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ABSTRACT

This thesis investigates the micromagnetic properties of ultrathin (Ga,Mn)As layers. The most prominent finding is that in high quality as grown (Ga,Mn)As
layers, a monotonic sizable reduction of the Curie temperature takes place on
thinning and that the drop can be as strong as 73% of the initial TC . Use of different simulation techniques revealed that a highly nonuniform hole density, the
main cause of the TC variation, could be due to the negative gradient along the
growth axis of Mn interstitial concentration. Furthermore, the addition of surface donor traps and other donors in the substrate or buffer gives a quantitative
account of these effects within the p–d mean field Zener model with adequate
modifications to take a nonuniform distribution of holes and Mn cations into account. Finally, it was postulated that the initial distribution of the Mn interstitial
takes place during growth and that it is due to the Coulomb repulsion between
a highly mobile Mn interstitial at the growth temperature and the surface states.
The existence of superparamagnetic mesoscopic volumes in which ferromagnetic coupling is maintained only locally has been shown to develop on thinning,
along with the overall hole density reduction. Various experimental evidences
were given revealing that for a strongly reduced hole density, at the last steps of
thinning, a conversion to paramagnetic behavior starts to take place. The finding
is consistent with the presence of large fluctuations of the local density of states
at the vicinity of the metal-insulator transition.
Finally, for the very first time, the existence of the cubic magnetic anisotropy
with the easy axes oriented along <110> in plane directions in (Ga,Mn)As was
shown. More interestingly, rotations of this anisotropy between <100> and <110>
have been found and traced as a function of temperature.
The described findings are of great practical importance for employing thin and
ultrathin layers of (Ga,Mn)As or relative compounds in the concept spintronics
devices, in particular resonant tunneling devices.
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1
INTRODUCTION

(Ga,Mn)As has become the flagship example of uniform dilute ferromagnetic
semiconductors DFS in which ferromagnetic behavior originates from randomly
distributed transition metal cations. In this material, as in most other DFS the
spin-spin interactions are mediated by a high density p of delocalized or weakly
localized holes. The confirmed magnitude of the Curie temperature TC approaches
200 K in (Ga,Mn)As [1–3] and (Ga,Mn)Te [4, 5] with saturation magnetization corresponding to less than 10% of Mn cations. However, it is now evident that the
strength and importance of this material does not originate from the possibility
of TC to surpass room temperature. On the contrary, these hopes are long gone.
A s numerous material issues make this particular path fruitless. The point is
that despite the obvious deficiency of too low TC for widespread applications,
(Ga,Mn)As remains to this day arguably the best test-bed material for new concepts and device layout testing for future semiconductor spintronics [6].
Extensive studies of DFS, largely motivated by the seminal paper [7] which
provided the understanding of hole-mediated ferromagnetism in these systems,
have led to many surprising discoveries of properties and functionalities in these
systems. The main discovery is the ability of the magnetization vector manipulation by an electric field. For the first time shown in (Ga,Mn)As [8]. This accomplishment constituted the proof of the concept that had been put forward based
on the combined experimental and theoretical studies of magnetic anisotropy in
(Ga,Mn)As [9, 10]. However, the most important finding is that despite the fact
that the original achievement was accomplished at 2 K and that other studies
were also performed at temperature well bellow 200 K, the idea of electrical manipulation has been transferred to metallic ferromagnets, and realized at room
temperatures in Fe [11] and CoFe [12], reaching now the industrial development
stage [13].
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Interestingly most of the experimentally and theoretically considered devices
consisted of very thin layers of DFS. In this particular context it appears timely
and important to address the question as to what extent the already accumulated
knowledge about the material and its magnetic properties can be transferred to
an extremely thin (a mere few nm thick) device application targeted layers.
This issue has been addressed experimentally. The submitted thesis reports are
the result of systematic studies aiming to trace the evolution of such important
parameters describing the magnetic state of (Ga,Mn)As as its Curie temperature,
TC , mechanism of spin-spin coupling and magnetic anisotropy. It is experimentally evidenced from direct magnetometry measurements that TC monotonically
decreases on lowering the thickness of the layer and that the effect is already seen
on a relatively large initial layer thickness, namely 15 nm.
This effect has been traced in two different layers. The thinning was performed
by sequential removing in HCl the oxygenated topmost part and allowing a new
oxide layer to re-form at the expense of the thinned layer. It is shown that, although very slow, this method permits a very uniform ’etching’ with a rate between 0.5 to 1.2 nm per step, regulated by the oxidation time. The total observed
loss of TC amounts to 73 % of its initial value, and is accounted (mainly) to
decreasing the hole concentration in the thinned layer, set there by electrostatic
effects associated with the presence of positively charged traps at the free surface
of the layer. These traps,which were already presented during the growth, set a
depth dependent (assumed here linear) distribution of manganese atoms at interstitial positions (compensation double donors), and induce a hole depletion zone
located at the free boundary of the layer. Actually a full quantitative description
of the data requires considering the second depletion zone at the (Ga,Mn)As/LTGaAs buffer back interface. The numerical analysis within the p–d mean field
Zener model with adequate modifications to take a nonuniform distribution of
the holes and Mn cations into account allows to establish the hole density profile
across the depth the layer.
During the thinning process, the layers underwent a thickness induced 90◦ rotation of the in-plane uniaxial easy axis (a spin reorientation transition [10]). This
is the first time such an effect has been observed. Apart from this event, the mag-
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netic anisotropy of the thinned layer was found to be independent of thickness
down to about 4 nm, where the reduced TC precluded further observations.
The dedicated measurements performed during thinning proved beyond doubt
the existence of locally coupled regions in (Ga,Mn)As. These mesoscopic volumes
are present in both hole depleted regions near the layer’s interfaces (the free
surface and the substrate) and the effect is related to the proximity of the metalinsulator transition and caused by large fluctuations of the local density of states.
The controlled reduction of the layer thickness and the resulting reduction of the
hole density permitted to trace semiquantitatively the gradual conversion of the
long range coupled part of the (Ga,Mn)As into a superparamagnetic-like type
of magnetism. Some evidence is given for even stronger reduced hole density
at the last steps of thinning as a conversion to paramagnetic behavior starts to
take place. These findings are in full agreement with the conclusions that were
inferred earlier from studies where the hole density was controlled by means of
the electrical gate [14].
Apart from the thinning effort, evidence is given that for the very first time
that a cubic magnetic anisotropy with the easy axes oriented along <110> in
plane directions was found. To make the case more interesting, rotations of this
anisotropy has also been found and traced as the function of temperature.
Finally, an effort of enhancing the TC in in-situ annealed (Ga,Mn)As layers
capped with As is described. This is the second most popular method of enhancing micromagnetic properties of as grown (Ga,Mn)As was topped by another
14 K by a combined HCL etching and open-air annealing procedure. Based on an
combined account of the results of this procedure and the thinning studies it has
been suggested that the frequently observed reduction of TC in ’over-annealed’
samples can be due to the promotion of a deeper migration of atmospheric oxygen in these conditions into the bulk of the layer.
The thesis is organized in the following manner. Following the introduction to
the material, and the related relevant techniques, methods, and features expected
to be investigated, the main experimental Chapter commences. This is the main
part of the thesis and it describes the thinning experiment, in which the major
findings are divided into Sections devoted to the Curie temperature, superparamagnetism and finally magnetic anisotropy. Then there are two short Chapters
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in which the TC enhancement attempt is described and the surprising behavior
of cubic anisotropy in one of the layers is described. The summary contains a
salient recap of the thesis’ major findings. There is one Appendix (with its own
bibliography list) and finally, there is a bibliography for the entire thesis.
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2
E X P E R I M E N TA L M E T H O D S

2.1

an introduction to (Ga, Mn)As

Gallium arsenide (GaAs) is a III-V semiconductor, which is widely used in the
industry as the base material for microwave frequency integrated circuits, monolithic microwave integrated circuits, infrared light-emitting diodes, laser diodes,
solar cells etc. GaAs is also often used as a substrate material for the epitaxial
growth of other similar III-V semiconductors including: (In,Ga)As, (Ga,In,N)As
and (Ga,Mn)As. It has got a zinc blende structure shown in Fig. 2.1. It consists
of two interpenetrating face-centered cubic lattices displaced from each other
by 1/4 of a body diagonal, so that each site of one sublattice is tetrahedrally
coordinated with sites form the other sublattice. Each atom is at the center of
a regular tetrahedron formed by four atoms of the other type. (Ga,Mn)As is
grown by molecular beam epitaxy (MBE) technique with typical for this method
atomic layer precision. As in other diluted magnetic semiconductors (DMS) Mn
in (Ga,Mn)As substitute into gallium sites (MnGa ) in the GaAs host lattice and
provides both the magnetic moment and one hole. Because manganese has a
low solubility in GaAs, incorporating a sufficiently high concentration for ferromagnetism is challenging. In standard MBE growth, to ensure that a good
structural quality of GaAs the growth temperature is typically ∼ 600 ◦ C. However, if a large flux of manganese is used in these conditions, instead of being
incorporated at random sites, segregation occurs and the manganese accumulates on the surface forming MnAs complexes [15]. This problem was overcame
using the technique of low-temperature MBE (LT-MBE). It was found, first in
(In,Mn)As [16], and then later used for (Ga,Mn)As [17] that by utilizing a nonequilibrium crystal growth techniques substantially larger dopant concentrations
can be successfully incorporated. At lower temperatures, around 220 ◦ C, there
is not enough thermal energy for surface segregation to occur but still sufficient
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Ga
As
MnI
MnGa

AsGa
Figure 2.1: Zinc blende unit cell of (Ga,Mn)As grown at low temperature showing the lattice
structure and defects like substitutional Mn, interstitial Mn and arsenic antisites.

amount of energy for a good quality single crystal alloy to form [18]. Under the
LT-MBE growth conditions, the solubility of Mn in GaAs host is up to 12%,
however even 20% were obtained, but of single nm thickness [19]. Beyond these
limits, phase separation and surface segregation take place. The most stable position of Mn in the host semiconductor lattice is on the Ga site. The observed
electron paramagnetic resonance spectra were attributed to ionised Mn state d5
(Mn2+ ) for Ga 1−x Mnx As epilayers with x =0.002 [20]. The corresponding 3d 5
plus a weakly bound hole neutral state is observed experimentally only within a
narrow range of Mn concentration in the low Mn doping regime. In addition to
the substitutional incorporation of manganese, non-equilibrium LT-MBE growth
process also causes the inclusion of structural defects. The most common are interstitial manganese (MnI ) [21] and arsenic antisites (AsGa ) [22–25]. (Ga,Mn)As
samples obtained at different growth temperatures show different concentration
of AsGa defects, however it is generally of the order of 1 × 10 20 cm−3 , shown in
Fig. 2.2, what is negligible for the samples studied in this thesis with Mn concen-
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Figure 2.2: Dependence of neutral As0Ga concentration as a function of growth temperature for
LT-GaAs and Ga1−x Mnx As, determined by measurements of optical absorption near 1.2 eV.
Solid line is 0.58 eV indicates the activation energy for AsGa incorporation determined from the
plot. Figure is adopted from Ref. 26.

tration of around 10%. Both of these defects, AsGa and MnI are double donors,
thus playing the undesirable role of compensating the free holes in Ga1−x Mnx As
provided in this system by MnGa .
The temperature below which the transition from paramagnetism to ferromagnetism occurs is known as the Curie temperature, TC . (Ga,Mn)As is a diluted
ferromagnetic semiconductor (DFS) described in the frames of p–d Zener. The
Zener mean-field ferromagnetism mediated by delocalized and weakly-localized
holes [7, 27]. The model takes into account the strong spin-orbit interaction and
a k·p coupling at valence band and the influence of strain upon the hole density of states. In (Ga,Mn)As, the hole density p is dependent on the effective
Mn content xeff N0 and compensating donors ND (p = xeff N0 − ND ), where N0
is the cation atoms density of the host GaAs. The average distance between the
carriers rc is (3/4πρ)1/3 and the effective impurity Bohr radius rB ≈ 0.78 nm for
(Ga,Mn)As. The hole mediated mean field model is only valid when the impurity
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band merges with the valence band, where the delocalized or weakly localized
holes reside in the valence band. In the regime [27]:
TC = xeff S(S + 1)N0 AF β2 ρ(F )/12kB

(2.1)

where xeff is effective Mn concentration, S is the spin, kB is a Boltzmann constant,
ρ(F ) is the density of states.
This model has been identified to describe a wide range of Mn-containing dilute ferromagnetic semiconductors. In this thesis thickness dependence of the
Curie temperature described in Chapter 3 relies heavily on use derivatives of
Eq. 2.1 to calculate Mn concentration and holes concentration.
Theoretical predictions based on the p–d Zener model predict that the Curie
temperature scales with the amount of manganese, described by Eq. 2.1, so TC
above 300 K is possible if the effective Mn doping levels as high as 10% can be
achieved [7].
After discovery of ferromagnetism in (Ga,Mn)As [17] the highest reported
Curie temperatures in (Ga,Mn)As rose from 60 K to 191 K [1] for plain layer and
up to 200 K [28] for patterned (Ga,Mn)As nanowires. Lowering growth temperature necessary for incorporation higher concentrations of Mn, needed for increase
of TC , leads to increase of AsGa in the layer [26]. Additionally, the selfcompensating mechanism prevents too strong increase of hole density due to Mn doping, so
substantial fraction of Mn atoms is pushed to interstitial sites. These defects are
called Mn interstitial, MnI . Both defects act as double donors, removing the holes
provided by the substitutional manganese, and as such they are known as compensating defects. The interstitial manganese also bond antiferromagnetically to
substitutional manganese, reducing the net magnetic moment of the system. Both
these defects have detrimental to the ferromagnetic properties of the (Ga,Mn)As,
and so are undesired [25].
However, one of these defects, MnI , can be removed from the material in the
process of post-growth open air, low temperature annealing. There are multiple
approaches to the process and with different effectiveness. Figure 2.3 presents
one of the very first studies on the subject. However, longer time and higher annealing temperature result in a reduction of final TC . This non-monotonic behavior suggests that at least two different activated diffusion processes are present.

8

2.1 an introduction to (Ga, Mn)As

Figure 2.3: The Curie temperature (TC ) as a function of Mn concentration for the optimally
annealed samples (solid circles), samples were annealed at 250◦ C for 1.5h in nitrogen atmosphere.
Figure is adopted from Ref. 29.

The outdiffusion of MnI enhances the ferromagnetism and conductivity and the
second process suppresses them. The second diffusion process may come from
the activation of Mn ion at Ga site to form MnAs clusters. The other possibility, the interdiffusion of atmospheric oxygen into the layer is postulated as the
outcome of the studies presented in the thesis.
LT-MBE growth lead to lattice mismatch between substrate/buffer and the
(Ga,Mn)As layer. Samples grown this way are pseudomorphic in respect to GaAs
substrate. Lattice mismatch strain the actual layer what is main reason of magnetic anisotropy in (Ga,Mn)As. Tensile strain of the (Ga,Mn)As layer leads to outof-plane easy axis [30, 31]. On the contrary compressive strain leads to in-plane
magnetic anisotropy [32, 33]. In-plane magnetic anisotropy can be dominated
by cubic, with easy axes oriented along [010] and [100], or by uniaxial magnetic
anisotropy and it’s easy axis oriented along [110] [9, 10]. Magnetic anisotropy
constants scales with the temperature [34] in the frames of single domain model
(for single domain model in application to (Ga,Mn)As see Section 2.4 of this
Chapter). Uniaxial magnetic anisotropy constant is proportional to M2S and cubic
magnetic anisotropy constant is proportional to M4S . (Ga,Mn)As has a very rich
magnetic anisotropy, a remarkable effect of 90◦ rotation of the uniaxial easy is
called the spin reorientation transition (SRT) and it is relatively frequently met
in (Ga,Mn)As [9, 10] and found in one of studied samples (see Fig. 3.10 on page
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Figure 2.4: A photograph of the back side of the substrate of a typical sample grown on sample
holder requiring indium "glue" to fix the substrate for the growth. The total volume of the In glue
left on the substrate can be as large as 1 mm3 , 103 times greater than the volume of ∼ 10 nm layer
of interest deposited on the other side.

¯
64). In this thesis a rotation of the cubic magnetic anisotropy to [110] and [(1)10]
direction is for the first time reported. (see Chapter 5).

2.2

samples: growth and preparation

All the investigated samples were grown by dr. J. Sadowski by the MBE method
in an MBE machine at the Lund University in Sweden. (Ga,Mn)As material is relatively difficult to grow, as the reduced growth temperature of about 200-300 ◦ C
is a few hundred degrees lower than the temperature required to maintain the
thermal equilibrium. This is one of the reasons that the proper substrate anchoring to the heated growth block is a must. To assure this, a metallic glue, typically
indium, is used as the glue to fix the substrate in the machine. However, after
removal of the sample from the MBE growth chamber this glue remains on the
backside of the substrate in large quantities, as presented in Fig. 2.4.
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Interestingly, it is not the superconductivity of In (or its amalgamate with
Ga) which is the main obstacle for the measurements of small signals. Superconductivity only increases the lower limits for the practical temperature range
of the magnetic studies. The real problem causes magnetically active contaminants which found their way to the glue (including Mn provided during the MBE
growth) which produces a considerable magnetic response. To eliminate this contamination, routinely, the samples are back thinned by mechanical polishing on
corundum powder. By using trial and error, it was found that the specimens
with a final thickness of about 300µm are free from this spurious magnetic signal
while remaining rigid enough to sustain even an extended experimental procedure - like multiple chemical processing followed by mounting and removing
them from the sample holder. Such thinned samples were then cleft into smaller,
usually about 4 × 5 mm2 rectangles, the actual pieces subjected to magnetic measurements.
(Ga,Mn)As is a zinc-blend material, so it cleaves easily along <110> family of directions. In the case of thin layers deposited on the crystallographically matched
GaAs substrates these directions are either [110] and [1̄10]. Since the initial crystallographic orientation was provided together with the samples, it proved sufficient to keep the careful track of the partitioning of the sample to have the small
specimens correctly oriented, see Fig. 2.5 for an example of such a ’log’. This
knowledge is of paramount importance since (Ga,Mn)As is known for possessing a strong in-plane uniaxial anisotropy with the easy axis oriented along one of
these two directions [35] (magnetic anisotropy is discussed throughout the whole
thesis). Figure 2.6 exemplifies a typical sample used for the magnetic studies. Table 1 (placed at the end of this Section) lists all the samples presented in the study.
(Ga,Mn)As is typically grown on GaAs substrates after proper (a few hundred nanometers thin) buffering with a high and low temperature GaAs and/or
other In- or Al-rich GaAs alloys for the strain or band gap engineering purposes.
Therefore the magnetic signal of the sample is composed of two major contributions: the diamagnetic signal of the GaAs substrate (+ relatively meaningless
here buffers) and the signal of the thin layer - the subject of the interests. This
experimental configuration causes some challenges and during the whole the
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_
[110]

[110]

Figure 2.5: A photograph of the partitioning notes of the sample A. Such graph-paper ’logs’ (in
scale 10 : 1) were created for all the samples, and they were regularly updated during the progress
of the study.

experimental code of practice elaborated in the Lab specifically for ’Sensitive
SQUID Magnetometry for Studying Nanomagnetism’ - presented recently by M.
Sawicki et al. [36] was strictly followed. In the passage below some issues which
are relevant to the studied here case of (Ga,Mn)As will be discussed.
There are two main factors which can, and frequently do, make the analysis
of the SQUID results of systems like (Ga,Mn)As/GaAs challenging. The first is
the substantial magnetic dilution of (Ga,Mn)As - only a few atomic percent of
the cations constitute to the signal of interest - so the signal can be considered as
rather weak by all standards, particularly for single-nm thin layers. The second
is a colossal difference in the volumes of the substrate and the layer, the former
exceeds the latter some 20 000 to 100 000 times. Therefore, in most experimental
cases the magnetic response of the substrate dominates over the signal of the
(Ga,Mn)As layer. Practically, the only exception is the case of weak magnetic
fields and temperatures below the Curie temperature. So, in order to obtain the
pure response of the magnetic layer the unwanted substrate contribution had to
be removed carefully.
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Figure 2.6: A photograph of a typical sample used for the magnetic studies mounted on the silicon
sample holder along long edge of the sample. Estimates sample size is 4.1 × 5.1 mm2 .

