.4Z

14
+ 0.6

]

(2.3)

where Z is the atomic number of evaporated molecules (or atoms) and ηN2
is the

ionization probability of a N2 molecule.
BFM is a very useful, fast, and universal tool for the calibration of molecular

fluxes of cells. Unfortunately, the vacuum gauge ionization is sensitive to the
presence of different atomic species (either originating from rest atmosphere in the
chamber or from the re-evaporation from the gage itself) which change the flux
ionization probability, resulting in complex memory effects of BFM. To circumvent
these problems we repeat the same routine during each calibration (with the same
order of cells and the same exposition times). In this manner we obtain calibration
which is reproducible though its absolute precision is not very high.

We use BFM to calibrate the ratio between Mn and Ga flux, i.e. for the deter-
mination of nominal Mn concentration. The error of the concentration determined
in this way is approximately 10%.

For the absolute calibration of Ga and As4 fluxes we use RHEED oscillations
discussed in Sec. 2.2.

2.1.3 MBE Growth modes

The crystal growth mode depends on the bonding of adatoms to the substrate and
to each other. Three main modes of crystal growth on surfaces can be distinguished
[54]. If the bonding to the substrate is weak, Volmer-Weber mode occurs which is
characterized by island formation. If the boding to substrate prevails, the Frank-
van der Merwe mode of layer-by-layer growth takes place. Also an intermediate
case can occur in which the whole surface is covered by adatoms and only then
the island formation starts. The three growth modes are illustrated in Fig. 2.2.

2.1.4 GaAs surface reactions

The behavior of Ga and As atoms on the surface of GaAs is quite complex [55]. At
temperatures above ∼330◦C, the arsenic is desorbed from the GaAs surface form-
ing the Ga terminated surface if the As over-pressure is not present. Further GaAs
desorption is controlled by the Ga desorption rate, the dissociative evaporation of
GaAs becomes measurable above 580◦C [56].

For standard MBE growth of GaAs, the temperature region between 500◦C
and 600◦C is typical. The GaAs surface is stable if kept under As overpressure
and the growth rate is determined simply by the Ga flux.

The arsenic flux consists of arsenic tetramers and dimers (As4 and As2 mole-
cules), their ratio is determined by the As source temperature. An additional
heated zone (the cracker zone) of the As cell can be used for the control of ratio of
As dimers and tetramers without the change of the bulk temperature of the cell.
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Figure 2.2: Schematic representation of Frank-van der Merwe, Stranski-Krastanov
and Volmer-Weber crystal growth modes.

The sticking coefficient of As dimers varies between 0 and 1 depending on the
presence of Ga on the crystal surface. If the GaAs surface is fully covered by Ga,
the sticking coefficient of As dimers reaches unity - all the arsenic is chemisorbed
to the surface.

In the case of the growth from the As tetramers the situation is more complex.
Arsenic tetramers are in the first step physisorbed to the GaAs surface, where
they migrate (with migration barrier of ∼ 0.25eV ). Then tetramers either re-
evaporate (with activation energy 0.4eV) or they react with surface Ga. From
each two molecules of As4 four atoms are incorporated to the GaAs and four As
atoms leave the surface in one As4 molecule. Hence the sticking coefficient of As
tetramers never exceeds 0.5 during growth of GaAs.

The role of Ga is rather simple in standard growth conditions. The Ga sticking
coefficient is close to unity. If the As flux is sufficient, Ga incorporates to GaAs
and determines the growth rate.

2.2 RHEED characterization

The method of Reflection High Energy Electron Diffraction (RHEED) is widely
used for the in situ characterization of samples prepared by MBE. The glancing-
incidence-angle geometry is compatible with crystal growth and at the same time
it determines the high surface sensitivity of the method.

The RHEED pattern contains information on the surface reconstruction, sur-
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Figure 2.3: RHEED patterns acquired along a) [110] and b) [11̄0] directions on
the GaAs surface. The sample was kept under As overpressure at the substrate
temperature of 600◦C. The patterns reveal a clear 2x4 reconstruction.

face roughness, lattice constant, and crystallinity of the surface layers of the grow-
ing material.

The typical energy of electrons in RHEED is 5-40 keV. The wave vector of the
electrons is very large compared to the reciprocal lattice unit of GaAs (30-80x),
therefore the diffraction pattern reflects almost planar cut through the reciprocal
lattice.

The symmetry of diffraction pattern can be analyzed by kinematic theory. For
the more detail analysis of intensities of the diffraction spots the use of advanced
dynamical diffraction theory is necessary [57, 58].

In the case of very smooth surfaces and thanks to the glancing angle of incidence
the penetration depth of reflected electrons reduces to several monolayers and
the three-dimensional reciprocal lattice of bulk crystal transforms to the set of
diffraction rods of the two-dimensional reciprocal lattice. The symmetry of the
two-dimensional reciprocal lattice reflects the ordering of the surface. In the case
of unreconstructed surface, the rods copy the symmetry of the crystal bulk. If
the surface reconstructions occur additional fractional rods appear between main
rods.

Fig. 2.3 shows a typical example of RHEED patterns acquired on GaAs (001)
surface under arsenic overpressure with substrate temperature 600◦C. The 2x4
reconstruction reflects in 1 additional spot between main diffractions in the [110]
direction and in the presence of 3 additional spots in the [11̄0] direction. The
circular set of diffraction spots observed in the [11̄0] direction nicely illustrates the
cross-section of Ewald sphere with the set of diffraction rods. The corresponding
Ewald construction is shown in the Fig. 2.4.

If the three dimensional structures are present on the surface standard three
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Figure 2.4: Ewald sphere cross-section with reciprocal lattice of GaAs (001) surface
with 2x4 reconstruction. ki indicates the wave vector of the incidence beam along
[11̄0] direction, ks is the wave vector of specular beam. Full lines indicate the main
diffraction rods, dashed lines indicate the fractional diffraction rods.

dimensional diffraction occurs.
Another feature of RHEED which is very important for MBE is the fact that

the intensity of diffraction spots exhibit oscillatory behavior during layer-by-layer
growth.

2.2.1 RHEED oscillations

The intensity of RHEED diffraction spots exhibit oscillatory behavior during the
growth in the layer-by-layer mode. The period of one oscillation corresponds to
the growth of one monolayer of material. The oscillations can be used for the
calibration of the growth rate. We use the RHEED oscillations to calibrate the
Ga flux during growth in standard growth conditions i.e. at high temperatures
and with As overpressure. An example of the diffraction spot intensity oscillations
measured during the growth of GaAs at growth temperature of 600◦ C is shown in
Fig. 2.5a.

RHEED oscillations can be also used for the calibration of the As flux. As
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mentioned above, under standard conditions the growth rate of GaAs is determined
by the Ga flux while As flux is kept at a higher value. The excess As impinging
the sample surface re-evaporates. In the case of Ga overpressure Ga remains on
the surface and forms small droplets of pure Ga, the Ga stored in these droplets
can be used for later growth of GaAs when As is available. This effect can be used
for the calibration of As flux. A small amount of Ga is deposited on the surface
with the As valve closed (approximately the amount needed for the growth of 5-10
monolayers of GaAs), the Ga cell is closed and then the As valve is opened. The
growth of GaAs from the accumulated gallium and incoming arsenic starts. In this
case, the growth rate is controlled by the arsenic and the frequency of RHEED
oscillations is proportional to the As flux.

We calibrated the arsenic flux in this manner to obtain the near stoichiometric
ratio between Ga (and Mn) and As which is needed for the low temperature growth
of GaMnAs.

2.2.2 GaMnAs growth rate from RHEED oscillations

In principle the RHEED intensity oscillations can be also used for calibration of
Mn flux from GaMnAs growth rate. Fig. 2.5b shows an example of RHEED growth
oscillations recorded during the low temperature MBE growth. The first 60 s of the
record shows growth of GaAs, at the growth time of 60 s the Mn cell was opened,
and the growth of GaMnAs started.

The intensity oscillations shown in Fig. 2.5b weaken very quickly during the
growth of GaMnAs. Fig. 2.5c shows the time dependence of the horizontal cen-
troid position of the same peak. Oscillations of peak centroids are usually more
pronounced during low temperature MBE growth of GaMnAs compared to the
peak intensity oscillations.

It is worth mentioning, however, that the oscillation rate R observed during the
growth of GaMnAs does not depend simply on the nominal Ga and Mn content.
Assuming the most common defects (As antisites and Mn interstitials), one can
come to the expression for R derived from the cation site counting:

R = RGa + Rsub
Mn + Ranti

As (2.4)

where RGa is the incorporation rate of Ga, Rsub
Mn is the substitutional Mn incorpo-

ration rate, and Ranti
As is the antisite As incorporation rate. The Mn interstitials do

not participate in the growth rate (their role is restricted to the lattice expansion
in this context).

The RHEED oscillations can be observed only when the substrate rotation is
not employed. In this case however, the geometrical setup of cells in the growth
chamber results in a gradient of the fluxes across the sample which is approximately
5-10%. To circumvent this problem, sample rotation is routinely used during MBE
growth.
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Figure 2.5: Examples of RHEED oscillations. a) oscillations of the peak intensity
during the growth of GaAs at high temperature (substrate temperature ∼ 600◦C).
b) intensity oscillations observed during low temperature growth, c) oscillations of
the centroid position of the same peak. The low temperature growth consisted of
a 60 s long growth of GaAs followed by the growth of GaMnAs.
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2.3 Band gap thermometry

The temperature dependence of semiconductor band gap was recently utilized
as a tool for the direct measurement of the semiconductor sample temperature
during MBE [59]. This method provides reliable temperature values needed for
the optimization MBE growth.

Fig. 2.6a shows the temperature dependence of the band gap of GaAs [60].

−200 0 200 400 600 800
1

1.2

1.4

1.6

temperature (°C)

G
aA

s 
ba

nd
 g

ap
 (e

V)

a)

1.2

1.1

1

0.9

0.8

wa
ve

le
ng

th
 (µ

m
)

880 900 920 940
0

5

10

15

20

wavelength   (nm)

tra
ns

m
iss

io
n 

  (
%

)

b)

50°C

Figure 2.6: a) The temperature dependence of the GaAs gap. b) Examples of ab-
sorption edges measured at the room temperature on the GaAs substrate (black),
and on the sample with the GaMnAs layer (red), the dashed line illustrates the
shift of the edge corresponding to the temperature change of 50◦C.

The absorption edge measured at the room temperature on the GaAs substrate
and on the sample with the GaMnAs layer (thickness 150 nm, nominal Mn doping
7%) are shown in Fig. 2.6b. The dashed line shows the absorption edge of GaMnAs
shifted by the difference corresponding to the temperature change of 50◦C.

