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Abstract

Since its first successful growth in 1996, the ferromagnetic semiconductor (Ga,Mn)-

As has had a great influence on the research field of semiconductor spintronics.

Among the outstanding characteristics of this material the large spin-orbit inter-

action for the holes in the valence band plays a major role, since it is responsible

for some of the most interesting properties of (Ga,Mn)As, like the magnetocrys-

talline anisotropy, the magnetoelastic coupling and the extraordinary contribu-

tions to the magnetotransport. Furthermore, the combination of large magnetic

anisotropies, large spin stiffness and relatively small magnetic moments renders

(Ga,Mn)As a hard ferromagnetic system with excellent micromagnetic properties,

including mean-field like magnetization and macroscopic single-domain charac-

teristics, that can be described both phenomenologically and microscopically,

thanks to the relatively simple band structure. Finally, the interplay between

ferromagnetism and semiconductivity, arising from the hole-mediated nature of

the ferromagnetic interaction in (Ga,Mn)As, allows for the remarkable possibility

of manipulating its magnetic properties by varying the state of the holes using

non-magnetic parameters like electric fields, electric currents, light or strain. This

circumstance could in principle be very useful to improve the process of writing

information in magnetic memories, which is currently performed, not very effi-

ciently, with magnetic fields. However, it does seem unlikely that (Ga,Mn)As will

become a relevant material for technological applications since the highest Curie

temperature so far obtained for (Ga,Mn)As is still well below room temperature.

Nonetheless the study of (Ga,Mn)As remains a fervent research area since it al-

lows to explore a variety of novel functionalities and spintronics concepts that

could in future be implemented in other systems. For this reason (Ga,Mn)As is

often referred to as a test bench material for semiconductor spintronics.

This Thesis presents the results of a series of experimental investigations show-

ing how different approaches can be used to manipulate the magnetic anisotropy

in (Ga,Mn)As thin films.

In Chapter 4 the properties of the ferromagnetic semiconductor (Ga,Mn)(As,P)

are investigated through structural, magnetometry, transport and magnetotrans-

port measurements. By varying the amount of phosphorus incorporated it is

possible to vary the sign of the in-built growth strain, to which the magnetic ani-
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sotropy in (Ga,Mn)As is extremely sensitive. It is in fact shown that samples with

large enough phosphorus concentrations are characterized by a perpendicular-to-

plane magnetic easy axis, which is an extremely useful property since it allows to

detect the orientation of the magnetization via anomalous Hall effect and polar

magneto-optical Kerr effect. Furthermore, it is demonstrated that by varying the

temperature or the post-growth annealing time it is possible to obtain a reorien-

tation of the magnetic easy axis from an in-plane direction to the perpendicular-

to-plane direction in some samples, which is another interesting aspect of this

material.

Chapter 5 consists of a study exploring the effects of piezoelectric-induced

strain on the magnetic anisotropy of a highly-doped annealed (Ga,Mn)As sample

bonded to a piezoelectric actuator. It is shown that large and reversible rotations

of the magnetic easy axis can be achieved in this sample by varying the voltage

applied to the piezoelectric actuator, thus demonstrating that strain-mediated

electric control of ferromagnetism is effective even in the limit of high doping levels

and high Curie temperatures, where direct electric control of ferromagnetism via

carrier manipulation is not possible. Furthermore, the results obtained from mag-

netotransport and SQUID magnetometry measurements are compared, extracting

the dependence of the piezo-induced uniaxial magnetic anisotropy constant upon

strain in both cases and discussing why the magnetotransoport measurements are

believed to be more accurate than SQUID magnetometry measurements in eval-

uating the inverse magnetostriction effects in (Ga,Mn)As-piezoelectric actuator

hybrid systems.

Finally, Chapter 6 contains the results of an investigation attempting to use

ultrashort strain pulses to switch the magnetization direction in a (Ga,Mn)(As,P)

sample on fast time scales. These pulses are generated by femtosecond optical

excitation of a metal transducer film deposited on the back of the substrate and

travel ballistically through it until they reach the sample under investigation.

Despite demonstrating that this method can indeed be used to induce a fast ir-

reversible switching of the magnetization orientation in the (Ga,Mn)(As,P) sam-

ple, time-resolved magnetotransport measurements show that the switching is not

triggered by the strain pulse, but rather by the transverse heat pulse, the latter

being generated with the strain pulse during the optical excitation of the metal

film. It is shown that the switching occurs through domain-related processes and

the possible mechanisms behind its cause are speculated.
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Chapter 1

Introduction

1.1 Spintronics

Since the realization of the silicon transistor in 1954 and the development of the

integrated circuit in 1959, the field of information and communication technolo-

gies has experienced a huge growth and increased its importance in everyday life.

This rapid progress has been achieved thanks to a continuous miniaturization

of the transistors, which has allowed for electronic devices of increasingly higher

performance and lower cost to be fabricated. Moore’s law [1] describes quantita-

tively this trend: formulated as early as 1965, this law predicted that the density

of transistors on an integrated circuit would double approximately every year.

Even if during the 1970s and 1980s the doubling time was closer to 18 months

than 1 year [2], Moore’s law proved overall to be accurate, partly because it

was adopted by the semiconductor industry as a business plan to drive long-term

goals. As a result of this, the latest available technologies employ transistors with

features as small as 22 nm [3]. But since technical challenges increase dramat-

ically with decreasing the features size, this scaling trend will unavoidably slow

down and ultimately fundamental physical limits will be encountered. Therefore,

in order for Moore’s law to maintain its validity, it is necessary to go beyond the

miniaturization of the existing technology and exploit new physical concepts [4].

One interdisciplinary research area that has emerged in the last few decades

as a reply to these needs is known as spintronics. Its key concept is that of

relying on the electron spin, and not only on its charge, to store and manipulate

information. In fact, adding the spin degree of freedom to the existing, charged-

based, semiconductor electronics can significantly improve the performance of

electronic devices as well as enabling new functionalities [5, 6].

The foundations of spintronics can be traced back to the experiments per-

formed in 1857 by Thomson (Lord Kelvin) [7], who first observed the existence of

anisotropic magnetoresistance (AMR), i.e. the dependence of electrical resistance

in a conductor upon the relative orientation between magnetization and current,
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Introduction

in ferromagnetic metals. A step forward was made in 1975 by Jullière [8] with

his discovery that the tunneling resistance across a thin insulator layer separat-

ing two ferromagnetic layers could be modulated with a magnetic field, an effect

known as tunneling magnetoresistance (TMR). But TMR did not attract much

attention at the time and it was not until more recently, when in 1988 Fert et

al. [9] and Grünberg et al. [10] independently discovered the existence of giant

magnetoresistance (GMR), that spintronics has been universally acknowledged

as a research area of major technological and economical impact. In fact, it is

not surprising that Fert and Grünberg were awarded the Nobel Prize in Physics

in 2007.

The simplest system in which GMR can be observed is a trilayer structure,

also know as a spin valve, in which a non-magnetic metal layer is sandwitched

between two layers of a ferromagnetic metal. GMR manifests itself as a depen-

dence of the electrical resistance of the structure upon the relative orientation of

the magnetization in the two ferromagnetic layers. Since the 1990s, GMR has

been extensively employed in magnetic field sensors and read heads for magnetic

hard disk drives. More recently, TMR has replaced GMR in read heads and has

also become the basis for magnetoresistive random access memory (MRAM) [11],

a type of memory that, being both quickly accessible and non-volatile, could

develop into a “universal” memory, thus replacing both conventional random ac-

cess memory (RAM) and hard disk drives. While these metal-based spintronic

devices are dominating the area of information storage, information processing

is still carried out in conventional, charged-based, semiconductor electronics. A

major achievement for spintronics would be that of developing a device able to

perform both these tasks. Two routes are currently being followed by researchers

to attain this result: on one hand, the magnetic community is trying to imple-

ment logic functionalities in metals [12, 13, 14, 15] and, on the other hand, the

semiconductor community is focussing on how to engineer and manipulate mag-

netism in semiconductors [16, 17, 18]. The latter approach has given rise to that

area of spintronics known as semiconductor spintronics.

Semiconductor spintronics has also made impressive progress in the last decade

but, despite this, the number of its technological applications is still very lim-

ited [19]. This is a remarkable aspect if it is thought that the first suggestion

of a spin-based current modulator in a semiconductor was presented around 22

years ago [20]. Nonetheless, semiconductor spintronics remains a fervent research

area, thanks to its huge potentialities. Not only it would easily integrate with the

existing semiconductor technology and enable the development of devices that

could perform both logic and memory operations, as we have mentioned, but it

would also allow for a vast range of novel functionalities to be implemented. This

is due to the fact that spin-dependent phenomena in semiconductors are char-
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acterized by robust spin polarization, extremely long spin coherence times and

optical accessibility, that could be interesting for photonics applications [17, 21].

Before exploring the field of semiconductor spintronics in more detail, it is

worth mentioning for completeness that, alongside metals and semiconductors,

more exotic systems are also being investigated for the development of spintron-

ics. These include organic semiconductors [22], topological insulators [23] and

graphene [24].

1.2 Ferromagnetic semiconductors

The key concept of semiconductor spintronics is that of exploiting the unique

characteristics derived from the simultaneous presence of magnetic and semicon-

ducting properties in the same physical system. These properties naturally coex-

ist in magnetic semiconductors, such as europium (Eu) chalcogenides and semi-

conducting spinels [25], in which one or more constituting elements are magnetic.

These systems have been known for a long time and were the first candidates to

be chosen for the implementation of semiconductors spintronics. Unfortunately,

they were found to be not easy to integrate with the semiconductors used in

conventional electronics, silicon (Si) and gallium arsenide (GaAs) and were soon

disregarded. Only recently, after overcoming various technical issues, the interest

in these systems, especially in the Eu chalcogenides, has seen a revival [26].

A more favourable approach was found to be that of doping standard non-

magnetic semiconductors with magnetic impurities, usually transition metal ele-

ments, to make them magnetic [16]. These materials are known as diluted mag-

netic semiconductors (DMS), since the concentration of the magnetic elements

is much smaller than in standard magnetic semiconductors. The research study

in DMS initially focussed on II–VI semiconductors [27], such as CdTe and ZnSe,

in which manganese (Mn), the most common magnetic element used for doping,

is an isoelectronic impurity. This circumstance allows for relatively large Mn

densities to be incorporated in the host matrix during growth. Nonetheless, the

Curie temperature (TC) of these II–VI DMS is extremely low, being at most ∼
1 K [28, 29]. Much different is the case of III–V semiconductors, like InAs and

GaAs, in which Mn is no longer an isoelectronic impurity and its equilibrium sol-

ubility limit is very low. For this reason, it was not until non-equilibrium growth

techniques were used that III–V DMS could be obtained: layers of (In,Mn)As

and (Ga,Mn)As successfully grown on GaAs were reported for the first time

in 1989 [30] and 1996 [31], respectively. The fact that soon after its discovery

(Ga,Mn)As was found to show ferromagnetic order with a TC as high as 110

K [32] immediately raised a large interest for III–V DMS and ever since a great

effort has been made to understand and exploit their properties.
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As will be described in the next Chapter, the ferromagnetic order in DMS

arises as a result of a long-range coupling between the magnetic impurity atoms

mediated by the charge carriers [16]. This interplay between magnetism and semi-

conductivity allows for the remarkable possibility of manipulating the magnetic

behaviour in DMS by varying the state of the charge carriers using, for example,

electric fields [33, 34], electric currents [35, 36], light [37, 38] or strain [39, 40, 41].

Being able to control the magnetic state of spintronics materials via non-magnetic

parameters could be very useful to improve the process of writing information in

magnetic memories, which is currently performed, not very efficiently, with mag-

netic fields [42].

If it is clear that DMS are characterized by several attractive properties, they

still need to meet a key requirement before they can effectively be used as spin-

tronics materials: that of retaining ferromagnetism at or above room temperature.

Unfortunately, the highest TC that has so far been obtained, around 185 K [43]

for (Ga,Mn)As, is still very low and it does seem unlikely that (Ga,Mn)As or any

other DMS will ever reach a TC of technological relevance [44, 45]. Nonetheless,

this area of research continues to grow since DMS are constantly being used as

a test bench for the exploration of a variety of new spintronics concepts, some

of which have already found the prospect of being developed in devices involving

ferromagnetic metals. Moreover, the ongoing work on several candidate DMS

may ultimately lead to the discovery of the ideal ferromagnetic semiconductor.

1.3 Thesis layout

Within the research field of DMS, (Ga,Mn)As has been by far the most carefully

studied system and the best understood one. For this reason (Ga,Mn)As is often

regarded as a reference model for DMS.

This Thesis presents the results of a series of experimental investigations show-

ing how different approaches can be used to manipulate the magnetic anisotropy

in (Ga,Mn)As thin films. Its contents are organised as follows. Chapter 2 is a

literature review of the main structural, magnetic, transport and magnetotrans-

port properties of (Ga,Mn)As. The microscopic mechanisms behind the origin

of ferromagnetism in (Ga,Mn)As and the important role of the spin-orbit inter-

action in giving rise to some of its intriguing characteristics are also discussed.

Chapter 3 provides a description of the properties of the materials studied, of

the techniques used to fabricate the samples and of the experimental equipment

employed to investigate them. Chapter 4 presents the results of structural, mag-

netometry, transport and magnetotransport measurements performed on a series

of (Ga,Mn)(As,P) samples with different phosphorus concentrations, and shows

how the magnetic anisotropy in these samples can be controlled by varying the

4



Introduction

phosphorus concentration, the temperature and the annealing time. Chapter 5

comprises a study exploring the effects of piezoelectric-induced strain on the mag-

netic anisotropy of a highly-doped (Ga,Mn)As sample, demonstrating that large

and reversible rotations of the magnetic easy axis can be achieved in the latter

via this approach. Chapter 6 contains the results of an investigation showing that

ultrashort acoustic pulses can be used to switch the magnetization direction in a

(Ga,Mn)(As,P) sample on fast time scales. Finally, the conclusions are drawn in

Chapter 7, together with plans for future work.

5



Chapter 2

Properties of (Ga,Mn)As

2.1 Growth

Under equilibrium growth conditions, the substitution of Mn for Ga in GaAs is

limited to a very small value, roughly 0.1%, beyond which Mn atoms start to seg-

regate. But in order to observe the establishment of cooperative ferromagnetism

in (Ga,Mn)As, concentrations of Mn higher than its equilibrium solubility level

are necessary. This is achieved using non-equilibrium growth methods, such as

molecular beam epitaxy (MBE).