Frequently the magnetic signal of GaAs is assumed to be temperature independent and proportional to the applied field - an ideal diamagnetic case is assumed: mGaAs (T , H) = µχGaAs H, where χGaAs = −2.30 × 10−7 emu/g/Oe, e. g.
see Ref. 37, is the magnetic susceptibility of GaAs, m stands for magnetic moment, and µ stands for the mass of the substrate (= specimen). However, this is
only an approximation of a more complex, true, magnetic response of these substrates and the deviations from this ideal assumption do influence the final result
particularly in the instances when the signal of the substrate by far exceeds that
of the layer. The case is even worse, as the magnetic response of the GaAs substrate depends also on the type and the doping level setting the conductivity type
of the substrate [38] and, in principle, can depend on the substrate provider (not
relevant here, as all the substrates came from single source). Fig. 2.7 compares the
temperature dependence of magnetization of so called semi-insulating (SI) and
p-type (Ga,As) substrates which were employed to grow samples investigated in
the study. They are compared here, since due to other reasons not connected with
this research, some of the layers, those of extremely thin (Ga,Mn)As in particular,
were grown on conducting substrates.
In the figure results were obtained for two pairs of SI and p-type substrates are
presented, clearly indicating different levels of magnetization and non-negligible
temperature dependence of these two types of substrates. This temperature dependent component arises from a virtual magnetic dipole transition between a
filled valence and an empty conductivity band states [39] and so it follows the
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Figure 2.7: Temperature dependence of magnetic moment of two types of GaAs substrates used in
the study: Semi-Insulating (SI) GaAs (brown and orange bullets) and p-type GaAs (black bullets)
measured at 1 kOe and recalculated for 1 g of the material. Typical specimen weights about 30 mg.
The arrow indicates the magnitude of the difference of the QD SQUID response to the 4 × 5 mm2
(GaAs) sample depending on its orientation with respect to the pick-up coils axis (direction of the
field).

temperature dependence of the band gap [40]. The carrier contribution to χGaAs
was found in [38] to be proportional to the extent of the carrier concentration
above the Mott critical dopant concentration. It is important to add, that in order
to be sure that the tested substrates do correspond to the (Ga,Mn)As specimen of
interest, the investigated pieces of substrates in Fig. 2.7 were prepared from the
neighboring pieces of the studied samples by lightly polishing of the top face of
the sample.
So, depending on the type of the GaAs substrate, not the T -independent signal
of an ideal substrate, but appropriately scaled to the weight of the specimen, the
relevant temperature dependency was subtracted from the original m(T ) data to
obtain the true, or rather the best possible, m(T ) for the investigated (Ga,Mn)As
layer.
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It is important here to stress that the effort described above would not result in
any improvement of the reliability of the results without taking the exact shape
of the sample and its placement (including orientation) inside of the SQUID pickup coils. The origin of this dependency and the resulting effects are discussed in
Section 2 of Ref. 36. To show the scale of the effect it can be noted that the unitary
sample moment of typical dimensions of 4 × 5 × 0.3 mm3 changes from 0.9951 to
0.9775 and to 1.0278. In other words, the magnitude of the moment established
by the SQUID magnetometer (QD MPMS) is changing up to 3% when such such
a sample is investigated along short edge, long edge or perpendicularly, respectively, in otherwise identical conditions. Being aware of these effects the exact
dimensions of all the samples were established by means of digital photography
and the relevant correction factors were then applied to the SQUID data. The
relative 1.8% uncertainty (0.9951/0.9775) of the magnitude of the moment of the
4 × 5 mm2 sample when the size effect are disregarded in QD SQUID is marked
in Fig. 2.7 by the arrow. This comparison clearly indicates the necessity of taking,
meaningless at the first glance, 1-2% correction factors in precise magnetometry.
The following table lists the there major samples studies in this thesis
Sample

Alias

Mn (%)

Thickness (nm) TC (K)

Notes

Experiment

1189B

A

6

15

107

LT-GaAs

Thinning

1190A

B

6

15

113

no LT-GaAs

Thinning

M37C

C

11

15

153

–

TC , K C

Table 1: Samples studied in this thesis.

2.3

determination of curie temperature

There exists many experimental techniques which allow to determine the magnitude of the temperature of the paramagnetic-ferromagnetic transition - the
Curie temperature, TC . Some of them are very involving, like the Arrott plot
method [41] and its derivatives [42]. Some require a specialized equipment, like
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AC magnetometers. The micromagnetism of (Ga,Mn)As allows for a relatively
simply way for studying the temperature development of the magnetic moment
in a weak or (near-)zero magnetic field. The method stems from the very basic
property of a ferromagnetic state - the existence of a spontaneously generated
magnetization even in the absence of an external magnetic field. The minimum
temperature at which thermal agitation destroys this spontaneous order defines
the Curie temperature. The most frequently used variant of the temperature dependent studies uses the temperature dependence of the so-called thermoremnant magnetization, MTR (T ). This quantity is measured on the increasing temperature, after magnetizing the sample at a low temperature and quenching the
field.
The MTR (T ) method relies on the existence of the remnant magnetic moment,
mTR , after reducing the field to zero (from saturation) below TC . Ideally, mTR
should be equal to the saturation moment, mSat , but the existence of a magnetic
anisotropy and magnetic domains, to name only these two effects, can reduce
mTR considerably, even down to zero. Nevertheless, the practical absence of a
domain structure in many (Ga,Mn)As layers and the presence of a strong inplane uniaxial magnetic anisotropy allows to set such experimental conditions
that nearly the full magnetic moment of the layer is exposed to the measurements,
and so allowing a relatively easy tracing its reduction on increasing temperature
and accurate determination of the temperature at which mTR vanishes - the TC of
the sample.
Figure 2.8 exemplifies such a procedure. In this example the sample is oriented
along its uniaxial easy axis, which in most instances is the [1̄10] direction. The
sample is cooled at 1 kOe to the base temperature of the study, usually between
2 and 5 K (magenta in Fig. 2.8). Then the field is quenched to zero, which is
below 100 mOe in most cases. Due to the absence of domains in the remnant
state in (Ga,Mn)As with in-plane magnetic anisotropy (see for example [43]), the
magnitude of the remnant moment remains close to that at the saturation, which
is relative large and easy to detect. The measurement continues on increasing
temperature until, and a little above, mTR vanishes completely (blue in Fig. 2.8).
The temperature at which mTR vanishes determines TC (marked in the figure by
the red arrow).
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Figure 2.8: Sequence of temperature dependent measurements performed to assess the saturation
moment, mSat , and the Curie temperature, TC , of the layer. Measurement starts at T > TC by
cooling the sample at H = 1 kOe (magenta circles) down to the base temperature. There, the
magnetic field is turned off and the sample is heated up to T > TC (blue circles).

Occasionally, examples could be the temperature driven rotation of the easy
axis (see Fig. 3.10 on page 64) or a lack of a priori knowledge on the crystallographic orientation of the sample, a second measurement along the perpendicular orientation, say [110], has to be performed (exemplified in Fig. 3.12 on page 66).
In fact, in most cases measurements along both [1̄10] and [110] were performed,
as the combination of these two mTR provides simultaneously a good assessment
of the type and strength of the magnetic anisotropy of the investigated layer. In
other cases, when time matters, one can investigate mTR only along [100] [the
diagonal orientation a naturally cleft (Ga,Mn)As], as independently of the crystallographic orientation of the uniaxial easy axis, it will be always at 45 degrees
to the axis of the measurement. This allows at least 71% of the mTR to couple to
the SQUID pick-up coils and so still permits a precise determination of TC .
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Figure 2.9: (a) Schematic sketch for variables in Eq. 2.2 used in the Stoner-Wohlfarth model. The
dashed line is the easy axis of the particle. (b) An energy landscape with metastable minima for
single domain particle along easy axis and it’s evolution with applied field. Figure is adopted from
ref. 48, where HC is coercivity field.

2.4

anisotropy of in-plane (Ga, Mn)As

Contrary to textbook-based expectations concerning typical ferromagnetic material, (Ga,Mn)As with in-plane magnetic anisotropy behaves as a single domain.
This has been established by numerous magnetic and magnetotransport studies.
Magnetization m(H) and m(T ) curves, longitudinal and transverse anisotropic
magnetoresistance, ferromagnetic resonance, and magnetooptical data all can be
described in terms as all the Mn spins in a sample point in one direction [9, 10, 33–
35, 43–47]. Except of the magnetization reversal point, even at H = 0, the moment
of the sample is a simple sum of all ferromagnetically coupled Mn spins pointing
in one direction. It is the magnetic anisotropy which tells all of them the direction
at which to point.
The method how to describe a behavior of a single magnetic unit was developed by Stoner and Wohlfarth [49]. The investigated object was a single domain
uniaxial particle shown in Fig. 2.9(a), a uniformly magnetized ellipsoid with a
uniaxial anisotropy of shape or magnetocrystalline origin in a field applied at an
angle θ to the anisotropy axis. Free energy for configuration shown in Fig. 2.9(a)
can be written as:
E = KU V sin2 (φ − θ) − Ms VH cos θ
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Figure 2.10: Schematic sketch of configuration of magnetic anisotropies in (Ga,Mn)As. Magnetic
field is applied along uniaxially hard [110] direction.

where V is the volume of the particle and MS is its saturation magnetization.
The first term is the magnetic anisotropy and the second describes the energy of
coupling with the applied field (often called the Zeeman energy). The magnetic
energy landscape of such a particle resembles a two valleys system, see Fig. 2.9(b).
At a zero magnetic field both valleys have the same preference for magnetic moments so the particle is magnetized along one of the two opposite easy directions.
Application of any external field H < HC tilts the energy profile and one of the
magnetic field direction becomes more preferable. However, the magnetization
stays where it was, kept by an energy barrier. At H = HC one valley disappears
and magnetization is in a metastable flat point and a small fluctuation of magnetic field can flip the magnetization. Finally, for fields beyond the coercive field
the magnetization flips into the other valley and future increase of the magnetic
field does not change net moments distribution.
In the case of (Ga,Mn)As, the listed above papers (and many others) proved
that the magnetic anisotropy is dominated primarily by two components, namely
uniaxial magnetic anisotropy and cubic magnetic anisotropy. Schematically these
anisotropies are depicted in Fig. 2.10. Easy axis of the uniaxial anisotropy is oriented along [110] and the easy axis of cubic magnetic anisotropy are oriented at
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45◦ with respect to this direction, along [100] and [010]. For the geometry shown
in Fig. 2.10 the magnetic energy in Stoner-Wohlfarth approach can be written as:
E=

KC
sin2 (2θ) + KU sin2 (45◦ + θ) − MS H cos(45◦ − θ)
4

(2.3)

Here, KU and KC are (volume) anisotropy energy densities for uniaxial and cubic
anisotropy, respectively. The usual definition of K, states that it is the work needed
to align the magnetization vector from the easy onto the hard axis of the system.
This equation is written for the magnetization process along [110] – the uniaxial
hard axis. Measurements performed along this direction provide the best insight
into the magnetic anisotropy properties of the material.
In order to find a local extrema of energy the first derivative of equation 2.3 is
calculated:
E 0 = KC sin(2θ)cos(2θ) + KU cos(2θ) − MS Hsin(45◦ − θ),

(2.4)

and set to zero. Substituting:
m = M[110] /MS = cos(45◦ − θ)
p
sin(45◦ − θ) = 1 − m2

(2.5)

(where M[110] is the projection of M on the field direction applied along [110]
crystallographic direction) the following equation of magnetic state is obtained:
i
h
p
p
2
2
2m 1 − m KC (2m − 1) + KU = MS H 1 − m2

(2.6)

This equation has two solutions:
p

1 − m2 = 0, m = ±1,

(2.7)

and
i
2m h
2
H=
KC (2m − 1) + KU
MS

(2.8)

Solution m = 1, or M[110] = MS is valid only for H > HA = 2(KC + KU )/MS ,
that is at full saturation. HA indicates the strength of a field required to align the
M vector on the hard axis direction. This is called the anisotropy field.
The second solution is an equation of the third order so for practical reasons,
as well as instructive, it is better to preserve its ’inverted’ form: H = f(M), not
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M = f(H) as it is actually measured. Restoring the experimental quantity M[110] ,
Eq. 2.8 assumes the form:
H = 2(KU − KC )

M[110]
M2S

+ 4KC

M3[110]
M4S

(2.9)

This equation can be now simply fitted to experimental data and the two parameter of the equation: KU and KC can be established. For example this was the
way chosen by Wang and co-workers [34]. There is however a smarter way, perhaps less automatic in the case of many m(H) isotherms to analyze, but far more
instructive.
There are two terms in Eq. 2.9: the linear one proportional to KU − KC , and a
cubic one, governed by KC . As the cubic one becomes negligibly small at very
weak fields (here in small M[110] , but both M[110] and H are small simultaneously,
there in no a free term in Eq. 2.9) one can establish first the difference KU − KC
from linear part of near H = 0 data, and next, get KC from the curvature at higher
fields. The final step is to go back to KU − KC difference to obtain KU .
Practically, the method is applied to the data in normal ’order’, that is to
M = f(H), see Fig. 2.11 as the exmaple. In this case, firstly the slope (KU − KC )−1
at weak fields is established (cyan dashed line). Next, the KC is set to reproduce
the curvature, and finally, KU is calculated. This is the method that was employed
to establish the values of the anisotropy constants throughout this thesis. The
example given in Fig. 2.11 is taken from Fig. 3.25.
Importantly, this method focuses on weak and mid field regions of m(H), the
routine is performed for H < HA or even for H  HA . This is important because
every anisotropy has got its higher order terms, or rather the real m(H) never
follows such a simple equation as Eqs 2.2 and 2.9 - deviations are seen at stronger
fields (for m → 1). Therefore, the fitting should never be performed in the whole
field range, say up to HA . The routine described above is free from the problem
of correct setting the fit limits - it only traces the first two moments of the the
experimental curve: the initial linear part and the following cubic curvature. And
finally, contrary to blind fitting, both KC and KU are never fitted independently,
from the very beginning they are bound together by the magnitude of the initial
slope of m(H).
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Figure 2.11: An example of anisotropy constants, cubic KC and uniaxial KU , determination
from magnetization curves M(H) measured along uniaxial hard axis [110] (navy squares). Green
squares represent M(H) for the easy axis. The initial slope of M(H) (dashed cyan line) gives
1/(KU − KC ). The curvature at higher field yields KC . The established fit for the given values
of KC and KU in the graph is represented by magenta diamonds. The violet line represent the
KC = 0 case to exemplify its influence on M(H).

The shape of Eq. 2.9 allows to predict the general shape for m(H) for various
combination of anisotropy constants. It should be noted that the sign of both
KC and KU is arbitrary, but set by the initial magnetic equation of the state (as
in Eq. 2.3) to correctly reproduce the easy directions for each anisotropy. Once
set, then the change of sign of any K describes mathematically the easy  hard
directions swap. Such an event is called spin reorientation transition (SRT) and
may have a huge technological relevance for the material.
Figure 2.12 exemplifies the case a of cubic easy axis rotation, or more precisely,
how it will reveal itself in m(H) measurements in (Ga,Mn)As. It is best to start
with KC = 0, that is with purely uniaxial material. KC = 0 correspond also to the
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Figure 2.12: Parametrical analysis of equation 2.9 in respect to sign of KC at low magnetic fields.
Left column illustrates linear component brought by term ∼ 1/(KU -KC ). Middle column depicts
contribution from third power term ∼ KC . Right column is a superposition of first two columns
for three cases. The procedure is repeated for three cases: (a) KC > 0, (b) KC = 0 and (c) KC < 0.

cubic SRT point – in order to change sign, KC has to go through zero. The Eq. 2.9
assumes the form:
H = 2KU

M[110]
M2S

, or M[110]

M2S
=
H = αH
2KU

(2.10)

This is the classical results for hard axis magnetization process. The measured
M = M[110] is linearly proportional to the applied field. This case is exemplified
in panels (b1)-(b3) of Fig. 2.12.
Now, in (Ga,Mn)As there has been always observed only one set of cubic easy
axes - along <100>. In terms of Fig. 2.10 and Eq. 2.3 it corresponds to positive
sign of KC . The addition of positive KC reduces the denominator KU − KC and so
increases the initial slope of m(H). This has already been exemplified in Fig. 2.11.
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It also adds the cubic term of concave curvature. The particular components
to m(H) as well as the final m(H) for KC > 0 is presented in panels (a1)-(a3)
of Fig. 2.12. The m(H) depicted in Figs 2.11 and 2.12(a3) represents a typically
observed uniaxial hard axis magnetization curve in (Ga,Mn)As.
However, when KC assumes negative values, what corresponds to a cubic easy
axes oriented along [110] and [110] in-plane directions, the slope of m(H) decreases and the curvature changes to a convex one. This is depicted in panels
(c1)-(c3). One of the major experimental findings of this thesis is the first ever,
according to the knowledge of the investigating team, identification of m(H) as
presented in panel (c3). The results presented in Chapter 5 prove not only the existence of a negative KC , it is also shown there that it changes its sign twice with
temperature, so that the cubic anisotropy undergoes multiple SRT transitions.

2.5

superparamagnetism – an overview

Superparamagnetism is a form of magnetism appearing in small single domain
nanoparticles, which can be ferromagnetic or ferrimagnetic by itself. In a sufficiently small magnetically coupled particles domains formation is forbidden and
below its characteristic (critical) temperature all constituent magnetic moments
are oriented forming one, frequently giant, magnetic moment, a superspin. When
such nanoparticles are dispersed in a nonmagnetic medium and their mutual interactions are weak, they behave as a collection of large spins, and so following
Bean and Livingstone [50] the term Superparamagnetism, SP, has been used. The
temperature and magnetic characteristics are similar to those of a classical paramagnet, if the atomic moment is replaced by a superspin moment σ. There is
one distinction: spin is a quantum number, therefore is T independent. σ is T
dependent, exhibits a Brilloin-like dependence on T , and only at T far below its
intra superspin TC can be regarded as constant.
There is usually a certain degree of magnetic anisotropy exerted by the nanoparticles; it can be due to their shape, it can be of magnetocrystalline origin. Therefore, σ assumes one, the dictated by the anisotropy, orientation in space. However,
due to thermal agitation the superspins can overcome the energy barrier of a
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height EB = KV, randomly flipping along the anisotropy axis, say ’up’ or ’down’.
Here K denotes the anisotropy energy density (volume) and V is the volume of
the particle.
The typical time between two flips is called the Néel relaxation time and assumes the form [51]:
τ = τ0 exp (KV/kB T ),

(2.11)

where τ0 is the microscopic attempt time, typically between 10−12 to 10−9 s and
kB is the Boltzman constant. In the absence of an external magnetic field, when
the time used to measure the magnetization of the nanoparticles is much longer
than τ, their magnetization appears to be on average zero: they are said to be in
the superparamagnetic state. When τ is much longer than the measurement act,
σ appears to be frozen, a non-zero (metastable) magnetic moment is recorded
- the system of superspins is in blocked state. The exact form of Eq. 2.11 indicates that condition separating the SP from the blocked state depends not only
on the experimental method applied to probe the system, but on the temperature of measurement as well. The superparamagnetic blocking temperature TB
is defined as the temperature below which the relaxation time τ is equal to the
characteristic time of the given experimental technique, τm . Therefore TB is not a
unique property of the system, but it is related to the time scale of the applied
measurement method. For DC SQUID magnetometry τm ' 100 s therefore the
transition between blocked and SP states takes place when the energy barrier becomes equal to ln(100/τ0 )kB T . Then TB = KV/ ln(100/τ0 )kB and for given above
range of τ0 :
TB '

KV
.
25kB

(2.12)

The most profound practical implications of the low temperature (T < TB ) dynamical slow down is the existence of temperature and magnetic field hysteresis
and irreversibility. This makes it frequently difficult to distinguish the blocked
SP from an ordinary FM (particularly with sophisticated domain structure).
One of the most characteristic signature of the blocked SP state is the difference
between the zero field cooled (ZFC) and the field cooled (FC) magnetization
measurements. These quantities are usually measured according to the following
procedure: (i) the sample is cooled without a field from a temperature when
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Figure 2.13: An example of typical temperature irreversibilities of a superparamagnetic ensemble
of ferromagnetic nanoparticles due to the blocking effect. Explanation of ZFC and FC measurements is given in the text - bullets. Red arrows indicate the direction of the measurement. TB has
a meaning of the averaged blocking temperature, TBMax is the maximum TB visible in the experiment. Open points collected under cooling at H = 0 indicate absence of any net magnetization
visible during this process.