We can see that the absorption edge position is not sensitive to the presence of
GaMnAs layer (of thickness typical for MBE grown layers) and that its position
can be used for relatively precise temperature determination.

2.4 SQUID magnetometry

The typical magnetic moment of samples (of area of several mm2 and thickness
10-100nm) is ∼ 1 × 10−5 emu. For measurement of such a small magnetic
moment the use of the Superconducting Quantum Interference Device (SQUID)
magnetometry is necessary. We used commercial Quantum Design 5S magnetome-
ter, equipped with cryostat which enables measurements between 2 and 300 K and
with superconducting magnet with maximum field 5 T.

Fig. 2.7 shows a typical field dependence of magnetic moment of a sample with
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a GaMnAs layer grown on GaAs substrate. The red points show the measured field
dependence of magnetization, green points show the magnetization with subtracted
diamagnetic contribution of the GaAs substrate (of thickness of 0.5 mm). The
diamagnetic signal of the GaAs substrate is comparable with the ferromagnetic
signal of the GaMnAs layer at field ∼0.25 T.
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Figure 2.7: Field dependence of magnetization measured for a typical sample with
a GaMnAs layer on the GaAs substrate. The red points show the raw data, the
green points show the ferromagnetic component obtained by the subtraction of the
diamagnetic component of the GaAs substrate.

2.5 Angular resolved XPS

X-ray Photoelectron Spectroscopy (XPS) is a surface sensitive analytical method
used for investigation of material composition and electron structure. In XPS the
sample is irradiated with monochromatic x-ray light, resulting in the emission of
photoelectrons. The kinetic energy of photoelectrons Ek is in direct connection
with the binding energy of electrons in the material Eb and follows:

Ek = hν − Eb − Ew (2.5)

where Ew is the work function of the spectrometer and hν is energy of x-ray
photons.

From the binding energy and intensity of a photoelectron peaks, the elemental
identity, chemical state, and quantity of elements can be determined.

XPS is surface sensitive method, this is due to the strong interaction of pho-
toelectrons with matter. Within the inelastic scattering approximation the escape
probability for an electron is proportional to e−s/λ, where s is the length, which

27



Chapter 2. Experimental methods

Rotating energy analyzer

Incident x-ray

Sample

Electron detector

e
e

tefft

Photoelectron attenuation

e

Figure 2.8: Geometry of the ARXPS experiment. Illustration of angular dependent
attenuation of photoelectrons in layered structures.

electron travels through material before it reaches vacuum, and λ is the inelas-
tic mean free path. Typical mean free paths of photoelectrons are in the range
of several nanometers. The attenuation of photoelectrons defines the information
depth.

The information depth can be modified by the emission angle. This can be
used for investigation of depth profiles of elemental composition. A schematic
view of the angular resolved XPS experimental geometry is shown in Fig. 2.8.
The change of effective thickness of layer teff due to the change of the emission
angle is illustrated. The exponential dependence of the escape probability gives
rise to very strong angular dependent effects and large surface sensitivity of the
method. The information depth can be modified by the emission angle. This can
be used for investigation of depth profiles of elemental composition. A schematic
view of the angular resolved XPS experimental geometry is shown in Fig. 2.8. The
change of effective thickness of layer teff due to the change of the emission angle
is illustrated. The exponential dependence of the escape probability gives rise to
very strong angular dependent effects and large surface sensitivity of the method.
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MBE growth of GaMnAs

This chapter presents our results concerning the growth of GaMnAs layers.
Sec. 3.1 describes the dramatic increase of the substrate temperature during low

temperature MBE growth of GaMnAs layers observed by band-gap thermometry
and presents radiation heat transfer model which explains the observed tempera-
ture increase.

As discussed in Sec. 1.2.1, precise knowledge of the roughening boundary is es-
sential for successful growth of GaMnAs. Section 3.2 describes the construction of
the growth diagram of GaMnAs based on RHEED analysis of the growing material
and reliable temperature measurement provided by the band gap thermometer.

3.1 Temperature increase during growth of GaMnAs

The possibility of the direct measurement of the temperature during the growth
by the band gap spectrometry technique proved to be very useful in the case
of the low temperature MBE growth of GaMnAs layers. In the low temperature
growth regime temperature measurement by optical pyrometry is not possible. The
only remaining standard tool for temperature determination is the thermocouple
measurement. The thermocouple, however, is mounted on the sample manipulator
and its thermal link to the sample is weak.

It turns out from the comparison of the band gap thermometer and the ther-
mocouple measurements, that the thermocouple provides very unreliable temper-
ature values. These values depend on the sample holder type and even on the
sample holder surface state; we observed temperature changes due to a deposi-
tion of different materials on the sample holder having an influence on the sub-
strate temperature during several following growths. Moreover, it turns out that
the thermocouple temperature measurement completely fails to see the tempera-
ture increase observed by the band gap thermometry during the low temperature
growth of heavily doped GaMnAs layers which is studied in this section.

The band gap thermometry reveals a surprising technological phenomenon oc-
curring during low temperature MBE growth of GaMnAs layers: a dramatic in-
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crease of sample temperature during the growth of GaMnAs layers on insulating
GaAs substrates.

An example of the typical temperature evolution is shown in Fig. 3.1b. This
temperature evolution was measured during 30 minute long growth of GaMnAs
with nominal Mn concentration x=7%, which followed after 1min long low tem-
perature growth of GaAs. The sample was mounted in the free standing setup (see
Fig. 3.2). The growth rate was approximately 5 nm /min. During the low temper-
ature growth of the GaAs layer we observe a small increase of temperature caused
by heat radiation coming from the open Ga cell (shown in detail in the inset).
When the growth of GaMnAs starts, the steep increase of substrate temperature
is observed which can not be attributed to the additional heat of the opened Mn
cell (Mn cell temperature is around 800◦C which is even smaller compared to the
Ga cell temperature of 940◦C, the cell dimensions are the same).

Only a small temperature increase is observed by the band gap thermometer
during standard growth of GaAs at the temperature of 600◦C. An example of the
temperature evolution is shown in Fig. 3.1a. The temperature of the Ga cell was
the same as in the case of low temperature growth. The temperature increase
during the growth of GaAs can be simply attributed to the additional heat source
of the open Ga cell. The oscillations of the temperature are caused by the substrate
rotation and reflects the inhomogeneity of the substrate temperature.

In the case of the increase observed during the growth of GaAs, typically new
temperature stabilizes after few minutes. On the contrary, in the case of the growth
of GaMnAs layers the temperature is increasing on an order of magnitude longer
time scale. At the end of the growth (when both Ga and Mn cells are closed again)
the temperature decreases but it remains at a substantially higher value compared
to its value before the start of the growth. These observation indicate that the
heat transfer to the sample is substantially changed by the presence of the highly
doped GaMnAs layer.

In Fig 3.3 the temperature evolutions measured during the growth of GaMnAs
layers with varying Mn concentration are compared. The curves were shifted to
equalize starting temperatures. We can see that the final value of the temperature
increase is very similar for all the concentrations. For the lowest Mn doping the rate
of the temperature increase is considerably slower, for higher Mn concentrations
the rate is quite similar.

3.1.1 Radiation heat transfer model

To explain the temperature increase observed during the growth of GaMnAs layers
let us consider the radiation heat transfer in the MBE chamber.

The MBE system contains numerous parts held at very different temperatures
(varying from liquid nitrogen cooled cryo-panels at 77 K to the orifice of Ga cell
at 940◦C). In following considerations, we will use model containing just three
parts: substrate heater, background, and hot orifices of the cells. These objects
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Figure 3.1: a) The temperature increase observed during the growth of GaAs at
600◦C. b) The temperature increase observed during the low temperature MBE
growth of a GaMnAs layer with nominal Mn concentration x=7%. Start of growth
of GaAs (black vertical line), start of growth of GaMnAs (green line), end of growth
(red line), inset in b) shows the detail of the temperature evolution during the first
minutes of the low temperature growth.
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Figure 3.2: Illustration of radiation heat transfer inside the MBE chamber. Sketch
of the free-standing sample mounting and sample mounting on the massive sample
holder.
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Figure 3.3: Sample temperature evolutions measured by band gap thermometry
during growth of samples with various nominal Mn concentrations: 2% (blue),
3.5% (green), 5% (black), 7% (red).
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Figure 3.4: Infrared transmission of the GaAs substrate (black), and samples with
GaMnAs layers with Mn concentration 7% of thickness 50nm (blue), and 150nm
(red).

will be considered as black bodies. The heat propagation by conduction will be
completely omitted.

Under these assumptions the net heat exchange of the sample Qnet can be
expressed by the following equation:

Qnet = S
∑

i

∫

∞

0

ai[R(λ;Ti) − R(λ;Ts)]αs(λ)dλ (3.1)

i = h, b, c

where S is sample area, a is the solid angle of particular body, R is the spec-
tral radiance, and αs is the sample spectral absorptance. Indices h, b, and c
denote heater, background, and cells, respectively. The radiation in the chamber
is illustrated in Fig. 3.2.

As long as the sample spectral absorptance αs is a constant over all wavelengths
(sample is approximated as an ideal gray body), αs can be taken out of the integral
in Eq. 3.1 and no change of the equilibrium sample temperature due to the presence
of the GaMnAs layer can be expected. It follows, that the spectral dependence of
the absorptance need to be considered.

Fig. 3.4 shows the infrared transmission spectra of the GaAs substrate and
samples with 7% GaMnAs of thickness 50 nm and 150 nm. We can see that the
presence of the GaMnAs layer results in the change of transmission in broad energy
region below the gap. The transmissivity of the GaAs substrate falls to zero
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in the region of phonon absorption. The absorption on phonons starts on the
double phonon absorption at λp2 = 17.5µm and then varies with the wavelength as
different combinations of acoustic and longitudinal optical phonons occur [61]. The
start of the phonon absorption corresponds to the dip of transmissivity observed
in Fig. 3.4 around 18µm.

Let us consider a simplified spectral absorptance αs composed of two compo-
nents: absorption on phonons (absorbing at all wavelengths above the first double
phonon absorption) and free carrier absorption occurring in the growing GaMnAs
layer (absorbing at all wavelengths). The absorptance αs follows:

αs(λ) =

{

1, λ > λp2 (phonon)

αf = 1 − exp(−kfd), λ < λp2 (free carrier)
(3.2)

In this model the phonon absorption is equal to 1, the free carrier absorption is
increasing with the increasing thickness of GaMnAs layer d, kf is the absorption
coefficient proportional to the density of free carriers.