The growth of single crystals through MBE consists in the deposition of evap-

orated elements on the surface of a substrate material, which is kept in rotation

around the growth axis to ensure a good uniformity level. The slow deposition

rate typical of this method allows the material to grow epitaxially, while ultra-high

vacuum conditions guarantee a high purity degree. The substrate temperature is

an important variable of the process, since it affects the way adatoms are incor-

porated, ultimately determining the crystalline quality of the material grown. In

standard MBE growth of GaAs the substrate temperature is quite high, typically

∼ 600 ◦C, to ensure good crystal quality. However, when growing (Ga,Mn)As

under these conditions, Mn atoms accumulate on the surface and combine with

As atoms [46]. This problem is overcome by using low-temperature MBE (LT–

MBE), in which the substrate is kept at a temperature < 300 ◦C. The excess of

Mn on the surface during growth can induce a transition from two dimensional

(2D) to three dimensional (3D) growth conditions [47]. Since layers grown un-

der 2D conditions and close to the 2D/3D boundary show the best properties,

the substrate temperature for (Ga,Mn)As is chosen to be the highest possible

while maintaining 2D growth conditions. Given that decreasing the substrate

temperature reduces the segregation of Mn at the surface, the optimal substrate

temperature decreases with increasing the Mn concentration [47], as shown in

Fig. 2.1. The first successful growth of ferromagnetic (Ga,Mn)As with negligible

second phase segregations was obtained via LT–MBE in 1996 [31]. Since then,
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Properties of (Ga,Mn)As

Figure 2.1: Surface phase diagram for the growth of (Ga,Mn)As. Reflection high-
energy electron diffraction (RHEED) is used to monitor in real time the growth
conditions. Image taken from [48].

LT–MBE has become a well established technique to grow (Ga,Mn)As layers.

2.2 Crystal structure

It is well known that GaAs crystallizes in the zinc-blende structure, which consists

of two interpenetrating face-centred cubic lattices, each displaced from the other

by a quarter of the lattice constant along the body diagonal of the cubic cell. X-

ray diffraction (XRD) measurements show that also (Ga,Mn)As grown on GaAs

via LT–MBE has the zinc-blende structure, without detectable second phase.

The most stable, and hence, most common position of Mn in the host GaAs

matrix is on the Ga site (MnGa), as can be understood from the electronic config-

uration of the elements in (Ga,Mn)As: [Ga] = [Ar]3d104s24p1, [Mn] = [Ar]3d54s2

and [As] = [Ar]3d104s24p3. In this way, the two Mn 4s-electrons participate in

the crystal bonding in the same way as the two Ga 4s-electrons and, because

of the missing valence 4p-electron, MnGa acts as an acceptor. For this reason,

each MnGa atom is responsible for the presence in (Ga,Mn)As not only of a local

magnetic moment (due to the half-filled d shell), but also of a hole.

MnGa atoms are not the only impurities introduced in GaAs while growing

(Ga,Mn)As via LT–MBE. In fact, for Mn concentrations & 1.5% a fraction of

Mn is unavoidably incorporated during growth in interstitial positions [49, 50],

while the low substrate temperature characteristic of this growing technique is

responsible for the occurrence of antisite defects (As atoms on cation sites) [51].

The unit cell of (Ga,Mn)As containing substitutional Mn (MnGa), interstitial Mn
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(MnI) and As antisites (AsGa) impurities is shown in Fig. 2.2. Both MnI and

Figure 2.2: The zinc-blende unit cell of (Ga,Mn)As. Substitutional Mn (MnGa),
interstitial Mn (MnI) and As antisites (AsGa) impurities are shown.

AsGa impurities act as double donors, thus compensating for the holes provided

by two MnGa atoms. The consequent reduction of the hole concentration rep-

resents a major disadvantage for the onset of ferromagnetism, holes being the

mediators of the ferromagnetic coupling in (Ga,Mn)As. A further issue is repre-

sented by the antiferromagnetic coupling that takes place between pairs of MnI

and MnGa (formed during growth via Coulomb interaction [52]) that reduces the

total magnetic moment of (Ga,Mn)As layers [53].

Some solutions have been found to minimize the occurrence of these charge

and moment compensating defects. It has been shown that a substantial de-

crease of MnI can be obtained via post-growth annealing at temperatures close

to the growth temperatures [54]: in this way MnI are out diffused towards the

surface, where they are passivated by oxidation [55]. As antisites are instead

stable up to 450 ◦C [56] and thus cannot be simply removed by low temperature

post-growth annealing. On the other hand, it has been shown that As antisites

can be effectively reduced during growth by using As dimers (As2), that have

a shorter surface lifetime, instead of As tetrameters (As4), while maintaining a

stoichiometric growth [47].

(Ga,Mn)As layers grown on GaAs are fully strained up to the rather high

thickness of ∼ 1 µm [57], probably due to the low growth temperature which

prevents dislocations from nucleating. This means that the in-plane lattice con-

stant a‖ of (Ga,Mn)As grown on GaAs is equal to that of GaAs. The relaxed

lattice constant a of (Ga,Mn)As can then be obtained by measuring with XRD

the perpendicular lattice constant a⊥ and assuming that the elastic constants of
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(Ga,Mn)As are equal to those of GaAs, i.e. with a Poisson ratio ν = 0.31 [31].

a thus obtained is generally found to increase linearly with increasing the Mn

concentration, following Vegard’s law1 [31]. As a consequence, (Ga,Mn)As layers

grown on GaAs are under in-plane compressive strain. This condition is opposite

to what could be intuitively expected when considering the values of the atomic

radii of Mn (RMn = 1.17 Å) and Ga (RGa = 1.25 Å). In reality, the fact that

(Ga,Mn)As has a larger lattice constant than that of GaAs is due to the longer

length of the Mn–As bond with respect to the Ga–As bond. Moreover, it has

been shown that the presence of MnI and AsGa impurities also contributes to

increasing the lattice constant of (Ga,Mn)As [58]. Given that the concentration

of these impurities strongly depends on the growth conditions, (Ga,Mn)As lattice

constant is also found to depend on them [59].

2.3 Origin of ferromagnetism

In principle, there could be three possible electronic states for MnGa atoms:

A0(d4) and A0(d5 + hole) for Mn3+, and A−(d5) for Mn2+. A0 and A− denote

neutral (ground state) and negatively charged (excited state) centres respectively,

while the notation in parentheses represents the electronic configuration of the 3d

Mn electrons. In reality, there has been no strong experimental evidence to sup-

port the existence of A0(d4) centres in GaAs and it is now well established that

the ground state of MnGa atoms is represented by A0(d5 + hole) centres, which

form when A0(d4) centres trap tightly an electron in the 3d shell and, having

thus become negatively charged, can subsequently attract and bind a hole [60].

Hence, according to Hund’s rules, each MnGa atom provides a local magnetic

moment with angular momentum L = 0 and spin S = 5/2, and a weakly bound

hole (binding energy Eb ∼ 0.1 eV [49]).

Among the various microscopic mechanisms that can couple local magnetic

moments in a solid to give rise to long-range magnetic order, two are believed to

play a role in (Ga,Mn)As2: Kramer’s superexchange [61] and Zener’s indirect ex-

change [62]. The superexchange mechanism occurs between non-neighbouring lo-

cal magnetic moments via an intermediate non-magnetic atom and in (Ga,Mn)As

is responsible for an antiferromagnetic coupling between MnGa atoms [63]. The

indirect exchange mechanism arises between d-shell or f -shell local magnetic mo-

ments via s or p itinerant carriers and in (Ga,Mn)As is responsible for a ferromag-

netic coupling between MnGa atoms [63]. The latter is the dominant mechanism

1Vegard’s law is an approximate empirical rule according to which the lattice constant of an
alloy is linearly related to the concentration of its constituents.

2The double exchange mechanism is not mentioned here since it is typically used to describe
the onset of ferromagnetism in (Ga,Mn)As layers with very low Mn concentrations [49], that
are not considered in this Thesis.

9



Properties of (Ga,Mn)As

and thus accounts for the establishment of ferromagnetism in (Ga,Mn)As.

The indirect exchange mechanism in (Ga,Mn)As occurs via the hybridisation

of the Mn 3d orbitals with the GaAs 4p valence orbitals, which can be described

as follows. For an isolated MnGa atom the filled, for instance spin-down ↓, Mn

3d level is well within the valence band, while the empty spin-up ↑ Mn 3d level is

above the Fermi energy. Due to the repulsion between states with the same spin,

p–d hybridization takes place, with the spin-down valence state being pushed

up in energy relatively to the spin-up valence state, as shown in Fig. 2.3. This

Figure 2.3: Electron-picture representation of the p–d hybridization mechanism
for an isolated MnGa atom. Image taken from [49].

results in the establishment of an antiferromagnetic coupling between the spin of

the valence carrier3 and the spin of the 3d electrons [49]. If now a many-MnGa-

atom system is considered, it is possible to understand that the establishment of

ferromagnetism can occur just at large enough Mn concentrations, i.e. when the

average distance between MnGa atoms becomes comparable with the average holes

localization length, thus allowing the holes to mediate, via the p–d hybridization

mechanism, the ferromagnetic interaction between MnGa local moments. The Mn

doping level beyond which (Ga,Mn)As becomes ferromagnetic is ∼ 1% [47].

2.4 Spin-orbit interaction

The spin-orbit interaction is a relativistic phenomenon that accounts for the inter-

action between the spin angular momentum S and the orbital angular momentum

L of a particle.

An electron orbiting a nucleus, having both S and L non-zero, experiences the

spin-orbit interaction. In the reference frame where the electron is at rest, the

3Valence carriers in (Ga,Mn)As are holes but, for better clarity, Fig. 2.3 sketches the band
structure for electrons.
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nucleus is a positive charge orbiting it and, like a current, it generates an effective

magnetic field Beff at the electron site. This field interacts with the electron spin

through an Hamiltonian term of the form:

HSO = Beff · S =

(
1

2m2
ec

2
∇V × p

)
· S, (2.1)

where me is the electron mass, c is the speed of light, ∇V is the electric field

generated by the nucleus at the electron site and p is the electron momentum

(L = r × p) [49]. Via this Hamiltonian term, the orbital motion of the electron

affects its spin orientation, and vice-versa. These remarks clearly hold also when

a hole, rather than an electron, is being considered.

The spin-orbit splitting in the GaAs valence band is 0.34 eV, which is com-

parable to or larger than the Fermi energy in (Ga,Mn)As. Therefore, the spin-

orbit interaction for the holes in the valence band of (Ga,Mn)As is remarkably

large [49] and is responsible for the origin of some of the most interesting prop-

erties of (Ga,Mn)As, like the magnetocrystalline anisotropy, the magnetoelastic

coupling and the extraordinary contributions to magnetotransport, which will be

discussed in the following Sections.

2.5 Magnetic properties

2.5.1 Curie temperature

In its original form, the mean-field model description of ferromagnetism, based

upon the p–d Zener indirect exchange mechanism applied to a simple parabolic

band structure, predicted that the Curie temperature TC in (Ga,Mn)As should

scale as xeff · p1/3, where xeff is the effective Mn concentration, i.e. the concen-

tration of uncompensated Mn atoms4, and p is the hole concentration [63]. More

recently, refinements to the mean-field model that include a more realistic band

structure have shown that the dependence of TC on p could actually be weaker

than the initially found one, at least in the low hole compensation limit, while

the linear dependence of TC on xeff has been confirmed [49]. According to these

mean-field calculations, room temperature ferromagnetism should be achieved in

weakly compensated (Ga,Mn)As for effective Mn concentrations of ∼ 10%.

The first successfully grown ferromagnetic (Ga,Mn)As had a TC of about 60

K [31]. Since then, in just a couple of years, TC increased to the remarkably

large value of 110 K [32], generating a lot of enthusiasm in the semiconduc-

tor spintronics community. But 110 K remained the record TC for many years,

4xeff = xs− xi, where xs and xi are the concentrations of substitutional and interstitial Mn
atoms, respectively. Unless otherwise stated, for Mn concentration it is intended the nominal
Mn concentration x = xs + xi = xeff + 2xi.
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leading to suggesting that this could actually be a fundamental limit for TC in

(Ga,Mn)As [50]. However, it was later proven that TC higher than 110 K could

actually be reached when carefully controlled post-growth annealing procedures

were employed [54, 55], leading to a substantial reduction of MnI atoms that are

known to be detrimental to ferromagnetism in (Ga,Mn)As [53]. These improve-

ments led to the achievement of TC as high as 173 K for a sample with xeff = 6.8%

(x = 9%) [64]. Further refinements in the growth and in post-growth annealing

procedures have recently yielded the latest record TC of 185 K for a sample with

xeff = 8.7% (x = 12%) [43].

The dependence of TC on xeff has been following the predicted linear trend up

to about xeff = 6.8% [49], becoming slightly sublinear for greater xeff values. This

is probably due to the fact that the growth of (Ga,Mn)As becomes increasingly

hard for increasing x values, with more MnI and AsGa impurities being incorpo-

rated. So, even if in principle TC could increase further, the technological issues

that have to be overcome to succeed are so challenging that it seems unlikely,

at this stage, that (Ga,Mn)As ferromagnetic at room temperature will ever be

grown.

2.5.2 Magnetization

The magnetization M of a layer of (Ga,Mn)As stems from the MnGa atoms.

As discussed in Section 2.3, each MnGa atom is characterized by an angular

momentum L = 0 and a spin S = 5/2, thus providing a magnetic moment

m = gSµB = 5µB, where g is the Landé g factor5 and µB = 9.274× 10−24

JT−1 is the Bohr magneton. The antiferromagnetic coupling between MnGa local

moments and valence hole spins due to the p–d hybridization mechanism should

be responsible for a reduction of m [65]. The establishment of an antiferromag-

netic coupling between pairs of MnGa and MnI atoms is believed to be a further

source of this reduction [53]. Finally, magnetic disorder could be enhanced by

the anisotropic character of the MnGa–MnGa interaction [66].