the system is SP to the lowest temperature, (ii) then a small field is applied
and the data of ZFC is collected on increasing temperature, afterward (iii) the
temperature sweep is directed back towards low temperatures and the FC data
is collected on cooling under the same magnetic field. Figure 2.13 exemplifies
such an experiment performed for Co nanocrystals dispersed in a ZnO matrix.
The investigated sample was grown by the atomic layer deposition method at
conditions promoting aggregation of Co into nanoparticles [52].
The two temperature dependencies presented in 2.13 can be understood as
follows: during the initial cool down at H = 0 the superspins get dynamically
frozen according to their size (volume) randomly selecting the actual orientation of σ - ’up’ or ’down’ the anisotropy axis. Their moments mutually cancel
out, the total moment of the sample nulls out. The application of a small external field at the lowest T produces a small effect because most of the superspins
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are stacked ’behind’ the energy barriers, only the smallest can overcome their
barriers to align along the applied field. With increasing the temperature larger
superspins, according to their size, become SP too; so increases the probability
of finding them aligned around the direction of the applied field - explaining the
initial fast increase of the net magnetic moment. The process continues by further
increasing the temperature, the sample moment keeps increasing until the usual
thermal agitation starts to counteract the effect of the external field, as in classical PM. The interplay of the beneficial and detrimental effects of temperature
on superspins relaxation results in the pronounced maximum on the ZFC curve.
Its position is usually assigned to the mean TB of the system. In the FC state the
superspins in the blocked state are preferably frozen in directions close to that
of the applied field. Therefore, the magnetization is considerably larger than that
in the ZFC state. It is decreasing on temperature due to increasing effectiveness
of the thermal agitation of the superspins. The ZFC and the FC curves coincide
above the bifurcation temperature, which is the temperature above which all, but
statistically irrelevant number of the largest, superspins appear in the particular
measurement superparamagnetic.
Another useful quantity to study is the so called thermoremnant magnetization,
MTR , performed conveniently on increasing temperature after the FC measurement. Here, if started below TB , with increasing T , progressively larger σ are
becoming SP because it gets progressively easier for them to overcome their energy barriers. Accordingly, above the TBMax the MTR vanishes. Again, the exact
value of this temperature depends on τm . If however, the warming of the sample
is halted at any T < TBMax and the T -sweep reversed, then the current superspins
configuration should remain frozen until the system is warmed up to the next
higher T . For the bulk ferromagnet, MTR follows the variation of the spontaneous
magnetization in the zero field. Hence its temperature dependence is almost independent of the thermal cycles. The effect is even stronger when the cooling
starts from above TC . An SP sample will yield zero moment all the way down to
the base temperature, an FM material will yield a non-zero moment below TC . It
could be small due to the formation of magnetic domains or magnetic anisotropy,
but can be large and/or even equal to the full spontaneous magnetization (if this
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Figure 2.14: (a) Experimental evidence for the coexistence of ferromagnetic (FM) and blocked superparamagnetic (SP) regions in 3.5 nm thin (Ga,Mn)As. The measurement was performed along
[100] direction. This configuration allows to observe both (highly uniaxial) FM and SP components simultaneously. After field cooling in H = 1 kOe and quenching the field the sample was
subjected to the thermal cycling depicted in (b), namely: a standard measurement of thermoremanent magnetization MTR , red points, started at the initial temperature T0 = 6 K (point A). Then,
instead of warming the system directly to above TC = 34 K (T5 , point B), the temperature sweep
was interrupted at some intermediate temperatures (T1 to T4 ) and redirected back to T0 - where
the warming was restarted to the next Ti . After exceeding a characteristic temperature T = 19 K
(point D), all of the experimental points fell onto one, temperature-reversible, line C-D-B (dashed
yellow). The procedure allowed to identify: (i) the temperature-reversible FM component mS (the
gray area under the C-D-B line) and (ii) the history-dependent SP part mσ (cross hatched triangle
A-D-C "above" the C-D-B line).

particular ferromagnet does not break into domains and is probed along its easy
axis). This is the case of (Ga,Mn)As with in-plane magnetic anisotropy.
This different behavior during cooling in weak fields allows to distinguish the
blocked SP system from an FM one. In particular, the method was applied by
Sawicki and coworkers [14] to separate the blocked SP contribution, mσ , marked
as the cross hatched area in Fig. 2.14(a), from the long range FM one, mS , marked
in gray, in ultra thin (Ga,Mn)As layers. According to the process of size dependent dynamical blocking, progressive warming from T0 to T3 was ’removing’ mσ
from the scene, whereas mS remained unchanged independently of the temperature range and the number of thermal cycles, even after reaching T5 > TC .
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2.6

magnetism on the localization boundary

The strong interplay between magnetism and carrier localization in diluted ferromagnetic semiconductors (DFS) of which (Ga,Mn)As is the flagship example,
leads to a rather complex magnetic field, magnetization and temperature dependent effects, which are the most prominent in a wide region around the metalinsulator transition (MIT) [53]. Since the ferromagnetic order in DFS is brought
about by the presence of charge carriers which relay the magnetic information
between randomly distributed magnetic moments of minute concentration, it
comes to no surprise that the character of electronic states is reflected in the
magnetic properties of these materials. For high carrier concentration the system
can be regarded as uniform – in that sense that the relevant thermodynamical
quantities assume their averaged values at all scales. Here, even a quantitative
description of thermodynamic, micromagnetic, optical and transport properties
is possible basing on the p–d Zener model of hole-mediated ferromagnetism
either in the form of the k·p theory [7, 54–56] or through the multi-orbital tightbinding approach [57–59]. However, on approaching the localization boundary,
the significant build up of the disorder leads to electronic nanoscale phase separation. This in turn creates a spatially non-uniform FM spin order with overall
complex characteristics - depending more on the local probability that the given
region is visited by carrier(s) than on the volume-averaged one-electron density
of states. Most importantly, as this nontrivial FM builds up also on a carrier depleted (Ga,Mn)As surface [14], it assumes the dominant role in the magnetism of
extremely thin (Ga,Mn)As layers [60, 61], whose entire body is in a sense "nearthe-surface" region.

2.6.1

Electronic phase separation

The ferromagnetism of an ideal (Ga,Mn)As can be treated as truly long ranged
due to the itinerant carriers (valence-band holes) mediating the exchange interaction between a localized spin. Taking the cation sites, the divalent Mn ions in the
III-V environment as GaAs, provides simultaneously with both the localized mo-
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ments and holes to the system. However, a number of effects have been identified
which have lead to deviations from a simple FM spin order in a carrier-controlled
DFS, even if the spatial distribution of magnetic ions is fairly uniform, i.e., a
chemical or crystallographic phase separation [62, 63] is absent. For the (III,Mn)V
family of DFS the defects are generated by self-compensation mechanisms, such
as pushing Mn atoms into interstitial positions, MnI [21, 64], which is regarded
as the most important ones. MnI couples AF with neighboring Mn occupying
cation positions [65], which increases the short range magnetic disorder, but by
far more pronounced effects are related to the MnI electrical nature as a double
donor – they considerably reduce the averaged hole density. Frequently, in combination with other compensating donors (for example As antisites [23, 25, 26]
the material can be brought onto the verge of the MIT).
In the bulk case the zero-temperature conductivity vanishes at rs ' 2.5, where
rs is the ratio of an average distance between the carriers to the Bohr radius aB of
the relevant dopant, rs = (3/4πn)1/3 /aB , with n being the carrier concentration
or, equivalently, the net concentration of the majority impurities. Accordingly, the
1/3

critical carrier concentration nc , where nc aB ' 0.25, is of the order of 1016 and
1019 cm−3 for GaAs doped with shallow donors and acceptors, respectively. In
the case of (Ga,Mn)As the p–d hybridization, which drives the exchange coupling
between Mn spins and holes, considerably shifts up the critical hole concentration. In this sense, perhaps except of only infrequently met compensation free
layers, typical (Ga,Mn)As shows properties indicative of partial localization of
the electronic states, e.g. exhibits more or less divergent conductivity as T → 0.
An example is given in Fig. 2.15(a) and (c) where nearly all curves show a clear
upturn of resistivity at the lowest temperatures.
Importantly, in contrast to charge transport characteristics, TC like other thermodynamic properties, does not show any critical behavior on crossing the MIT
[66–69], see Fig. 2.15.
The two main competing models have been put forward in order to explain the
existence of ferromagnetic order on the insulator side of the MIT. According to
the magnetic polaron scenario [70, 71] the holes stay localized by the individual
parent acceptors, so that their localization length corresponds to aB . In such a
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Figure 2.15: Examples for the existence of ferromagnetism on both sides of metal–insulator transition in (Ga,Mn)As. (a) Temperature dependence of the resistivity in as grown layers of Mn
contents x vary from 0.15 to 0.53. Inset shows the Curie temperatures, TC , for these samples. Blue
indicates insulating, while red indicates (a nearly) metallic behavior of resistivity. (b) Compilation
of data for various samples indicating monotonic dependence of TC on crossing the localization
boundary. Here magnetization represents the effective Mn concentration, a quantity which reflects
the hole concentration, p, although in a convoluted way (adopted from [3]). (c – d) Resistivity and
magnetization as a function of temperature for a series of irradiated Ga0.955 Mn0.045 As [66]. The
big gray arrows indicate the direction of increasing p (however it was lowered in the irradiation
experiment), the red dashed lines separate insulating from the metallic behavior. (e) A cartoon
visualizing the mechanism behind the long range order provided by mesoscopic volumes occupied
by partially delocalized holes.
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case, the ferromagnetic transition can be viewed as the percolation threshold of
bound magnetic polarons.
Within the second model [7, 53, 72, 73] the hole localization length, which diverges at the MIT, remains much greater than the average distance between the
acceptors for the experimentally important range of the hole densities. Accordingly, the holes can be regarded as delocalized at mesoscopic distances, proving
coupling between magnetic ions, see Fig. 2.15(e). Hence the spin-spin exchange
interactions can be effectively mediated by the itinerant carriers and in this sense
the p–d Zener model can also be applied on the insulator side of the MIT. So, in
accordance with the experiment, this approach predicts a minor influence of the
carrier localization on TC .
However, at the same time characteristic for the proximity to MIT, large mesoscopic fluctuations in the local density of states, LDOS, are expected in the system. Despite a very large or even infinite localization length, some volumes of
the material will have increased local carrier density on the expense of others,
which will be devoid of carriers. So in systems like (Ga,Mn)As, this electronic
disorder will produce a nanoscale magnetic phase separation into a mosaic of
regions differing considerably in the strength of the magnetic coupling.
A direct visualization of this electronic disorder was provided by the scanning
tunneling spectroscopy by Richardella and coworkers [74], see Fig. 2.16(a-b), who
investigated the (Ga,Mn)As surface, the aforementioned "main constituent" of
very thin layers. They found that indeed the carriers are not evenly distributed
over the investigated area. Instead, they are distributed across the surface of the
semiconductor in a series of interconnected "puddles" [indicated by warm colors
in Fig 2.16(a)], providing means to (indirect) mutual Mn atoms interactions, but
only to these which reside within each puddle. Obviously, the Mn atoms remaining outside these puddles are not interacting or contributing to magnetism. So,
the alignment of spins depends on the location of carriers, indicating that there
are likely areas of strong and weak magnetic interaction in the material. Therefore, the regions which are not visited by the carriers will exhibit paramagnetic
behavior, while the ferromagnetic order develops in the regions where the carrier liquid (either delocalized or weakly localized holes) assures long-range FM
correlation between the randomly distributed magnetic spins.
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(c)

(a)

(b)

Figure 2.16: An STM visualization of atomic scale fluctuation in local density of states (LDOS) of
(Ga,Mn)As, (a) from P. Roushan/A. Yazdani Research Group, Princeton, (Image for news media.
(b) from Ref. 74. (a) On the brink of the metal-insulator transition, the electrons in a (Ga,Mn)As
are distributed across the surface of the material in complex patterns. These shapes are visible
in this electron map, where the warm colors indicate areas on the surface of (Ga,Mn)As where
carriers are most likely to be found at any given point in time. In this image, the probability map
of electrons is superimposed on the atomic crystal structure of the material, imaged at the same
time. (b) The spatial variations of the LDOS at the Fermi level of Ga0.95 Mn0.05 As. (c) Magnetic
field magnetization, M, and Hall resistivity, ρxy , loops for Ga0.93 Mn0.07 As [75].

Panels (a-b) in Fig. 2.16 show one more important feature resulting from fluctuating of LDOS. This is the existence of isolated regions, mesoscopic "islands", of
sufficiently large hole density to assure effective magnetic coupling there. However, due to the electronical separation from the rest of the crystal, at the first
approximation, these macroscopic FM moments, or superspins, σ, will not be
correlated among themselves or with the other FM parts of the crystal. These
superspins constitute therefore the basis of the third, aside of the long range ferromagnetism and paramagnetism of isolated spins, the superparamagnetic-like
component to the magnetism of the material. It should be underline here, that
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the whole magnetic mélange is formed without any crystallographic or chemical disorder. These nanometric FM regions, either isolated or percolating across
the whole sample, are created on the basis of the same DFS material but in the
regions where the disorder-driven local carrier density is sufficiently enhanced
(above the average).
The basic properties of an SP were discussed in the previous Section. In DMS
and DFS, as mentioned before, SP is present together with one of the other two
components, either PM or FM one, or even with both, depending on the average carrier concentration, or rather on the distance to the MIT in the sample. On
the insulating side of MIT a characteristic SP behavior superimposed on paramagnetic background of uncoupled Mn spins has been seen in fairly insulating
p–(Zn,Mn)Te doped with either P or N (Refs 76 and 73, respectively).
Quite naturally, on increasing the carrier concentration towards nc , a rapid
merging of these SP superpins is expected. A long-range FM order is then reinforced either by the a formation of an ordered mesh of percolating magnetized regions, or through gradual reinstating the long-range magnetic order expected otherwise without this nanoscale separation present. Therefore, even on
the metallic side of the MIT, regions not fully incorporated into the long range
coupled phase will exist and the magnetic component characteristic to granular
magnetic systems will contribute to a certain degree to the total magnetization
of the material. The existence of both FM and SP components and the gradual
conversion of one into the other on the modulation of the hole density has been
shown in as grown (Ga,Mn)As by Sawicki and coworkers [14] using an electrical gate tuning of the hole distribution. Eventually, the truly global collinear FM
order is expected only deeply in the metallic region, when a negligible amount
of MnI (or other compensating defect) is present. Present there is a near perfect
single domain FM state [34] and observed is the maximally allowed magnetic
saturation [77, 78].
The carrier-denied regions do not take part in the transport measurements,
as the electrical current does not flow there. For example, both the PM and SP
component are less visible in the anomalous Hall effects as it probes merely the
regions visited by the carriers [73, 75]. Fig. 2.16(c) illustrates such a case. Mn
spins from isolated regions do not contribute at all to the (an anomalous) Hall
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Figure 2.17: Established upon similar thermal cycling as in Fig. 2.14 along either [110] or [110]
temperature dependencies of the thermally de-activated moment, mσ (left panel), and temperature
reversible moment, mS (right panel). The results presented in the figure indicate that the zero field
measurement performed along [110] expose nearly the full magnitude of mσ and a marginally
small fraction of mS , whereas the rotation of the sample by 90◦ reverses the outcome: mS is large
and mσ is sizably reduced. Prepared after [14].

effect, but do contribute to M by giving the characteristic rounded form of M(H)
(black circles). In the ferromagnetic regions both Mn spins and carriers are spin
polarized below TC . Thus, the anomalous Hall resistance, being proportional to
carrier polarization, shows no paramagnetic component and reverses instantly at
reversal field characteristic to the FM part of the sample.
Obviously, the three magnetic components can be directly sensed in magnetometry measurements across the whole carrier concentration range. But it is not as
straightforward to quantify their contributions. A particularly challenging task is
the correct identification and separation of the SP components, as in a blocked
state its very slow dynamics mimics to a large extent the FM behavior.
Here the carrier mediated FM of (Ga,Mn)As provides a solution allowing to
overcome this challenge, considerably easing the investigation of the coexisting
FM and SP components. It has been shown that both components are characterized by a mutually perpendicularly oriented uniaxial magnetic anisotropy, see
Fig. 2.17 [14]. This difference is not fully understood. However, the phenomenological modeling of uniaxial magnetic anisotropy in (Ga,Mn)As within the frame
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of the p–d Zener model (see Fig. 3.17 on page 72) [10, 54, 79, 80] does predict
a 90◦ rotation of the uniaxial easy axis for low hole densities. That is where, on
the account of the presented in the previous Section arguments, the formation
of isolated, blocked SP superspins is expected. This mutual orthogonality of the
magnetic easy axes of both magnetic subsystems practically means that measurements performed at a weak field (with respect to the anisotropy fields), or at
H = 0 in particular, reveal only this magnetic component which the easy axis
is aligned with the magnetometer axis. Referring again to Fig. 3.17, performing
measurements along [110], the easy axis for most frequently met (Ga,Mn)As samples, predominantly reveals the uniformly magnetized FM part of the sample, mS .
Analogous measurements performed along [110] reveal predominantly mσ , the
magnetic moment of the magnetically granular part of the sample at the given
experimental conditions. The applicability of such an approach is elaborated in
Fig. 2.18 for 2%, a very thick (d = 400 nm) (Ga,Mn)As layer. Samples with such a
low Mn content are frequently on the localization edge, so the contribution from
both mS and mσ are expected in the whole volume of this layer.
The first property which can be inferred form this graph is that this sample
magnetization is governed by the uniaxial magnetic anisotropy in the whole tem[110]

perature range, since mTR

[110]

< mTR

' m(T , 1 kOe) (full points). It is further
[110]

confirmed by m(H,20 K) curves presented in the inset. However, mTR 6= 0 as it
[110]

should be in the pure uniaxial case. On the contrary, it even approaches mTR at
low T . It will be argued below, that this sizable low temperature remnant magnetization seen on the hard direction of mS is due to the dynamical blocking of an
SP-like component, therefore proving the presence of mσ in this sample.
In order to provide evidences for mσ the temperature sweep was reversed after
the mTR measurement, and the magnetic moment was recorded during cooling
at the same H = 0. As explained above, during such a test, the superspins should
not yield any net moment, whereas a non-zero m(T ) due to mS is expected. The
points representing this test (labeled as ’0FC’) are marked by lighter shades of the
fill colors. For [110] nearly the full mTR is reproduced during the 0FC measurement, indicating that this is the (reversible) m(T ) of the FM part of the sample, so,
on the account of its uniaxial behavior, no contribution to 0FC measured along
[110] is expected. And indeed, for [110] orientation the 0FC measurement yielded
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Figure 2.18: Evidencing of the presence of superparamagnetic-like component in a low Mn content, thick layer of (Ga,Mn)As. Green color represent zero field measurements along [110], blue
along [110]. Darker shades represent classical thermoremnant magnetization on increasing temperature, the lighter shades filled points represent cooling down measurement, 0FC. Orange points
mark the ZFC–FC test performed at 30 Oe with the sample oriented along [110]. Arrows indicate
the direction of temperature sweeps. The inset shows m(H) measured along these two orientations.

marginally small values, meaning that there is also a negligible small contribu[110]

[110]

tion from mTR (blue). This fits perfectly to the picture in which mTR is solely
due to dynamical blocking of mσ . In the absence of a symmetry breaking external
field, all the superspins which make mσ got blocked randomly taking one of the
two allowed orientations along their easy axes. The conjecture about the SP na[110]

ture of mTR is further confirmed by performing the ZFC and FC measurements
in this orientation. The results are presented in Fig. 2.18 in orange, exhibiting the
characteristic behavior for the dynamical blocking.
Alternatively, one could follow the method of incremental thermal cycling described in Fig. 2.14. Particularly, setting the orientation to <100>, both mS and
mσ get tilted at 45◦ to the magnetometer axis, and so both can contribute to the
whole magnetic signal on similar footing.
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The presented above ’rule of thumb’ arguments may not hold in every case.
In particular when the cubic anisotropy becomes stronger than the uniaxial one,
great care is necessary. The M vector can be rotated then from its uniaxial easy
[110]

orientation towards <100> directions giving rise to a nonzero mTR , particularly
at low temperatures. Also, it is assumed here that both SP and FM components
do not interact one with another. This cannot be true, as they stay in an intimate contact while intersecting each other. Nevertheless, for most of the samples,
particularly for these studied in this thesis, the picture sketched above gives an
astonishingly correct and cohesive explanation of the magnetic results.
Finally, it should be stated that the presence of the SP component is not strictly
related to low Mn content the layer. A huge amount of compensating defects
created during the growth carried out at a reduced temperature, or the presence
of hydrogen [81–83], or post growth modifications (i.e. irradiation [66, 84]) can
sizably reduce the hole density in the whole volume of the sample and bring
the material to the brink of localization. The last one, the most relevant to this
thesis possibility, comes from the existence of the compensating donors on both
boundaries, particularly on the free surface of (Ga,Mn)As.

2.6.2

Magnetism at (Ga, Mn)As surface

Primarily to this study, MIT in (Ga,Mn)As can be reached, locally, by a charge
transfer to surface states. This charge transfer, spatially limited by screening,
takes place only at 1–2 nm thick regions adjacent to the both surfaces of the
layer, and in principle can be disregarded in thick layers. However, the substantially different electrical and magnetic properties of such a hole depleted region
will considerably modify or even completely redefine the electrical and magnetic
properties of a few nm thin layers. The effect on the free surface is due to the presence of the deep pocket of the surface states. On the layer/substrate interface it
is usually due to the n-type character of the LT n-type GaAs buffer. The degree
of the effect strongly depends on the donor states density and the total thickness
of the film. The density of the surface states is a priori unknown, but a typical
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magnitude of 2–3 × 1013 cm−2 of the surface states is sufficient to deplete sizably
the first (’uppermost’) nanometer of the typical as grown (Ga,Mn)As layer.
The resulting hole density profiles of the layer are depicted in Fig. 2(e) of Ref. 14
as well as in Figs 3.14, 3.19, and 3.20 in this thesis. By comparing these profiles
one can find that the actual situation depends on the depth of the pocket of the
surface donors and near the surface density of the holes. Layers of low p can
get strongly depleted (like profiles established in the final stages of the thinning
process, i.e. for the layer thickness below 4 nm in Fig 3.19 on page 77), but in the
presence of large hole density near the surface, the effect is minor, and perhaps
the system does not get too close to the localization boundary there (profiles
corresponding to layer thickness above 10 nm in the same figure). Therefore, all
three magnetic components appear in the measured signal in various proportions
and so not only a great care has to be exerted during data analysis, but also the
measurements have to be planned and carried in such a way to allow separation
of this contributions. The examples are given in Figs 2.14, 2.17, and 2.18.