The spectral radiance follows Planck’s law:

R(λ, T ) =
2hc2

λ5

1

e
hc

λkBT − 1
(3.3)

Spectral radiances of bodies held different temperatures are shown in Fig. 3.5. The
red curve corresponds to the radiation coming from the cells (Tc=940◦C) and the
green curve shows the radiation coming from the substrate heater (Th=330◦C).
The intensity of the cell radiation is scaled by a factor of 200, which reflects the
ratio of the solid angle of the cells and the solid angle of the substrate heater.

If the absorption only occurs in the phonon region, a significant part of the
radiation is not absorbed. With the additional absorption on free carriers the heat
incoming to the sample is much larger. However, the sample heat emission also
grows (its absorptance is equal to its emittance) so determination of the equilibrium
temperature is not straightforward.

The heat power density radiated by a body P (per unit area and solid angle)
at temperature T and with spectral absorptance α can be expressed as:

P (t) =

∫

∞

0

R(λ;T )α(λ)dλ (3.4)

Figure 3.6 shows the power P radiated by bodies with different spectral absorp-
tances α(λ), the dependences were normalized to the heat density radiated at the
temperature of 330◦C (the substrate heater temperature).

The red curve corresponds to the case of a black body (d = ∞ in Eq. 3.2),
the green curve corresponds to the case of absorptance 0 below 17.5 µm and unity
above (GaAs substrate with no GaMnAs, d = 0). The blue curve is an example of
the dependence calculated for an intermediate case (d=50 nm).
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Figure 3.5: Spectral radiances of the heater (Ts=330◦C, green curve) and cells
(Tc=940◦C, red curve, scaled by a factor of 200 reflecting the ratio of solid angle
of the cells and the heater). Model regions of spectral absorptances due to the
phonon and free carrier absorption.
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Figure 3.6: Heat power density radiated by samples with different spectral absorp-
tances, normalized to the heater temperature of 330◦C. Green curve: only phonon
absorption (t = 0 in Eq. 3.2), blue curve: some free carrier absorption (t = 50nm)
, red curve: full free carrier absorption, ideal black body (t = ∞).
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Let us for a moment omit the radiation of cells and background. In this situa-
tion, one side of the sample sees the heater at temperature 330◦C and no radiation
is coming to the other side of the sample (zero temperature background). In
equilibrium (Qnet = 0) eq. 3.1 reduces to the following form:

0 =

∫

∞

0

[0.5 · R(λ;Th) − R(λ;Ts)]αs(λ)dλ (3.5)

The heat emitted by the sample equals to the heat coming from the substrate
heater. The sample has two sides so its heat radiation power needs to be exactly
one half of the radiation power of the heater.

The dependences plotted in Fig. 3.6 can be used for graphical solution of the
simplified equilibrium equation. The horizontal line in Fig. 3.6 crosses the de-
pendences at the equilibrium temperature of the sample with particular spectral
absorptance (and heater at 330◦C). This analysis shows that the equilibrium tem-
perature can change by 100◦C when we take into account the change of the spectral
absorptance.

Coming back to the original model, numerically one can evaluate the equi-
librium temperature using Eq. 3.1 and Eq. 3.2 for a particular GaMnAs layer
thickness, Mn concentration can be taken into account through the absorption
coefficient kf . Example simulations are shown in Fig. 3.7. The full lines show the
dynamical evolution of substrate temperature Ts evaluated with the heat exchange
equation in following form:

C
dT

dt
= Qnet =

∫

∞

0

[ahR(λ;Th)+acR(λ;Tc)+abR(λ;Tb)−R(λ;Ts)]αs(λ)dλ, (3.6)

where C is the heat capacity per unit area of sample. The following parameters
were used in the simulations: Tc=940◦C, Tb=20◦C, Th=320◦C, ah = ac + ab,
ac = ab/200, C =907 Jm−2 (considering substrate thickness 0.5 mm and specific
heat of GaAs at 200◦following [60]). The absorption coefficient was estimated from
transmission measurements of the sample with 150 nm thick GaMnAs layer and
Mn doping 7% (Fig. 3.4), its transmission is approximately 50% of the substrate
in the region between gap and phonon absorption, yielding kf ∼ 4.5× 10−3 nm−1.
For low doped sample (with x=2%) we used kf by factor 7/2 smaller reflecting the
ratio of the doping. The growth rate was ∼0.27MLs−1 (∼0.76Ås−1).

The above approximation simplifies the phonon absorption, neglects the λ de-
pendence of the free carrier absorption, reflectivity is not taken into account, and
heat transfer by conduction is completely omitted. Nevertheless, the model ex-
plains the origin of the observed large increase of the sample temperature.

The change of sample spectral absorptance, which is caused by the presence
of the heavily doped GaMnAs layer, results in the change of the equilibrium tem-
perature of the sample during the growth of GaMnAs layers. This mechanism is
unique to the growth of heavily doped (conductive) layers on insulating semicon-
ductor substrates with limited spectral absorption. We published the study of the
substrate temperature increase in [62].
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Figure 3.7: Simulated temperature evolutions of the substrate temperature during
the growth of GaMnAs layers. The red curve shows the evolution calculated for
high Mn doping (x ∼7%), the green curve corresponds to low Mn doping (x ∼2%).
Dashed lines show the equilibrium solutions, full lines show the dynamical tem-
perature evolutions.

3.1.2 Control of temperature increase

There are several possible ways to reduce the temperature increase during the
growth of GaMnAs layers.

It is possible to reduce the temperature increase by the regulation of heater
power. Unfortunately the heat capacity of the heater is large, so the regulation
fails to compensate the fast change of the substrate temperature at the beginning
of the GaMnAs growth.

Another possibility is to use the massive sample holder setup. In this case the
temperature change reduces to the change induced by the additional radiation of
open cells.

The next possibility is to pre-grow a thick layer of GaMnAs (with a temperature
gradient) and bury it below a buffer layer of GaAs. Then, when the second layer of
GaMnAs is grown on the same sample, only the increase due to the cell radiation
occurs.

The band-gap temperatures recorded during growths of GaMnAs layers with
a standard free standing sample mounting, massive sample holder mounting and
pre-grown GaMnAs layer are shown in Fig. 3.8. The large temperature increase
can be reduced to 20◦C by the use of the massive sample holder or the pre-grown
layer.
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Figure 3.8: Comparison of temperature evolutions during the growth of GaMnAs
layers in three setups: a) sample mounted in the free standing setup, b) sample
mounted on the massive sample holder, c) sample with the pre-grown GaMnAs
layer in the free standing setup.

To reduce further the temperature increase a change of standard MBE setup
is necessary. With the use of two Ga cells the temperature change can be reduced
down to several ◦C [15]. In this setup one of the Ga cells is used as the thermal
equivalent of the Mn cell. The temperature is stabilized during low temperature
growth of GaAs with both Ga cells opened, then one of them is closed and the Mn
cell is opened. In this case the heat balance is not changed at the beginning of the
GaMnAs growth.

3.2 Construction of growth diagram

3.2.1 RHEED patterns of GaMnAs

As discussed in Sec. 1.2.1 it is essential to maintain 2D growth conditions for
the growth of GaMnAs layers. The homogeneous non-equilibrium solution of Mn
to GaAs occurs only in this 2D layer-by-layer growth regime. As discussed in
Sec. 2.2 the dimensionality of the surface can be determined from RHEED patterns
of the grown layers. 2D surfaces are characterized by streaky patterns, usually
accompanied with fractional diffractions reflecting surface reconstructions. 3D
surfaces reveal spotty patterns with symmetry of the reciprocal lattice of the crystal
bulk.

In Fig. 3.9 the RHEED patterns acquired after the growth of three GaM-
nAs samples are shown. Patterns a) and b) were acquired along [110] and [11̄0]
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directions on a perfectly 2D surface of GaMnAs layer. Figures reveal the 1x2
reconstruction typical for GaMnAs layers.

The patterns c) and d) reveal a partially roughened surface of GaMnAs. The
2D-3D transition is not instantaneous, both streaks and spots are usually ob-
served together on RHEED patterns during the roughening process. Typically
this process lasts ∼ 2 minutes which corresponds to the growth of ∼ 30 monolay-
ers of GaMnAs.

The patterns e) and f) were measured on a sample with a surface which has
roughened during the growth. The spotty pattern reveals presence of islands on
the surface. Nevertheless, the material is still almost a perfect single-crystal. The
polycrystalline layer at the surface would be characterized by circular features in
the RHEED pattern. The symmetry of the patterns reflects symmetry of the bulk
zinc-blend structure (shown in Fig. 3.11a).

3.2.2 Phase-locked RHEED pattern acquisition

To produce homogeneous GaMnAs layers, the rotation of the substrate during the
growth is necessary. The static RHEED images can not be acquired during the
growth in this case. To monitor the surface during the growth with substrate
rotation we developed a phase locked acquisition technique. The exposure time
of the RHEED camera is set exactly to the time of one rotation of the sample (5
seconds in our case). Each acquired image is then an integral diffraction pattern
showing superposition of all diffraction spots occurring during the sample rotation.
Although some information is lost, these integral patterns clearly reveal the 2D or
3D nature of the surface.

Selected images acquired during the growth of GaMnAs layer with nominal
Mn concentration of 6.5% are shown in Fig. 3.10. The change of the character of
images indicates roughening of the surface during the growth.

Fig. 3.12 shows the differential image obtained by subtraction of two integral
images. First image was acquired just before the roughening started and the second
image was acquired 2 minutes later when the 3D features were already clearly seen.
Red color indicates the increase of the intensity - developing 3D features, blue color
indicates the decrease of the intensity - vanishing 2D features.

The symmetry of the 3D features is given by combination of diffractions in the
diagonal directions and main directions. Fig. 3.11 shows cross-section of zinc-blend
reciprocal lattice with (110) and (010) planes. By combining both contributions
(shown in Fig. 3.11c) we obtain the symmetry of the experimentally observed 3D
integral pattern.

3.2.3 Determination of roughening temperature

We used a combination of the phase-locked RHEED acquisition technique and band
gap thermometry to analyze the 2D / 3D growth transition during the growth of
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Figure 3.9: RHEED patterns acquired on samples after the growth of GaMnAs.
a) and b) 2D surface, c) and d) partially roughened surface, e) and f) 3D surface.
Electron beam along [110] direction - left column and along [11̄0] direction - right
column.
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a) t=−5s, before LT growth
start

b) t=30s, GaAs 2D

c) t=2 min, GaMnAs, 2D d) t=4 min, 2D + 3D

e) t=5 min, developed 3D f) t=10min 50s, 3D, first
signs of polycrystal

Figure 3.10: The integrated RHEED patterns acquired during the low temperature
growth of GaAs buffer layer followed by the growth of GaMnAs with nominal Mn
concentration 6.5%, the acquisition time was 5 seconds - equal to the time of one
sample rotation.
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Figure 3.11: Symmetry of 3D diffraction patterns with electron beams along a)
[110] and b) [010] direction. c) shows expected symmetry of integral pattern
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Figure 3.12: Differential image of integral patterns acquired just before the begin-
ning of the roughening process and 2 minutes later. Red color indicate developing
3D features, blue color indicate the vanishing 2D features.
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GaMnAs layers. As shown in Sec. 2.2, the integral images contain the information
about dimensionality of the surface.