Having taken into account all these aspects, theoretical calculations based on

the tight-binding model have predicted that the net magnetic moment per MnGa

atom meff should be ∼ 5%–10% smaller than its atomic value of 5µB [67]. Ac-

cordingly, experimental studies based on Superconducting Quantum Interference

Device (SQUID) magnetometry and x-ray magnetic circular dichroism (XMCD)

measurements have obtained meff ∼ 4.5µB for annealed (Ga,Mn)As samples with

both low (x = 2.2%) and high (x = 8.4%) Mn content [53]. However, since the

factors determining the value of meff are strongly sample dependent and since it

is not always practical to perform time consuming experiments to extract it, it is

5g = 2 for en electron with L = 0.
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usually assumed that the value of meff is in the range between 4 µB and 5 µB.

2.5.3 Magnetic anisotropy

Magnetic anisotropy is the dependence of the magnetic properties of a material

upon the magnetization direction. In the absence of a magnetic field, the magne-

tization M of a magnetically isotropic material has no favourite direction while,

in a material with magnetic anisotropy, it is aligned along one (or more) prefer-

ential direction(s), called magnetic easy axis (axes). Since a magnetic force needs

to be applied in order to rotate M away from the easy axis (axes), it is possible

to describe the magnetic anisotropy in terms of an anisotropy energy Ea
6. In the

simplest case of uniaxial magnetic anisotropy just one easy axis is present and Ea

can be expressed as KV sin2 θ, where K > 0 is the magnetic anisotropy constant

(measured in J/m3), V is the volume of the material and θ is the angle between

M and the easy axis direction.

There are various sources of magnetic anisotropy. The ones relevant to the

samples that are used in this Thesis are magnetocrystalline, shape and strain

anisotropies, for which a brief description follows. The reader can find further

details in [68, 69].

Magnetocrystalline anisotropy This kind of anisotropy is the dependence of

the magnetic energy on the direction of M with respect to the crystallo-

graphic axes. The microscopic origin of the magnetocrystalline anysotropy

is the spin-orbit interaction, that links the spin and the orbit of an electron

(hole), as has been explained in Section 2.4. The relationship between the

spin-orbit interaction and the magnetocrystalline anisotropy can be quali-

tatively understood as follows. When, for instance, a magnetic field is used

to change the orientation of the spin of an electron (hole), the orbit of that

electron (hole) will also tend to change. But since the orbit of the electron

(hole) is coupled to the lattice via the strong orbit-lattice interaction, it

will resist the attempt of the magnetic field at reorienting the spin. Only if

the magnetic field is strong enough to overcome the effect of the spin-orbit

interaction or, in other words, the magnetocrystalline anisotropy energy, it

will succeed in reorienting the spin of the electron (hole).

Shape anisotropy This kind of anisotropy is present in any non-spherical mag-

netic sample7 and is due to the existence of demagnetizing fields. A de-

magnetizing field Hd is generated by the magnetic poles that form at the

6It is also possible to describe magnetic anisotropy in terms of an anisotropy field. This will
be discussed in Section 3.3.1.

7It is here assumed that a sample is composed of a single magnetic domain. The concept of
magnetic domains will be dealt with in the next Section.
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physical boundaries of a ferromagnetic sample, where M suddenly stops,

and always acts in the opposite direction to M , hence its name. While in a

spherical sample Hd does not depend on the direction of M , for a long and

thin planar sample (a film) it is much stronger when M lies perpendicular

to the sample, i.e. along its short axis. Since the smallest Hd corresponds to

the lowest energy configuration in the sample, shape anisotropy is generally

responsible for M being preferentially aligned in the plane of a ferromag-

netic film.

Strain anisotropy This kind of anisotropy is present in any ferromagnetic sam-

ple that experiences an anisotropic mechanical stress and is due to the

existence of the magnetoelastic coupling, i.e. the connection between the

magnetic and elastic properties of a magnetic material. The magnetoelastic

energy of a magnetic sample8 under an applied stress σ can be written as:

E =
3

2
λσ sin2 ξ, (2.2)

where λ is the magnetoelastic coefficient and ξ is the angle between M

and σ. The magnetoelastic anisotropy constant associated with a stress

σ can then be expressed as Kσ = 3
2
λσ. The microscopic origin of the

magnetoelastic coupling is, once more, the spin-orbit interaction. As a

consequence of the magnetoelastic coupling, when a magnetic field is used

to change the direction of M in a ferromagnetic sample its dimensions

change. This effects is known as magnetostriction. Accordingly, inverse

magnetostriction (also known as Villari effect) consists in the variation of

the magnetic properties of a ferromagnetic sample when a mechanical stress

is applied to it. If this stress is anisotropic, then the magnetic properties

will be varied anisotropically.

The complex scenario of the magnetic anisotropy in (Ga,Mn)As is governed

by an interplay among magnetocrystalline, shape and strain anisotropies. Shape

anisotropy is proportional to M2 and given that M is quite small in (Ga,Mn)As

(typically a few tens of emu/cm3), shape anisotropy is often much weaker than

magnetocrystalline and strain anisotropies and can thus usually be neglected.

Strain anisotropy instead plays a crucial role in (Ga,Mn)As, whether the strain is

in-built due to growth on lattice-mismatched substrates or is induced by external

sources. As mentioned in Section 2.2, the lattice constant of relaxed (Ga,Mn)As

is larger than the lattice constant of GaAs [31], especially if MnI and AsGa im-

purities are present [58]. As a consequence, (Ga,Mn)As layers grown on GaAs

substrates are under in-plane compressive strain. This circumstance normally

8See footnote 7.
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induces the easy axis to lie in the plane of (Ga,Mn)As, as it has been proven both

experimentally [31, 39] and theoretically [70, 71]. On the other hand, (Ga,Mn)As

layers that are under in-plane tensile strain, as when grown on relaxed (Ga,In)As

buffer layers or when co-doped with enough phosphorus9, are normally charac-

terized by a perpendicular-to-plane easy axis. The magnetocrystalline anisotropy

provides a cubic contribution to the overall magnetic anisotropy of (Ga,Mn)As,

which derives from the cubic symmetry of its zinc-blende crystal structure.

If the [001] is the (Ga,Mn)As growth direction, as for the samples used in this

Thesis, then the magnetocrystalline anisotropy gives rise to three equivalent easy

axes along the [100], [010] and [001] directions. The in-built growth strain though,

which acts along the [001] direction, breaks the cubic symmetry and, as explained

above, originates either an easy plane perpendicular to the [001] direction (usu-

ally for compressive strain) or an easy axis along the [001] direction (usually for

tensile strain). When the former situation takes place, it would be reasonable to

think that the magnetic anisotropy landscape in the easy plane of (Ga,Mn)As is

entirely governed by the in-plane biaxial contribution of the magnetocrystalline

anisotropy, that would provide two equivalent easy axes along the [100] and [010]

directions. But this is not the case, since it is found experimentally that the

in-plane biaxial anisotropy is in competition with an in-plane uniaxial anisotropy

that breaks the in-plane symmetry and yields an easy axis along the [11̄0] direc-

tion [72, 73]. Even if the origin of this uniaxial anisotropy is still controversially

discussed, with some works ascribing it to preferential Mn incorporation induced

by surface reconstruction during growth [74], to the presence of surface ripples [75]

or of stacking faults defects [76], it can nonetheless be easily modelled via an in-

plane shear strain [77]. Taking into account the competition between biaxial

and uniaxial contributions, the anisotropy energy of a single-domain (Ga,Mn)As

sample with in-plane easy axis can be phenomenologically expressed as [78]:

Ea = −KC

4
sin2 2θ +KU sin2 θ, (2.3)

where KC > 0 and KU > 0 are the lowest-order biaxial and uniaxial magnetic

anisotropy constants, respectively, and θ is the angle that M forms with the

[11̄0] direction. As can be seen by taking the derivative of Eq. 2.3 with respect

to θ, its first and second term yield minima for θ = ±π/4 and θ = 0, thus

reproducing the easy axes orientations expected for the biaxial and uniaxial ani-

sotropy, respectively. According to Eq. 2.3, for KU ≥ KC the sample will have

one easy axis along the [11̄0] direction, while for KU < KC two easy axes will

be present, with orientations given by θ = 1/2 · arccos(KU/KC). Then, in the

9The properties of (Ga,Mn)As co-doped with phosphorus, i.e. (Ga,Mn)(As,P), will be dis-
cussed in detail in Chapter 4.
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limit of KC � KU , the two easy axes will lie along the [100] and [010] directions.

It is usually found that the biaxial anisotropy prevails at low temperatures [78].

However, since KU and KC scale with the magnetization roughly as M2 and M4,

respectively [78, 79], and given that M decreases with increasing temperature,

the dominant magnetic anisotropy often changes from biaxial to uniaxial with

increasing temperature [78].

Being mainly induced by spin-orbit interaction, the magnetic anisotropy in

(Ga,Mn)As depends strongly on the hole concentration [71], that has not been

taken into account yet in this discussion. Then, for instance, (Ga,Mn)As layers

under in-plane compressive (tensile) strain can exhibit a perpendicular-to-plane

(in-plane) easy axis (axes) provided their hole concentration is sufficiently low [73].

Moreover, since the hole concentration can be greatly increased by post-growth

annealing, there can be significant differences in the magnetic anisotropy of as-

grown and annealed samples. A rotation of the easy axis from the [11̄0] direction

to the [110] direction upon annealing has indeed been observed [80].

To simplify the notation, from now onwards samples characterized by in-

plane and perpendicular-to-plane magnetic easy axis (axes) will be referred to as

samples with in-plane and perpendicular magnetic anisotropy, respectively.

2.5.4 Magnetic domains

A magnetic domain is a region of a ferromagnetic material in which all the mag-

netic moments are aligned along the same easy axis direction. Hence M is satu-

rated within each domain. Since the direction of the alignment of M varies from

domain to domain, a multi-domain ferromagnetic material might not exhibit a

spontaneous M below its TC . The regions separating adjacent magnetic domains

are called domain walls. Within a domain wall M has to change direction from

one domain easy axis to the neighbouring domain easy axis. The angle between

these two easy axis directions is used to classify domain walls: a 180◦ domain

wall separates domains with opposite M , while a 90◦ domain wall separates do-

mains with perpendicular M . 180◦ domain walls can be further divided into two

categories, depending on the relative orientation between the rotation plane of

M and the plane of the wall, this being parallel and perpendicular for Bloch and

Néel domain walls, respectively.

The reason for the existence of magnetic domains is that their formation re-

duces the energy associated with demagnetizing fields. On the other hand, each

created domain costs energy because of the presence of domain walls. So, the size

of a domain is determined by the competition between the cost of demagnetizing

fields and the cost of domain walls. The fact that a domain wall costs energy

is due to the exchange energy associated with pairs of non-parallel neighbouring
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magnetic moments10 and to the magnetocrystalline anisotropy energy associated

with magnetic moments lying away from the easy axes. Incidentally, while the

former favours wide domain walls to minimize the angle between adjacent mag-

netic moments, the latter favours narrow domain walls to reduce the number of

magnetic moments pointing in non-easy directions. Hence, not only the size of

magnetic domains, but also the size of domain walls is the result of a trade-off

between two competing processes.

Knowing the domain configuration of a sample is necessary to understand

the mechanisms through which its magnetization changes upon application of an

external magnetic field H. When H is applied to a multi-domain ferromagnetic

sample that is initially demagnetized, M can vary from 0 to its saturation value

MS, along the direction of H, through one or more of the following processes:

domain wall motion, in which domains possessing a magnetic moment already

aligned with H grow at the expense of the other domains; non-coherent domain

rotation, through which the magnetic moment of non-aligned domains suddenly

switches towards the easy axis closest to the direction of H; and coherent do-

main rotation, in which the magnetic moment of non-aligned domains coherently

rotates towards the direction of H. In a single-domain ferromagnetic sample,

given the absence of domain walls, only domain rotation processes have to be

considered. In this case, once the contribution of the magnetic anisotropy is

known, the dependence of M on H can be obtained using the Stoner-Wohlfarth

model [81]. For H applied perpendicular to the easy axis (axes), domain rotation

is a reversible process, meaning that the same M vs H curve is followed for both

increasing (from −MS to +MS) and decreasing (from +MS to −MS) H. For

all the other H directions domain rotation is an irreversible process, with asso-

ciated open M vs H loops, also called hysteresis loops. Domain wall motion is

always an irreversible process, because of the unavoidable presence of defects or

strains in the sample, by which the domain wall can be pinned. Further details

about magnetic domains, domain walls and magnetization processes can be found

in [68, 69].

As for most ferromagnetic materials with macroscopic dimensions, magnetic

domains are present also in layers of (Ga,Mn)As and play an important role in

its magnetization processes. Stripe-shaped magnetic domains a few µm wide

have been observed in layers of tensile-strained (Ga,Mn)As with perpendicular

magnetic anisotropy [82]. Compressively-strained (Ga,Mn)As layers with in-plane

magnetic anisotropy are instead characterized by much larger magnetic domains,

with sizes reaching hundreds of µm [83]. Indeed, when very high crystalline

quality is achieved in these layers, samples as large as a few square millimetres

10The exchange energy between two neighbouring magnetic moments m1 and m2 is propor-
tional to −m1·m2.
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can be in a single-domain state, as it has been proven by showing that their

magnetic behaviour can be mostly explained using the single-domain Stoner-

Wohlfarth model [78]. Nonetheless, for values of H close to switching processes,

domain dynamics cannot be neglected.

2.6 Transport properties

(Ga,Mn)As layers can exhibit insulating or metallic behaviour depending on the

Mn concentration and the compensation level [32, 49, 84]. At low Mn concentra-

tions the band occupied by the holes in (Ga,Mn)As, called impurity band, is nar-

row and separated from the valence band by an energy gap of magnitude similar

to the impurity binding energy Eb, i.e. ∼ 0.1 eV. These dilute (Ga,Mn)As layers

are insulating. Metallic behaviour appears in (Ga,Mn)As for larger Mn concen-

trations, when the broadened impurity band merges with the valence band [49, 85]

and the holes become delocalized. The insulator-to-metal transition typically oc-

curs for Mn concentrations & 1.5% [47], when also a transition from paramagnetic

to ferromagnetic behaviour occurs, as described in Section 2.3. This circumstance

is a signature of the carrier-mediated nature of ferromagnetism in (Ga,Mn)As.