2.7

squid magnetometry

All the material’ presented in the thesis results were obtained in the Laboratory
of Cryogenic and Spintronic Research in the group of Magnetism of Spintronic
Materials at the Institute of Physics Polish Academy of Sciences employing two
SQUID setups. In the beginning, the measurements were performed in a homemade system. This was assembled from scratch around a typical helium/nitrogen
cryostat fitted with a variable temperature insert (VTI). The magnetic field was
generated by a small home wound superconducting coil of a rather low remnant
field. Despite its size it was possible to a generate magnetic field up to 10 kOe.
Typically the coil was energized to 1-2 kOe, which was sufficient for most of
the experiments performed there. A compact design, the choice of special superconducting wire and the external µ-metal shield allowed to obtain a very low
remnant field in the sample space, below 50 mOe after a trip to 1 kOe, and to
discharge this field (quench it) in a matter of seconds. The VTI was run on steady
helium gas flow at nearly the atmospheric pressure and the external temperature
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Figure 2.19: (a) The layout of the second order gradiometer arrangement of the SQUID magnetometer pick-up coils. The length of a superconducting wire is wound into three coils in a way
that the side coils have twice less turns and are wound in the opposite sense to the central one. (b)
Theoretically calculates the SQUID response from a point magnetic dipole for geometry show in
(a).

controller allowed to set or ramp the temperature between 5 and 330 K. Later, in
the course of the study, when the Lab become enriched with a second commercial
SQUID set-up from Quantum Design, the MPMS XL 7, the activity was switched
to this new magnetometer. It provided at least three times faster temperature
operation and requires at least twice less helium for its normal operation.
The magnetic detection in the SQUID magnetometer is based on a standard
modern method of multiple pushing the sample through the superconducting
pick-up coils wound to the specification of the so-called second order gradiometer, depicted in Fig. 2.19(a). The pick-up coils’ wires are terminated in the SQUID
sensor area located at a distance in the helium bath in order to assure the most
undisturbed conditions of its operation. Such an assembly creates the so called
flux transformer, as this superconducting loop – bound to maintain the total magnetic flux which threads it - transforms the flux changes in the sample chamber
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to the SQUID sensor area. Now, when the sample is set to a controlled movement
along the axis of the gradiometer (typically up and down) a position dependent
signal reflecting the net changes of the flux threading the pick-up coils, of the
shape exemplified in Fig. 2.19(b), is created and can be recorded by the user. The
’amplitude’ of the structure in Fig. 2.19(b) is proportional to the magnitude of the
projection of the sample’s magnetic moment on the pick-up coils axis, which is
also the direction of the applied magnetic field.
In the homemade magnetometer the sample was suspended in the sample
chamber located at the bottom of the VTI on a length of a silk thread and the
reciprocal movement (up and down) through the pick-up coils was assured by
means of simple winding on and off this thread from the bobbin which was rotated by a stepper motor. The sample movement (angle of rotation of the motor)
and the SQUID electronics readout was synchronized by the external computer
via a dedicated program which supervised the whole performance of the system,
which also included setting of both the field and temperature, collecting, storing and displaying the results and providing the interface to the user. The QD
SQUID magnetometers operate on a similar principle of measurement with this
exception that they use a direct mechanical transmission to force the alternating
sample movement (this mode of operation is called RSO, the Reciprocal Sample
Option).

2.7.1

Artifacts in the magnetic field

Most of the substances which exert a net magnetic moment need to be magnetized by an external magnetic field either before or during the act of measuring.
This applies to most ferromagnets too, since in the absence of a field they break
into magnetic domains. Of course there are sound exceptions, (Ga,Mn)As with
in-plane magnetic anisotropy is a good example. The magnetic field necessary for
the measurements is generally generated by superconducting coils, which have
many advantages, but it spells some disadvantages too. The previously mentioned review article of SQUID magnetometry also addresses these problems
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(Section 2.3 of Ref. 36), therefore only these effects which are important to the
weak field studies of (Ga,Mn)As will be briefly presented below.
The main disadvantage is the presence of a trapped field of unknown strength
and direction inside any superconducting magnet wound from type-II superconductors. This trapped or remnant field which persists in the magnet bore even
without an external driving current results from penetration of the material of the
magnet by a quantized magnetic flux. This flux gets pinned at the defects in the
material and when magnet is discharged some of these flux lines remain pinned,
giving a weak magnetic field at the sample location [85]. To be precise, this effect
appears when the material (usually NbTi) enters the mixed state. This happens
already above 500-600 Oe. Perhaps it happens at even lower field, the quoted values indicate the range of the maximum magnetic fields that can be set without
observing any detectable effects. However, the last statement is valid only to the
case of the magnet which started its operation from the virgin state. In practice,
a frequently energized magnet has got its ’history,’ and a large trapped field can
be present even near zero settings of the field. The trapped field can be as large
as −20 Oe after a trip to 7 T, meaning that a field of about −20 Oe acts then on
the specimen even without any current from the magnet power supply, that is
after asking the system to set H = 0. Needless to say, without proper countermeasures such a system would be useless for any low field magnetometry, since it is
technically a very demanding job to place a sensitive Hall-probe near the sample
in the SQUID magnetometer.
QD came up with partial solution to this problem. The so-called ’magnet reset’
function of the system which allows to warm up the magnet above its critical
temperature for some seconds. This erases any flux that was trapped in winding
and then during the substrate cooling it reinstates the magnet in the Meissner
state with a ’real’ zero field inside. Of course this does not help to perform an
accurate magnetic loop across the whole range of the allowed magnetic fields,
but at least it allows to purify the magnet (erase its history) when required. This
option was therefore always set prior to any low field measurements, including
those presented in this thesis. Nevertheless, the problem of the lack of direct
proportionality of the field which the SQUID system ’thinks’ is set (and reports it
to the user) to the real field in the sample space during the weak fields operations,
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Figure 2.20: An example of the contribution of the trapped field to the magnetic measurements
of minute signals. (a) The magnetic field dependence of a reference piece of the GaAs substrate
measured in the 5 T SQUID at 300 K during the field trips from a true H = 0 to 1 (orange), 1.5
(red), and 2 kOe (brown) and back to zero. From these signals a straight line was subtracted; the
results, the nonlinear (due to the trapped field in the magnet) parts of the signals, which are shown
in (b). The thick arrows of matching colors indicate the way the field was cycled. The blue arrow
indicates the magnetic response (positive, about 2.5 × 10−8 emu) due to the negative trapped
field of about −2.5 Oe after the trip to +2 kOe in this 5 T superconducting magnet. The latter
value was established accurately by the measurements of paramagnetic Dy2 O3 salt in similar
conditions. Interestingly, these curves do resemble a response of a weak ferromagnetic material.

remains. In the case of (Ga,Mn)As/GaAs samples the presence of the trapped
field affects differently the linearly changing in field diamagnetic response of the
substrate (the one which has to be eliminated from the data), and the weakly
changing at high fields and rapidly changing in the weak field ferromagnetic
response of the investigated (Ga,Mn)As layer. Importantly, as shown in Figs 2.20
and 2.21, these effects are seen even when the field range of interest is limited to
1-2 kOe, the typical field range required for this study.
We first consider the effect on the response of the substrate, taking one of the
test GaAs substrates as the example. Figure 2.20(b) tells us that after reaching a
certain field, on the way back to zero, the field in the sample chamber is weaker
than it was during the initial trip, despite the same current was set in the coil
by the magnet power supply. By using a paramagnetic salt Dy2 O3 (a sample provided by the QD for AC set-up calibration) it was checked that after a return trip
to 2 kOe, the remnant (trapped) field in magnet was −2.5 Oe and −4 Oe in 5 T
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Figure 2.21: The illustration of the influence of the presence of the trapped field in the superconducting magnet on the weak field results in 5 T QD SQUID magnetometer. Investigated is sample
C at T = 130 K. (a) Typical m(H) curves with field running from 2000 to -2000 Oe (green) and
back from -2000 to 2000 Oe (black). Magnetometer reports a negative hysteresis loop with a width
of about -3.6 Oe. (b) The same beginning of the field sweep but just after zero the field is redirected
back. A true (narrow) hysteresis is recovered, but centered around the trapped field in the magnet
(about -2.5 Oe). (c) A weak field trip: 10 → −5 → 6 Oe performed after soft quenching of the
magnet to remove the trapped field reveals the true m(H) of this sample. The same can be obtained
when the data of (b) is shifted horizontally in the left by the value of the trapped field.
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and 7 T SQUID systems, respectively. Indeed, the difference in magnitude of the
moment reported by magnetometer for zero current in the magnet before and
after the trip amounts exactly to the expected value of the magnetic moment of
this piece of GaAs in H = −2.5 Oe. More importantly, the existence of history
dependent trapped field changes the real linear m(H) of the substrate into an apparently nonlinear one. Therefore, to perform the most reliable compensation for
the substrate, measurements of equivalent substrates were performed according
to the same low temperature measurement sequence, and such obtained reference signals (after adequate scaling) were subtracted from the low temperature
data.
The effect described above has got a small effect on ferromagnetic materials,
since their magnetic moment weakly or very weakly, depends on the external
field. That is with the exception of the low field region, in particular in the vicinity of the magnetization reversal. There, the fast changing data will be shifted
’horizontally’ (in the field domain) against the direction of the field sweep by
the value equal to the current magnitude of the trapped field. This is illustrated
for the same SQUID magnetometer in Fig. 2.21. Although the magnitude of the
trapped field changes with H. However, on the account of a weak dependency
of the m(H) for the FM part of the sample it proved sufficient to correct data
by a simple shift of the field values by an independently established number
equal to the near-zero-field value of the trapped field. Of course the used value
corresponded only to the particular experiment. These values were assessed by
numerous measurements of the trapped field (employing the Dy2 O3 salt) before and after the measurements. Reassuringly, nearly identical numbers were
recorded for similar field patterns during experiments.
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THICKNESS DEPENDENCE OF MICROMAGNETIC
P R O P E RT I E S O F ( G A , M N ) A S

Arguably the most application-promising effects discovered recently in dilute
ferromagnetic semiconductors (DFS) are the isothermal control of the magnetic
phase [14, 86] and magnetic anisotropy change [8] by an externally applied electric field. These findings recently led to an application-viable demonstration of
the electric field induced magnetization switching in sub-nanometer thin Fe-Co
layers [12]. Despite this remarkable achievement for metal-based devices the community still exerts a general interest in studying various (new) device concepts
in which ultrathin, less than a few nanometers, semiconducting (III,Mn)V layers
are incorporated. Therefore it is opportune to provide first hand experimental information on how micromagnetism in such thin DFS compares with that found
in thicker layers for which a great deal of information has already been acquired
[35, 87, 88]. In this Chapter investigations are described aiming in providing experimental evidences on the evolution of the Curie temperature (TC ), magnetic
phase and magnetic anisotropy proceeds along thinning of the layer down to a
single nanometer range.
To illustrate the scale of the possible effects, a chart collecting most of the available data on TC in (Ga,Mn)As as a function of the layer thickness (d) has been
prepared and presented in Fig. 3.1. To eliminate the influence of Mn concentration the TC values in the figure are given in units of the effective Mn concentration
(xeff ). Two clear trends emerged in this data. The main trend, as indicated in the
chart by a thick dashed line, indicates a general improvement of the best achievable TC on lowering d. But this positive trend saturates between 10-20 nm and TC
starts to roll off for d . 5 nm.
The existence of the main trend can be ascribed to an increased effectiveness of
the post-growth low-temperature (LT) annealing in thinner layers. LT annealing
is currently the best known method to maximize TC in (Ga,Mn)As, which results
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Figure 3.1: Literature data on TC (given in units of the effective Mn contraction, xeff ) of
(Ga,Mn)As plotted as a function of thickness d. Open symbols - as grown, bullets - after low
temperature annealing. Essentially the same picture is obtained if TC alone is plotted, see Appendix A, where also the reference for the each point is given. The thick dashed line is a guide for
the eye and indicates the main trend of improvement of TC on lowering d.

from the out-diffusion of interstitial Mn ions (MnI ) form the layer and their passivation on the free surface.[89] The beneficial effect of MnI removal on TC stems
from the fact that in the host lattice each MnI compensates (electrically) two
holes and (magnetically) one moment of a substitutional Mn on a Ga site (MnSub )
[65, 77]. Since the amount of energy required for MnI to reach the surface increases exponentially on thickness of the layer, on laboratory, or rather a human
time scale, the best effects of annealing are indeed observed in thin (Ga,Mn)As,
for d . 50 nm in particular. However, based on the observation that prolonged
LT annealing or its higher temperature reduces slightly the optimum value of TC ,
Wang et al.[3] suggested an existence of a second, unidentified yet, detrimental
to the TC process which must be characterized by a markedly higher activation
energy than that for MnI diffusion. Based on the analysis of the results presented
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in this Chapter and studies described in Chapter 4, it is suggested that this loss of
TC can be due to promotion of deeper migration of atmospheric oxygen in these
conditions into the bulk of (Ga,Mn)As layer (see p. 96).
On the other hand, the reversal of the trend for the lower thicknesses has escaped an explanation except for the final plunge of TC at lowest d. This has
recently been explained by a detrimental to magnetism presence of sizable hole
depletion zones below the (Ga,Mn)As free surface and at the interface with ntype low-temperature GaAs buffer [14, 90]. Indeed, thickness dependent TC modeling [90] performed within the frame of the p–d Zener model [54], modified to
take highly nonuniform hole profile into account, confirms such a sizable reduction of TC with respect to the ’bulk’ values. The effect operates however only for
d < 4 − 5 nm due to a very efficient screening in (Ga,Mn)As [91]. Naturally, as
TC depends so strongly on d, the magnetic anisotropy can follow. Therefore a
systematic study should be performed to resolve these issues.

3.1

samples

Two d = 15 nm (Ga,Mn)As films for thickness dependent studies samples A and
B were deposited at 200◦ C by LT molecular beam epitaxy (MBE) on (GaAs) on
(100) substrates buffered by 50 nm thick LT–GaAs with the use of an arsenic
valved cracker effusion cell. The concentration of substitutional Mn at Ga sites
xsub ' 6% was estimated by the growth rate increase of (Ga,Mn)As in comparison
to that of GaAs buffer [92]. These samples have not undergone any post-growth
heat treatment.
Samples were not characterized electrically. Neither the conductivity, nor the
hole concentration, p, was attempted to be determined from magnetotransport
studies. Instead, the already accumulated knowledge on the microstructure of
(Ga,Mn)As predictions of the p–d Zener model, and the basic magnetic characterization proved sufficient to infer the samples’ parameters with satisfactory
accuracy.
Magnetic measurements presented in the next Section yielded a Curie temperature in excess of 100 K, which combined with rather modest Mn concentration
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Figure 3.2: Partial concentrations of substitutional (xsub , red) and interstitial (xint , blue) Mn in
high crystalline quality as grown (Ga,Mn)As. The effective Mn concentration: xeff = xsub − xint
(green) and hole concentration: pN0 = xsub − xint are also given. The figure was compiled basing
on Refs 77 and 87.

and low thickness it yielded a truly high quality (Ga,Mn)As with low concentration of compensation structural defects other than Mn interstitial, MnI . Therefore,
these layers, to a large degree, should exhibit the same distribution of MnSub and
MnI as established previously [77, 87], see Fig. 3.2.
The very characteristic feature (and as reflected in the experiment [77]) is that
in the "best" as grown (Ga,Mn)As for a wide range of total Mn concentration, xtot ,
the hole concentration assumes a constant value p ' 2%, or 4.4 × 1020 cm−3 . This
is the value of hole density assigned to both layers.
The effective Mn concentration, xeff = xtot − xint , was obtained experimentally
from saturation magnetization, MSat , which in turn was established from magnetic moment measured at 5 K and 1 kOe, as described further on page 58 and
exemplified in Fig. 3.7. Neglecting hole contribution, MSat is connected with xeff
by:
MSat = xeff SN0 gµB ,
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Figure 3.3: Hole concentration, p, dependence of the Curie temperature, TC , in (Ga,Mn)As for
several concentration of effective Mn concentration (given in the figure). Calculation performed
according to [54] by Dr. Cz. Śliwa.

where: S = 5/2 is the Mn spin; N0 = 2.21 × 1022 cm−3 is the cation concentration;
g = 2.0, and µB is the Bohr magneton. Having established xeff , the remaining xtot ,
xsub and xint are readily obtained from Fig. 3.2. All these values are listed in Table. 2. The correctness of the established this way p and xeff can be cross checked
by comparing the calculated Curie temperature in the p–d Zener model, Tcc [54],
with the experimentally determined values. Experimental TC was established by
the disappearance of the thermoremnant magnetization (the method is described
in Chapter 2.3) and the particular measurements leading to determination of TC
for these two layers are presented further in Section 3.3.1.
Since, Tcc is linear in xeff , it is therefore sufficient to perform the required computations for one xeff and rescale the obtained Tc
C (p) for all other values. Figure 3.3
presents calculated this way Tcc for selected xeff . These particular calculations
were performed by dr. Cz. Śliwa. The practical usefulness of such a graph drives
from the fact that Tcc can be obtained for given p by simple linear interpolation in
xeff . The obtained this way Tc
C are listed in Table. 2. They differ by about 10 and
15% from the experimental values for samples A and B, respectively. Given how-
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ever the simplistic approach: (i) hole contribution to MSat was disregarded (this
could further increase Tc
C ), (ii) absence of other compensating point defects (by
reducing p, there would be less pressure to form MnI during growth), (iii) limited accuracy of the Zener model, and (iv) established later depth dependence of
xeff and p – that is a few percent non-uniformity of the layers, the obtained here
10, or even 15% inaccuracy can be regarded as fully acceptable.
Sample

MSat
emu/cm3

xeff
%

p
20
10 cm3

xtot
%

xsub
%

xint
%

TC
K

Tc
C
K

A
B

44
36

4.3
3.5

4.4
4.4

8.9
6.5

6.6
5

2.3
1.5

107
113

120
98

Table 2: Effective Mn concentration (xeff ), hole density (p), and other relevant Mn concentrations required to reproduce saturation magnetization (MSat ) for layers A and B. Calculated Curie
temperatures (Tc
C ) for these parameters are also given.

Sample

TC
K

xeff
%

p
20
10 cm3

xtot
%

xsub
%

xint
%

MSat
emu/cm3

[
M
Sat
emu/cm3

A
B

107
113

3.8
4

4.4
4.4

7.5
8.1

5.7
6.1

1.8
2

44
36

39
41

Table 3: Effective Mn concentration (xeff ), hole density (p), and other relevant Mn concentrations required to reproduce Curie temperature (TC ) for layers A and B. Calculated saturation
[
magnetization (M
Sat ) for these parameters are also given.

Alternatively, xeff can be preset first to a value which reproduces the experimental TC . Here again Fig. 3.3 is in use. Established from it xeff , the other concentrations obtained from Fig. 3.2, as well as calculated from Eq. 3.1 the magnitude of
[
expected MSat , M
Sat , are collected in Table 3. Again, a similar discrepancy band
[
opens, this time in MSat and M
Sat .
In principle, any of these two sets of parameters based on fixed values of p and
xeff , established to reproduce MSat and to reproduce TC , could be selected as the
starting point for further analysis of the experiment. But since this study is focused primarily on understanding the changes of TC observed upon thinning, the
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set of parameters which correctly reproduces TC (which is presented in Table 3)
has been adopted here.