Particular spots can be attributed to the 2D and 3D character of the surface
(see Fig. 3.12). However, the change of the the RHEED pattern is not abrupt, usu-
ally both the 2D and 3D features are observed for some period of time. Figure 3.13
illustrates a semi quantitative approach to determination of the 2D / 3D transi-
tion temperature. The images a) and b) show integrated RHEED patterns of 2D
(t=30 s) and 3D (t=500 s) surfaces obtained from the video recorded during the
growth of GaMnAs layer with nominal Mn doping 7%. The green rectangle is
located in the way that the spot characteristic for the 2D pattern is located in its
right part and the spot characteristic for the 3D pattern is located in its left part.
Fig. 3.13c shows the time evolution of horizontal position of the intensity centroid
of the rectangle. The change of the centroid position correspond to the progress
of the surface roughening. We can see that the roughening lasts approximately
3 minutes in this case. The duration of roughening varies with the Mn concen-
tration and with the rate of temperature increase. We define the crossing of the
linear extrapolation of the evolution before and during the roughening as a point
where the roughening process starts. The estimated error is ±20 second, which
corresponds to roughening temperature error ±2C.

As discussed in Sec. 1.2.1, the roughening is triggered by the Mn accumulation
on the surface. The above determination of roughening temperature neglects the
dynamics of the accumulation process, i.e. the delay due to the accumulation of
the critical amount of Mn on the surface is not considered. On the other hand, we
haven’t observed any pronounced dependence of the roughening temperature on
the rate of the temperature increase. This suggests that the accumulation process
is relatively fast and that the uncertainty caused by it lies within the experimental
error.

3.2.4 Growth diagram

We used the technique described in the previous section to find the roughening
temperature during the growth of GaMnAs layers with different Mn doping. The
resulting growth diagram of GaMnAs is shown in Fig. 3.14. The 2D / 3D transition
determines the highest possible temperature at which the GaMnAs material with
a given nominal Mn concentration can be grown in the layer-by-layer mode.

The 2D /3D boundary shown in Fig. 3.14 corresponds to the near stoichiomet-
ric ratio of As and Ga+Mn fluxes (as described is Sec. 2.1.1). The growth can be
also performed with As overpressure. The magnetic properties of GaMnAs layers
are best in the near stoichiometry regime. The characterization of GaMnAs layers
with varying Mn concentration presented in following chapters will be focused on
the properties of layers grown with the stoichiometric ratio and with substrate
temperature just reaching the 2D / 3D boundary at the end of the growth.

Our growth diagram agree with diagram reported by other group [7] (Fig. 1.2).
Our diagram extends the maximum Mn concentration from 9% to 13%. The
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Figure 3.13: Determination of the roughening temperature. a) and b) integrated
RHEED patterns of 2D and 3D surfaces, respectively. c) evolution of the intensity
centroid of the area inside green rectangles indicated in a) and b). d) evolution of
the substrate temperature measured by the band-gap thermometer. Vertical green
lines indicate the start of the roughening process.
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Figure 3.14: Growth diagram of GaMnAs. 2D / 3D transition temperatures were
determined using the phase-locked RHEED pattern analysis and band-gap ther-
mometry.

roughening temperature is shifted by 30◦C which is probably due to the uncertainty
of the thermocouple thermometer temperature values used in that study.

As discussed in detail in Sec. 4.2 the properties of the grown GaMnAs material
are sensitive to the growth temperature. Again in agreement with [7] our find-
ings show that the growth in the vicinity of the 2D / 3D boundary and with the
near stoichiometric ratio results in the best magnetic properties of the prepared
GaMnAs layers.

The magnetic and electrical transport properties of the layers grown under the
optimal conditions are presented in the following chapters.
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Magnetic properties

This chapter presents the magnetic properties of GaMnAs layers.
Sec. 4.1 presents a study of magnetic properties of a series of optimally grown

layers with varying Mn concentration.
In Sec. 4.2 the influence of growth temperature is investigated on a series of

samples grown at various growth temperatures.
Last, a study of magnetic anisotropy of GaMnAs layers is presented in Sec. 4.3.

4.1 Curie temperature vs. nominal Mn doping

The Mn doping is the key parameter determining magnetic properties of GaMnAs.
Fig. 4.1a shows the dependence of the Currie temperature Tc on the nominal
Mn doping for as-grown and annealed samples. This characterization concerns
standard samples, i.e. thin films of GaMnAs which were grown under optimal
growth conditions defined in Sec. 3.2.4.

As expected the Curie temperature of as-grown samples is strongly reduced
by the presence of Mn interstitial atoms. These defects act against the ferro-
magnetism of GaMnAs in two ways: they reduce the hole density and couple
antiferromagnetically to neighboring substitutional Mn atoms.

We can see that the increase of Curie temperature considerably slows down
with growing Mn doping both for as-grown and annealed samples when plotted
against nominal Mn doping (in Fig 4.1a).

Fig. 4.1b shows the dependence of Curie temperature plotted against effective
Mn concentration xeff which was calculated from the low temperature magne-
tization of the annealed layers assuming the magnetic moment of 4.5µB per Mn
atom. In this dependence the Curie temperature still grows even for high Mn con-
centrations which suggests that the Curie temperature of GaMnAs layers could
be increased further if we increase the amount of Mn atoms incorporated to the
substitutional positions.

Table 4.1 summarizes the Curie temperatures of as-grown and annealed sam-
ples. The Curie temperatures of our layers reaches the record values reported [15]
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Figure 4.1: a) The Curie temperature of GaMnAs layers plotted against the nom-
inal Mn concentration for as-grown (green) and annealed (red) samples. b) the
Curie temperature of annealed GaMnAs layers plotted against the effective Mn
concentration (obtained from the magnetization density).

and proves high quality of these layers.

4.2 Sample quality

4.2.1 Growth temperature

The magnetic and transport properties of GaMnAs layers depend critically on the
growth temperature. To analyze the influence of the growth temperature we stud-
ied a series of four samples with the same nominal Mn doping (xMn=13%) grown
at various temperatures in the vicinity of the optimal growth temperature. The
growth parameters are summarized in Tab. 4.2. As discussed in Sec. 2.3 the sub-

xMn (%) TAG
C (K) TAN

C (K) mAN (emu/cm3) xeff
Mn(%) d(nm)

2 35 46 13 1.4 100

4.5 57 127 37 4 50

7 77 156 49 5.3 50

12.5 90 185 70 7.6 25

Table 4.1: Table of sample parameters: the nominal Mn concentration xMn, the
effective Mn concentration xeff

Mn determined from the magnetization density of
annealed layers mAN assuming magnetic moment of 4.5µB per Mn atom, the
Curie temperature of as-grown TAG

c samples, the Curie temperature of annealed
samples TAN

c , and the thickness of the layers d.
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Figure 4.2: Evolutions of the sample temperature measured by the band-gap ther-
mometer during the growth of a series of GaMnAs layers grown at various tem-
peratures. The nominal Mn doping of layers was 13% and thickness was 20 nm.
Horizontal dashed line indicates the roughening temperature.

strate temperature increases during the growth of GaMnAs layers. The substrate
temperatures recorded during the growths are shown in Fig. 4.2. The horizontal
line in the plot indicates the 2D / 3D transition temperature corresponding to the
Mn doping of the layers. Samples 3 and 4 exceeded the roughening temperature,
which was accompanied by surface roughening observed by RHEED.

To characterize the influence of the growth temperature we measured the tem-
perature dependences of magnetization of as-grown and annealed samples. The
temperature dependences of as-grown samples are shown in Fig. 4.3. Samples (2)
and (3) (green and red curves) were grown very close to the optimum temperature
and their behavior is similar. Sample (4) which was overheated during the growth
has very similar value of Tc but considerably lower total magnetic moment (violet
curve).This observation indicate that the part of the layer which was grown above
the roughening temperature has poor magnetic properties. Maybe more interest-
ing is the behavior of sample (1) which was grown at the lowest temperature (blue
curve): its ferromagnetism is almost completely suppressed.

The temperature dependences of annealed samples are shown in Fig. 4.4. Sam-
ples (2) and (3) are again very similar. The optimal substrate temperature lies
probably between these two growths. This agrees with a general experience that
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Sample Tstart(◦C) Tend(◦C) TAG
c (K) TAN

c (K)

(1) 154 180 46 157

(2) 164 191 90 181

(3) 174 205 87 179

(4) 186 217 90 157

Table 4.2: Table of sample parameters: the substrate temperature measured by the
band-gap thermometer at the beginning Tstart and at the end Tend of the growth
of GaMnAs, the Curie temperatures of as-grown layers TAG

c and annealed layers
TAN

c .
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Figure 4.3: Magnetization curves of the as-grown samples grown at different tem-
peratures (blue curve - sample (1), green curve - sample (2), red curve - sample
(3), violet curve - sample (4) in Tab. 4.2 and Fig. 4.2).
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Figure 4.4: Magnetization curves of the annealed samples grown at different tem-
peratures (blue curve - sample (1), green curve - sample (2), red curve - sample
(3), violet curve - sample (4) in Tab. 4.2 and Fig. 4.2).

best samples (samples with the highest Curie temperature) are those which in the
end of the growth just reach the 2D / 3D temperature for given Mn concentration.

The magnetic moment of sample (4) is again considerably smaller, its Curie
temperature is also smaller compared to the samples grown close to the optimal
temperature.

The most interesting behavior exhibits sample (1). The Tc of the annealed
sample jumps from 26 K up to 157 K. Even more spectacular observation concerns
its magnetic moment which exceeds even the samples grown close to the optimal
temperature. This behavior can be explained when the As antisites are considered.
The concentration of As antisites is known to grow with decreasing growth tem-
perature [28, 63]. This explains poor magnetic properties of the as-grown sample
and reduced Tc of the annealed sample. On the other hand, reduced hole density
resulting from the high concentration of As antisites, allowed a higher concentra-
tion of the Mn atoms to be incorporated into the substitutional positions during
the growth. This explains the observed high magnetic moment of the annealed
sample.
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Figure 4.5: Temperature dependences measured along different crystallographic
direction on 500 nm 6.5% GaMnAs layer.

4.2.2 Thick GaMnAs layers

The sensitivity of GaMnAs material to growth parameters is also reflected in the
properties of thick layers. The preparation of thick layers is more difficult because
the temperature change during the growth is larger and an unintentional annealing
occurs during the growth.