When suffering from high levels of charge compensation, even (Ga,Mn)As lay-

ers with Mn concentrations > 1.5% can be insulating. This is due to the fact

that, because of compensation, the merged impurity-valence band is only par-

tially filled and the holes remain localized [84]. Post-growth annealing can be

used in these (Ga,Mn)As layers to remove the charge compensating defects and

make them metallic [54].

The temperature dependence of the electrical resistivity ρ is very different

in the two transport regimes of (Ga,Mn)As. For insulating samples ρ increases

monotonically with decreasing T . For metallic samples the initial increase of ρ

for decreasing T is followed by a peak, then by a sharp decrease, and sometimes

by a further increase for temperatures less than a few K. This critical behaviour

in the dependence of ρ on T for metallic (Ga,Mn)As is commonly observed in

ferromagnetic metals and semiconductors and is due to a decreased effectiveness

of the scattering of carriers by spin fluctuations when the material enters the fer-

romagnetic state, i.e. when its spins start aligning along the easy axis (axes) [32].

This explains why the peak in ρ vs T roughly occurs for T = TC . Indeed it has

been shown that, even when the peak in ρ vs T is quite broad, a clear cusp for

T = TC is present in the temperature derivative of the resistivity dρ/dT [86]. The

increase of ρ that can occur at very low temperatures is the result of a quantum

effect, known as weak localization [87]. Post-growth low-temperature annealing

always results in a reduction of ρ, and this reduction is found to be larger at lower

temperatures. Moreover, the annealing procedure has the effect of broadening the
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peak in ρ vs T and moving it to higher temperatures [54].

Carefully annealed (Ga,Mn)As layers with nominal Mn concentrations ranging

from 4.5% to 12.5% exhibit metallic behaviour with corresponding ρ values going

from ∼ 4.6 × 10−5 to ∼ 2.3 × 10−5 Ωm at room temperature and from ∼ 3.5 ×
10−5 to ∼ 1.7 × 10−5 Ωm at 4.2 K [86].

2.7 Magnetotransport properties

2.7.1 Ordinary magnetotransport properties

The transport properties of any conductive material change in the presence of a

magnetic field B, since this acts on the carriers via the Lorentz force F = q(v

× B), where q is the carrier charge and v is the carrier velocity, thus deviating

their trajectories. The effects of a magnetic field on the transport properties

of a material define the ordinary magnetotransport properties of this material,

which manifest themselves in the ordinary magnetoresistance effect and the ordi-

nary Hall effect [69]. Symmetry considerations prove that the former is an even

function of B while the latter is an odd function of B [88].

Ordinary magnetoresistance effect

The ordinary magnetoresistance effect results in the dependence of the electrical

resistance of a material on the magnitude and direction of B. As it may be

expected, the resistance increases with increasing B. This increase is normally

found to be proportional to B2, although it can be a more complicated function of

B at low temperatures and/or high magnetic fields [88]. Moreover, the resistivity

measured for B perpendicular to the current direction, is always found to be

larger than the resistivity measured for B parallel to the current direction. This

anisotropy arises from the non-spherical shape of the Fermi surface

Ordinary Hall effect

Considering the geometry in which the current flows in the plane of a thin film,

the ordinary Hall effect (OHE) results in the appearance of an electric voltage in

the in-plane direction perpendicular to the current direction, when an external

magnetic field is applied perpendicular to the film [89]. The transverse resistance
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Rxy
11 due to the OHE is given by:

Rxy ≡
ρxy

d
= ROB cosα, (2.4)

where d is the thickness of the film, RO is the ordinary Hall coefficient and α is

the angle formed by the magnetic field with the direction perpendicular to the

film plane. Since RO = 1/nqd, where n is the carrier concentration and q is the

carrier charge, the OHE can be used to determine the carrier concentration of a

material.

2.7.2 Extraordinary magnetotransport properties

In ferromagnetic materials the ordinary magnetotransport effects are overlaid by

the typically much larger extraordinary magnetotransport effects, which arise

from the spin-orbit interaction: when the magnetization rotates, the electron

cloud around each nucleus deforms, thus changing the amount of scattering under-

gone by the carriers. So, as the ordinary magnetotransport phenomena describe

the influence of a magnetic field on the transport properties of a generic material,

the extraordinary magnetotransport phenomena describe how these properties in

a ferromagnet are influenced by the magnetization. There are two distinct ex-

traordinary magnetotransport effects: the anisotropic magnetoresistance and the

anomalous Hall effect, which are the analogues of their ordinary counterparts.

Anisotropic magnetoresistance

The anisotropic magnetoresistance (AMR) is the dependence of the electrical

resistance of a ferromagnet on the orientation of the magnetization with respect to

the current direction and the crystallographic axes. The AMR was discovered in

1857 by Thomson (Lord Kelvin), who found that in iron and nickel the resistivity

is smaller when M is perpendicular to the current direction than when M is

parallel to it, i.e. ρxx(M ⊥ I) < ρxx(M ‖ I) [7], which is often found to be the

case for ferromagnetic metals [88].

Due to the broken cubic symmetry of (Ga,Mn)As layers grown on lattice-

mismatched substrates, the AMR in (Ga,Mn)As is described with two coeffi-

cients [90]:

AMRop =
ρxx(M ‖ x̂)− ρxx(M ‖ ẑ)

ρxx(M ‖ ẑ)
, (2.5)

AMRip =
ρxx(M ‖ x̂)− ρxx(M ‖ ŷ)

ρxx(M ‖ ŷ)
, (2.6)

11If x is the direction of the current in the x–y plane, then Rxx (ρxx ≡ ρ of Section 2.6) and Rxy

(ρxy) are the notations used to refer to the longitudinal and transverse resistance (resistivity),
respectively, i.e. the resistance (resistivity) measured along the direction of the current, and
along the direction perpendicular to it.
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where x̂ is the direction of the in-plane current and ẑ is the growth direction.

The subscripts “op” and “ip” stand for out-of-plane and in-plane, respectively.

Thus, the AMR in (Ga,Mn)As is influenced by the in-built growth strain in a

similar way as the magnetic anisotropy is, which may be expected since they

both originate from the spin-orbit interaction. It is experimentally found that

the AMRop and AMRip coefficients are negative in (Ga,Mn)As, which means that

the configuration in which M and I are parallel is characterized by the lowest

resistance, as opposed to the vast majority of ferromagnetic metals. Moreover, it

can be shown that |AMRop| > |AMRip| for compressively strained layers, while

|AMRop| < |AMRip| for tensile strained layers [90, 91]. The AMRop and AMRip

coefficients in (Ga,Mn)As have typical values of a few % at low temperatures [87,

90, 91] and they are found to decrease with increasing the Mn concentration and

with post-growth annealing [91].

The remainder of this Section will focus on the AMRip coefficient, which will

now be referred to as AMR. To simplify the notation, ρxx(M ‖ x̂) and ρxx(M ‖ ŷ)

will be called ρ‖ and ρ⊥, respectively, so that AMR = (ρ‖− ρ⊥)/ρ⊥. In addition,

it will be assumed that M is saturated along the direction of B. In the coordinate

system defined by the magnetization direction and its orthogonal direction the

resistivity tensor is given by:

ρ =

(
ρ‖ 0

0 ρ⊥

)
. (2.7)

Hence, the resistivity tensor in the coordinate system defined by the current

direction x, which lies at an angle φ to the magnetization direction, and its

orthogonal direction y, can be obtained as:

ρ ≡

(
ρxx ρxy

ρyx ρyy

)
=

(
cosφ − sinφ

sinφ cosφ

)(
ρ‖ 0

0 ρ⊥

)(
cosφ sinφ

− sinφ cosφ

)
=

=

(
ρ̄+ 1

2
∆ρ cos 2φ 1

2
∆ρ sin 2φ

1
2
∆ρ sin 2φ ρ̄− 1

2
∆ρ cos 2φ

)
, (2.8)

where ρ̄ = (ρ‖ + ρ⊥)/2 and ∆ρ = ρ‖ − ρ⊥. It follows that, if the AMR in

(Ga,Mn)As would depend just upon the relative orientation between magnetiza-

tion and current, the longitudinal and transverse resistivity would be phenomeno-

logically described as:

ρxx = ρ̄+
1

2
∆ρ cos 2φ,

ρxy =
1

2
∆ρ sin 2φ. (2.9)
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However, the AMR in (Ga,Mn)As also depends on the relative orientation be-

tween magnetization and crystallographic axes, as it has been pointed out in

distinguishing between the AMRip and AMRop coefficients. This crystalline con-

tribution to the AMR is the transport analogue of the magnetocrystalline con-

tribution to the magnetic anisotropy. The phenomenological description of the

crystalline component of the AMR in (Ga,Mn)As is obtained adapting, through

symmetry considerations, the standard phenomenology used for cubic crystals [92]

to the case of crystals with cubic and uniaxial anisotropy. Following this proce-

dure the total longitudinal AMR in (Ga,Mn)As can be written as [93]:

∆ρxx

ρav

= CI cos 2φ+ CU cos 2ψ + CC cos 4ψ + CI,C cos(4ψ − 2φ), (2.10)

where ∆ρxx = ρxx − ρav, ρav is ρxx averaged over 360◦ in the plane of the film, φ,

as above, is the angle between M and I and ψ is the angle between M and the

[110] crystal direction. The four contributions in Eq. 2.10 are the non-crystalline

term CI , the lowest-order uniaxial CU and cubic CC crystalline terms and a

crossed non-crystalline/crystalline term CI,C. For symmetry reasons the purely

crystalline terms are excluded from the expression of the transverse AMR, which

then turns out to be [93]:

ρxy

ρav

= CI sin 2φ− CI,C sin(4ψ − 2φ). (2.11)

Usually the non-crystalline term represents the dominant contribution (∼
90%) to the AMR in (Ga,Mn)As [93], leading to the lowest resistance for the

configuration in which M and I are parallel, as anticipated above. For ultra thin

(Ga,Mn)As layers, i.e. ∼ 5 nm, the situation is very different, with the crystalline

terms dominating and the uniaxial one being the largest [93]. Independently of

the layer thickness, however, the crystalline components of the AMR depend on

temperature in a similar way as the magnetic anisotropy does. So, for instance,

standard-thickness (Ga,Mn)As layers are characterized by the cubic and uniax-

ial term prevailing at low and high temperatures, respectively, while ultra-thin

(Ga,Mn)As layers show dominating uniaxial AMR over the whole temperature

range [93].

The spin-orbit dependent mechanisms responsible for the origin of the non-

crystalline and crystalline components of the AMR in (Ga,Mn)As are described

in detail in [93].

As with its ordinary analogue, the AMR is an even function of M, meaning

that ∆ρxx(M) = ∆ρxx(−M) and ρxy(M) = ρxy(−M).

Finally, it is worth mentioning an additional magnetoresistance effect in (Ga,-

Mn)As. At large fields, a negative isotropic magnetoresistance (IMR) can be

22



Properties of (Ga,Mn)As

always observed below TC . The IMR can be very large for low conductive lay-

ers [90] and becomes weaker after post-growth annealing [91]. The dependence

of the IMR on B is not well defined but it can normally be considered as linear

for B varying in a small range. It was initially suggested that the IMR could

be due to the suppression of spin disorder that occurs for T < TC , which also

accounts for the critical behaviour observed in ρ vs T , as described in Section

2.6. However, if this consideration can justify the presence of the negative IMR

for temperatures just below TC , it fails to explain why the IMR does not saturate

at low temperatures, where the local spins are almost fully aligned, even when

magnetic fields larger than 20 T are applied [94]. It has then been proposed that

the IMR at low temperatures could be described in terms of the suppression of

the weak localization [90].

Anomalous Hall effect

If a current is flowing in the plane of a ferromagnetic layer, an electric voltage

can appear in the in-plane direction perpendicular to the current direction even

without an applied B, provided M has a non-zero component along the direction

perpendicular to the layer. This is known as the spontaneous or anomalous Hall

effect (AHE). The transverse resistance Rxy due to the AHE is given by:

Rxy ≡
ρxy

d
= RSM cos β, (2.12)

where the geometric configuration and the notations used are the same as in

Eq. 2.4, RS is the anomalous Hall coefficient and β is the angle formed by the

magnetization with the direction perpendicular to the film plane. The AHE arises

from the spin-orbit interaction which induces anisotropy in the scattering mech-

anisms undergone by spin-up and spin-down carriers [88]. In particular, “skew”

and “side-jump” scattering mechanisms predict RS ∝ ρxx and RS ∝ ρ2xx, respec-

tively [95]. Further theoretical investigations have suggested that the dominant

contribution to the AHE in (Ga,Mn)As may actually stem from a scattering-

independent topological mechanism, which also predicts RS ∝ ρ2xx [96]. While

an unambiguous description of the relative influence of the various microscopic

mechanisms that could give rise to the AHE in (Ga,Mn)As has not been provided

yet, the available experimental results are mostly consistent with RS ∝ ρ2xx [97].

In ferromagnetic materials, (Ga,Mn)As included, the AHE is normally much

larger than the OHE, i.e. RS � RO. This circumstance, together with the

uncertain dependence of RS on ρxx, makes it quite hard to extract the hole con-

centration from RO in (Ga,Mn)As [97, 54]: for typical hole and Mn concentrations

the error in the evaluation of the hole concentration from the AHE can be as high

as 20% [98].
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On the other hand, since RS � RO and ρxx is usually weakly dependent

on B, the functional form of ρxy(B) does closely follow that of M(B), at least

at low fields. The AHE then provides a useful tool to measure hysteresis loops

without using magnetometry techniques. While RO is temperature independent,

RS, being dependent on ρxx, is strongly influenced by temperature changes [97].

As with its ordinary analogue, the AHE is an odd function of M, meaning

that ρxy(M) = −ρxy(−M).
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Chapter 3

Materials and experimental

methods

3.1 Materials

The materials used for the experiments described in this Thesis are high-quality

single-crystal films of (Ga,Mn)As and (Ga,Mn)(As,P). They are enumerated in

Tab. 3.1, together with their specifications and key magnetic properties.