3.2

the thinning method

Actually, one should expect a dependence of magnetic characteristics on d, as
an appreciable incorporation of Mn requires far from equilibrium growth conditions for GaAs. The resulting properties of the material depend therefore on
minute deviations from the intended growth protocol, and a growth time (or
the depth of the layer) are dependent variations of major microscopic characteristics rather an every day experience then accidental events. Naturally then
a thinner (grown faster) layer will exhibit different properties than its thicker
equivalent. The effect may get further magnified when growth technicalities systematically affect the growth conditions. An example of such an effect is Mn flux
burst and/or sudden increase of substrate temperature associated with the opening of the Mn shutter on commencing the growth of the Mn-containing layer in
some molecular beam epitaxy (MBE) chambers. Such was the suggested cause of
nearly twofold reduction along the growth direction of the concentration of MnI
in some as grown samples [93]. Importantly, these differences may get further amplified when growth technicalities [93, 94] or deviations from the intended protocol affect the growth conditions. All these growth related uncertainties make a
study undertaken on a set of dedicated layers in which only thickness is varied
rather questionable, as such a set of otherwise identical characteristics is practically impossible to prepare. Therefore another way was chosen: gradual thinning
of a single layer combined with multiple magnetic measurements performed at
various intermediate steps of the process. The thinning method was based on
sequential open air oxidation of the superficial part of the layer which had its native oxide removed beforehand by rinsing in concentrated (≈ 30%) HCl [2, 95].a
As this native oxide restores on an expense of the top-most part of the semiconductor film, multiple repetition of this method allows for very fine and uniform
a One of the most important applications of hydrochloric acid is in the pickling of steel, to remove
rust or iron oxide scale from iron.
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30% HCL wash for 30 s
Oxidation

dN

dN

dN+1

dN>dN+1
Figure 3.4: Schematic representation of each step of the thinning method. The whole process is
described in the following text.

thinning of even macroscopically large areas. The key advantage of this method
over the true chemical etching of (Ga,Mn)As itself [10] is that this is a self limiting
process, eliminating the risk of accidental removal of the whole layer in a single
attempt, and so of ruin the whole experiment.
The experimental protocol consisted of many identical steps, repeated in circle
until the whole magnetic layer got removed: in this case until the magnetic signal
was gone completely. Each step in turn consisted of three main stages, sketched
in Fig. 3.4. Let’s consider the Nth stage. Assume we start from a sample consisting
of (Ga,Mn)As layer covered with its native oxide, of total thickness dN , Fig. 3.4,
left. The oxide is then removed by about 30 s wash of the whole sample in HCl.
Most importantly, HCl reacts only with the oxygenated topmost part of the layer,
leaving the underlying (Ga,Mn)As untouched, Fig. 3.4, middle. The fact that the
acid reacts only with the oxide provides an important safety measure: the process
cannot be overdone. At this stage the thickness of (Ga,Mn)As has not yet been
altered . The actual thinning takes place afterwards, when the fresh (Ga,Mn)As
surface gets exposed to oxygen at open air. Now, by the reaction with oxygen
a new oxide layer is formed on the expense of the top part of the (Ga,Mn)As
layer. This oxidized part of (Ga,Mn)As layer becomes electrically inactive [2] and
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as shown further magnetically inactive as well. As the result the thickness of the
remaining semiconductor is reduced, Fig. 3.4, right. This is the moment when
magnetic measurements commenced, and after completion, the whole procedure
was repeated with the starting, dN+1 , somewhat smaller, thickness of (Ga,Mn)As
layer.
The thickness of the re-formed oxide depends on the oxidation time [2] - the
process starts immediately, but a few hours are needed to see appreciable changes
in magnetic measurements. Various oxidation time were tested, up to one month,
however the effect saturated at about 24 hours [96] only marginal changes occurred in the magnetic response when one sample was left aside for 30 days.
Nevertheless, as reported later, a clear influence of the oxidation time on the
magnitude of the change of the magnetic response was seen in the first several
hours. On the other hand, the rather extended practical oxidation time provided
a fine control handle over the overall speed of thinning. It was also noted that it
was indeed the required presence of oxygen, as no changes in the magnetic signal were recorded in time domain during lengthy (exceeding 24 hours) magnetic
measurements, which were done in a chemically inert helium atmosphere of the
sample chamber.
However, the most important concern about the applied procedure is the question whether the thinning proceeds as evenly as advertised above. This is a serious experimental problem, as there are no characterization methods capable of
mapping the thickness of layer with a nanometer resolution on such macroscopically large areas. The investigated (Ga,Mn)As layers are very thin, 15 nm or less,
and so to assure sufficient number of spins for magnetometry effort, several mm2
of the sample is required.
The first indication of the truly planar process comes from atomic force microscopy (AFM) tests performed on sample A before and after 26 thinning steps,
see Fig. 3.5. AFM allowes to assess large areas at one time (up to 100 × 100 µm2 )
and no macroscopic or submicrometer sized features suggestive that a statistically relevant number of (Ga,Mn)As islands were left on the GaAs substrate.
Importantly, profiles in panels (c–d) indicate that large scale undulation of the
sample surface (about ±2 nm) has been preserved. Undoubtedly, after 26 thinning steps the surface is very much worn out and the monatomic smoothness
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(a)

(b)

Sample A as grown

Sample A 26 times etched

(c)

(d)

Sample A as grown

Sample A 26 times etched

Figure 3.5: Atomic force microscopy images of two neighboring pieces from the same wafer: (a)
is an as grown piece, and (b) is 26 times thinned neighbor (sample A). Figures (c-d) show larger
scale profiles of the same pieces.

is gone, but the AFM convincingly precludes appearance of additional surface
morphology due to multiple thinning.
Interestingly, the results of the magnetic measurements on their own provide a
strong support that the planar thinning indeed took place. Convincing magnetic
evidence comes from the comparison of the magnetic properties of an as grown,
nominally 4 nm test layer, and 10 times thinned sample B. Both layers have got
nominally similar Mn concentration, 7.5 and 6%, respectively. Under the assumption of the uniform and planar thinning, according to the method presented in
Fig. 3.8, after ten thinning steps the thickness of the sample B should drop from
15 to ∼ 4 nm. As Fig. 3.6 indicates, both layers exhibit remarkably similar magnitudes of the magnetic moments and their TC are nearly the same. Undoubtedly,
an unevenly thinned layer with a patchy morphology consisting of a sizable "island" of thicker material, would not produce results similar to those of the as
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Figure 3.6: Temperature dependence of magnetization, M, in 10 times thinned layer B and a
reference, nominally 4 nm thin (Ga,Mn)As layer. Open symbols were collected during cooling at
1 kOe and represent the spontaneous moment, the bullet represent thermoremnant magnetization,
MTR , measured along the uniaxial easy axis.

grown, unprocessed layer. The analysis of the magnetometry data presented in
the next Section implies the magnitude of the thickness error bar to be about
0.6 nm or 2 monolayers. This is rather a small value, particularly for the process
which was repeated so many times. Such a surface undulation is no greater then
the minimally expected variation of the thickness of a layer that is obtained by
any growth technique.
Importantly, both investigated pieces do not show any unidirectional surface
undulation reported for similar (Ga,Mn)As layers [97]. This is an interesting finding, as these authors correlated these undulations with the presence and magnitude of the in-plane magnetic anisotropy in (Ga,Mn)As. As it is elaborated in
this thesis (in Sec. 3.5) in all the studied layers a strong magnetic uniaxiality is
observed, but on AFM tested pieces no undulations were seen.
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3.2.1

Thinning rate

The thinning rate as described in the above scheme is one of the most important
factors to be determined in the quantitative analysis of the study. Here again due
to the lack of an accurate method to measure directly the losses of the thickness in
each step of thinning (and being also in accordance with the time scale available
between the thinning and SQUID measurements), the direct magnetometry was
used to provide the required information.
The method relays on (SQUID) spin counting in the thinned layer, which in
this case is realized by the measurements of the absolute values of the magnetic
moment at saturation (mSat ) of the layers, after every step of thinning. This is
relatively easy in a ferromagnet, as a weak field is required to force the sample to
saturation. As Fig. 3.7 exemplifies, the investigated (Ga,Mn)As layers saturates at
about 1 kOe independently of the orientation of the sample, so the value of the
magnetic moment at 1 kOe and 5 K (this is the lowest temperature easily available
in both SQUIDs used during the study) has been chosen to represent mSat . As
for the given substance it’s mS can be physically changed only by a change of the
volume of the specimen. As the result of the uniformly planar thinning of these
layers (elaborated in the previous Section) the consistently decreasing magnitude
of mS was assigned solely to the drop of thickness, simultaneously providing its
direct assessment.
However, to speed up the magnetic measurements, magnetization curves as
those from Fig. 3.7 were recorded sporadically (SQUID technique is very slow
in performing field dependent studies). Conversely, the temperature dependent
studies (at constant H) are relatively fast, and following the general experimental
routine described in Chapter 2.3 field cooled measurements at 1 kOe provided
the foundation for the mS ≡ m(1 kOe, 5 K) assessment during the studies. Figure 3.8(a) exemplifies such field cooled measurements for sample A (for clarity
only every 5th step of thinning is shown). The figure evidences a gradual weakening of the ferromagnetic response in the whole temperature range in terms of the
reduction of both its onset temperature and the magnitude of magnetic moment
m(T ) (and so of its saturation value mS ).
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Figure 3.7: Magnetization curves along two perpendicular in-plane directions, with indication
of saturation level blue squares – [110], green bullets – [1̄10] up to 1 kOe, insert is the same
measurements for field up to 5 kOe.

In the next step, the data obtained from such sets of measurements values of mS
are plotted as a function of the process step n, see Fig. 3.8(b). The data presented
there follow a remarkably linear dependence across the whole data set, which
endorses substantially the initial presumption that the thinning process proceeds
uniformly in the planar fashion and indicates that the magnetic measurements
can provide the adequate thickness assessment. To do so, the thinning rate, η, is
calculated from the slope of the data. Sample A, which was rested for oxidation
after the HCl wash for about 6 hours, ηA ' 0.55 nm per step, η increased to
ηB ' 1.2 nm per step for sample B processed in a similar manner but with
oxidizing time extended to about 24 hours. In this case only 13 steps were needed
to completely eradicate its magnetic response, see Fig. 3.9. The different value of η
indicates that the thickness of the native oxide forming on the free semiconductor
surface depends on the oxidation time, and that this thickness can be controlled
accordingly. Given the different times of oxidation, both values of η agree with
those reported in Refs 2 and 98.
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Figure 3.8: (a) Temperature dependence of the field cooled moment mFC of layer A measured
after every 5th step of the thinning process. (b) Reduction of the saturation moment [taken as
mFC (5 K)] versus the number of the thinning steps. Dashed line defines the thinning efficiency η.
Calculated layer thickness of the remaining material, dn = 15 − nη, is given on the right y-axis.

The knowledge of η allows to calculate the thickness of the remaining (Ga,Mn)As
after each thinning step: dn = 15 − nη nm, in this particular case. These values are
indicated on the right Y scale of Fig. 3.8(b) for sample A or are given explicidly
in Fig. 3.9 for sample B.

3.3
3.3.1

curie temperature
Experimental results

As already mentioned before in Section 3.2.1 [see Fig. 3.8(a)] thinning of the layer
results in a simultaneous reduction of the magnitude of m(T ) and the temperature which marks the onset of ferromagnetism (∼TC ). However, the measurements at 1 kOe do not provide means for accurate assessment of TC , so in order
to properly quantify the effect of thinning, a zero-field method should be applied
to obtain credible values of TC . Therefore, the TC values for each thinning step
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was established from the thermoremnant magnetization (MTR ), as outlined in
Section 2.3.
Figure 3.9 summarizes the primary findings of the whole thinning process of
sample B exemplifying the temperature dependence of both the remnant moment, mTR , panel (a), and of MTR , panel (b). Data for panel (b) was obtained
using the thicknesses shown in the figure, determined for each thinning step
according to the method outlined in the previous Section. Bullets in panel (c) represent TC dependence on thickness obtained from the results presented in panels
(a-b).
Perhaps the most prominent feature of the first two panels is the coherent way
the layer responses to thinning. Both magnetic moment and TC assume consistently smaller values. The curves do not cross, there is a clear discernible. The
next important feature is that for most of the thicknesses, say, until d drops below 5 nm, MTR (T ) does not change its character - except for different TC each new
curve follows closely the preceding one. This indicates that the mechanism of the
coupling and magnetic anisotropy do not change in this range of thicknesses.
However, this tendency breaks when a layer gets thinner than about 3 nm. The
concave curvature (Brilloiun-like shape) seen initially, gives way to strait-line-like
or even a convex shape of MTR (T ) for the lowest thicknesses. Interestingly, perhaps except for the last, 12th thinning step, the MTR (T ) results in panel (b) look
astonishingly similar to those of Ref. 66 presented in this thesis in panel (d) of
Fig. 2.15. There, Mayer and co-workers were reducing the hole density in their
sample by irradiation – introducing donor like structural defects to reduce p. This
comparison serves as an important hint to understand the origin of such a sizable
reduction of TC on thinning – a mechanism leading to rather sizable reduction of
p should be identified.
Still non-zero mTR is observed after the 12th thinning step. At this point, according to the method of thickness determination, the average thickness of the
remaining (Ga,Mn)As, including ∼1 nm of oxide, should be reduced to 0.3 nm, so
no Mn-related response should be seen. Undoubtedly, this is the moment when
the assumption of the ideal flatness of the layers’ surface fails. The fact that the
magnetic signal is still clearly resolved means that there had to exist macroscopic
areas with thickness greater then 1.5 nm after the 11th step of thinning. In order
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Figure 3.9: (a) Temperature dependence of the remnant moment mTR for sample B exemplified for
every 2nd step of thinning. Corresponding layer thickness is indicated together with the number of
the thinning stepa. (b) Same as (a) but normalized to the volume of the layer at given thinning step
(thermoremanent magnetization, MTR ). The arrows indicate the position of Curie temperature
determined by the disappearance of the corresponding MTR . These values are collected in panel
(c) showing the TC dependence on thickness. The straight dashed line indicates the linear part of
TC (d) strictly obeyed between 6 and 15 nm.
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to evaluate the error bar of the layer’s thickness it should be noted that this experiment established that TC is a strong function of thickness, see panel (c), and
that the Curie transition does not get smeared considerably even at this thinning
step. Since the experimentally observed TC is the highest detectable TC present
in an inhomogeneous sample, the rounding of MTR (T ) seen at T . TC for all
thinning steps, most probably reflects the spread of TC across the layer. The relative importance of thickness inhomogeneity growth with lowering d. Comparing
therefore the near-TC MTR data after the 10th and 11th thinning, panel (b), it can
be concluded that the temperature smearing of the Curie transition is no greater
that half of the drop of TC between these steps. This means that there are no statistically relevant (Ga,Mn)As bumps on the surface of the layers with thickness
exceeding the average one more, than by a value, corresponding to the half of the
TC drop in this thinning step. Otherwise, MTR would continue to temperatures
much closer to the TC of the 10th thinning step. It is therefore reasonable to take
ηB /2 = 0.6 nm as the size of the error bar of thickness determination during
the thinning process of the sample B. This value corresponds to 2 monolayers of
(Ga,Mn)As, which can be regarded as a very small value – it appears to be the
initial surface undulation of these layers (see Fig. 3.5), indicating simultaneous
similarity of this thinning process to the sample surface morphology, finally, advertising this method for very fine material/surface modifications applications.
The data accumulated in Fig. 3.9(c) indicate rather unexpectedly strong monotonic TC dependence on d. The data indicate an overall 73% drop of TC from
113 of the as grown layer to about 30 K, the lowest recorded value of TC before
the (ferro-)magnetic signal disappeared completely. The dashed straight line indicates the linear part of this dependency, strictly obeyed between 6 and 15 nm.
According to the previous findings for gated structures [14, 90], the fast drop of
TC for the lowest thicknesses can be assign to a significant reduction of p at the
(Ga,Mn)As layer’s boundaries. Actually, direct experimental observation of this
drop was one of the initial aims of the thinning exercise. What came here as a
kind of surprise is this clearly monotonic dependence on d is seen immediately
at the very beginning of the thinning process, that is even for thicknesses as large
as 15 nm.
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Figure 3.10: Evidence of spin reorientation transition in as grown sample A, blue squares – [110],
green bullets – [1̄10]. Insert is a zoom in of the main picture where the arrow indicates TC of the
sample.

Qualitatively, the same results have been obtained for sample A, which indicates that the monotonic reduction of TC is a genuine effect (at least in these
layers). However, before the TC (d) data for the sample A can be shown, a full
account of the remarkable effect of a 90 deg rotation of the uniaxial easy axis
upon thinning has to be given. Its presence influences the determination of TC
by the MTR method, but, on the other hand, it provides an important clue to the
direction that the linear drop of TC should be interpreted.
Such an easy axis rotation is called the spin reorientation transition (SRT) and
is relatively frequently met in (Ga,Mn)As [9, 10]. It was not observed during the
thinning of sample B, but it was seen in the as grown layer A. This temperaturedriven effect is illustrated in Fig. 3.10, and is qualitatively identical with that
reported in Ref. 10, with the distinction that here it takes place very close to
TC . The data in the figure (in the inset in particular) tell us that for T . 90 K
[1̄10]

mT R

[110]

> mT R

' 0 indicating that [1̄10] is the uniaxial easy direction there. It

is the most frequently met case in (Ga,Mn)As [35, 79, 99, 100]. For T & 90 K
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120

indicate TC for these cases.
[110]

[1̄10]

[110] becomes the easy axis since mTR > mTR ' 0. The temperature at which
[110]

mTR

[1̄10]

w mTR is called the reorientation temperature (TSRT). At this point the

system does not exhibit uniaxial magnetic anisotropy, mathematically KU = 0.
Therefore, for practical determination of the Curie temperature from MTR measurements in (Ga,Mn)As layers which exhibit SRT, the high temperature behavior
[110]

[1̄10]

of mT R must also be investigated. If mT R ceases to be the easy direction close
to TC , then fading MTR above TSRT on this direction yields a wrong, too small
value for TC .
Interestingly, this SRT is gradually removed from the scene on thinning of the
layer. Figure 3.11 compares the high-T part of MTR (T ) recorded for d = 15, 12.4,
and 9.7 nm that is for the as grown and after 5th and 10th thinning step, respectively. These results show that in this case TC should be determined from [110]
projection of MTR (for d & 10 nm) and from the [1̄10] projection for smaller d,
as it is exemplified in Fig. 3.12(a) and (b) and differentiated by the use of two
different colors on the summarizing graph, Fig. 3.12(c), presenting established
TC (d) dependency in this layer. As the sharpness of the transition (rapidness of
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Figure 3.12: Determination of thickness dependent values of Curie temperature for sample A: (a)
for d . 10 nm from [1̄10] projection of thermoremnant magnetization and (b) for d & 10 nm
from [110] one. (c) Summarized thickness dependence of TC for this sample.

vanishing of MTR below TC ) is similar to that of sample B, the magnitude of the
thickness error bar is the same as for this sample: 0.6 nm.
Figure 3.13 combines the TC (d) dependence for both samples in one graph. The
results are semiquantitatively similar. Both samples exhibit sizable monotonic
reduction of TC on lowering d. However, this dependence is visibly stronger in
sample B. It appears from the graph, and this is the way the analysis will go, that
this behavior is caused by two independent mechanisms.
The first one is responsible only for the linear part of the observed TC (d).
This behavior is marked in Fig. 3.13 by solid lines of lighter shades. It will be
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Figure 3.13: Thickness dependence of Curie temperature for both thinned samples A (squares)
and B (circles). Dashed thick lines of lighter shades mark the linear in d part of the TC (d) which
for d → 0 mark hypothetical values of TC (0) for this linear dependency. Black dotted lines were
calculated assuming presence of constant negative gradient of MnI along the growth direction, as
explained on page 73.

shown that microstructure inhomogeneity of these layers, namely linearly changing along d concentration of MnI gives sufficient account for such an effect.
The other mechanism, the extrinsic one, independent of the microstructure of
the material, comes about due to the presence of strong electric fields at both
surfaces of the layers. These fields have a marginal effect on TC for thick layers,
but in very narrow ones they devoid (Ga,Mn)As of holes which leads to the
sizable reduction of TC .
In the next Section an account for these two mechanisms will be given.

3.3.2

Interpretation

In the previous Section evidence was given that TC in thin, d < 15 nm, (Ga,Mn)As
layers continuously decreases on lowering d. Before this effect gets quantified it
has to be noted that despite the narrow or even very narrow constitution of
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the layer, the quantum confinement effects can be disregarded here. This is due
to a disorder in (Ga,Mn)As. The mean free path does not exceed 1 nm [101,
102], which is much less then the layer width down to the end of the thinning,
which leads to a smearing out of the dimensional quantization, making the semiclassical approach (presented below) valid
As presented in the previous Section, the results do not agree with model calculation of Nishitani et al. [90]. According to Ref. 90 in an ideal, homogenous,
(Ga,Mn)As the magnitude of TC is expected to be constant for all thicknesses
above 3 nm, see Fig. 3.14. For extremely thin layers, below these 3 nm, TC drops
considerably due to a near-the-surface sizable depletion of hole density caused
by the presence of numerous donor-like surface states [14, 90]. The effect of depletion is limited to the first 1-2 nm because the very efficient screening of the
surface states electric fields by the dense population of holes in (Ga,Mn)As. The
Thomas-Fermi screening length is smaller then 1 nm here [103]. Therefore in
layers thicker then about 3 nm TC should be the same as for "bulk" (Ga,Mn)As,
independent of thickness.
This discrepancy indicates that the initial assumption about the compositional
homogeneity of the studied layers is not valid and a certain dependence on
thickness of its microscopic characteristics has to be assumed. In fact, smaller
or greater dependencies of Mn composition along the depth of the layer had
been already reported [93, 104]. However, these finding were obtained for much
thicker, above 100 nm thick, (Ga,Mn)As.
The situation may be different in thinner layers, or layers grown in different
MBE machines. In particular, according to the newly developed three dimensional probe technique (3DAP), which allows one to obtain 3D maps of elements’
distribution with 1 nm resolution [107], the Mn distribution in thin (50 nm or less
thick layers) is uniform along the growth direction, as shown in Fig. 3.15 [105].
This finding largely goes in hand with the observation that during the growth of
these layers the reflection high-energy electron diffraction (RHEED) pattern was
constant, indicating constant concentration of MnSub along the growth direction.
So, both observations preclude a presence of as large as 40–70% depth dependent
depth of Mn composition, required to account for such strong reduction of TC as
found experimentally.
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Figure 3.14: (From Ref. 90). (a) The hole distribution profiles obtained by solving the Poisson
equation for various channel thickness t. (b) Curie temperature TC as a function of channel thickness calculated by using the determined hole distribution profiles from (a) and Eq. 3.3 for Mn
density xeff = 3%. The dotted line represents TC obtained from the p–d Zener model for the
three-dimensional case [7, 54]. Note the use of log scale here, not the linear one as in Fig. 3.13.