Fig. 4.5 shows the magnetization curves of a GaMnAs layer with nominal Mn
concentration 6.5% and thickness 500 nm. It can be seen that the behavior is
not Brillouin like in any crystallographic direction. The magnetization gradually
decreases to zero reflecting inhomogeneity of magnetic properties. Moreover, at
low temperatures magnetization of part of the layer is oriented to the out-of-plane
direction which is sign of very low hole density of that part of the layer [41]. The
preparation of thick layers becomes more complicated with increasing Mn content.

4.3 Magnetic anisotropy

4.3.1 In-plane anisotropy

In the case of GaMnAs layers with standard doping and grown on GaAs substrates
the strong and positive uniaxial out-of-plane anisotropy component prevails and
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the easy axis is bound to the plane of the GaMnAs layer. The remaining in-plane
magnetic anisotropy is studied in this section.

To describe only the in-plane anisotropy Eq. 1.3 can be reduced to a more
convenient form describing only the in-plane cross-section of the anisotropy energy
functional [64]:

e(ϕ) = −Kcsin
2(2ϕ)/4 + Kusin2ϕ − MHcos(ϕ − ϕH), (4.1)

where Kc and Ku are the lowest order biaxial and uniaxial anisotropy constants,
H is the external field, M is the magnetization, and ϕ and ϕH are the angles of
magnetization and external magnetic field with respect to the [11̄0] direction.

Examples of e(ϕ) calculated for different combinations of cubic and uniaxial
components are shown in Fig. 4.6. Fig. 4.6a shows the case of the prevailing
cubic component (Ku/Kc=0.1), the easy axis is oriented close to the main crys-
tallographic direction [100]. Fig. 4.6b shows the intermediate case (Ku/Kc=0.5),
where the competition of the two components occur, the easy axis is shifted towards
[11̄0] direction. Fig. 4.6c shows the the case of the prevailing uniaxial contribution
(Ku/Kc=1.1), the easy axis is oriented along the [11̄0] direction.

Fig. 4.6d shows the shift of the easy axis orientation from the [100] direction
to the [11̄0] direction with increasing ratio Ku/Kc.

Figure 4.7 illustrates the influence of external magnetic field. Fig. 4.7a shows
the case of a sample with a strong in-plane uniaxial component, easy axis is along
[11̄0] direction (ϕ=0◦). The external magnetic field is applied along the hard
axis ([110] direction, ϕ=90◦). The shift of the energy minimum (indicated by the
crosses) results in the magnetization rotation from the easy axis direction towards
the hard axis direction with increasing external field. Fig. 4.7b shows the case of
sample with prevailing cubic anisotropy.

We developed a code which simulates hysteresis loops based on numerical find-
ing of energy minimum in the anisotropy potential (Eq. 4.1). The code can be used
for simulation of hysteresis loops measured in arbitrary orientation and for arbi-
trary combination of anisotropy constants. To analyze the anisotropy of layers, we
have done simultaneous simulations of hysteresis loops measured along different
directions. We fitted the anisotropy constants until we got the best agreement
between the measured and simulated magnetization curves.

It is necessary to stress that our simulation does not describe the switching part
of the magnetization curves. When the switching occurs magnetization direction
jumps from one local minimum to the other one. The switching field is determined
by the domain wall dynamics, which is not considered in our simulations.

Fig. 4.8 shows the example of magnetization hysteresis loops in [110], [11̄0]
and [100] directions for the annealed sample with nominal Mn doping x=4.5%.
The anisotropy energy calculated with constants obtained by the fit of all three
hysteresis loops is shown in Fig. 4.8a. This example shows the competition between
cubic and in-plane uniaxial components.
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Figure 4.6: Examples of the in-plane anisotropy energy. a) dominant cubic com-
ponent, 4 energy minima, b) competition between cubic and uniaxial components,
4 energy minima, shifted towards the diagonal direction, c) prevailing uniaxial
component, 2 minima, d) easy axis orientation as a function of Ku/Kc. ϕ = 0◦

corresponds to the [11̄0] direction, red and green dashed curves show the contri-
bution of cubic and uniaxial components.
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Figure 4.7: Anisotropy energy calculated with the external magnetic for a sample
with uniaxial anisotropy (a) and cubic anisotropy (b). The crosses indicate the
orientation of the magnetization for particular external field.

Fig. 4.9 shows the data measured for the as-grown sample with nominal Mn
doping x=4.5%. The cubic component dominates the in-plane anisotropy in this
case. The magnetization curves measured in the [110] and [11̄0] directions are
almost identical.

Fig. 4.10 shows the example of the annealed sample with nominal Mn doping
x=12.5%. The uniaxial component is dominating the in-plane anisotropy in this
case. Zero magnetization projection in zero field is observed in the hard direction
[110], while in the [11̄0] direction the magnetization curve shows a square hysteresis
loop.

The present approach extends an analytical solution which was derived for the
anisotropy constant determination from the data measured in hard axis direction
(direction in which zero magnetic moment projection is measured in zero external
magnetic field) [64]. The present numerical approach can be used for the anisotropy
constant determination for all possible combinations of anisotropy components, in
particular it can be used in the case of a strong cubic anisotropy, when no ”really”
hard axis can be found.

4.3.2 Low temperature results

The results of the analysis of the set of standard as-grown and annealed samples
are listed in Tab. 4.3. The cubic and uniaxial constants obtained for the as-grown
samples are plotted in Fig. 4.11a. It can be seen, that anisotropy of the as-grown
samples is dominated by the cubic component. Its strength is decreasing with
increasing Mn concentration.

Anisotropy constants obtained for the annealed samples are plotted in Fig. 4.11b.
For low Mn concentrations the cubic component prevails. For high Mn concentra-
tions the uniaxial component dominates.
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Figure 4.8: Magnetization curves measured on the annealed sample with nominal
concentration 4.5% along b) [110], c) [11̄0], and d) [100] directions, red curves
show the fit of the magnetization used for the extraction of anisotropy constants,
a) shows the in-plane cross section of the anisotropy energy functional. Example
of competition between cubic and uniaxial components.

as-grown annealed

xMn (%) Kc/M (Oe) Ku/M (Oe) Kc/M (Oe) Ku/M (Oe)

2 948 94 723 75

4.5 606 30 257 100

7 521 42 105 194

12.5 538 100 3 241

Table 4.3: Table of anisotropy constants obtained from fits of field dependences
of magnetization measurements for as-grown and annealed samples with different
Mn concentrations xMn. Measurements were done at the temperature of 5K.
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Figure 4.9: Magnetization curves measured on the as-grown sample with nominal
concentration 4.5% along b) [110], c) [11̄0], and d) [100] directions, red curves
show the fit of the magnetization used for the extraction of anisotropy constants,
a) shows the in-plane cross section of the anisotropy energy functional. Example
of layer with prevailing cubic anisotropy.
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Figure 4.10: Magnetization curves measured on the annealed sample with nominal
concentration 12.5% along b) [110], c) [11̄0], and d) [100] directions, red curves
show the fit of the magnetization used for the extraction of anisotropy constants,
a) shows the in-plane cross section of the anisotropy energy functional. Example
of layer with prevailing uniaxial anisotropy.
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Figure 4.11: Cubic (Kc, red) and uniaxial (Ku, green) anisotropy constants deter-
mined for a series of a) as-grown and b) annealed samples with different nominal
Mn concentration xMn.

To summarize, the cubic anisotropy component weakens with increasing Mn
content and annealing, while the in-plane uniaxial component strengthens with
increasing Mn doping and with the annealing.

The results obtained by the presented approach are consistent with anisotropy
analyses of GaMnAs layers reported by other groups [41], [64], including the analy-
ses done by ferromagnetic resonance [65].

4.3.3 Errors

The errors in the determination of the anisotropy constants have several different
sources:

• Quality of the sample, the anisotropy constants can be determined only as
long as the layer is homogeneous.

• Orientation of samples in the SQUID magnetometer, this error is typically
less than 5◦.

• Quality of the data measured by the magnetometer. This error can be sup-
pressed by measurement of numerous points in the hysteresis loop or by
repeated measurement, if it is necessary.

• Contamination of the sample or sample holder by magnetic materials.

• Condensation of gases occurring in the cryostat of the magnetometer. Es-
pecially condensation of oxygen can become important during SQUID mea-
surements, because solid oxygen exhibit complex magnetic behavior. Its
influence needs to be taken into account when the diamagnetic background
is subtracted from the measured data.
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When the anisotropy constants are extracted from the data measured along differ-
ent directions, the influence of the systematic errors can be reduced or eliminated
as they mostly result in obvious inconsistency during the fitting procedure. It
is necessary to mention, that if one of the components dominates, the determina-
tion of the weaker component becomes very inaccurate. The absolute error of both
anisotropy constants is approximately 10% of the value of the stronger component.

4.3.4 Temperature dependence of anisotropy

The temperature dependence of magnetic anisotropy components can be roughly
characterized from the temperature dependences of magnetization measured in
different directions. The magnetization curves measured for standard as-grown
samples are shown in Fig. 4.12, the curves measured for the annealed samples
are shown in Fig. 4.13. The temperature dependent magnetization curves were
measured in field 20 Oe. The magnetization measured in this field is still very
close to the spontaneous magnetization and at the same time the influence of
parasitic fields is suppressed.

In the case of as-grown samples, the easy axis lies between [100] and [11̄0] direc-
tion at low temperatures, which is a result of strong cubic anisotropy component.
From the difference between the [110] and [11̄0] directions we can see that with in-
creasing temperature the ratio between cubic and uniaxial components decreases
and the uniaxiality of the magnetic anisotropy is more pronounced. In region
near the Curie temperature both the anisotropy components weaken. When the
anisotropy fields become smaller compared to the field applied during the mea-
surement (20 Oe), the moments measured in all directions become the same.

In the case of low doped annealed layers (2% and 4.5%) the behavior is similar
to the behavior of as-grown samples. For highly doped annealed samples the
uniaxial anisotropy prevails for all temperatures.

We studied in detail the temperature dependence of anisotropy of the layer
with the nominal Mn doping 12.5%. Fig. 4.14 shows the temperature dependence
of the anisotropy constants of as-grown and annealed samples. These constants
were obtained from hysteresis loops measured at different temperatures. Very fast
decrease of the cubic anisotropy with the increasing temperature can be observed
in the case of as-grown sample. The uniaxial contribution weakening is slower,
which results in the rotation of the easy axis from the [100] direction to the [11̄0]
direction. This result agree with the evolution of the remnant magnetization shown
in Fig. 4.12d.
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Figure 4.12: Temperature dependences of magnetic moment measured along [110]
(blue), [11̄0] (green) and [100] (red) directions for the series of as-grown samples
with the nominal Mn doping a) 2%, b) 4.5%, c) 7%, d)12.5%.
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Figure 4.13: Temperature dependences of magnetic moment measured along [110]
(blue), [11̄0] (green) and [100] (red) directions for the series of annealed samples
with nominal Mn doping a) 2%, b) 4.5%, c) 7%, d)12.5%.
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Figure 4.14: Temperature dependences of the cubic (red) and uniaxial (green)
anisotropy constants determined for the as-grown a) and annealed b) samples
with nominal Mn concentration xMn=12.5%. The values were determined from
fits of field dependences of magnetization measured at different temperatures.