Wafer No. Mn P d Annealing MS T C Anisotropy
(%) (%) (nm) (emu/cm3) (K)

Mn403
6 10 25 No 23.2 29 In-plane
6 10 25 Yes 43.8 110 Perpendicular

Mn437
12 0 25 No 51.1 76 In-plane
12 0 25 Yes 71.5 181 In-plane

Mn491
6 6 25 No 29.6 52 In-plane
6 6 25 Yes 40.5 122 In-plane

Mn492
6 3 25 No 30.9 61 In-plane
6 3 25 Yes 38.4 125 In-plane

Mn498
6 9 25 No 28.6 47 In-plane
6 9 25 Yes 33.8 109 Perpendicular

Mn591
6 9 100 No 26.5 51 In-plane
6 9 100 Yes 37.9 110 Perpendicular

Table 3.1: List of the materials used in the experiments described in this The-
sis. The nominal Mn and P concentrations, the film thickness d, the saturation
magnetization MS, the Curie temperature TC and the orientation of the easy axis
(axes) are provided for each material in both its as-grown and annealed state (see
text for details).

The films were grown by Dr. Richard P. Campion via LT–MBE with As

dimers on semi-insulating 350 µm thick GaAs(001) wafers using the Veeco Mod-

ular GEN–III MBE system of the University of Nottingham. A buffer layer of
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Ga(As,P) for Mn403 or GaAs for all the other wafers was grown between the sub-

strate and the magnetic film. The magnetic films were grown at a temperature

of ∼ 230 ◦C, apart from Mn437 that was grown at a temperature of ∼ 200 ◦C.

Each material was characterized both in the as-grown and annealed state, as

shown in Tab. 3.1. It is here intended that an annealed material has undergone a

full post-growth annealing procedure or, in other words, that no further variation

of its transport and magnetic properties can be observed upon further annealing.

The time necessary to fully anneal a material depends on its thickness and on

the chosen annealing temperature, being longer for thicker materials and lower

annealing temperatures [55]. It has been shown that annealing at lower temper-

atures results in better magnetic properties [43], but this is often impractical for

thick materials because highly time consuming. The 25 nm thick films listed in

Tab. 3.1 were annealed at 180 ◦C for 48 hours, while the 100 nm thick film Mn591

was annealed at 200 ◦C for roughly a week. Annealing was always performed in

air.

3.2 Sample fabrication

In order to investigate the magnetic, transport and magnetotransport properties

of a material it is necessary to shape it in a configuration suitable for the chosen

type of measurement1. For magnetometry measurements this simply requires to

cut the wafer into small rectangular pieces, typically of 4 × 5 mm2, which is

quickly accomplished using a scribing machine with a diamond tip. The cleavage

directions are the [110] and the [11̄0] for both (Ga,Mn)As and (Ga,Mn)(As,P)

wafers. For transport and magnetotransport measurements the material has usu-

ally to be patterned into a more complex shape, which requires the use of lithog-

raphy fabrication techniques. In a general sense lithography is any procedure

that uses selective chemical processes to write on a material. Depending on the

required resolution, different lithography techniques can be used for sample fabri-

cation. When the size of the smallest feature that needs to be patterned is in the

µm range, as for all the samples measured in this Thesis, then photolithography

is an adequate choice.

Standard photolithography procedures involve following a number of sequen-

tial steps that are here briefly described. At first the wafer is chemically cleaned,

normally using solvents in an ultrasonic bath, in order to remove any debris or

contamination from its surface. Then the wafer surface is covered with a uniform

layer of photoresist, a light-sensitive material, usually a few hundreds of µm thick.

This is achieved rotating the wafer at high speed in order to spread the photore-

sist by centrifugal force, a technique known as spin coating. Next the wafer is

1Apart from imaging measurements.
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baked in an oven or on an hotplate to eliminate the excess solvent present in the

photoresist. Now the wafer is ready to be irradiated with light, a process that

causes the chemical properties of the photoresist to change. In particular, positive

(negative) photoresist that is exposed to high-intensity UV light becomes soluble

(insoluble) in a specific solution, known as developer. Hence the photoresist can

be patterned into the desired geometry if it is selectively exposed to light. This

is achieved interposing a photomask, i.e. a glass plate covered with a patterned

metal film, between the UV light source and the wafer. Since the UV light is

absorbed by the metal film and let through by the rest of the photomask, the

pattern is transferred from the photomask to the photoresist. Once developed,

the photoresist is left to cover just selected regions of the wafer surface. At this

point specific chemical treatments, to which the photoresist is mostly immune,

are used to remove those regions of the wafer surface that are not covered by

the photoresist, thus allowing the pattern to be engraved into the material. At

the end of this process, known as etching, the photoresist is no longer needed

and is dissolved, typically using acetone. If electrical measurements need to be

performed, then further processing is required to deposit metal contacts on the

patterned wafer. So, following the same steps described above, the photoresist is

spin-coated and patterned again, although in a different geometry. The selected

metal is then evaporated on the wafer surface under high vacuum conditions,

until a sufficiently thick film of it is formed. When next the photoresist is dis-

solved in acetone, the metal film deposited on top of it is lifted-off and removed

together with the photoresist. Metal thus remains just in those regions where

it is in direct contact with the wafer and might be later annealed to favour its

partial diffusion into the wafer. The patterned wafer is now finally provided with

metal contacts and the fabrication process is over. Before the measurement can

start though, the processed sample has to be glued onto a suitable header and

electrically connected to its pins via bond wires.

All the samples used for the transport and magnetotransport measurements

presented in this Thesis have been fabricated according to the standard pho-

tolithography procedures described above and mounted on non-magnetic head-

ers. Particular care has been taken in avoiding, or at least minimizing, those

processing steps that require the use of high temperatures, in order to prevent

accidental annealing of the materials. Two different geometries have been used

for the patterning: they are the Hall bar and the Corbino disk sketched in Fig. 3.1

(a) and (b), respectively.

In the Hall bar geometry the current flows across the 45 µm wide channel

and the voltage is measured via the six 20 µm wide probes that are separated

from each other by 295 µm. In the Corbino disk geometry the current flows

radially across the 7 µm wide annulus. The yellow regions of Fig. 3.1 represent
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Figure 3.1: Sketch of the Hall bar (a) and Corbino disk (b) geometries patterned
on the wafers measured in this Thesis. The relevant dimensions for the Hall bar
geometry are L = 295 µm, C = 20 µm and W = 45 µm, while for the Corbino
disk geometry they are r1 = 90 µm and r2 = 97 µm. The yellow regions represent
the metal contacts.

the metal contacts, that were obtained evaporating on the wafers a ∼ 30 nm Ti

layer followed by a ∼ 150 nm Au layer. The Ti layer improves the adhesion of

the metal to the wafer, thus allowing for ohmic contacts to be realized.

The samples measured in Chapter 5 and Chapter 6 underwent some further

minor fabrication steps, whose description will be given in the Chapters them-

selves.

3.3 Measuring instruments and procedures

3.3.1 SQUID magnetometer

System description

A Superconducting Quantum Interference Device (SQUID) magnetometer is among

the most sensitive instruments used for measuring magnetic fields and, as such, it

is often chosen to study the magnetic properties of thin films containing diluted

magnetic moments like (Ga,Mn)As. The SQUID is the detection system of a

SQUID magnetometer and consists of a closed superconducting loop containing

one or two Josephson junctions, in the case of radio frequency (RF) or direct

current (DC) SQUID, respectively. The extraordinary sensitivity of the SQUID

derives from the highly non-linear I–V characteristic of the Josephson junction

and the quantized nature of the magnetic flux through it.

All the magnetometry measurements described throughout this Thesis were

carried out using the Quantum Design MPMS–XL SQUID magnetometer of the

School of Physics and Astronomy in the University of Nottingham. This SQUID

magnetometer has always been used with the reciprocating sample measurement

option, which allows to detect magnetic moments as small as 10−9 emu, according

to manufacturer specifications. In the MPMS–XL magnetometer the RF SQUID
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is coupled via superconducting wires to a system of superconducting coils, known

as detection coils. When a sample is moved through the detection coils, its mag-

netic moment causes a change in the magnetic flux through them, which in turn

induces a change in the persistent electric current flowing across the whole super-

conducting loop, including the SQUID. The magnetic moment of the sample is

then determined measuring the change in the SQUID output voltage. Hence the

SQUID of the MPMS–XL magnetometer does not directly measure the magnetic

moment of the sample, but is essentially used as a current-to-voltage converter.

For the measurement to be accurate, both the SQUID and the detection coils

need to be protected from ambient magnetic field fluctuations and from the large

magnetic fields generated by the superconducting magnet. This is achieved plac-

ing the SQUID in a region of constant (and small) magnetic field enclosed by

a superconducting shield and shaping the detection coils in a second-order gra-

diometer configuration which consists of three equally spaced coils, the outer ones

wound clockwise in a single turn and the middle one wound anticlockwise in a

double turn, and grants a high insensitivity to magnetic noise.

The sample is mounted, at times glued on a silver wire, in a clear drinking

straw that is connected to the end of the sample rod. During the measurement the

rod is moved through the detection coils, i.e. along the axis of the gradiometer,

via a stepper motor and the SQUID voltage is measured a number of times at

various positions over the specified scan length. The spatial dependence of the

SQUID voltage thus obtained is then automatically fitted by the Quantum Design

software to provide the magnetic moment of the sample. Independently on the

fitting routing chosen, it is in any case assumed that the sample behaves like an

ideal point-form magnetic dipole. This strong assumption imposes the sample

to be much smaller than the detecting gradiometer and uniformly magnetized.

In practice, if wanting to maintain the error associated with the fitting within

3%, the dimension of the sample along the scan direction should not exceed 5

mm [99]. In the opposite limit, samples longer than the gradiometer will not be

detected during a scan and this is the reason why long uniform objects can safely

be used for mounting purposes.

The superconducting magnet used in this SQUID magnetometer generates

magnetic fields up to 1 T along the axis of the gradiometer and, according to

manufacturer specifications, is uniform up to 99.99% over a 4 cm length. The

temperature can be accurately set to any value within the range 1.9− 400 K.

Measurements description

In this Thesis the MPMS–XL SQUID magnetometer has been used to measure the

dependence of the magnetization M of (Ga,Mn)As and (Ga,Mn)(As,P) samples,

typically shaped in rectangular pieces of 4 × 5 mm2, upon temperature T and
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magnetic field H.

The M vs T magnetometry measurements were performed following these

steps. The sample was at first mounted in the straw according to the chosen

measurement direction and then was cooled from room temperature down to 2

K under a magnetic field of 1000 Oe, large enough to saturate the magnetization

along its direction. At T = 2 K the field was removed2, allowing the magneti-

zation to rotate towards the closest easy axis direction. The component of the

magnetization along the field direction for zero applied field, known as remanent

magnetization and denoted as MR, was then measured while raising the temper-

ature from 2 K to a value greater than TC , usually with a rate of 1 K per minute.

This procedure was then repeated for all the necessary directions so that a set

of MR vs T curves was finally obtained. A large amount of information on the

magnetic properties of (Ga,Mn)As and (Ga,Mn)(As,P) samples is contained in

such a set of measurements. Firstly, by comparing the values of MR along the

different directions it is possible to determine the dominant magnetic anisotropy

contribution and establish whether the sample is characterized by perpendicular

or in-plane magnetic anisotropy and, in the latter case, whether the uniaxial ani-

sotropy prevails over the cubic, or vice-versa. Secondly, the Curie temperature

TC can be easily identified as the temperature at which MR along a non-hard-

axis direction goes to zero. Thirdly, for samples in a single-domain state, the

saturation magnetization MS can be determined as:

MS =
√
M2

[110]
+M2

[110] +M2
[001], (3.1)

where M[110], M[110] and M[001] are the remanent magnetizations along the [11̄0],

[110] and [001] directions, respectively. For samples with in-plane magnetic ani-

sotropy just the first two terms in Eq. 3.1 are necessary and they can be replaced

by analogous terms involving M[100] and M[010] when the uniaxial anisotropy dom-

inates over the cubic. Vice-versa, just the third term in Eq. 3.1 is necessary for

samples with perpendicular magnetic anisotropy. Finally, for single-domain sam-

ples with in-plane magnetic anisotropy the orientation of the easy axis (axes) can

be determined as:

θ = arctan

(
M[110]

M[110]

)
, (3.2)

where, as usually, θ is the angle that MS forms with the [11̄0] direction. Since

for KU < KC , as discussed in Section 2.5.3, θ is proportional to arccos(KU/KC),

then these magnetometry measurements also allow to evaluate the ratio between

the uniaxial KU and cubic KC magnetic anisotropy constants when the latter

2The magnetic field trapped in the superconducting magnet after having been discharged
from 1000 Oe is less than 1 Oe.
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prevails over the former.

The M vs H magnetometry measurements were performed at a constant tem-

perature and consisted in measuring the sample magnetization while sweeping the

magnetic field from positive saturating values to negative saturating values and

back. The resulting M vs H loop thus yielded the component of the magneti-

zation along the field direction for the various field values and the two sweeping

directions. As above, by mounting the sample in different ways and repeating

the measurements for each of them a set of M vs H loops was finally obtained.

A point worth noticing is that, unlike remanence measurements that are carried

out in zero magnetic field, these magnetometry measurements are always affected

by the presence of a strong field-dependent diamagnetic contribution, stemming

mainly from the thick GaAs substrate, that is easily identified by the “tilted”

shape of the loops. This contribution is quantified by linearly fitting those re-

gions of the M vs H loop for which M > MS or M < −MS and hence can be

subtracted from the raw data. This subtraction is the main reason why extract-

ing MS from measurements of M vs H loops could be less accurate than from

remanence measurements. The M vs H magnetometry measurements are instead

useful to determine the anisotropy fields3, i.e. those magnetic fields at which the

magnetization is saturated along their direction (possibly corrected for the pres-

ence of the shape anisotropy), and the coercive fields Hc, i.e. those magnetic

fields at which M = 0. Moreover, the shape of the loop can provide information

on the magnetic anisotropy since open squared loops, for which MR ∼ MS, are

associated to easy axis directions while closed loops, for which MR ∼ 0, are as-

sociated with hard axis directions. Finally, it is possible to extract the value of

the individual magnetic anisotropy constants by fitting the M vs H loops with

an expression derived from the Stoner-Wohlfarth single-domain model [81]. The

magnetic energy of single-domain samples with in-plane magnetic anisotropy can

be phenomenologically expressed as [78]:

E = −KC

4
sin2 2θ +KU sin2 θ −MSH cos(γ − θ), (3.3)

where the first two terms represent the magnetic anisotropy energy and were

introduced in Eq. 2.3, while the last term is the field-dependent Zeeman energy

term. θ and γ are the angles formed by MS and H, respectively, with the [11̄0]

direction. The fitting expression linking M and H is analytically found for H

along easy or hard axes directions by taking the derivative of Eq. 3.3 with respect

3The magnetic anisotropy of a sample exerts a torque on the magnetic moments that are
not aligned along the easy axis (axes) in the same way as a magnetic field exerts a torque on
the magnetic moments that are not aligned along its direction. For this reason it is possible
to associate an anisotropy field HK ∼ K/MS to a magnetic anisotropy characterized by the
magnetic anisotropy constant K.
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to θ. For all the other directions of H the fitting has to proceed numerically. In

both cases Eq. 2.3 can be used to extract the values of KU and KC for single-

domain samples with in-plane magnetic anisotropy.