The magnitude of the built-in inhomogeneity of the (Ga,Mn)As will be assessed
first to give an account for the linear in d part of the established TC (d). Ferromagnetism in (Ga,Mn)As is hole mediated, and TC depends not only on xeff but also
on the hole density. It is therefore, in principle possible, to vary both xeff and p
independently along the depth of the layer, until a satisfactory explanation of the
TC (d) is found. In Fig. 3.16 the thick line A–B defines a set (in principle infinite)
of all these pairs of p and xeff which give TC = 84 K, the value ’expected’ at
d → 0 from the linear extrapolation of TC (d) for sample A (see Fig. 3.13). For
example, Fig. 3.16 shows that in order to account for the drop of TC from 107 K
(point "S") to 84 K (line A–B) requires either 30% reduction in p or 20% reduction
of xeff , if either of them should take place individually.
However, a reduction of xeff alone is precluded by the observation of [1̄10] →
[110] SRT on lowering d. The xeff reduction would cause the opposite rotation
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Figure 3.15: (From Ref. 105). Distribution of Ga, As and Mn in x = 0.037 (Ga,Mn)As established by the three-dimensional atom probe technique. The data indicates uniform Mn distribution
along the growth direction, although, as the thick line indicates, a small gradient cannot be ruled
out. Enquired personally, the authors of Ref. 105 admitted the presence of a "small difference in
Mn composition", however "smaller then statistical error of atom probe measurement" [106].

of the uniaxial easy axis than it is observed experimentally. This is explained in
Fig. 3.17. Panel (b) of this figure which shows hole concentration dependence
of the in-plane uniaxial anisotropy [10, 79, 80]. The magnitude and sign of this
anisotropy is parameterized by parameter BG = AF βM/6gµB , a quantity directly
proportional to magnetization. In the language used in this graph, the required
90◦ rotation of the uniaxial easy axis means the change of sign of the anisotropy
field, and such an event can take place only for certain ranges of p, in particular
between 5 × 1020 and 1.1 × 1021 cm−3 . The hole density assigned to sample A
(4.4 × 1020 cm−3 ) is slightly too small to fit precisely into this range. However,
both p and the modeling presented in Fig. 3.17 are not exact. Indeed, it can be
noted that the "border" character of p in this sample is reflected in the fact that
the observed here SRT is "weaker" than this reported in [10], in that sense it takes
place at very high T where BG is small. In a full accordance with these lines
comes the lack of SRT in sample B, which for similar p has a slightly higher xeff
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Figure 3.16: A fragment of Fig 3.3 exemplifying the graphical procedure enabling to find required
hole density, p, or effective Mn concentration, xeff , to reproduce given value of TC in (Ga,Mn)As.
The given percentage changes and the A–B line are relevant to sample A, which initial TC was
107 K (point "S").

(see Table 3, page 52) for which BG is higher (at given T ) – shifting the required
p for SRT to higher values. It can be said that both samples stay very close to the
border of SRT, however sample A has just made to be inside the range, whereas
sample B remains outside the range of parameters which permit the SRT to take
place at T < TC .
Immediately one notices that a simple vertical move down (that is with keeping
p constant), indicated by the thin arrow, is precluded here. An increase of BG at
constant T can only be realized by an increase of xeff , which is inconsistent with
the drop of TC which is simultaneously observed in the experiment. This means
that a substantial drop of hole density, such as the one marked by the thick arrow
(with or without a small change of M, that is xeff in this case) is preferred here as
it can simultaneously reduce TC and rotate the easy axis. Therefore to account for
the experimental findings a far stronger reduction of p then xeff along the depth
of the layer is required.
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Figure 3.17: (a1-a3) The same as Fig. 3.11. (b) Adopted from Ref. 79. Hole concentration dependence of the in-plane uniaxial anisotropy field due to (fictitious) shear strain xy = 0.05% for
various values of the valence-band spin splitting BG . Thick orange bands mark two ranges of p
where the spin reorientation transition, SRT, is allowed. Two major scenarios of SRT at constant
T are marked. Thin arrow indicates the one which is due to a change of xeff only, thick arrow
indicates the one due to the drop p.

In order to single out the most probable combination of p and xeff an extra
condition is needed. This condition is brought by the notion of the stability of
the RHEED pattern recorded during the growth – meaning that the depth independent concentration of substitutional Mn, xsub , can be assumed here. Now,
the required combination of p and xeff can be obtained numerically varying xeff
with keeping xsub fixed at 5.7% (this value is taken from Table 3) until the ’final’ (for d ' 0) TC ' 84 K is obtained. At each step of the iteration p/N0 =
xsub − 2xeff is calculated and TC is obtained from Fig. 3.16. The final combination
of p = 3.34 × 1020 cm−3 and xeff = 3.6% is marked in Fig. 3.16 as point "F".
An important comment should be placed here. The procedure outlined above
assumes explicitly a certain distribution of p and xeff along the depth of the
layer, but TC is calculated using the expression obtained for the uniform case.
The question here is how to calculate TC for the nonuniform sample. Whether
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the sample produces collectively a single value of TC , or whether different parts
couple at different temperatures?
In (Ga,Mn)As it is a question of the magnitude of the phase coherence length of
holes, lΦ , which is not accurately known, particularly at elevated temperatures.
The extrapolation in T −1/2 of the mK data presented in Ref. 108 gives lΦ of only
∼1 nm already at 40 K. However, a value of about three times longer was determined in Ref. 109. It is obvious therefore that lΦ is shorter than the width of the
layers studied here and so the volumes characterized by different combinations
of p and xeff will couple at different TC . So, having a range of TC values, always
statistically relevant parts of the sample with the largest TC will determine experimental TC of the whole sample. Quite naturally, if the dispersion is linear, each
constituent TC enters with the same weight, and so the largest one determines
TC of the whole ensemble. In the described above procedure TC was calculated
either for the largest values of p and xeff for the layer (at d = 15 nm) or for
’d = 0’, for which there are only single values of p and xeff , the layer is, by definition, uniform there. This is why the standard p–d Zener model could have been
used. In general, a nonuniform case requires special treatment and the adequate
expression for TC (eg. 3.3) will be employed further on.
The result of the procedure are summarized in Table 4. The same procedure
applied to sample B gave quantitatively similar results, see Table 5. It is interesting to note here that all these results can be viewed in a frame in which during
the growth xsub remains constant (known form RHEED) but only the number of
MnI is gradually decreasing along the growth direction.
Therefore to model the depth dependence of TC the exact form of xint (d) is
needed. It will be shown now that the simplest case, a linear drop of xint along
the growth direction is sufficient to accurately reproduce the linear part of experimental TC (d). Indeed, assuming that:
xint (d) = xint (0) + bint d,

(3.2)

and keeping xsub constant, all the remaining quantities can be calculated for any
d. The values of the relevant gradients bi (i = tot, int, sub, eff) are given in
Tables 4 and 5 for both samples. Black doted lines in Fig. 3.13 show that the
model built on the assumption of the existence of a constant negative gradient
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Sample A

units

d'0

d = 15 nm

bi

xtot
xint
xsub
xeff
p/N0
p
TC

%
%
%
%
%
20
10 cm−3
K

7.73
2.08
5.65
3.57
1.5
3.29
84

7.48
1.83
5.65
3.83
2.0
4.40
107

−0.017
−0.017
0
0.017
0.034
0.074
1.5

Table 4: Total, interstitial, substitutional and effective Mn concentration, hole concentration, and
Curie temperature established for as grown layer A (d = 15 nm) as calculated for the linearly
extrapolated to d = 0 value of TC , assuming constant concentration of Mn substitutional along
the depth of the layer. Assuming linear variation with d, corresponding gradients of all quantities,
bi (expressed per 1 nm), are also given.

Sample B

units

d'0

d = 15 nm

bi

xtot
xint
xsub
xeff
p/N0
p
TC

%
%
%
%
%
20
10 cm−3
K

8.63
2.55
6.08
3.53
0.98
2.16
62

8.13
2.04
6.08
4.04
2
4.4
113

−0.033
−0.034
0
0.034
0.068
0.149
3.4

Table 5: Same as Table 4 but for sample B.

of xint along the growth direction reproduces the linear part of experimentally
determined TC (d) remarkably well.
It should be noted here, that this finding goes hand-in-hand with the original
supposition based on the similarity of the result of the recent study with those
obtained for the sample in which the hole density was deliberately reduced by
the introduction of hole–compensating centers by irradiation [66]. Interestingly,
in the present case change of the hole density is built-in due to nonhomogeneous
distribution of MnI along the depth of the layer.
Figure 3.18 exemplifies the evaluated linear in d variations for xi and p for
both samples of this exercise. It is interesting to note that the requirement for un-
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Figure 3.18: Total (orange), substitutional (red), effective (blue), and interstitial (green) Mn concentration as well as hole concentration in units of N0 (magenta) plotted as the function of
thickness in sample A (top panels) and B (bottom ones). Left panels give these concentrations
in absolute values, right ones plot their absolute change with respect to the value taken at the
beginning of the growth.
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derstanding of the experimental finding substantial variation of p and MnI can
be realized under rather minor change of the total Mn concentration (a relative
drop by mere ∼6%), what is currently beyond the resolution of even the most advanced direct atomic concentration profilers like secondary ion mass spectroscopy
and 3DAP [106]. In this aspect the data presented here interpretation is in full
accordance with the results of 3DAP analysis of similar layers [105], see Fig. 3.15.
In order to give the full numerical account of the effect of depth dependent concentration of MnI and the electrostatic effects at the layer boundaries on TC , the
recently developed modified Zener model to describe TC in thin and nonuniform
layers of (Ga,Mn)As [14, 90] is adopted.
Firstly, the influence of the xint (d) on TC is re-examined. To this end the whole
d-dependence of p and xeff is parameterized by only two d-independent free
parameters: xsub and MnI gradient bInt . Their values were obtained by fitting
calculated TC (d) to the linear part of the experimental data using the following
formulae [14, 90]:
Zd
TC =

0

Z
dzTC3D [p(z), xeff (z)] ×

dz

p2 (z)
,
p2s

(3.3)

where, due to the expected short phase coherence length of holes, for a given
profile of p and xeff z runs from 0 to d in the intervals of 1 nm and the maximum
obtained value is assigned to current TC (d). Here TC3D is the Curie temperature calR
culated within the conventional p–d Zenner model [54] at given z, ps = dzp(z)
is the sheet hole density. The calculations were limited to d > 2 nm to avoid some
software artifacts.
Reassuringly, as indicated in the right panels of Fig. 3.19 by the solid lines,
the presented above simple model of constant gradient, that is with the linear
profiles p(d) and xeff (d) in the layer, as those presented in Fig. 3.18 (left panels),
reproduces the linear part of the TC (d) data very well. These lines were calculated using different integration lengths, for LR = 1, 2, and 4 nm in Eq. 3.3. An
equally good fits could have been obtained for all these values of LR , however
calculations with LR = 4 nm required to noticeably increase of xsub . There should
be no surprise here. As long as the hole depth profile p(d) does not change much
within the integration length, Eq. 3.3 should yield bulk-like results corresponding closely to the current values of p(z) and xeff (z). When p(d) does change
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Figure 3.19: (a/top) (Full points) experimentally determined values and (dashed and solid lines)
results of modeling of Curie temperature TC in 15 nm (Ga,Mn)As as a function of decreasing
layer thickness d. (a/bottom) Hole profiles for various values of d calculated by solving the Poisson
equation with the negative gradient of the concentration of Mn at interstitial sites and electrostatic
effects present at the top and bottom boundaries of the layer (see the text).
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underlayer
xsub (LR = 1 nm)
xsub (LR = 4 nm)
ND /1019 cm−3
NI /1020 cm−3

Sample A Sample B Ref. 14
LT GaAs
SI GaAs LT GaAs
5.92%
6.19%
5
2.8

6.63%
7.05%
1
2.8

N/A
N/A
–
2.4

Ref. 90
LT GaAs
N/A
N/A
4
3

Table 6: Relevant concentrations for best fit to the experimental TC (d). The table lists also
reference data

substantially, like for LR = 4 nm, both averaged values of p(z) and xeff (z) differ considerably from their maximum values within the range, so to reproduce
experimental magnitude of TC (d) an increment of xsub was required.
After establishing the general correctness of the method, at the final stage of
the analysis the electrostatic effects due to the presence of antisite AsGa donors
of concentration ND in the LT-GaAs buffer adjacent to (Ga,Mn)As channel and
donor-like traps at the free (Ga,Mn)As surface are included. The surface traps
are modeled by introducing an ever-present (i. e. not removed or particularly
affected by the thinning procedure) topmost 1 nm region of the layer containing NI donors. The Fermi energy is pinned at the midgap of GaAs substrate
residing 50 nm below the bottom of our layer. Then the Poisson equation is
solved within nextnano3 package [110] for given distribution of interstitial double donors xint (d), NI and ND . The TC (d) is calculated again using Eq. 3.3 for
LR = 1, 2, 4 nm, manually adjusting xsub to reproduce TC (15 nm), bint to maintain
the correct slope of TC (d), and NI and ND to reproduce the experimental TC (d) at
small d. The process was performed in a few iterations with the starting values of
xsub and bint established previously. However, it was not a rigorous fit. At small
d the results depend on the magnitudes of these two adjustable concentrations,
but none of the tried combination was able to assure a preferentially ’best fit’, in
particular giving less rapid roll off TC at the lowest d.
The results are presented in right panels in Fig. 3.19, while the values of the
parameters are listed in Table 6. The table does not contain bint - there was no
need to adjust this parameter.
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Figure 3.20: An illustration of the effect of surface traps on the magnitude of TC for 5 nm layer.
Black line is a hole profile without any donors. Red profile stands for the same as black one but
with placing 2.8 × 1020 cm−3 surface traps in the top part of the layer. Dark yellow, blue, cyan,
magenta, green lines are for surface donors changing from 1 × 1019 to 5 × 1019 cm−3 .

It appears from the figure, that a better reproduction was possible with LR =
4 nm than for the shorter values. It is difficult to say whether this is a signature
of such a truly long coherence length in this high TC samples, or whether it is
a result of all simplifications under which this interpretation is performed, or,
whether, the experimentally determined TC was overestimated for the lowest d.
It is shown in the next Section that at this range of d the superparamagnetic
component starts to constitute a sizable part of the layer’s magnetic response.
So, it well may be for such a small d, that the MTR (T ) carries such a significant
contribution from blocked large SP superspins, that for the thinnest layers the
vanishing temperature of MTR (T ) indicates TBMax > TC .
In order to counteract the combined effect of the averaging over LR and the
presence of NI on TC it proved necessary to increase xsub in the layers by about
15% with respect to the previous modeling. Figure 3.20 illustrates the effect of
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surface traps on the magnitude of TC for 5 nm layer. On the right hand side,
the black line represent the hole profile without NI , while the red one that with
2.8 × 1020 cm−3 donors present in the topmost 1 nm of the layer. The 1 nm wide
background bands represent the part of the structure (profile) where TC is actually calculated. Without NI the ’tallest’ 1 nm band in the profile is the grey one
and for it TC = 97 K is obtained. The introduction of surface traps alters the
profile so considerably, that now the tallest band is the greenish one, for which
TC is reduced to 93 K. So, in order to ’return’ to 97 K, about 6% increase of
xsub is required. 6, not 4% are needed (97/93 = 1.04), as any increase of xsub is
accompanied by about 3 times smaller increase of compensating MnI see Fig. 3.2.
Also, the modeling employed here disregard effects of localization and the
whole complexity of the nature of the magnetic coupling when the hole density approaches the Mott critical concentration in very thin layers (discussed in
Sec. 2.6 on page 29). Nevertheless, the overall TC (d) for both samples is reproduced satisfactory for generally similar values of NI and ND to those established
previously for similar (Ga,Mn)As layers [14, 90]. This fact strongly points to a
universality of the (Ga,Mn)As surface, at least when samples from two MBE machines are compared.
Generally, both NI and ND are required to obtained the ’bending down’ of TC
starting at about 4 nm. However, the impact of ND in the substrate is less then
that of surface NI . The substrate donors are mostly responsible for the degree of
depletion at the bottommost 1-2 nm of the layer. While they affect TC little even at
d = 3 nm, see Fig. 3.20, the stronger depletion for d < 2 nm may induce stronger
superparamagnetic-like properties there. In the analysis of the results parameter
ND in sample A came out to be of a very similar value to that of the Ref. 90
also established for the sample grown on LT-GaAs buffer, known to be sizably ntype. At the same time the modeling yielded 5 times smaller donor concentration
for the sample grown on semi-insulating GaAs substrate. But, in principle, there
should be not be any donors in the semi-insulating GaAs substrate. Perhaps,
and this is only a guess, some of the Mn atoms, preferably the donor-like MnI
migrated during the growth to the substrate. This is a self limiting process as a
p–n junction builds at the (Ga,Mn)As/GaAs interface, which prevents excessive
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outdiffusion of MnI . In a sense, this is the same mechanism which has been
identified to inhibit the increase of TC in the GaAs capped layers [89, 111].
As elaborated above the presence of the MnI gradient in the studied (Ga,Mn)As
layers needs an accounting. A question arises whether it was an accidental mixture of growth conditions during that particular growth session (e.g. depth dependent differences in growth temperature [104]), or whether it can be an intrinsic
attribute of the (Ga,Mn)As growth, and so should be expected in other samples.
The author of this thesis and the investigating team believes it is the second case
and that the underlying cause for this negative gradient of MnI is a presence of
the dense and narrow pocket of the surface donor-like states. MnI is by far the
dominating self-compensating defect in high quality (Ga,Mn)As generated during the growth. However, both the surface traps and MnI have similar densities
and both are positively charged, so they repel each other on equal footing. But
as the traps are fixed to the surface whereas MnI are quite mobile at the growth
temperatures (which is why the LT annealing works in these compounds), so
these are the MnI which are being constantly pushed back from the growth front
towards the substrate. So the most likely equilibrium conditions are established
during growth to neutralize the combined push backwards by the surface positive charge and simultaneous push forward from the already accumulated MnI
at the deeper parts of the already grown layer. Under these conditions, the depth
dependent MnI concentration gets immediately frozen down once the growth
is completed, sample temperature reduced and MnI immobilized. According to
this scenario the magnitude of the gradient coefficient bInt should decrease with
thickness, except, perhaps the hydrogen-codoped layers where far fewer MnI
are expected to form. This supposition has not been tested by the author, however it goes in accordance with the results of normal chemical etching of thicker
(Ga,Mn)As layer [10]. The authors reported no changes of TC despite reducing
the thickness of the layer from 50 to 25 nm.
To conclude, it can be stated, that a remarkably good description of the thinning
data have been obtained in a frame of a very simple model, which can be reduced
to two simple assumptions. The first is about an ’ideal’ for as grown (Ga,Mn)As
constitution of the top most part of the layer. It allowed to determine the starting
hole density. The second assumption that this ideal picture gradually deteriorates
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due to the existence of the linear variation of MnI concentration along the growth
axis of the layers. The addition of the electrostatic effects at the layer boundaries
completes the whole story.
It can also be added here that despite being tedious, the method of gradual
thinning provides the most accurate, though indirect, assessment of the depth
dependence of the two most numerous Mn species in very thin (Ga,Mn)As layers

3.4

superparamagnetism of thin layers

One of the key finds of the analysis of the thinning data presented in the previous Section was that on entering the regime of very thin thicknesses, say below
5-6 nm, the hole depth profile becomes highly nonmonotonic, exhibiting regions
when p was falling into the vicinity of, generally unknown in (Ga,Mn)As, Mott
critical concentration. There, as already outlined in Sec. 2.6.2, a sizable contribution of superparamagnetism, to the magnetic behavior is expected, and in fact has
been identified [14]. Being aware of this fact, for one of the layers, namely layer
B, additional measurements were performed along the thinning process aiming
to assess the process of formation of this SP contribution and its influence on the
magnetic properties of ultra thin (Ga,Mn)As. For this purpose, the sample was
probed according to the method described in Sec. 2.6.1 and presented in Fig. 2.18
(see p. 37). In particular to asses the magnitude of mσ the standard ZFC-FC sequence was performed following the routine described on page 26 at moderate
field of 30 Oe.
The exemplary set of this exercise, that is for the as grown layer, and after
5th and 10th thinning steps (d = 15, 8.9, and 2.8 nm, respectively) is presented
in Fig. 3.21. For comparison of the scale of the observed effects, the same ZFCFC pair of measurements were performed for the 5 times thinned layer along
the mS –easy (mσ –hard) [110] direction, is also included. In this scale the most
prominent feature seems to be the broad maximum seen a bit below the TC values
for each layer. However, this maximum indicates only the temperature at which
the applied field (30 Oe) becomes equal to the in-plane uniaxial anisotropy field
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Figure 3.21: An example of the results of zero field cooled (ZFC) and field cooled (FC) temperature
cycling in search for superparamagnetic (SP) components in the magnetic response of the layer in
the course of thinning process. Bullets - measurements performed along [110], the expected easy
axis of this SP component (and the hard of the ferromagnetic part of the layer), open circles - for
comparison the same ZFC –FC measurement performed along [110], the SP–hard and FM–easy
orientation. Arrows mark the position of TC in each of these layers.