4.3.5 Out-of-plane anisotropy

To complete the picture of magnetic anisotropies of the GaMnAs layers studied
in previous sections, lets briefly investigate the out-of-plane anisotropy. The out-
of-plane anisotropy component can be determined from the hysteresis loops mea-
sured in the out-of-plane direction. Magnetic field dependences of the magnetic
moment measured on the annealed samples with varying Mn content are shown in
Fig. 4.15a.

The out-of-plane direction is the hard direction for all the samples. The mag-
netization drops to zero in zero magnetic field. From the saturation field Hsat the
out-of-plane anisotropy constant can be obtained as Kout

un /M = Hsat/2 − 2πM ,
where the term 2πM is the shape anisotropy correction [39] . Resulting anisotropy
constants are shown in Fig. 4.16a.

Fig. 4.16b shows the temperature dependence of the out-of-plane anisotropy
component of the annealed sample with nominal Mn concentration 12.5%. These
values were determined from magnetic field dependences of magnetic moment ori-
ented to the out-of-plane direction measured at different temperatures (shown in
Fig. 4.15b).

The in-plane easy axis orientation is in agreement with expected behavior of
the strain induced out-of-plane magnetic anisotropy of GaMnAs layers grown on
GaAs substrates [39]. The obtained anisotropy constants are comparable with
other reported values [65, 66].
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Figure 4.15: a) Field dependences of magnetization measured at 5 K in the out-of-
plane direction for the series of annealed samples with different Mn concentrations.
b) Field dependences measured in the out-of-plane direction for the annealed sam-
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Figure 4.16: a) Out-of-plane anisotropy constants Kout
u of annealed samples with

different nominal Mn doping measured at 5 K, b) temperature dependence of Kout
u

of the annealed sample with nominal Mn doping 12.5%.
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Transport properties

This chapter presents the electrical transport properties of GaMnAs layers.
Section 5.1 describes the metal-insulator transition of GaMnAs.
In Sec. 5.2 the conductivity measurements of metallic GaMnAs layers with

varying Mn content are presented and trends are discussed.
In Sec. 5.3 the temperature dependence of the resistivity of GaMnAs layers is

studied. The singularity of the temperature derivative of resistivity occurring at
Curie temperature is pointed out and its origin is discussed.

5.1 Metal-insulator transition of GaMnAs

The acceptor level of the substitutional Mn is 110 meV above the top of the valence
band, Mn is referred as a relatively deep acceptor. With increasing Mn concentra-
tion the Mn impurity band broadens and shifts down towards the valence band.
Until the Mn band reaches the top of the valence band the GaMnAs material ex-
hibits semiconductor properties. When the Mn band merges the valence band of
host GaAs, the GaMnAs material becomes metallic [67].

Resistivity of samples with nominal Mn concentrations 0.07%, 1.0%, 2% and
7% are shown in Fig. 5.1. The samples with Mn doping 0.07% and 1.0% show
clear semiconductor behavior with diverging low temperature resistivity. Samples
with Mn doping 2% and 7% show metallic behavior with finite low temperature
resistivity.

5.2 Conductivity of metallic GaMnAs layers

The conductivities of as-grown and annealed GaMnAs layers with varying Mn con-
centration are listed in Tab. 5.1 and shown in Fig. 5.2. When plotted against nom-
inal Mn doping the conductivity of annealed samples saturates, for the as-grown
samples the conductivity even decreases for high Mn doping. This observation is in
agreement with the expected self-compensation of the material by Mn interstitials
and As antisites [4].
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Figure 5.1: Metal-insulator transition in GaMnAs: semiconductor behavior of
GaMnAs layers with low Mn doping (x=0.07%,x=1%), metallic behavior of GaM-
nAs layers with high Mn doping (x=2%, x=7%).
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xMn (%) σ(Ω−1cm−1) as-grown σ(Ω−1cm−1) annealed

2 122 172

4.5 151 358

7 176 421

12.5 150 435

Table 5.1: Room temperature conductivities of as grown and annealed layers, with
varying nominal Mn doping xMn. For magnetic properties of layers see Tab. 4.1
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Figure 5.2: a) Room temperature conductivities of as-grown (green dependence)
and annealed (red dependence) GaMnAs layers plotted against the nominal Mn
concentration, b) conductivities of annealed samples plotted against the effective
Mn concentration obtained from magnetometry data.

In the case of annealed samples, the compensation due to the Mn interstitials
is removed. Fig. 5.2b shows the conductivities of annealed samples plotted against
the effective (substitutional) Mn concentration obtained from the magnetometry
measurements of the annealed samples. The conductivity is monotonically increas-
ing function of effective Mn concentration, but its increase again slows down for
high Mn concentrations. This behavior can be attributed to the increasing As an-
tisite concentration and to the decreasing hole mobility in highly doped GaMnAs.

5.3 Temperature dependence of resistivity

The temperature dependence of resistivity reveals information about the mag-
netism of GaMnAs layers [16].

Fig. 5.3b shows temperature dependences of resistivity of series of GaMnAs
layers with different Mn concentration. All the samples exhibit metallic behavior:
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Figure 5.3: a) Magnetization of samples measured along [11̄0] direction, b) tem-
perature dependence of resistivity, c) temperature derivatives of resistivity. Verti-
cal lines indicate Curie temperatures obtained from magnetometry measurements.
The data were measured on annealed samples with nominal Mn concentration 2%
(red), 4.5% (green), 7% (blue), and 12.5% (black).
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their resistivity changes by less than 30% between the room temperature and
the liquid helium temperature, exhibiting a very broad maximum of resistivity at
temperatures above the Curie temperature. The Curie temperatures of the layers
were determined from the temperature dependences of magnetization shown in
Fig. 5.3a.

Fig. 5.3c shows the temperature derivative of resistivity. These curves show a
sharp cusp singularity at the Curie temperature for samples with Mn doping 4.5%,
7% and 12.5%. In the case of very low Mn doping the singularity is suppressed,
usually only a remnant of the singularity is seen as an abrupt change of the slope
at the Curie temperature (as in the case of the layer with Mn concentration 2%).

The differences between Curie temperatures determined by the magnetometry
measurements and the position of the singularity in the temperature derivative of
resistivity are typically several K and can attributed to the differences of particular
samples (different pieces of the same wafer were used for the measurements) and
to the cross-calibration uncertainty of temperatures in magnetometer and in the
cryostat for transport measurement.

The temperature dependence of the resistivity is determined by the carrier
scattering rate on magnetic fluctuations in the vicinity of the Curie temperature.
In the ferromagnetic regime, the scattering is proportional to the uncorrelated
spin fluctuations and the temperature dependence scales with M2. On the para-
magnetic side, a broad shoulder on the temperature dependence of the resistivity
can be observed. This behavior is consistent with theory developed for electronic
transport properties of ferromagnetic metals with high carrier density i.e. large
Fermi vector, where the scattering on spin waves with short wavelengths is domi-
nant and grows even above the Curie temperature. The singularity of the dρ/dT
is expected at the Curie temperature [68].

This behavior is in contrast to the behavior of magnetic semiconductors with
low concentration of free carriers (e.g. Eu-chalcogenides), where the maximum in
the resistivity is observed at Tc [69].

The temperature derivative of resistivity can be used for relatively precise
determination of Tc of GaMnAs. This possibility is very interesting for the Tc

determination in the case of very thin layers and of micro or nano-devices, where
even the SQUID sensitivity is not sufficient. We published the result concerning
temperature of GaMnAs layers in [16].
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Annealing

This chapter concerns the aspects of the annealing of GaMnAs layers.
A typical example of the effect of annealing on the magnetic and transport

properties of a GaMnAs layer is shown in Sec. 6.1.
In Sec. 6.2 the Mn interstitial density of GaMnAs layers with varying Mn

concentration is estimated from the change of conductivity due to the annealing.
In Sec. 6.3 the effect of surface oxide removal on the efficiency of annealing

is studied. The magnetometry and transport measurements indicating important
role of the surface oxide layer are presented.

In Sec. 6.4 an XPS study of the GaMnAs layers subjected to surface oxide
etching and annealing is presented. The Mn accumulation in the surface occurring
during the annealing is studied in detail.

Sec. 6.5 summarizes the results of Sec. 6.3 and 6.4 and discusses the processes
occurring during the annealing.

6.1 Effect of annealing

The example of the annealing effect for a GaMnAs layer with nominal Mn doping
x = 12% and thickness 25 nm is shown in Fig. 6.1. Fig. 6.1a shows the temperature
dependences of magnetization measured in different stages of the annealing at tem-
perature 160◦C. Fig. 6.1b shows the corresponding temperature dependences of the
electrical resistivity. It can be seen that the annealing substantially improves both
the magnetic properties (the Curie temperature and the magnetization density)
and the conductivity of the layer.

6.1.1 Thick layers

The above examples show the standard behavior of thin layers subjected to the
low temperature annealing. It is worth mentioning that the situation is much less
clear in the case of the annealing of thicker layers of GaMnAs (t≥ 100 nm). As
discussed in section 4.2, the magnetic properties of the as-grown samples are rather
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Figure 6.1: a) Temperature dependences of magnetization of GaMnAs layer with
nominal Mn doping 12% subjected to annealing at 160◦C measured at different
stages of annealing, b) corresponding temperature dependences of resistivity.
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xnom (%) ∆σ(Ω−1cm−1) µ (cm2V −1s−1) xint(%)

2 50 5.0 0.14

4.5 207 3.4 0.86

7 245 2.75 1.3

12.5 285 2.7 1.5

Table 6.1: Table of Mn intersitial densities xint, determined for the series of samples
with varying nominal Mn concentration xnom, from the difference of the conductiv-
ity ∆σ of as-grown and annealed samples (listed in Tab. 5.1) and using mobilities
µ obtained from literature [67].

complex due to very long time of growth during which the unintentional annealing
occurs and due to the change of the growth temperature.

The annealing of thick layers also results in substantial improvement of their
magnetic and transport properties. Nevertheless, the quality of annealed thick
layers does not reach the quality of their thin, well-behaved counterparts. For
example, we observed difference of Curie temperature as large as 50 K between
two annealed layers with thickness 25 nm and 100 nm in the case of nominal Mn
doping x = 13%.