3.3.2 Transport and magnetotransport equipment

System description

All the transport and most of the magnetotransport measurements described

throughout this Thesis were carried out using the Oxford Instruments He–4 Var-

iox cryostat of the School of Physics and Astronomy in the University of Not-

tingham4. The sample is mounted at the end of the sample rod which is inserted

into the sample space of the cryostat. The sample space is cooled down allowing

liquid helium to pass through a needle valve from the helium reservoir to the heat

exchanger surrounding the sample space. Temperatures as low as 1.5 K can be

obtained by decreasing the pressure of the helium gas filling the sample space

through a rotatory pump. The heat exchanger is equipped with a heater and

a Cernox temperature sensor. The temperature controller Oxford Instruments

ITC503, which balances the helium flow through the needle valve and the power

dissipated in the heater, allows to achieve temperature stabilities of ± 0.1 K for

temperatures greater than 4.2 K, according to manufacturer specifications. The

Cernox temperature sensor can be used to measure the sample temperature but

the temperature sensor fitted to the sample holder of some of the sample rods

provides increased accuracy. The cryostat is used in conjunction with an external

water-cooled rotating electromagnet surrounding the sample space. This electro-

magnet can generate magnetic fields up to 0.6 T along any direction parallel to

the laboratory floor. Using different sample rod configurations is then possible

to work with magnetic fields perpendicular to the sample or along any direction

in its plane. Keithley digital sourcemeters and digital multimeters controlled

by a LabVIEW interface are used to bias the sample and measure its electric

properties.

Measurements description

With the exception again of the magnetotransport measurements presented in

Chapter 6, all the transport and magnetotransport measurements in this Thesis

have been performed on the Hall bars fabricated according to the procedure

illustrated in Section 3.2. The notations and polarity conventions chosen for four

terminal transport and magnetotransport measurements are shown in Fig. 3.2.

4A different equipment was used to perform the magnetotansport measurements presented
in Chapter 6, but its description will be given in the Chapter itself for convenience.
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Figure 3.2: Notations and polarity conventions used for the four terminal trans-
port and magnetotransport measurements described in this Thesis. V is the
bias voltage, I is the current that flows across the Hall bar, Vxx and Vxy are the
longitudinal and transverse voltages, respectively.

Four terminal transport measurements were performed in zero magnetic field

by biasing the Hall bar with 1 V and measuring the longitudinal voltage Vxx while

cooling the Hall bar from room temperature down to 1.5 K, usually at a rate of ∼
0.1 K per second. The longitudinal resistance is calculated as Rxx = Vxx/I. Since

the dimensions of the Hall bar are known, the longitudinal resistivity ρxx is eas-

ily derived from Rxx. Besides providing information on the quality of the wafer,

transport measurements are a simple way to roughly identify the Curie temper-

ature. In fact, as explained in Section 2.3, the temperature at which dρxx/dT

shows a singularity is a good approximation of the Curie temperature [86].

Four terminal magnetotransport measurements were performed at constant

temperature by biasing the Hall bar with 1 V as above, and measuring the lon-

gitudinal Vxx and transverse Vxy voltages while either varying the intensity of

the magnetic field or its direction. When the magnetic field is applied along

the perpendicular-to-plane direction the transverse resistance Rxy, which is cal-

culated as Vxy/I, provides information on the component of the magnetization

along the field direction, since it is proportional to it via the AHE coefficient

(see Eq. 2.12). When instead the magnetic field is applied in the plane of the

sample, Rxx and Rxy provide information about the longitudinal and transverse

AMR, respectively, and can then be used to extract the value of various AMR

coefficients: CI , CU , CC and CI,C (see Eq. 2.10 and Eq. 2.11).

3.3.3 Magneto-optical Kerr effect imaging equipment

System description

The magneto-optical Kerr effect (MOKE) consists in the rotation of the plane

of polarization of a linearly polarized light beam upon reflection from a mag-
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netized material. This effect is a consequence of the spin-orbit interaction and

can be qualitatively understood as follows. Right-handed and left-handed cir-

cularly polarized light incident on a material cause its carriers to rotate in the

corresponding senses, each providing a contribution to the orbital angular mo-

mentum L of equal magnitude but opposite sign. Since a magnetic field induces

the spins of the carriers to be polarized along its direction, the spin-orbit interac-

tion modifies the energy associated with the two polarizations in opposite ways.

The magnetized material will then respond with different refractive indices to the

two polarizations. Hence, when a linearly polarized light beam is reflected from

a magnetized material, given that it can be considered as the superposition of

right-handed and left-handed circularly polarized light beams, its plane of polar-

ization will be rotated because the two polarizations will be phase-delayed with

respect to each other. Since the rotation of the plane of polarization is propor-

tional to the magnetization, the MOKE can be used to study magnetic properties

of materials and, in particular, to image magnetic domains. The MOKE can be

performed with M perpendicular to the sample plane (polar configuration) or

with M parallel to the sample plane and parallel (longitudinal configuration) or

perpendicular (transverse configuration) to the incidence plane of the light beam.

Being stronger than the in-plane MOKE [100], the polar MOKE is more often

used in experiments.

The MOKE imaging presented in this Thesis was carried out using the MOKE

microscope of the Hitachi laboratory in the University of Cambridge. This system

combines an Oxford Instruments MicroStatHiRes2 optical cryostat with a Neoark

BH–7850CS Domain Observation Device. In this continuous-He-flow cryostat

cooling is achieved by constantly pumping liquid helium from an helium storage

dewar along a transfer tube to the heat exchanger, on top of which the sample is

placed. The minimum temperature achievable is ∼ 4.2 K. The heat exchanger is

fitted with a heater and a temperature sensor, used to measure the temperature of

the sample. As for the cryostat described in the previous Section, good tempera-

ture control is achieved balancing the helium flow and the power dissipated in the

heater via the Oxford Instruments ITC503 temperature controller. The Neoark

equipment includes a microscope, fitted with an high-pressure 100 W mercury

lamp and a ×20 magnifying lens, an high-resolution 800,000 pixel CCD camera

and two polarisers. Light from the lamp is linearly polarized passing through the

first polariser and, after being reflected from the sample, eventual changes in its

polarisation plane are detected as changes in its intensity after exiting the second

polariser. Once the light reaches the CCD camera the information it contains is

converted into an image. The spatial resolution achieved is 1 µm. The system is

equipped with Helmoltz coils, able to generate magnetic fields up to 200 mT and

50 mT for polar and in-plane configurations, respectively.
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Measurements description

In this Thesis the MOKE microscope was used to image the magnetic domain

structure of sample Mn591 at a constant temperature of 4.2 K and for a specific

value of the magnetic field.
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Chapter 4

Properties of (Ga,Mn)(As,P)

4.1 Introduction

Most of the research on III–V DMS has been devoted to the study of (Ga,Mn)As

but robust hole-mediated ferromagnetism, which is the most remarkable aspect

of these systems, has been observed also in other (III,Mn)V DMS. This circum-

stance has led researchers to investigate the possibility of alloying GaAs with

different III–V semiconductors in order to achieve an “optimal” Mn-doped DMS

with a Curie temperature higher than (Ga,Mn)As. GaP, in particular, has been

suggested as a good candidate for this purpose [101]. Indeed, the fact that GaP

has a smaller lattice constant than GaAs indicates that the exchange interac-

tion acting between holes and local magnetic moments in (Ga,Mn)As might be

stronger when P atoms substitute for As atoms. On the other hand, GaP has a

wider energy band gap than GaAs which results in the holes in (Ga,Mn)P being

more strongly localized than in (Ga,Mn)As and therefore less effective at medi-

ating the exchange interaction. The consequences of the interplay between these

two competing effects on the properties of (Ga,Mn)(As,P) have been investigated

both theoretically and experimentally.

A theoretical work based on the double exchange model of ferromagnetism1

predicted a small, almost-linear, decrease of TC upon increasing the P concentra-

tion [102], whereas a different theoretical study based on the indirect exchange

model of ferromagnetism predicted an increase in TC up to a factor of ' 1.5 with

increasing the P concentration [103]. Moreover, according to the latter study,

(Ga,Mn)(As,P) should show a significantly weaker tendency to incorporate in-

terstitial Mn atoms during growth than (Ga,Mn)As, as a consequence of the

reduced size of the interstitial space. Due to the different models of ferromag-

netism used in the two studies it might be reasonable to think that they would

1This model is typically used to describe the onset of ferromagnetism in III–V DMS systems
with carriers localized in a narrow impurity band, as for (Ga,Mn)As with low Mn concentration
or wider band gap semiconductors.

36



Properties of (Ga,Mn)(As,P)

be more appropriate for higher and lower P concentrations, respectively.

Preliminary experiments performed on (Ga,Mn)(As,P) samples synthesized

using the combination of ion implantation and pulsed-laser melting showed a

decrease of TC by roughly a factor of 2 and a correspondent metal-to-insulator

transition upon increasing the P concentration from 0 to just 3.1% [104, 105].

This result was attributed by the authors to alloy-disorder scattering of the holes

in the impurity band, but was later explained as a consequence of the presence

of various defects introduced by the growth method [106]. As a matter of fact,

(Ga,Mn)(As,P) samples grown via LT–MBE were found to have much better

magnetic and transport properties, despite still showing a modest decrease of

TC with increasing the P concentration [107]. In any case, independently of the

growth method, the predicted enhancement of TC in (Ga,Mn)(As,P) samples [103]

was not observed experimentally, suggesting that the effects of the increased hole

localization on the magnetic properties of these samples overcome those due to

the increased exchange interaction. Despite these unsuccessful results regarding

TC , studies on (Ga,Mn)(As,P) have revealed a different interesting property of

this material, that of being characterized by perpendicular magnetic anisotropy

for large enough P concentrations [104, 107, 108].

Magnetic materials with perpendicular anisotropy are advantageous in data

recording technologies because they allow for much higher storage densities than

magnetic materials with in-plane anisotropy [109]. Perpendicular magnetic ani-

sotropy has also been shown to be favourable over in-plane magnetic aniso-

tropy in experiments of current-induced domain wall motion, given that it en-

ables to reduce the critical current density needed to trigger the motion of do-

main walls [110, 111]. Furthermore, perpendicular magnetic anisotropy is con-

venient from an experimental point of view since it allows to detect the orien-

tation of the magnetization via anomalous Hall effect and polar MOKE. For a

long time perpendicular magnetic anisotropy was obtained in (Ga,Mn)As sam-

ples grown on relaxed (Ga,In)As buffer layers in turn grown on GaAs(001) sub-

strates [31, 39, 70]. In fact, as explained in Chapter 2, growing (Ga,Mn)As on

relaxed (Ga,In)As results in the former being under in-plane tensile strain, a cir-

cumstance that induces perpendicular magnetic anisotropy for large enough hole

concentrations [71]. However it was found that the strain relaxation in (Ga,In)As

occurs via the formation of a high density of dislocations which thread through to

the (Ga,Mn)As layer on top and lead to high coercive fields and strong pinning of

domain walls [112, 113]. Whereas, given that P atoms are smaller than As atoms,

in-plane tensile strain, and consequently perpendicular magnetic anisotropy, can

be achieved in (Ga,Mn)(As,P) samples without the need of relaxed buffer layers.

The resulting much lower density of defects in these samples leads to smaller coer-

cive fields, thus allowing for easier switching of the magnetization to be possible,
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and a reduced number of pinning centres, so that domain wall motion can take

place at smaller current densities and in a wider range of temperatures compared

to (Ga,Mn)As samples grown on (Ga,In)As [114, 115].

This Chapter presents the results of structural, magnetometry, transport and

magnetotransport measurements performed on a series of (Ga,Mn)(As,P) samples

with different P concentrations, both as-grown and annealed. In particular, it

will be shown how the magnetic anisotropy in (Ga,Mn)(As,P) samples can be

controlled upon varying the P concentration, the temperature and the annealing

time. Similar or complementary investigations have been carried out in numerous

other experimental works [107, 108, 116, 117, 118]. Most of the results discussed

in this Chapter were published in [119].

4.2 Growth

The 25 nm thick (Ga1−x,Mnx)(As1−y,Py) layers used to perform the investigations

contained in this Chapter are Mn403, Mn491, Mn492 and Mn498, with nominal

Mn concentration x = 6% and nominal P concentration y = 10%, 6%, 3% and

9%, respectively (see Tab. 3.1). They were grown at a temperature of ∼ 230 ◦C

on buffer layers and semi-insulating GaAs(001) substrates, using LT–MBE with

As dimers, as in standard (Ga,Mn)As growth. The incorporation of phosphorus

in the desired amount was achieved reducing the As2 flux from the stoichiom-

etry condition by that amount and then evaporating phosphorus with a beam

equivalent pressure (BEP) slightly in excess of it [107].

A 50 nm thick buffer layer of Ga(As0.9,P0.1) for Mn403 and GaAs for Mn491,

Mn492 and Mn498 was grown before the corresponding magnetic layer at a tem-

perature of ∼ 230 ◦C and ∼ 580 ◦C, respectively. The choice of growing a low

temperature buffer layer was initially made to ensure a good temperature sta-

bility during the growth of the magnetic layer, but improvements in the growth

technique later allowed this to be possible also via growing a high temperature

buffer layer, which is desirable to hinder the formation of defects. This would

then suggest that Mn491, Mn492 and Mn498 should be characterized by better

crystal quality and magnetic properties than Mn403. No significant difference

should instead be present in the in-plane strain experienced by the magnetic lay-

ers since the Ga(As0.9,P0.1) buffer layer is not relaxed and therefore its in-plane

lattice constant a‖ is equal to that of GaAs.