of mS . Its position moves to lower temperatures with lowering the thickness of
the layer, following the established earlier TC (d) dependency.
The SP features, namely both the inequality of ZFC and FC and a maximum
on ZFC magnetization due to a blocking effect are seen at low temperatures. Visually they are the strongest for the middle sample and are hardly visible in the
as grown layer. According to this test, it can be stated, that the SP component
is very weak which is a puzzling result. According to hole profiles presented in
Fig. 3.19 the ’last’ nanometer of the layer (the one which is next to the substrate)
is completely depleted of holes, so the bottom part of the layer should experience
sizable fluctuations of LDOS. Therefore on the account of the whole argumentation presented in Sec. 2.6.1, a sizable SP-like signal should originate from this
part of the layer from the beginning.
There are three scenarios, none of which can be proved now, which could account for the lack of adequately strong SP features in as grown, and in other
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(Ga,Mn)As layers. The least likely scenario says that despite the fact that the MIT
is reached in this part of the layer, the FM coupled superspins do not form there.
A more likely scenario says, that they do form there, but are so small that their
dynamics get much faster than the SQUID measuring time already in the lowest temperatures of this study. The most probable scenario takes into account
the fact that the bottom (Ga,Mn)As interface is not sharp. Therefore the puddles
with large LDOS should extend from (Ga,Mn)As to the buffer or to the substrate,
so the weakly localized holes from the bottom interface should penetrate those
parts of the whole stack where Mn atoms are far less numerous and not necessary substitute Ga. As the results the regions with locally enlarged hole density
contain less MnSub . This may reduce their TB to temperatures not probed in this
experiment.
Figure 3.21 also contains the results of ZFC–FC measurements for [110]. Firstly,
they add a sense of scale for the signal picked up during the [110] measurements.
Secondly, they confirm the mutual orthogonality of the magnetic anisotropy of
mσ and mS , providing additional evidence for the coexistence of FM and SP
components in thin layers of high quality (Ga,Mn)As.
Finally, it is worth noting here that the large shoulder seen below the maximum
at high temperatures is the way in which mS reveals itself in ZFC–FC measurements. The magnitude of the moment seen below this maximum reflects the increasing strength of both uniaxial and cubic magnetic anisotropy on lowering T ,
since the signal seen by the SQUID at low fields (HFC /HU  1) in this experimental configuration (see Sec. 2.4) is proportional to mS (T ) × HFC /[HU (T ) − HC (T )],
where HU (T ) and HC (T ) are temperature dependent uniaxial and cubic anisotropy
fields, respectively, defined as HA = 2K/MS . HFC is the field in which the both
ZFC and FC measurements were carried out. Indeed, as established in the next
Section values of HU for this layer (∼120 and ∼280 Oe, see Fig. 3.25) are up to 10
times larger then HFC = 30 Oe used in these ZFC–FC measurements.
Figure 3.22(a) presents all ZFC–FC results collected along mσ -easy orientation
during thinning. Similarly to mTR of this sample, down to 10th , thinning all the
data follow the same pattern. Along the thinning the mS –related shoulder decreases, ZFC–FC bifurcation first grows bigger but later visibly loses its strength,
and finally, the position of the maximum at ZFC moves gradually to higher tem-
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Figure 3.22: (a) Magnetic moment m recorded during zero field cooled (ZFC) and field cooled
(FC) measurements performed at H = 30 Oe for sample B. The thickness for the each thinning
step is indicated. (b) The same recalculated to magnetization M of the layer at each thinning step.
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peratures. The most important indication of the presence of mσ , the magnitude
of the ZFC–FC difference (measured at 4 K), is plotted in Fig. 3.23(a) against the
layer thickness. As presented there, the ZFC–FC opening grows with lowering d
at the beginning of thinning. Then, after d was reduced to about 8 nm, the size of
the opening started to drop down on lowering d, nearly as fast as it was initially
growing. Clearly, the reduction of this signal correlates with the reduction of the
thickness of the layer, which is additionally represented in the same graph by
plotting the magnitude of mSat taken here as m(1 kOe), read at the same T = 4 K.
This correlation is better seen in panel (b) of Fig. 3.23, when the ZFC–FC splitting
is related to mSat . The figure clearly states that mσ saturates at certain percentage
of the whole signal from the layer. In other words, from 8 nm downwards the
magnitude of mσ exactly follows the volume of the layer, so it occupies a certain,
constant fraction of the volume of the layer. This means it has to be uniformly
distributed inside the body of the layer. This appears to be about 25%, but this in
only an approximated value. The ZFC–FC splitting is rather unprecise measure
of the absolute number of spins involved in the SP response – the size of this splitting reflects also the slow dynamics of mσ and depends on τm , the time of the
measurement. Nevertheless, when the experimental conditions are maintained,
as in this case, the trends can be followed with reasonable accuracy.
The data presented in Fig. 3.23(b) probably holds the key to understanding the
development of the SP component in this experiment. Initially, the strength of
mσ is positively correlated with the gradual reduction of near-the-surface hole
density, seen in the hole density profiles presented in Fig. 3.19. It can be said
that along with the reduction of p increases the number of spins incorporated
into blocked SP regions. So increases the number of these blocked regions. However, this increase saturates indicating that for hole densities smaller than about
2 × 1020 cm−3 (an approximated magnitude of the hole density after 8th thinning
step), there is no room for more SP regions in the volume of the layer. The absolute size of the SP signal follows exactly the reduction of the volume of the layer.
This finding also indicates that SP volumes separate out from the material not
only in the top, near the surface, part of the layer.
However, the SP volumes grow only partially by numbers, they also grow by
increasing their volumes. This is seen from another important property of the
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Figure 3.23: (a) Black balls - the magnitude of the ZFC–FC difference established from Fig. 3.22
and magnetic moment at 1 kOe (blue squares), both at 4 K, plotted vs. thickness of the layer. Data
given in experimental units. (b) Left Y axis: relative magnitude of the ZFC–FC difference (black
bills) and thermoremnant moment, mTR , measured along [110] (dark blue squares) to the sample
saturation moment, m1kOe . Right Y axis: blocking temperature established from Fig. 3.22.

blocked state - the (mean) blocking temperature, which is the temperature position of the maximum on the ZFC curve. This is also plotted against the thickness
of the layer in the same Fig. 3.23(b). According to Eq. 2.12 (mean) volume of the
blocked particles is proportional to TB and inversely proportional to anisotropy
constant K. As TB increases approximately threefold from about 4 to about 12 K,
under the assumption that the internal uniaxial anisotropy does not change considerably, it can be concluded that the reduction of p to a profile calculated
for 4 nm thick layer (dark yellow) increases the diameter of the SP volumes by
31/3 ' 50%. Following this line of thinking it can further be said that reduction of
TB which starts after 10th thinning (below 3 nm) indicates a physical truncation
of the SP volumes by the reduced thickness of the layer. If this is the case, then
the mean radius taken by superspins is about 3 nm. The maximum radius can
be estimated from the ZFC–FC bifurcation temperature at this thickness, ∼ 24 K,
which is two times the TB , and so the maximum observable size approaches
21/3 × 3 ' 3.8 nm, which agrees very well with the layer thickness fluctuation
approximated before at about 0.6 nm.
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[110]

Figure 3.23(b) also plots the ratio of the mTR , the measure employed here of
the strength of mS , to the saturation value of m (dark blue squares). Again, both
taken at 4 K. As seen on the graph, mσ and mS roughly sum up to mSat . This
[110]

substantiates the use of ZFC–FC difference, mTR , and m(1 kOe) as convenient
experimental quantities to quantitatively discuss the magnitudes of the magnetic
components to M in the studied layers.
There are two different types of mS behavior seen on this graph. For larger
thicknesses (d > 5 nm) it changes little, actually it decreases slower than the
mσ grew in this range of d. So, there has to be a missing ingredient here which
interferes with the data, masking the true dependence mS (d). Below 5 nm, when
the hole profile becomes highly nonmonotonic and the depletion becomes sizable
on both sides of the layer, mS starts to fall rapidly. It is expected that, a conversion
of mS → mσ should take place. The interesting part is that in this region of d mσ
stays constant. This may indicate that upon such a sizable reduction of p the
regions which are completely devoid of holes grows very rapidly, and so the Mn
spins residing there become decoupled from the rest. Using an analogy of solid
(FM mS ), liquid (SP mσ ), and vapor (PM of isolated spins), this process would
resemble a sublimation of Mn from ms directly to PM. But a second scenario is
also probable: the LDOS gets reduced everywhere at the same proportion, so the
same amount Mn ’melts’ from mS to mσ as ’evaporate’ from mσ to PM regions.
The accumulated data can not discriminate between these two scenarios. Probably both take place simultaneously. The measurements support the conclusion
about increasing the number of PM spins: the relative magnitudes of mσ and mS
do not sum up to 100% for the lowest thicknesses. The deficit for the lowest d approaches about 20% of the moment seen at 1 kOe. Undoubtedly, the experiment
was not set up properly to catch the response from these PM spins. More measurements at base temperature and up to strongest fields are needed. Perhaps,
they would not be very successful anyway: as in II-VI DMS, free Mn ions in 2+
charge state should strongly couple antiferromagnetically, sizably reducing the
magnetic signal at weak and even moderate magnetic fields.
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Figure 3.24: Established from the data of Fig. 3.22(b) the ratio of the moment during FC–ZFC
measurements to the moment measured at 1 kOe, both taken at 40 K, plotted as the layer thickness.

3.5

magnetic anisotropy

There is one more important conclusion coming from Fig. 3.22(b). The magnitude of the mid–temperature shoulder stays nearly constant down to 4 nm. This
is exemplified in Fig. 3.24 where the ratio of the moment during FC–ZFC measurements to the moment at 1 kOe taken at 40 K is plotted vs. the layer thickness.
The temperature of 40 K was chosen to be well above both TB and TBMax , so to experience minor influence from dynamical effects, and to be well below TC down
to the very small d. So, it should yield almost exclusively the strength and properties of the FM component almost in the whole thinning process. Indeed, sizable
deviations are seen only for the very last steps of thinning. These are obviously
due to the strongly reduced TC for these thicknesses, it approaches 40 K, the temperature at which the assessment is made. Since the magnitude of the moment
examined in Fig. 3.24 is inversely proportional to the difference of the uniaxial
and cubic anisotropy constants (Eq. 2.9), it appears that both anionotropies (or
rather their difference) are not affected much by thinning, at least down to 3 nm,
that is as far as TC > 40 K. In order to do this m(H) curves measured at 40 K
will be analyzed.
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Figure 3.25: Magnetization curves, M(H) for sample B measured for both easy [110] (green)
and hard [110] (blue) uniaxial directions at 40 (closed) and 80 K (open points). Open and close
magenta points indicate the fit of Eq. 2.9 describing hard axis magnetization process. The results
for KC and KU are given in matching colors in units of erg/cm3 .

First, it is good to start with a general assessment of the magnetic anisotropy
in the investigated layers. For this sample B is selected, as there was no spin
reorientation transition detected, which makes the analysis of the results easier.
Figure 3.25 presents the magnetization curves collected at temperatures at 40,
and 80 K for both [110] and [110] orientations. This is the typical uniaxial behavior
with the [110] easy axis, but with a sizable contribution from cubic anisotropy seen as the pronounced curvature at moderate and strong fields (with respect to
anisotropy field). Using the method outlined in Sec. 2.4 the absolute values of
both anisotropy constants, KU and KC , were readily establish. The same figure
presents the fit of Eq. 2.9 into the experimental hard axis M(H) at these two
temperatures (magenta), as well as the magnitudes of the determined anisotropy
constants.
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Figure 3.26: All of the M(H) data recorded at 40 K during thinning of sample B, i. e. for the
thicknesses given in the graph. Points mark easy axis, lines the hard axis M(H). For clarity the
main panel gathers first 7 measured thicknesses, the inset shows the last 4.

Figure 3.26 displays in its two panels all of the M(H) data recorded at 40 K
during thinning, that is for the as grown layer and from 10 nm downwards.
In the main part of the figure only results down to 9th etching or 4 nm are
presented. The plotting the data in relative units immediately indicates if the
magnetic anisotropy is changing and the main panel says it does not. All the
hard axis curves follow the same line, they go in one bunch. While deviations are
seen, they are week and reflect most likely the experimental inaccuracy related to
extraction of the progressively weaker signal of the thinned layer. This indicates
that the KC and KU estimations for the as grown layer presented in Fig. 3.25 are
valid down at least 5 nm. Perhaps even down to 4 nm, although for this thickness
the easy axis m(H) deviates visibly from its bunch, the hard axis m(H) still stays
intact with the other curves. This indicates that neither the uniaxial, nor the cubic
magnetic anisotropy changes on thinning, that is they don’t change on lowering
the maximum and average hole concentration in the layer.
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It is a remarkable result since the theoretical calculations predict oscillating
behavior of both uniaxial and cubic anisotropies on p [10, 54, 79, 80], see also
Figs 3.17 and 5.1 (see p. 98). It may actually be a very coincidental case that both
anisotropies at the relevant for this sample hole densities assume more or less
stable magnitudes, that is they are far away from changing their signs, but the
theoretical modeling presented in the above mentioned figures do not indicate
this. On the other hand it is unknown at the very moment what kind of behavior is expected from such an inhomogeneous system as it is suggested by the
hole profiles established on the account of TC reduction on thinning. Is the magnetic anisotropy averaged according to variations of the hole density, or only the
strongest component or the one which corresponds to the higher TC , determines
the whole behavior? The answers to these questions are not known, however
data gathered along thinning results will provide the vital experimental material
allowing selection of the best approach.
The inset to Fig. 3.26 collects m(H) curves obtained the lowest thicknesses in
this study. These curves are very hard to analyze since they were collected at
temperatures progressively closer to the decreasing TC of the thinned layer. At
T → TC the magnetization acquires properties characteristic for critical behavior at the vicinity of TC . In particular, together with the weakening of magnetic
anisotropy, the M ∼ H1/3 term gets gradually stronger and mars the ideal uniaxial anisotropy picture. The first sign of this behavior is seen for d = 4 nm (orange)
at easy orientation. With further reduction of d the effect gets stronger and for
d = 1.6 nm (cyan) there is very little left of the initial anisotropy, both easy and
hard axis curves depart completely from the initial bunches acquiring a power
law dependence.
The increasing proximity to TC in this experiment precludes quantitative analysis of the data for d < 4 nm. The Stoner-Wohlfarth approach assumes magnitude
of M to be independent of H and that is not the case close to TC . Nevertheless,
this experiment proved that at temperatures like 40 K high quality (Ga,Mn)As
layers may exhibit pure single domain behavior without any noticeable contribution from dynamical effects characteristic for the superparamagnetic component.
This holds true down to 4 nm, or as long as TC is sufficiently larger then the
required temperature of pure reffomagnetic behavior operation.
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After tremendous initial progress culminating in obtaining the Curie temperature of 110 K in 5% (Ga,Mn)As [112] the magnitude of TC boosted further up
by the discovery of beneficial effects of low temperature (LT) post growth open
air annealing [111, 113, 114] the progress halted at just below 200 K [1–3]. The
effectiveness of LT annealing was connected with the removal, via out-diffusion,
of the Mn interstitial (MnI ) [21, 64], by far the most numerous point defects in
(Ga,Mn)As, which are thought to be generated during the growth in order to prevent too strong increase of the Fermi level in the material - the self-compensation
mechanism. MnI are double donors, so they reduce the hole concentration (p)
very effectively. According to this self-compensation scenario the relative concentration of MnI increases with the total Mn content xtot , in a way which stabilizes p = (x − 3xint )N0 at a quite wide range of xtot , see Fig. 3.2 [21, 77, 87, 115],
where N0 is the total cation concentration. MnI couple antiferromagnetically with
neighboring Mn atoms on Ga sites, Mn substitutional (MnSub ) [65, 116]. Such a
MnI -MnSub pair does not couple to holes by the exchange interaction which reduces the effective concentration of the Mn spins engaged in ferromagnetism,
xeff = x − 2xint , which in combination with the aforementioned reduction of p
means that the presence of MnI has got a very detrimental effect on TC .
On the other hand these defects get very mobile at temperatures close to the
growth temperature [89]. This is why open air LT annealing is so effective in
removing the MnI from the material - once they reach the free surface they get
passivated by contact with oxygen. Alternatively, it was shown that As capping of
(Ga,Mn)As followed by relatively short low temperature in-situ annealing (about
2 hours at 180◦ C) results in a similar increase of TC as the open air annealing of
uncapped (Ga,Mn)As [117]. This method has been frequently used by Dr. J. Sadowski to provide samples of the maximum TC .
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Figure 4.1: (a) The Curie temperature as a function of the annealing time for the continuous
annealing (green squares), the procedure including etching before each annealing interval is represented by red bullets, and blue crosses depict results of annealing which followed a single etching. (b) The same as (a) but presented on longer time scale. A 50 nm approximately 7% doped
(Ga,Mn)As wafer was used for this etch-assisted annealing studies. Adopted from Ref. 2.

However both procedures have their limits. The lack of literature reports indicates that it is virtually impossible to grow (Ga,Mn)As with TC in excess of 180o K
on routine basis. Some modifications to the standard post-growth routines were
required and one of such an attempt, etch-assisted annealing, was proposed by
Olejnik and co-workers [2]. These authors suggested to divide one single act of
long annealing into a sequence of discrete steps consisting of 30 s surface oxide
etching in 30% HCl, rinsing in water, and subsequent open air annealing. Except
of the annealing step this method is identical to the thinning process described in
Chapter 3.2. The main results are depicted in Fig. 4.1(a) – in a short time domain,
and in (b) for longer time periods. Green squares represent the increment of TC in
the case when the sample was annealed without any treatment before or during
annealing. Red bullets represent a faster increase of TC when the annealing was
interrupted and the sample was etched before each annealing interval. Although
both procedures led in longer terms to very similar final TC [see Fig. 4.1(b)], the
etch-assisted annealing provided a way for a faster increase of TC on a short time
scale.
As the multiple etch-annealing method proved successful in effectiveness of the
TC enhancement in standardly grown (Ga,Mn)As it was worth to check whether
a similar method can enhance TC in As–capped (Ga,Mn)As. The selected sample
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Figure 4.2: (a) Thermoremnant magnetization curves recorded for every step of postgrowth processing of sample C. Annealing was performed at 180◦ C. Wet etching in HCl was done according
to protocol described in Sec 3.2. (b) Summarized track of TC changes for data shown in (a). Light
blue arrows indicate the maximum raise of TC during this sample treatment.

for this study, sample C, is a 15 nm thick layer of 11% (Ga,Mn)As covered with
100 nm amorphous As cap which was desapted at 230◦ C in the MBE growth
chamber. The TC of the as–supplied sample was as high as 153 K, indicated in
Fig. 4.2(a) by the blue arrow. Initially, the sample was etched in 30% HCL and
the observed reduction of TC is in the agreement with the results described in
Chapter 3. The first annealing was performed at 180◦ C (20◦ C lower than the
growth temperature) for only 2 hours to avoid overdoing it. The TC responded
quite strongly - it increased by 14 K, from 151 to 165 K, indicating that the insitu annealing of As-capped (Ga,Mn)As is not so effective method of enhancing
TC as originally advertised in [117]. After so encouraging result the sample was
annealed once again, this time for 5 h, and TC increased by another 2 K to 167 K.
At this moment the decision was made to clean the sample’s surface by HCl
etching and repeat annealing. With the hope, that if the Mn aggregation on the
surface was preventing further MnI passivation, the surface clean-up could reopen a way for MnI to the surface leading to further improvement of TC . Indeed,
the annealing performed after this etching added one more Kelvin to TC , however
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the etching itself removed 7 K before, so there was no net gain in this process.
Interestingly, the loss of TC become even greater after the next annealing step.
This time TC dropped by 4 K, reaching the end of this exercise at 157 K.
In summary, it can be said that open air annealing proved more successful in
the case of this particular layer. Since it added, at its peak, 14 K over the originally
in-situ achieved value, with the maximal increment of TC recorded in this study
reaching 16 K. In terms of effectiveness, these results are strongly in favor of the
traditional open-air annealing method of uncapped layers. On the other hand, it
was noted that prolonged annealing has got a rather detrimental effect on the
ferromagnetism of (Ga,Mn)As. Perhaps after the second etching in HCl, the annealing process was equally beneficial to the TC in a normal manner by removing
MnI as it was detrimental by enhancing oxygen migration into the sample and
effectively reducing its thickness. This in general does not have to be harmful, but
in the presence of a strong depth profile of hole density (and xeff ), as established
for similar layers in Chapter 3, may indeed lead to a substantial lowering of TC .
Perhaps, this was the detrimental to ferromagnetism process that was invoked
by Wang and co-workers [3] in order to explain the loss of TC (or a smaller gain)
due to open air annealing at higher temperatures. As diffusion is a temperature
activated process, either the extended annealing time at a given temperature or
the rise of the annealing temperature promotes a deeper oxygen migration into
the body of the layer. This ’consumes’ the grater part of the topmost, the most
hole concentrated part of the layer, which results in the unwanted reduction of
TC .
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C U B I C A N I S O T R O P Y R O TAT I O N S