6.2 Mn interstitial density

The change of conductivity of the GaMnAs layer subjected to the low temperature
annealing can be used for the estimate of the Mn interstitial density of the as-grown
sample. The room temperature conductivities of series of as-grown and annealed
samples are listed in Tab. 6.1.

The hole density of GaMnAs material can be written as:

p = (xsub − 2xint − 2y) · N (6.1)

where xsub is the concentration of substitutional Mn, xint is the concentration of
interstitial Mn, y is the concentration of arsenic antisites, and N is the cation atom
density (N = 2.21 × 1022 cm−3).

The conductivity σ is given by:

σ = pµe (6.2)

where µ is the hole mobility and e is the electron charge.
Assuming that all the Mn interstitial atoms are removed by the annealing we

obtain the following expression for the Mn interstitial concentration of the as-grown
layer xint:

xint =
∆σ

2µeN
(6.3)
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Figure 6.2: Density of interstitial Mn vs. nominal Mn doping estimated from
the difference of the conductivity of GaMnAs layers before and after annealing
(circles), compared to theoretical prediction [4] (dashed line).

where ∆σ is the change of conductivity due to the annealing, xsub is the concen-
tration of substitutional Mn, xint is the concentration of interstitial Mn, y is the
concentration of arsenic antisites, and N is the cation atom density.

The mobilities used in the following calculation were taken from literature [67]
and are listed in Tab. 6.1.

The Mn interstitial densities calculated using Eq. 6.3 are shown in Fig. 6.2.
The dashed line is the theoretical expectation [4].

Apart from the sample with the highest Mn concentration the experimental
results compare well with the theoretical prediction. In the case of sample with
x = 12.5%, the experimental Mn concentration is considerably lower compared
to the theoretically expected value. This suggests that for highly doped samples
(grown at very low temperatures) the As antisite compensation starts to be more
pronounced. It should be mentioned, however, that some part of the difference
could be attributed to the uncertainty of the nominal Mn concentration coming
from the Mn flux calibration and to the possible error of the mobility which was
used in the calculation.

6.3 Surface oxide etching

Figure 6.3 shows the influence of repeated surface oxide etching on the efficiency
of low temperature annealing of a GaMnAs layer with nominal Mn doping x = 7%
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Figure 6.3: The evolution of Tc of a GaMnAs layer with nominal Mn doping
x = 7% and thickness 50 nm which was subjected to standard annealing (green
dependence), compared to the evolution of sample subjected to etch-anneal pro-
cedure (red dependence). The etching was performed before each annealing step.

and thickness 50 nm. The evolutions of Curie temperatures in the case of standard
annealing and in the case of etch-annealing procedure are compared. It can be
clearly seen that the annealing process is dramatically faster in the case of the
etch-annealing procedure. For example Tc = 140 K is reached in 20 minutes in the
case of etch-annealed sample, while the annealed sample needs 5 hours to reach
this value of Tc.

The oxide removal procedure consisted of 30 s etching in 35% HCl acid and
subsequent water rinsing. The HCl acid is known to etch GaAs oxide, while
leaving GaAs intact. Samples were annealed on a hot plate at the temperature of
200◦C. The Curie temperatures were measured by SQUID magnetometry. During
the first 20 minutes of the annealing (shown in inset of the figure) the etching
was repeated in intervals of 150 seconds. In the following annealing the intervals
of annealing were prolonged, sample was etched after each SQUID magnetometry
measurement shown in Fig. 6.3.

The etching procedure was done several minutes before next annealing. The
enhancement of annealing efficiency was not sensitive to the time between etching
and annealing. Similar annealing efficiency was observed for the delay between
etching and annealing in the range of 1 minute and 10 hours.

The maximum values of Curie temperature achieved by both of the procedures
are comparable, nevertheless the Tc of the etch-annealed sample is measurably
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Figure 6.4: The evolution of magnetic moment of a GaMnAs layer with nominal
Mn doping x = 7% and thickness 50 nm subjected to standard annealing (green de-
pendence) compared to the evolution of sample subjected to etch-anneal procedure
(red dependence). The etching was performed before each annealing step.

higher (by ∼ 3 K). There are two possible explanations for the observed enhance-
ment of the maximum Tc when using the etch-anneal procedure compared to the
standard annealing: 1) faster annealing progress enables us to avoid slow detri-
mental processes (e.g. Mn clustering), 2) repeated oxide etching results in removal
of possibly inferior part of the GaMnAs layer (if a vertical gradient of magnetic
properties is present).

Figure 6.4 shows the evolution of magnetic moments. The inset of the figure
shows a faster increase of the magnetic moment for the etch-annealed sample
compared to the sample annealed in the standard way. For longer times, the
magnetic moment is increasing with annealing time for the standard annealing.
In the case of the etch-annealing procedure the fast increase is followed by the
decrease of magnetization observed in further stages of etch-annealing procedure.

The decrease is consequence of the oxide layer removal. Assuming homogeneous
magnetic properties of the GaMnAs layer in vertical direction we can estimate the
thickness of the removed layer in each etch-annealing step to 0.8 nm (25% of 50 nm
layer was removed in 15 steps).

The annealing process can also be monitored by the conductivity measurement.
Fig. 6.5 shows the dependences of layer conductivity measured by four point
method during the annealing of two pieces of a GaMnAs layer with nominal Mn
concentration 8% and thickness 50 nm. One sample was annealed in standard
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Figure 6.5: Evolution of conductivity of GaMnAs layer during annealing measured
on the sample annealed without etching (green curve) and on the sample etched
before the annealing started (red curve). The conductivity was measured by four-
point method during the annealing on the hot plate at temperature 200◦C.

conditions, the second sample was etched before the annealing started. Again the
enhancement of annealing efficiency due to the etching can be clearly seen.

6.4 XPS study of etch-annealed samples

To further analyze the processes occurring during the annealing we performed
angular resolved XPS measurements on samples in different stages of the etch-
annealing procedure. We used 4 samples cut from a wafer of nominal thickness
50 nm and Mn concentration x = 8%. The 4 samples were processed as follows:

• 1) left as-grown

• 2) etched

• 3) etched + annealed for 5 minutes at 200◦C,

• 4) etched + annealed for 20 minutes at 200◦C.

The etching of samples consisted of 30 s etching in HCl and water rinsing (the same
procedure as in the case of the magnetic and transport study described above).

We recorded Mn 2p3/2, Ga 3d, As 3d and O 1s photoelectron spectra at emission
angles of 0, 15, 30, 45, and 60◦measured from the sample plane normal. We
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Figure 6.6: As 3d a), Ga 3d b), and Mn 2p3/2 c) spectra of the as-grown (red),
etched (blue), and etched + 20 min annealed (green) samples measured in the
normal emission direction.
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used the AlKα excitation source producing x-ray radiation of the energy 1487 eV.
Mn 2p3/2, Ga 3d and As 3d XPS spectra of samples 1,2, and 4 measured in the
normal emission direction (with subtracted constant background) are shown in
Fig. 6.6.

In the case of As 3d spectra the oxide peak is nicely separated from the peak
of GaMnAs thanks to different oxidation number of the As atoms in GaMnAs and
in the oxide. We can see that the oxide peak intensity is reduced by the etching,
and then again increases with the annealing.

In the case of the Ga 3d spectra the separation between oxide and GaMnAs
peak is smaller - approximately 2 eV. Nevertheless, we can see again that the oxide
component is reduced by the etching and recovers by the annealing.

Looking at the Mn 2p3/2 spectra we can see that the as-grown sample has
very strong Mn 2p3/2 signal. This signal corresponds to the Mn atoms which
accumulated on the top of the layer during the growth performed in the vicinity
of the roughening temperature. The Mn 2p3/2 intensity is reduced by the etching.
With following annealing its intensity increases again which is clear sign of Mn
out-diffusion from the layer.

The Mn atoms can be incorporated in many different positions (in the sub-
stitutional and in the interstitial positions in GaMnAs and in surface oxides and
sub-oxides). The spectral decomposition of the Mn 2p3/2 peak is not straightfor-
ward [70, 71].

With the given quality of the data the decomposition of Mn 2p3/2 spectra would
be rather uncertain, in the following analysis we focus on the overall photoelectron
intensities recorded at varying emission angles. The angular resolved ratios will
be used for the determination of the depth profiles of atomic species in the near
surface region. The photoelectron mean free paths in GaAs are in the range of
1-3 nm (for Ga 3d, Mn 2p3/2 and O 1s photoelectrons) which is optimal for the
analysis of depth profiles in the nanometer scale.

Fig. 6.7 shows ratios of Mn 2p3/2 /Ga 3d photoelectron intensities. The symbols
are the experimental data, the lines in the figure represent simulated ratios which
will be described later.

The highest Mn 2p / Ga 3d ratio was obtained for the as-grown sample. As
discussed earlier this is a result of the accumulation of Mn in the surface during
the growth at the temperature close to the roughening boundary.

In the case of the etched sample, the angular dependence is a constant function,
not indicating Mn surface accumulation. This observation indicates that the Mn
rich surface layer produced during the growth of the sample was fully removed by
HCl etching procedure. We determined Mn concentration of 8.8% from this ratio,
which is consistent with the nominal doping of the layer.

The increase of ratios measured on the etched + annealed samples agree with
the expected surface Mn accumulation due to the annealing. Surprisingly, however,
the angular dependences of the ratio do not exhibit the increase with the increasing
emission angle, which is the behavior expected for the Mn surface accumulation.
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Figure 6.7: Symbols show the experimental Mn 2p3/2 /Ga 3d ratios of the as-grown
(red), etched (blue), etched + annealed for 5 min (black), and etched + annealed
for 20 min (green) samples. Lines show the simulated angular dependences.

Before we proceed to the detailed analysis of the above results, let us complete
the experimental picture by a short look at the O1s / Ga 3d angular resolved ratios
shown in Fig. 6.8. In general the detail analysis of the O 1s data is hindered by
presence of contamination coming from air (the samples were handled and annealed
in air). Nevertheless, some information can be seen in those ratios.

The highest oxygen content was measured in the case of the as-grown sample.
After etching the oxygen content drops down to a value consistent with the ex-
pected thickness of GaAs native oxide ( ∼ 1 monolayer). With low temperature
annealing some increase of oxygen is observed. The angular dependences in all
cases show the increase with increasing emission angle which is consistent with the
expected oxide location in the surface layer.

6.4.1 Model simulations

To quantitatively analyze the experimental ratios we employed SESSA software
[72]. This software simulates XPS intensities of layered structures. It takes into
account both the inelastic and elastic scattering of photoelectrons, which extends
the applicability of the quantitative analysis to large emission angles.