For both Mn403 and the Mn491–Mn492–Mn498 series, control samples with-

out phosphorus were grown on GaAs buffer layers, in exactly the same conditions

as the corresponding phosphide samples.
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4.3 In-built growth strain

GaP crystallizes in the zinc-blende structure with a smaller lattice constant than

GaAs. Hence Ga(As,P) also has a smaller lattice constant than GaAs. On the

other hand, (Ga,Mn)As has a larger lattice constant than GaAs, due to the

presence of both substitutional and interstitial Mn atoms [58], as explained in

Section 2.2, and is therefore under in-plane compressive strain when grown on

GaAs. It is then crucial to know how many P atoms, for a given Mn concentration,

have to substitute for As atoms in order to grow (Ga,Mn)(As,P) layers on GaAs

under in-plane tensile strain. According to the empirical Vegard’s law, the relaxed

lattice constant of (Ga1−x,Mnx)(As1−y,Py) can be determined as:

a(Ga1−x,Mnx )(As1−y,Py ) = (1− xs)(1− y) · aGaAs + (1− xs)y · aGaP+

+ xs(1− y) · aMnAs + xsy · aMnP, (4.1)

where xs is the substitutional Mn concentration corresponding to the nominal Mn

concentration x, and aAB is the lattice constant of the AB compound in the zinc-

blende structure. In the literature it can be easily found that aGaAs = 5.65325 Å

and aGaP = 5.4505 Å. Assuming once more the validity of Vegard’s law, aMnAs can

be derived extrapolating the lattice constant of (Ga,Mn)As samples with known

Mn concentration, measured with XRD [120], and aMnP can be calculated from

aGaP, using the same gradient obtained for the GaAs → (Ga,Mn)As → MnAs

extrapolation. aMnAs = 5.95 Å and aMnP = 5.7366 Å are thus obtained. Given

that Eq. 4.1 does not take into account the effect of interstitial Mn atoms on the

lattice constant, it should not be used for the as-grown samples. On the other

hand, assuming that all interstitial Mn atoms are removed upon annealing and

that xs = 5%, which is reasonable for x = 6%, then Eq. 4.1 can be used to derive

how the lattice constant of the annealed samples varies with y, which is plotted in

Fig. 4.1. Looking at this figure, it can then be easily understood that Vegard’s law

predicts annealed (Ga0.94,Mn0.06)(As1−y,Py) layers grown on GaAs to be under

in-plane compressive (tensile) strain for P concentration smaller (larger) than

7.3%.

XRD measurements were performed using a Philips X’Pert Materials Re-

search diffractometer by Dr. Nicola R. S. Farley and Dr. Peter Wadley on all

(Ga,Mn)(As,P) samples and control samples, to accurately measure their perpen-

dicular lattice constant a⊥ (since these samples are fully strained, their in-plane

lattice constant a‖ is equal to that of GaAs) and establish the magnitude and

sign of the in-built growth strain. XRD ω − 2θ scans at the GaAs (004) peak

are shown for Mn403 and control sample in Fig. 4.2 and for the Mn491–Mn492–

Mn498 series and control sample, in Fig. 4.3. All samples were measured both

as-grown and annealed. In both figures, the sharp peaks represent the reflection

39



Properties of (Ga,Mn)(As,P)

Figure 4.1: Lattice constant a of GaAs (blue) and annealed
(Ga0.94,Mn0.06)(As1−y,Py) (red) as a function of y. The latter is derived
using Eq. 4.1 with xs = 5%. The two lattice constants match for y = 7.3%.

from the GaAs substrates, while the broader peaks, marked with dashed verti-

cal lines, represent the reflection from the magnetic layers. Unlike Fig. 4.3, in

Fig. 4.2 it is not straightforward to visually distinguish the peak associated with

the (Ga,Mn)(As,P) layer from the thickness fringes associated with the Ga(As,P)

buffer layer, but the fitting procedure allows nonetheless to determine the for-

mer with good accuracy. Peaks located at lower (higher) angles than the sharp

GaAs peaks are associated with magnetic layers under in-plane compressive (ten-

sile) strain. Hence, the fact that the (Ga,Mn)(As,P) peak moves towards higher

angles with increasing y indicates a corresponding decrease of a⊥, as expected.

Moreover, it is evident from both figures that a⊥ substantially decreases also upon

annealing, due to the out diffusion of interstitial Mn atoms [58].

The experimental data were fitted using the Philips X’pert Smoothfit software

to extract the values of the effective phosphorus concentration yeff and a⊥ for

each sample. This was done assuming that the concentration of substitutional

and interstitial Mn atoms in Mn403 and the Mn491–Mn492–Mn498 series is the

same as in the respective control samples. From the value of a⊥ is then easy to

calculate the magnitude and sign of the in-built growth strain ε:

ε =
a⊥ − aGaAs

aGaAs

. (4.2)

yeff, a⊥ and ε thus derived are listed in Tab. 4.1 for each sample, both as-grown

and annealed. Overall, yeff is in reasonable agreement with y, apart from the

Mn492 sample where yeff is almost twice as large as y. Concerning the values of

a⊥ and ε, all the annealed samples seem to be characterized by in-plane tensile
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Figure 4.2: XRD ω − 2θ scans at the GaAs (004) peak for as-grown (a) and
annealed (b) Mn403 and control sample. The black lines are the experimental
data, while the solid coloured lines are their fittings: blue for Mn403 and red for
the control sample. The dashed coloured lines mark the approximate position
of the magnetic layers (004) reflection. The Mn403 data and fitting curve are
vertically offset for clarity.

strain, according to these fitting results, which is in disagreement with what is

predicted by Vegard’s law in Fig. 4.1. Nonetheless, it is necessary to remark that

values of xs different from the 5% assumed in Fig. 4.1 were estimated for the

control samples and thus used in the fitting procedures to derive the values of a⊥

and ε.

4.4 SQUID magnetometry results

SQUID magnetometry measurements were performed on all (Ga,Mn)(As,P) sam-

ples and control samples to investigate their magnetic properties, in particular

their magnetic anisotropy. These measurements were carried out using the mag-

netometry system described in Section 3.3.1 and following the procedures pre-
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Figure 4.3: XRD ω − 2θ scans at the GaAs (004) peak for as-grown (a) and
annealed (b) Mn491, Mn492, Mn498 and control sample. The black lines are the
experimental data, while the solid coloured lines are their fittings: green, blue,
orange and red for Mn491, Mn492, Mn498 and control sample, respectively. The
dashed coloured lines mark the approximate position of the magnetic layers (004)
reflection. The Mn491, Mn492 and Mn498 data and fitting curves are vertically
offset for clarity, in order of increasing the P concentration.

sented there.

Fig. 4.4 shows M vs H loops measured at T = 2 K for the as-grown and an-

nealed samples, with H applied along in-plane and perpendicular-to-plane direc-

tions. These measurements show that all the as-grown samples are characterized

by in-plane magnetic anisotropy at T = 2 K, since the remanent magnetization

MR is large along the in-plane directions and almost zero along the perpendicular-

to-plane direction2 (Fig. 4.4 (a, c, e, g)). This is consistent with the sign of the

in-plane strain extracted from XRD measurements for Mn492, Mn491 and Mn498

but might appear surprising for Mn403 that experiences a large in-plane tensile

2Even if the perpendicular-to-plane direction has not been measured for Mn492 and Mn491,
it is nonetheless possible to establish that they have in-plane magnetic anisotropy from the MR

vs T measurements of Fig. 4.5, that will be described in the following.
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Wafer No. y (%) yeff (%) Annealing a⊥ (Å) ε (%)

Mn403
10 12.4 No 5.63742 -0.28
10 12.4 Yes 5.62442 -0.51

Mn491
6 5.9 No 5.66569 0.22
6 5.9 Yes 5.64986 -0.06

Mn492
3 5.5 No 5.66738 0.25
3 5.5 Yes 5.65268 -0.01

Mn498
9 9.2 No 5.65325 0
9 9.2 Yes 5.63629 -0.3

Table 4.1: Nominal y and effective yeff phosphorus concentrations, perpendicular
lattice constant a⊥ and strain ε are listed for the different phosphide samples in
both their as-grown and annealed state. A positive (negative) sign for ε indicates
in-plane compressive (tensile) strain. yeff and a⊥ were extracted by fitting to the
experimental XRD data.

strain according to XRD measurements. Nonetheless it must be remembered that

the magnetic anisotropy depends not only on strain but also on hole concentra-

tion [71] which, as it will be shown in the next Section, is very low in this highly

compensated as-grown sample.

The non-linear behaviour of M vs H in the [001] loop of Mn498 and Mn403,

with two open sections at large values of |H| is caused by the competition be-

tween magnetocrystalline, strain and shape anisotropy: upon increasing |H|, M
reversibly rotates out of the plane until when it reaches an angle at which the

magnetocrystalline anisotropy becomes dominant and leads to a sudden switch of

M into the [001] direction. A similar behaviour for [001] M vs H loops has been

previously observed in (Ga,Mn)As samples with low Mn concentration [121, 122].

Upon annealing the hole concentration increases, inducing the expected per-

pendicular magnetic anisotropy for all the samples, since they now are all under

tensile-in-plane strain, as deduced from XRD results. A sign change in the strain

anisotropy is indeed predicted in III–V DMS by the mean-field model of ferromag-

netism based upon the Zener indirect exchange mechanism, for the hole concen-

tration being increased above a certain threshold, typically ∼ 10% of xeff [77], and

has been experimentally observed in (Ga,Mn)As samples [73]. But, looking as

above at the values of MR along the different directions in Fig. 4.4, it is clear that

just Mn498 and Mn403 are characterized by perpendicular magnetic anisotropy

at T = 2 K, while Mn492 and Mn491 still show in-plane magnetic anisotropy. For

Mn492 this might be due to the fact that the sample is actually under in-plane

compressive strain even after annealing: given the extremely small value of the

strain extracted from XRD fittings it is not unreasonable to guess so. For Mn491

the same argument cannot apply since it is visually noticeable from Fig. 4.3 (b),
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Figure 4.4: M vs H loops measured at T = 2 K for the as-grown (a, c, e, g) and
annealed (b, d, f, h) samples, with H applied along the in-plane [11̄0] (black),
[110] (red) and [010] (green) directions and the perpendicular-to-plane [001] (blue)
direction.

without the need of fitting to it, that the sample is indeed under in-plane tensile

strain. The in-plane magnetic anisotropy for annealed Mn491 is difficult to ex-
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plain, unless it is assumed that the small in-built growth strain experienced by

the sample changes sign upon cooling from room temperature (where the XRD

measurements were performed) down to 2 K.

The lowest-order strain-induced uniaxial perpendicular anisotropy field can

be estimated as: HU⊥ = [MS/(dM/dH)H=0 − Hd], where (dM/dH)H=0 is the

gradient of the M vs H loop aroundH = 0, whileHd = 4πMS is the demagnetizing

field due to the shape anisotropy. It is interesting to notice that, consistently with

the variation of the in-plane strain across the annealed samples, HU⊥ increases

upon increasing the P concentration, with HU⊥ = −981 Oe, −271 Oe, +3175 Oe

and +3530 Oe for Mn492, Mn491, Mn498 and Mn403, respectively (a negative

sign for HU⊥ has been used for the in-plane compressively strained samples). The

fact that the coercive field Hc along the [001] direction is much larger in annealed

Mn498 (Hc ∼ 125 Oe) than in annealed Mn403 (Hc ∼ 30 Oe) would suggest a

larger number of pinning sites in the former, in disagreement with what could be

expected from the different conditions used to grow the two wafers.

Finally, it is important to remark that the reason why loops measured with H

applied along different directions show different values of MS for the same sample

(up to a factor of ∼ 20% for annealed Mn491) is probably just an artefact due to

the point-form approximation used by the SQUID providing different results for

different samples orientation with respect to the detection coils.

Fig. 4.5 shows MR vs T curves measured for the as-grown and annealed sam-

ples, along in-plane and perpendicular-to-plane directions. These measurements

confirm the sign of HU⊥ obtained from M vs H loops at T = 2 K for all the

samples, and moreover show that this sign does not change across the whole

temperature range up to TC .

For both as-grown and annealed samples TC decreases upon increasing the P

concentration, with a rate that is higher for as-grown than for annealed samples.

The dependence of TC on yeff for as-grown and annealed samples is summarized

for convenience in Fig. 4.6. The figure also shows the dependence of TC/xs on

yeff for the annealed samples, which is a more meaningful way to represent the

effects of the P incorporation on TC , since TC is obviously affected also by the

Mn concentration. Assuming that all interstitial Mn atoms are removed upon

annealing, xs is calculated for each sample using the value ofMS at T = 2 K shown

in Fig. 4.5 and the value of the magnetic moment per Mn atom obtained from

XMCD measurements [118]. The decrease of TC for the annealed samples upon

increasing the P concentration is much more pronounced once the xs correction

is taken into account.

Finally, Fig. 4.5 is useful to examine how the uniaxial and cubic anisotropy

terms compete in the samples with in-plane magnetic anisotropy. M[010] vs T was

measured just for as-grown Mn403 but can be easily derived for all the other sam-
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Figure 4.5: MR vs T curves measured for the as-grown (a, c, e, g) and annealed (b,
d, f, h) samples along the in-plane [11̄0] (black), [110] (red) and [010] (solid dark
green) directions and the perpendicular-to-plane [001] (blue) direction. The sat-
uration magnetization MS (dashed light green) and the remanent magnetization
M[010] (dashed dark green) are calculated (M[010] is measured just for as-grown
Mn403) according to the Stoner-Wohlfarth single-domain model described in Sec-
tions 2.5.3 and 3.3.1.
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Figure 4.6: TC vs yeff for the as-grown (black squares) and the annealed (red
circles) samples, and TC/xs vs yeff for the annealed samples (blue triangles).
Given the similarity between the properties of the two control samples, the data
points for just one of them are shown.

ples with in-plane magnetic anisotropy using the Stoner-Wohlfarth single-domain

model that has been described in Sections 2.5.3 and 3.3.1: M[010] ≡ M[100] =

MS ·cos[π/4−arctan(M[110]/M[110])], where MS is calculated according to Eq. 3.1.