(Ga,Mn)As serves as a valuable test ground for future functional spintronics materials with a relatively high TC and it is compatible with the well-characterized
GaAs system. Interestingly, despite much lower spin and carrier concentrations
compared to ferromagnetic metals, (III,Mn)V exhibit excellent micromagnetic
characteristics, including a well defined magnetic anisotropy. The theoretical understanding of these materials [7] is built on Zener’s model of ferromagnetism,
Ginzburg-Landau approach to the phase transitions, and Kohn-Luttinger k·p theory of semiconductors [118]. It assumes that the long-range ferromagnetic interactions between the localized spins are mediated by delocalized holes originated from a p-like valence band [69]. Except of the magnitude of TC and other
properties of these systems the p–d Zener model also explains the influence of
the epitaxial strain on magnetic anisotropy and various experimentally observed
magnetic easy axis reorientation transitions as a function of the temperature and
hole concentration [9, 10, 31, 79, 80]. Remarkably, this applies also to a weak,
symmetry breaking, uniaxial in-plane magnetic anisotropy which origin was unknown, recently has been accounted for by the preferential aggregation of Mn
dimmers on one direction [100]. However, at the same time the model cannot
reproduce both the sign and the magnitude of the in-plane cubic (four-fold) magnetic anisotropy [79].
This naturally appearing dependence of energy on the magnetization direction in cubic crystals has been predicted to show a rich dependence on the
hole and Mn concentration, as presented in Fig. 5.1 [54]. In particular, in this
model a strong oscillatory behavior of the cubic anisotropy has been predicted
as a function of p (directly) and xeff and T through the spin-splitting parameter
BG = AF βM/6gµB . In other words, from sample to sample, and as a function of
the T or the LT annealing stage, either <100> or <110> in-plane direction should
be observed as the easy direction for cubic magnetic anisotropy. In reality, all
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Figure 5.1: The hole concentration fluctuations (sign) and the magnitude dependence of the minimum magnetic field HCU (in units of spontaneous magnetization MS ) for different values of the
spin-splitting parameter BG . On the right, pictographs illustrate the corresponding orientation
of the cubic easy axis (thick orange arrow) and the direction of the applied field with the sample
plane. Adopted from [54].

of the reported in the literature cases, exclusively [100] and [010] directions are
those which are cubic easy [9, 10, 35, 44–46, 119–122]. As a result of lack of this
oscillatory behavior the corresponding in-plane anisotropy fields assumes values
which only occasionally get close to the predicted values [9, 33, 79, 120, 123, 124].
It was suggested that this discrepancy could result from an intrinsic and/or extrinsic disorder which leads to a broadening of hole subbands [54]. It is therefore
natural to seek for ’nonstandard’ cubic magnetic anisotropy behavior, that is for
a departure from <100>-only pictured in the high quality layers.
An important question that arise is what one should look for in this material?
Also, what are the signatures of the rotation of the cubic easy axis from <100> to
<110> in plane orientations? Perhaps the lack of experimental evidences in the
literature comes from the fact that the relevant feature remains unnoticed. This
may be possible, since the cubic magnetic anisotropy is of a higher order than
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the uniaxial one, and so it does not reveal itself in the zero-field experiments, like
MTR (T ), as long as the magnitude of its parameter, the cubic anisotropy constants,
KC , is smaller then KU , the parameter of the uniaxial magnetic anisotropy. The
presence of typical to (Ga,Mn)As strong uniaxial magnetic anisotropy very effectively masks the cubic magnetic anisotropy, and also its properties. This is particularly true during the MTR (T ) measurements, the most frequently performed
characterization tests of (Ga,Mn)As.
In order to get access to KC , its magnitude and sign, m(H) isotherms must be
measured in a wide temperature range and analyzed according to the model described in Sec. 2.4 (page 18). Typically, all the literature available data exhibit the
concave curvature of the weak field m(H) measured along the uniaxial hard axis
([110]). This is the signature that the cubic easy axes are <100> directions. Therefore the goal is to find an example of the convex m(H), or an even better sample
for which a change from concave to convex curvature takes place. The exemplary
relevant type of m(H) curves calculated within the model of competing uniaxial
and cubic anisotropies are collected in Fig. 2.12 (page 23).
A sample exhibiting the convex m(H) has been found. This is 11%, 15 nm thick
(Ga,Mn)As layer grown with as As cap and annealed in the MBE chamber. Its
TC amounts to 153 K in the as supplied state. This is the same layer for which
the efficiency of annealing of As-capped versus not capped layers were tested in
Chapter 4.
Main panel in Fig. 5.2 illustrates a normalized, at 2 kOe, hard axis magnetization curves obtained at 5 and 40 K for sample C. The zoom-in panel provides a
closer look at m(H) behavior at low magnetic fields. Blue circles mark experimental data which a concave behavior indicates positive KC . This is typical, because
it is the only one observed so far type of m(H) in (Ga,Mn)As. The orange line
represents a reference case of KC = 0, which is a linear dependence with slope
proportional to 1/KU . The green circles exemplify the convex behavior of M(H)
corresponding to the negative values of KC . Essentially, this is the experimental
realization of the model M(H) curves for different KC presented in Fig. 2.12 (page
23). According to the literature and the experience of the experimental team, this
is the very first behavior of this type ever seen in (Ga,Mn)As.
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Figure 5.2: Experimental evidence of the negative KC and its change of sign with temperature.
Symbols are experimental data (blue at 5 K and green at 40 K) and the solid lines were fitted
according to the model described in Sec. 2.4 (page 18). Insert is a zoom-in of the main picture on
the most relevant part of the data. The green solid line and points present the convex behavior
corresponding to KC < 0 - observed for the first time. The magenta solid line and blue points
represent a typical case of KC > 0 with its concave behavior. The orange solid line is a reference
example for KC = 0.

The temperature dependence of both the anisotropy constants in this sample
are depicted in Fig. 5.3. The accumulated data indicates not only a negative sign
of KC (or the opposite one to the commonly met) but also a twice occurring a
change of its sign on temperature, the double spin reorientation transition. Again,
this is the first behavior of that kind witnessed so far. On the account of this outstanding finding, the author of this thesis has been granted a 2 year PRELUDIUM
type of project, "Investigation of four-fold magnetic anisotropy in (Ga,Mn)As", by
National Science Centre to further investigate the condition which has led to the
occurrence of this behavior.
One of the possibility follows the suggestion of Dietl and co-workers [54] that
it is a disorder existing in typical (Ga,Mn)As layers that preclude such a fast
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Figure 5.3: The temperature dependence of the uniaxial, KU , and the cubic, KC , anisotropy constants established in sample C from an analysis of magnetization curves at various temperatures.
This is the very first observation of the negative sign of KC (or more precisely the cubic easy axes
directed along [110] and [110]) and its oscillatory in T behavior.

oscillating behavior of cubic anisotropy. Perhaps sample C is of an exceptional
quality with low compensation and a weaker positional disorder of Mn atoms.
In this case the suggestion is that in a dozen or more years were required to
master the low temperature MBE growth of (Ga,Mn)As to such an extent that the
disorder damped effects start at the surface.
But there appears to be an alternative explanation. The results of Chapter 3
strongly suggest the existence of a hole density gradient along the growth axis.
However, sample C was grown at different MBE machine. It is still possible that
the magnitude of the hole density gradient may result from some technical details
of the growth process, not only from electrostatic repulsion between the surface
states and MnI . So, sample C may differ considerably from the other samples.
Perhaps it is only a supposition which will be addressed experimentally in the
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course of the PRELUDIUM project, this sample exhibits an exceptionally low
hole gradient, so it is far more uniform than other/typical (Ga,Mn)As layers.
A comparison of the KU dependence on p (see Fig. 3.17 on page 72) and KC
dependence on p (Fig. 5.1) indicates that the cubic magnetic anisotropy oscillates
more vigorously that the uniaxial one. Therefore, it is far more sensitive to the
internal distribution of p, and its oscillations may get easily damped or even
averaged in a sample with a sizable hole gradient. Nevertheless, even if this
supposition goes in the right direction, it still remains to be explained why the
’averaging’ of the cubic magnetic anisotropy in inhomogeneous samples always
resulted in an easy axes along <100> directions.
This question and others related to cubic magnetic anisotropy will be targeted
within the next 18 months.
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S U M M A RY

The main objective of this thesis was the experimental investigation of the micromagnetic properties of (Ga,Mn)As as the function of thickness at the ultra thin
limit, that is below 15 nm. Keeping in mind the already small starting thickness
of the layer (15 nm) a very subtle method of thinning was employed – multiple
selective removing of the oxide layer naturally forming on the surface of the studied samples. Is generally a tedious job due to a small incremental step was found
to preserve original layer’s smoothness; it provided great control over the thinning step and enabled thinning the 15 nm layer down to approximately 1.6 nm
with below a 1 nm precision. This largely underlines the obtained results as all of
them were obtained for physically the same sample, so a naturally occurring distribution of basic parameters in a family of samples with different thickness has
not influenced the results. This is the first of such a concerted effort in which simultaneously the Curie temperature, the magnetic anisotropy and development
of dynamical, superparamagnetic-like components was traced as the function of
thickness via direct magnetometry.
The most prominent results of this study is the finding that in the high quality
as grown (Ga,Mn)As layers a monotonic sizable reduction of the Curie temperature takes place on thinning. The effect already starts at the very beginning of
the thinning process, it is seen even for 15 nm thick layers, and the drop can be
as strong as 73% of the initial TC (from 113 to about 30 K in about a 1 nm thin
layer). By using different simulation techniques it was suggested that a highly
nonuniform hole density, the main cause of the TC variation, could be due to
the nonuniform distribution of self-compensating defects (Mn interstitial). It was
shown that a negative gradient of their concentration along the growth direction
and the presence of surface donor traps and other donors in the substrate or
buffer gives a quantitative account on these effects within the p–d mean field
Zener model with adequate modifications to take a nonuniform distribution of
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holes and Mn cations into account. Finally, it was postulated that the initial distribution of the Mn interstitial takes place already during growth and that it is due
to the Coulomb repulsion between a highly mobile Mn interstitial at the growth
temperature and the surface states.
In one of these layers the spin reorientation transition of the in-plane uniaxial
anisotropy was observed during the thinning process. Apart form this reorientation, the magnetic anisotropy of the thinned layer was found to be independent
of the thickness down to about 4 nm, where the reduced TC precluded further
observations.
The dedicated measurements performed during the thinning undoubtedly proved
the existence of superparamagnetic mesoscopic volumes in which ferromagnetic
coupling is maintained only locally. The controlled reduction of the layer thickness and resulting reduction of the hole density permitted to trace semiquantitatively the gradual conversion of the long range coupled part of the (Ga,Mn)As
into this superparamagnetic-like type of magnetism. Experimental evidences were
given that for a strongly reduced hole density, at the last steps of thinning, a conversion to paramagnetic behavior starts to take place. At these very low hole
densities all these three types of magnetic responses are present simultaneously.
The described findings are of great practical importance for employing thin and
ultrathin layers of (Ga,Mn)As or relative compounds in the concept spintronics
devices, like the resonant tunneling devices in particular.
Finally, for the very first time the existence of the cubic magnetic anisotropy
with the easy exes oriented along <110> in plane directions in (Ga,Mn)As was
shown. More interestingly, rotations of this anisotropy between <100> and <110>
have been found and traced as the function of temperature. This observation was
done for a layer for which a new method of postprocessing was elaborated to
sizeably enhance TC beyond the limits of in-situ annealing.
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• O. Proselkov, J. Sadowski, C. Śliwa, T. Dietl and M. Sawicki, Observation of
sign reversal of cubic anisotropy in (Ga,Mn)As, The Joint European Magnetic
Symposia (JEMS 2012), Parma, Italy, Sep. 9th –14th , 2012.

contributed oral presentations:
• M. Sawicki, D. Sztenkiel, O. Proselkov, W. Stefanowicz, T. Dietl,Complex
magnetic response of (Zn,Co)O layers, The 7th International Conference on
Physics and Applications of Spin-related Phenomena in Semiconductors
(PASPS-VII), Eindhoven, the Netherlands, Aug. 5th –8th , 2012.
• M. Sawicki, D. Sztenkiel, O. Proselkov, W. Stefanowicz, T. Dietl,Complex
magnetic response of (Zn,Co)O layers, The Joint European Magnetic Symposia
(JEMS 2012), Parma, Italy, Sep. 9th –14th , 2012.
• M. Sawicki, E. Guziewicz, M. I. Łukasiewicz, O. Proselkov, I.A. Kowalik,
P. Dluzewski, W. Paszkowicz, R. Jakieła, B.S. Witkowski, L. Wachnicki, W.

108

Stefanowicz, D. Sztenkiel, M. Godlewski,T. Dietl, Homogenous and Heterogeneous Magnetism in (Zn,Co)O, Oxide Materials for Electronic Engineering
(OMEE-2012), Lviv, Ukraine, Sep. 3rd –7th , 2012.

contributed poster presentations:
• S. Dobkowska, W. Stefanowicz, O. Proselkov, R. Żuberek, J. Sadowski, T.
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(7 days)
Lithographical preparation of nanostructured (Ga,Mn)As samples. Prepared
samples have a few thousands of four-fold and three-fold symmetry patterns. Structured samples had different properties than the parent layer.
• European School of Magnetism Time-dependent phenomena in magnetism,
Târgovişte, Romania (11 days)
ESM consisted of lectures on magnetism during the school I had a training
on Monte Carlo simulations.
• Intel, Dublin, Ireland (3 days)
Industry-focused workshop: "Magnetics and spintronics: applications for
the semiconductor industry". Training on the very last achievements in
CMOS technology such as 3-D Tri-Gate Transistor which continues to pave
the way for consumer electronics development. Discussed the most recent
achievements in CMOS technology such as 3-D Tri-Gate Transistor Technology and possible evolution or revolution in CMOS based consumer devices.
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• Johannes Kepler Universität, Linz, Austria (7 days)
Participated in MOVPE growth of GaN layers with different dopants such
as Mn, Si, Fe and familiarization with MOVPE growth technique. Tested
the quality of the samples by utilizing the AFM, transport measurements of
GaN based semiconductors.
• MAX-Lab, Lund, Sweden (14 days)
Took part in the MBE growth of core-shell (Ga,Mn)As nanowires on GaAs
and examination of crystallographic quality and phase composition of grown
nanowires with synchrotron radiation.
• Unité Mixte de Physique CNRS/Thales (UMR 137), Thales, France (30 days)
Sample’s preparation and made an electrical contacts for measuring magnetic tunnel junctions based on (Ga,Mn)As compounds.
• Uniwersytet Warszawski, Warsaw, Poland (7 days)
Nextnano3 simulations of nanostructures based on GaAs.
• Technische Universiteit Eindhoven, Eindhoven, Netherlands (27 days)
Samples and tips preparation and low temperature X-STM measurements
on GaAs based materials.

projects:
• 2009 − 2012
SemiSpinNet "Initial Training Network in Nanoscale Semiconductor Spintronics" (No.PITN-GA-2008 − 215368) of the 7th Framework Programme of
EC. The following tasks were performed: SQUID magnetometry determination of an influence of surface states on magnetic anisotropy of thin layers
of (Ga,Mn)As. Experimental determination of the thickness of ferromagnetic (Ga,Mn)As on its micromagnetic properties. Magnetic investigation
of a tendency towards aggregation of transition metal ions in a wide gap
semiconductor matrix (Co in ZnO).
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• 2008 − 2012
"Magnetostriction in thin layers of (Ga,Mn)As" of Polish Committee of Scientific Research, No.2048/B/H03/2008/34 (PI: dr R. Żunerek). Basic micromagnetic characterization of (Ga,Mn)As layers by utilizing SQUID magnetometer.
• 2013 − 2015
Main contributor of the project PRELUDIUM "Investigation of four-fold
magnetic anisotropy in (Ga,Mn)As" by the Polish National Science Center,
No.2012/05/N/ST3/03147. Researching four-fold anisotropy in (Ga,Mn)As
by utilizing SQUID magnetometer and FMR followed by theoretical analysis and interpretation of experimental data.
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Figure A1 shows exactly the same TC values as those in the Fig. 3.1 of the thesis,
but plotted without normalization with respect to the effective of Mn concentration xeff = xsub − xI , where xsub and xI are concentrations of Mn ions on Ga and
interstitial sites, respectively.
Both figures were constructed from data taken from the publications listed
below (ordered according to the year of appearance).
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Figure A1: Literature data on TC of (Ga,Mn)As plotted as a function of thickness
d. Red numbers - as grown, bold brown numbers - after annealing, diamonds
- result presented in the thesis (Fig. 3.13 on page 67). The thick dashed line
is a guide for the eye and indicates the main trend of improvement of TC on
lowering d.
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[26] A. Wolos, M. Kamińska, M. Palczewska, A. Twardowski, X. Liu, T. Wojtowicz, and J. K. Furdyna, Properties of arsenic antisite defects in Ga1−x Mnx As, J.
Appl. Phys. 96, 530 (2004).
[27] T. Dietl, H. Ohno, and F. Matsukura, Hole-mediated ferromagnetism in tetrahedrally coordinated semiconductors, Phys. Rev. B 63, 195205 (2001).

121

bibliography

[28] L. Chen, X. Yang, F. Yang, J. Zhao, J. Misuraca, P. Xiong, and S. von Molnár,
Enhancing the Curie Temperature of Ferromagnetic Semiconductor (Ga,Mn)As to
200 K via Nanostructure Engineering, Nano Lett. 11, 2584 (2011).
[29] S. J. Potashnik, K. C. Ku, R. Mahendiran, S. H. Chun, R. F. Wang,
N. Samarth, and P. Schiffer, Saturated Ferromagnetism and Magnetization
Deficit in in Optimally Annealed (Ga,Mn)As Epilayers, Phys. Rev. B 66, 012408
(2002).
[30] L. Thevenard, L. Largeau, O. Mauguin, G. Patriarche, A. Lemaître,
N. Vernier, and J. Ferré, Magnetic properties and domain structure of
(Ga,Mn)As films with perpendicular anisotropy, Phys. Rev. B 73, 195331 (2006).
[31] M. Glunk, J. Daeubler, L. Dreher, S. Schwaiger, W. Schoch, R. Sauer, W. Limmer, A. Brandlmaier, S. T. B. Goennenwein, C. Bihler, et al., Magnetic
anisotropy in (Ga,Mn)As: Influence of epitaxial strain and hole concentration,
Phys. Rev. B 79, 195206 (2009).
[32] F. Matsukura, M. Sawicki, T. Dietl, D. Chiba, and H. Ohno, Magnetotransport properties of metallic (Ga,Mn)As films with compressive and tensile strain,
Physica E E 21, 1032 (2004).
[33] X. Liu, Y. Sasaki, and J. K. Furdyna, Ferromagnetic resonance in Ga1−x Mnx As :
effects of magnetic anisotropy, Phys. Rev. B 67, 205204 (2003).
[34] K.-Y. Wang, M. Sawicki, K. W. Edmonds, R. P. Campion, S. Maat, C. T.
Foxon, B. L. Gallagher, and T. Dietl, Spin Reorientation Transition in SingleDomain (Ga,Mn)As, Phys. Rev. Lett. 95, 217204 (2005).
[35] M. Sawicki, Magnetic properties of (Ga,Mn)As, J. Mag. Magn. Mater. 300, 1
(2006).
[36] M. Sawicki, W. Stefanowicz, and A. Ney, Sensitive SQUID magnetometry for
studying nanomagnetism, Semicon. Sci. Technol. 26, 064006 (2011).
[37] S. Hudgens, M. Kastner, and H. Fritzsche, Diamagnetic Susceptibility of Tetrahedral Semiconductors, Phys. Rev. Lett. 33, 1552 (1974).

122

bibliography

[38] T. Hesjedal, U. Kretzer, and A. Ney, Magnetic susceptibility of n-type GaAs,
Semicond. Sci. Technol. 27, 055018 (2012).
[39] A. Ney, J. S. H. Jr, and S. S. P. Parkin, Temperature dependent magnetic properties of the gaas substrate of spin-leds, J. Physics: Condens. Matter 18, 4397
(2006).
[40] D. J. Chadi, R. M. White, and W. A. Harrison, Theory of the magnetic susceptibility of tetrahedral semiconductors, Phys. Rev. Lett. 35, 1372 (1975).
[41] A. Arrott, Criterion for Ferromagnetism from Observations of Magnetic
Isotherms, Phys. Rev. 108, 1394 (1957).
[42] A. Arrott and J. E. Noakes, Approximate Equation of State For Nickel Near its
Critical Temperature, Phys. Rev. Lett. 19, 786 (1967).
[43] U. Welp, V. K. Vlasko-Vlasov, X. Liu, J. K. Furdyna, and T. Wojtowicz, Magnetic domain structure and magnetic anisotropy in Ga1−x Mnx As, Phys. Rev. Lett.
90, 167206 (2003).
[44] S. Katsumoto, A. Oiwa, Y. Iye, H. Ohno, F. Matsukura, A. Shen, and Y. Sugawara, Strongly Anisotropic Hopping Conduction in (Ga,Mn)As/GaAs, Phys.
Status Solidi B 205, 115 (1998).
[45] D. Hrabovsky, E. Vanelle, A. R. Fert, D. S. Yee, J. P. Redoules, J. Sadowski,
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