As mentioned above, the increase of the Mn 2p3/2 /Ga 3d ratio due to the
annealing indicates Mn surface accumulation but at the same time the angular
dependence of the ratio exhibits unexpected constant behavior.
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Figure 6.8: Symbols show the experimental O 1s / Ga 3d ratios of the as-grown
(red), etched (blue), etched + annealed for 5 min (black), and etched + annealed
for 20 min (green) samples. Lines show the simulated angular dependences.

Fig. 6.9 compares the angular dependences simulated for the following three
model structures:

• A) Mn oxide over GaMnAs oxide - on the top of the layer

• B) Mn enriched GaMnAs oxide

• C) Mn oxide below GaMnAs oxide - in the interface between GaMnAs oxide
and GaMnAs

The simulations are compared to the experimental angular dependence measured
on the sample 4 (etched + 20 minutes annealed). The amount of Mn in all the
three models was chosen to fit the Mn 2p3/2 /Ga 3d ratio at small emission angles.

It is clear that models A and B contradict the experimental results. On the
other hand model C reproduces the constant behavior of the angular dependence
of Mn 2p3/2 /Ga 3d ratio. The thickness of the oxidized GaMnAs layer used for
this simulation is the value obtained from the O 1s / Ga 3d ratios of the etched
sample.

The Mn oxide location below the native GaMnAs oxide solves the puzzle of the
increase of Mn intensity without the expected behavior of the angular dependence.
In this configuration, the increase of the Mn 2p3/2 photoelectron intensity due to
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Figure 6.9: Comparison of model simulations used for the interpretation of angular
resolved XPS intensity ratios. A - model with Mn oxide on the surface (red curve),
B - model of Mn accumulation throughout the whole oxide layer (blue curve), C
- model with Mn oxide formation below the native GaMnAs oxide layer (green
curve). Crosses show the experimental Mn 2p3/2 / Ga 3d ratios of sample 4 (etched
+ annealed for 20 min).

the accumulation of Mn in the near surface region is balanced out by the contribu-
tion of Ga 3d photoelectrons coming from the surface GaMnAs native oxide. They
are not attenuated with increasing emission angle which results in the observed
broad angular dependence of the ratio.

The lines in Fig. 6.7 and Fig. 6.8 show simulated intensity ratios fitted for
the particular sample. The as-grown etched sample was simulated as composed of
bulk GaMnAs and surface oxide layer with the same Mn concentration. For the
as-grown sample the model of a thick, Mn rich oxide layer was used, and for the
two annealed samples the model of Mn oxide layer formed at the interface between
the bulk GaMnAs and the oxidized GaMnAs layer was used.

The model parameters used in the simulation are listed in Tab. 6.2. It is worth
stressing that both Mn 2p3/2 / Ga 3d and O 1s/ Ga 3d ratios were simulated with
the same model parameters which is a strong argument in favor of the chosen
models.

Two assumptions were made in the simulations: 1) the stoichiometry of oxides
was fixed to 4 oxygen atoms per Ga and As pair and two oxygen atoms per Mn,
2) the inelastic mean free path were fixed to the values valid for GaAs. These
assumptions may have resulted in some quantitative error in the layer thicknesses
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Sample Model Model parameters

1) as-grown B 9 Å oxidized Ga0.6Mn0.4As / bulk

2) etched homog. 5.3 Å oxidized bulk / bulk

3) etched + 5 min ann. C 5.3 Å oxidized bulk / 2 Å MnO2 / bulk

4) etched + 20 min ann. C 5.3 Å oxidized bulk / 3 Å MnO2 / bulk

Table 6.2: Table of model parameters used for simulation of angular dependences.
Bulk denotes the Ga0.912Mn0.088As material, the Mn concentration x=0.088 was
found from the fit of the angular dependence of the etched sample.

Figure 6.10: Processes occurring during the low temperature annealing of
GaMnAs: Mn interstitial diffusion in GaMnAs, oxygen diffusion through the oxide
layer, Mn oxide formation in the interface between oxide and bulk GaMnAs.

determination. Nevertheless, the main characteristics of the studied models are
not affected by these assumptions.

6.5 Annealing processes

The enhancement of the annealing rate due to the surface oxide etching evidences
the critical role of the surface conditions on the efficiency of the annealing. It is
clear from the order of magnitude enhancement of the annealing rate that the Mn
interstitial diffusivity is not the only parameter limiting the speed of the annealing
process. In the case of thin layers (t ∼ 50nm or less) the dominant factor is the
presence of the surface oxide and its thickness.

The angular resolved XPS experiment shows that the Mn oxide, which forms
during the low temperature annealing, is located below the native GaMnAs oxide
layer. The process of Mn oxide formation is illustrated in Fig. 6.10. This result
suggests that the Mn diffusivity is very low in the oxide layer and that the rate of
the annealing process is determined by the oxygen supply through the oxide layer.
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Conclusions

This thesis presented the study of ferromagnetic GaMnAs layers. The main focus
was aimed on the optimization of the preparation conditions of the layers, i.e.
understanding and control of the low temperature MBE growth and post-growth
treatment. The magnetic and transport properties of the layers were studied to
characterize the quality of the layers and the material trends.

We succeeded in the growth of high quality GaMnAs layers with nominal Mn
doping up to 13%. At the time of publication of [51] we reported the world highest
Tc observed in homogeneous GaMnAs alloy1.

For the quality of the layers the precise control of growth temperature is nec-
essary. We have used band gap thermometry to monitor substrate temperature.
We observed temperature increase as large as 50◦C during the growth of GaM-
nAs layers which is not observed by standard temperature measurement (i.e. by
thermocouple mounted on sample manipulator). We explained this behavior on
the basis of the radiation heat transfer model between the substrate heater and
the sample with varying spectral characteristic. These observations are very im-
portant for reproducibility of the growth conditions and for transfer of the growth
conditions to other MBE systems. We published these results in [62].

The characterization of magnetic properties of the GaMnAs layers produced
in our laboratory was presented. The series of samples with nominal Mn doping
between 2 and 12.5% was studied. The Curie temperature increases with the
doping in the whole region, however, at high nominal doping the increase slows
due to the formation of compensating defects occurring during the growth at very
low temperature. The results suggest that the Curie temperature is limited by
the formation of the defects and could in principle be further increased when
increasing the concentration of Mn substitutional atoms. The magnetic anisotropy
of the layers was also investigated. The numerical approach for the simulation of
hysteresis loops was developed. The simulations were used for the determination

1Since other group achieved further increase of Curie temperature by optimization of the
annealing temperature [15]. We reproduced their approach with our layers and reached the same
Curie temperature [16].
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of the anisotropy constants.
We also characterized the electrical transport properties of the GaMnAs layers.

The material trends were investigated on the series of samples with varying nom-
inal Mn doping, again showing the material tendency to self-compensation which
reduces the doping efficiency in high doping levels. We investigated the behavior
of resistivity in the vicinity of Curie temperature in detail. We found that the high
quality GaMnAs layers exhibit a cusp-like singularity in the temperature deriva-
tive of the resistivity. We pointed out that this behavior can be explained on the
basis of theory of resistivity developed originally to explain the transport anomaly
in ferromagnetic metals. We published these results in [16].

The annealing process was studied using combination of the magnetometry,
transport, and angular resolved XPS measurements. We pointed out the critical
role of the oxide layer during the annealing and showed that the rate of Mn intersti-
tial out-diffusion during annealing can be dramatically increased by the repeated
surface oxide removal by HCl etching (published in [51]).

The high quality GaMnAs layers produced in our laboratory were also used
in studies performed by our collaborators who performed various experiments:
x-ray holography [73, 74], x-ray standing wave [75], light-induced magnetization
precession experiments [76, 77, 78] , studies of anisotropic magneto-resistance [79,
80], and construction of devices for the electrical control of ferromagnetism in
GaMnAs [52].
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[10] T. Jungwirth, J. Mašek, K. Y. Wang, K. W. Edmonds, M. Sawicki, M. Polini, Jairo
Sinova, A. H. MacDonald, R. P. Campion, L. X. Zhao, N. R. S. Farley, T. K. Johal,
G. van der Laan, C. T. Foxon, and B. L. Gallagher. Low-temperature magnetization
of (Ga,Mn)As semiconductors. Phys. Rev., B 73:165205, 2005.

[11] H. Ohno, H. Munekata, T. Penney, S. von Molnár, and L. L. Chang. Magnetotrans-
port properties of p-type (In,Mn)As diluted magnetic III-V semiconductors. Phys.
Rev. Lett., 68:2664, 1992.

[12] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo, S. Katsumoto, and Y. Iye.
(Ga,Mn)As: A new diluted magnetic semiconductor based on GaAs. Appl. Phys.
Lett., 69:363, 1996.

84



Bibliography

[13] R. P. Campion, K. W. Edmonds, L. X. Zhao, K. Y. Wang, C. T. Foxon, B. L.
Gallagher, and C. R. Staddon. High quality gamnas films grown with as dimers. J.
Cryst. Growth, 247:42, 2003.

[14] K. Y. Wang, R. P. Campion, K. W. Edmonds, M. Sawicki, T. Dietl, C. T. Foxon,
and B. L. Gallagher. Magnetism in (Ga,Mn)As Thin Films With TC Up To 173K.
AIP Conference Proceedings, 772:333, 2005.

[15] M. Wang, R. P. Campion, A. W. Rushforth, K. W. Edmonds, C. T. Foxon, and B. L.
Gallagher. Achieving High Curie Temperature in (Ga,Mn)As. Appl. Phys. Lett.,
93:132103, 2008.
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Bardeleben. Evolution of the magnetic anisotropy with carrier density in hydro-
genated Ga1−xMnxAs. Phys. Rev., B 75:195218, 2007.

[66] X. Liu, Y. Sasaki, and J. K. Furdyna. Ferromagnetic resonance in Ga1−xMnxAs:
effects of magnetic anisotropy. Phys. Rev., B 67:205204, 2003.

[67] T. Jungwirth, Jairo Sinova, A. H. MacDonald, B. L. Gallagher, V. Novák, K. W.
Edmonds, A. W. Rushforth, R. P. Campion, C. T. Foxon, L. Eaves, K. Olejńık,
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[6] A. Jablonski, K. Olejńık, and J. Zemek. Elastic electron backscattering from flat
and rough Si surfaces. J. Electron Spectrosc. Relat. Phenom., 152(1-2):100–106,
2006.
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J. Mašek, S. R. Eric Yang, J. Wunderlich, C. Gould, L. W. Molenkamp, T. Dietl,
and H. Ohno. Character of states near the fermi level in (Ga,Mn)As: impurity to
valence band crossover. Phys. Rev., B 76:125206, 2007.
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