Both MS vs T and M[010] vs T thus derived are shown in Fig. 4.5 with dashed

lines. Comparing the values of M[010] with the values of M[110] and M[110] it is

evident that at low temperatures the cubic term prevails over the uniaxial term,

with the easy axes lying generally closer to the cubic directions than to the uni-

axial ones (apart from annealed Mn492, where the easy axes lie halfway between

them), while the uniaxial term becomes dominant at higher temperatures. This is

similar to what is commonly observed in (Ga,Mn)As samples, except for the fact

that here, for the as-grown samples, the uniaxial term favours the [110] direction

rather than the [11̄0], at low temperatures. For the as-grown samples the [11̄0]

uniaxial term becomes dominant upon increasing the temperature (apart from

Mn403) while for the annealed samples the [11̄0] uniaxial term is dominant over

the whole temperature range up to TC (the fact that M[110] ∼ M[110] for annealed

Mn491 at T ∼ 120 K is probably just a consequence of a small trapped magnetic

flux in the SQUID superconducting magnet). A reorientation of the easy axis

upon annealing between the two uniaxial directions has been previously observed

in (Ga,Mn)As samples and ascribed to an increase in the hole concentration [80].

As explained in Section 3.3.1, the ratio between the uniaxial KU and cubic KC

magnetic anisotropy constants can be derived, when the latter prevails over the

former, as: KU/KC = cos[2 arctan(M[110]/M[110])]. Fig. 4.7 shows the depen-

dence of KU/KC on yeff at T = 2 K for all the samples characterized by in-plane
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magnetic anisotropy. For the as-grown samples the ratio KU/KC increases in ab-

Figure 4.7: KU/KC vs yeff for as-grown (black squares) and annealed (red circles)
samples with in-plane magnetic anisotropy, at T = 2 K. A negative sign in KU

indicates a preference for the [110] direction over the [11̄0] direction. Given the
similarity between the properties of the two control samples, the data points for
just one of them are shown.

solute value with increasing yeff, while an opposite trend is observed for annealed

samples.

4.5 Transport results

Four terminal transport measurements were performed on as-grown Mn498 and

on as-grown, partially and fully annealed Mn403. These measurements were

carried out using the transport system described in Section 3.3.2 and following

the procedures presented there.

Fig. 4.8 shows the dependence of the longitudinal resistivity ρxx on tempera-

ture for as-grown Mn498 and Mn403. As it is immediately noticeable looking at

the figure, the magnitude of ρxx is extremely different for the two samples, espe-

cially at low temperatures, where ρxx for Mn403 becomes almost four orders of

magnitude larger than ρxx for Mn498. Also the behaviour of ρxx vs T is different

for the two samples. In fact, while ρxx vs T is characterized by features typical of

metallic ferromagnetic (Ga,Mn)As [32, 84] for Mn498, with ρxx initially increasing

for decreasing T from above TC and then decreasing as T is decreased below TC ,

for Mn403 ρxx increases monotonically with decreasing T , as usual for insulat-

ing samples3. For as-grown Mn491 and Mn492 ρxx was measured just at room

3The large values of ρxx for as-grown Mn403, especially at low temperatures, are consistent
with the sample being characterized by in-plane magnetic anisotropy despite being under in-

48



Properties of (Ga,Mn)(As,P)

Figure 4.8: ρxx vs T curves for as-grown Mn498 and Mn403.

temperature and found to be similar to that of as-grown Mn498. The difference

in both magnitude and behaviour of ρxx vs T observed in Fig. 4.8 could then be

ascribed either to the different conditions used to grow the two samples or, more

likely, to the occurrence of a metal-to-insulator transition for yeff & 9% − 12%.

Moreover, it is worth noticing that the values of ρxx measured for as-grown Mn498

are not dissimilar to the values of ρxx typical of as-grown (Ga,Mn)As samples with

the same nominal concentration [54], indicating that the incorporation of P in

(Ga,Mn)As does not dramatically affect its transport properties for yeff . 9%.

Fig. 4.9 (a) shows the dependence of ρxx on T for Mn403 as-grown and an-

nealed for increasing amounts of time at 180 ◦C.

Annealing results in a marked decrease in the magnitude of ρxx and in a

transition towards a metallic temperature dependence. This is accompanied by

an increase in TC , as deduced from the position of the peak in dρxx/dT [86],

which is shown in Fig. 4.9 (b). These trends are consistent with the fact that

annealing causes interstitial Mn atoms to be out diffused towards the surface,

where they are then passivated by oxidation [55], leading to an increase in the

hole concentration.

4.6 Magnetotransport results

Four terminal magnetotransport measurements were performed on as-grown Mn498

and on as-grown, partially and fully annealed Mn403. These measurements were

carried out using the magnetotransport system described in Section 3.3.2 and

following the procedures presented there.

Fig. 4.10 shows the dependence of the (normalized) transverse resistance Rxy

plane tensile strain, as it was previously pointed out.
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Figure 4.9: (a) ρxx vs T curves for Mn403 as-grown and annealed for increas-
ing amounts of time at 180 ◦C. (b) TC deduced from dρxx/dT as a function of
annealing time.

on H measured at T = 1.5 K for Mn403 as-grown and annealed for increasing

amounts of time. H is applied along the perpendicular-to-plane direction, which

means that Rxy provides information on the component of the magnetization

along this direction, since it is proportional to it via the AHE coefficient, as

explained in Section 2.7.2. In the as-grown state Rxy could not be measured due

to the very large ρxx. However, after only 20 minutes of annealing, the decrease

in ρxx was sizeable enough to allow for Rxy to be measured and, as visible in

Fig. 4.10, the resulting Rxy ∼ M vs H loop closely resembles the loop obtained

from SQUID magnetometry measurements for the as-grown sample (see Fig. 4.4

(g)), confirming the in-plane magnetic anisotropy. Annealing induces a transition

from in-plane to perpendicular-to-plane magnetic anisotropy, as can be deduced

from the Rxy ∼ M vs H loop acquiring a square shape, again consistent with

the M vs H loop obtained from SQUID magnetometry measurements for the
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Figure 4.10: Rxy (normalized to Rxy at H = 5 kOe) vs H measured at T = 1.5 K
for Mn403 as-grown and annealed for increasing amounts of time. H is applied
along the perpendicular-to-plane direction.

fully annealed sample (see Fig. 4.4 (h)). Indeed after annealing for only 140

minutes the easy axis is fully aligned along the perpendicular-to-plane direction

and further annealing steps simply result in a small decrease of the coercive field,

possibly due to a decrease in the number of defects or to an increase in the hole

concentration.

Rxy vs H loops, with H applied again along the direction perpendicular to

the film plane, have also been measured after each annealing step at various

temperatures up to TC and a change of the magnetic anisotropy from in-plane to

perpendicular-to-plane was found to occur at T ∼ 20 K for Mn403 annealed for 60

minutes, as can be seen in Fig. 4.11. Further annealing and temperature increase

Figure 4.11: Rxy vs H measured at various temperatures for Mn403 annealed for
60 minutes. H is applied along the perpendicular-to-plane direction.
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seem then to have similar effects on the magnetic anisotropy of this partially

annealed Mn403. No change of the magnetic anisotropy with temperature was

instead observed for Mn403 annealed for shorter or longer amounts of time.

Finally, the results of four terminal magnetotransport measurements per-

formed on as-grown Mn498 at T = 1.5 K are here briefly summarized. The

in-plane AMR was investigated measuring Rxx and Rxy while rotating the satu-

rating magnetic field in the plane of the sample. The data obtained were then fit

using Eq. 2.10 and Eq. 2.11 to extract CI and CC (the other AMR coefficients

could not be obtained for the Hall bar configuration chosen). CC/CI was found to

be ∼ 12%, consistently with what expected for (Ga,Mn)As [93]. The value of the

in-plane AMR (see Eq. 2.6) was found to be ∼ −3.5%, indicating that the lowest

resistive state is the one in which M and I are parallel, as typical of (Ga,Mn)As

too. The value of the perpendicular AMR (see Eq. 2.5) was measured to be ∼
−4.1%. The fact that |AMRop| > |AMRip| indicates that the state in which M is

perpendicular to the plane is characterized by a higher resistance than the state in

which M is perpendicular to I, but in the plane of the sample. This circumstance

normally occurs for in-plane compressively strained (Ga,Mn)As samples [90, 91],

and might therefore suggest that a small in-plane compressive strain might be

present also in as-grown Mn498.

4.7 Conclusions

This Chapter has shown some appealing properties of the ferromagnetic semicon-

ductor (Ga,Mn)(As,P). Even if the predicted enhancements of TC in (Ga,Mn)(As,P)

[103] have not been observed, the fact that this material is characterized by trans-

port properties and TC values comparable to those of (Ga,Mn)As, with the added

possibility of easily tuning its in-plane and perpendicular magnetic anisotropies

via post-growth annealing and/or temperature, makes it not just a useful alterna-

tive to (Ga,Mn)As grown on relaxed (Ga,In)As for studies where perpendicular

magnetic anisotropy is necessary, but also an extremely interesting type of III–V

DMS in itself.

Structural, magnetometry, transport and magnetotransport measurements

were performed on a series of (Ga0.94,Mn0.06)(As,P) samples grown on GaAs

substrates with different P concentrations, both as-grown and annealed. Struc-

tural investigations showed that the perpendicular lattice constant a⊥ of these

(Ga,Mn)(As,P) samples decreases upon increasing the P concentration and upon

annealing, thus causing a transition in the in-plane growth strain either from

larger to smaller values of compressive strain, or from compressive to tensile

strain. Magnetometry measurements revealed that not all the samples under

in-plane tensile strain are characterized by perpendicular magnetic anisotropy,
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but just those with P concentrations ≥ 9%, that were annealed. This was ex-

plained taking into account the low hole concentrations for the as-grown samples

and the uncertainties in establishing the sign of the small in-built growth strain

for the annealed samples. TC was found to decrease upon increasing the P con-

centration for both as-grown and annealed samples. Moreover, magnetometry

measurements were used to investigate the competition between uniaxial and cu-

bic anisotropy terms and its variation with temperature for samples with in-plane

magnetic anisotropy. Transport measurements showed that the incorporation of P

in (Ga,Mn)As does not dramatically affect its transport properties for yeff . 9%.

The insulating behaviour reported for the sample with yeff ∼ 12% could be as-

cribed either to the different conditions used to grow it or, more likely, to the

occurrence of a metal-to-insulator transition for yeff & 9%−12%. In any case, low

resistivities with a metallic dependence on temperature could be obtained also

in this sample via annealing. Finally, magnetotransport measurements demon-

strated that a gradual transition from in-plane to perpendicular magnetic aniso-

tropy occurs upon annealing and upon increasing the temperature, and were also

used to provide preliminary information on the AMR in these samples.
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Chapter 5

Manipulation of the

magnetization in (Ga,Mn)As

using a piezoelectric actuator

5.1 Introduction

The ability to manipulate the magnetization orientation of a ferromagnetic mate-

rial with an electric field is an important goal for spintronics, since it would allow

to improve the process of writing information in magnetic memories, which is

currently performed, not very efficiently, with magnetic fields [42]. Magnetoelec-

tric multiferroics, in which ferromagnetic and ferroelectric properties naturally

coexist and interact [123, 124], represent an extremely promising class of ma-

terials in this respect and are currently being widely investigated. A different

but equally attractive approach exploits the well understood circumstance that

magnetic properties of DMS can be manipulated using non-magnetic parameters,

including electric fields. In the past decade electric field control of ferromag-

netism has in fact been achieved in several experiments involving ferromagnetic

semiconductors like (In,Mn)As and (Ga,Mn)As [33, 34, 125, 126]. But since it re-

lies on the possibility of varying the magnetic properties via hole depletion, this

approach is effective only for ultra-thin samples with very low hole concentra-

tions, a requirement that is typically fulfilled in as-grown materials with low Mn

doping and consequently extremely low Curie temperatures TC . The difficulty

to obtain sizeable hole depletions in highly-doped ferromagnetic semiconductors

has driven research to explore alternative routes to achieve electric manipulation

of magnetism in these systems.

It is well known that the magnetic anisotropy in (Ga,Mn)As can be effec-

tively tuned via strain, whether the latter is in-built due to growth on lattice-

mismatched substrates [39, 119], as shown in the previous Chapter, or generated
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by post-growth lithography [127, 40]. This is in fact a consequence of the large

inverse magnetostrictive coefficients that are typical of materials characterized by

strong spin-orbit coupling like (Ga,Mn)As. Taking this into account it becomes

clear that an appealing prospect to achieve electric manipulation of magnetism in

(Ga,Mn)As is that of using strain to mediate the coupling between its electric and

magnetic properties. A work was published in 2003 [128] describing how sizeable

strains can be generated in a non-magnetic GaAs film using a piezoelectric actu-

ator, to which the film is bonded, and since then this technique has been applied

to achieve strain-mediated electric control of the magnetization in (Ga,Mn)As

in several experiments [129, 130, 131, 41]. These works have demonstrated that

both reversible rotation of the magnetic easy axis by up to 70◦ and irreversible

magnetization switching are possible in (Ga,Mn)As samples with relatively low

Curie temperatures, for a range of temperatures up to 50 K. But in order to

establish whether this method can overcome the issues encountered in the direct

electric field control of magnetism its effectiveness should be tested in samples

with high hole concentrations.

In this Chapter the effects of piezoelectric-induced strain on the magnetic

properties of a highly-doped annealed (Ga,Mn)As sample (Mn437), with a high

hole concentration and a TC of 180 K, are investigated. The experiment is per-

formed at a much higher temperature (150 K) than previous investigations, where

larger strains can be generated by the actuator [128]. It will be shown through

magnetotransport measurements that reversible rotations of the magnetic easy

axis by roughly 80◦ can be achieved in this sample, thus demonstrating the clear

advantage of strain-mediated control over direct electric field control of mag-

netism in samples with high hole concentrations. The results obtained from mag-

netotransport measurements will be moreover compared with those derived from

SQUID magnetometry measurements, extracting the dependence of the piezo-

induced uniaxial magnetic anisotropy constant upon strain in both cases and

detailing the limitations encountered in the latter approach. Most of the results

discussed in this Chapter can be found in [132].

5.2 Experimental method

5.2.1 Piezoelectric actuator characteristics

The piezoelectric actuators used for the magnetotransport and SQUID magne-

tometry measurements described in this Chapter are Part Nos. PSt 150/5×5/7

and PSt 150/2×3/5, respectively, from Piezomechanik. They are stacks of electro-

active lead zirconate titanate (PZT) ceramic layers prepared with the on-stack-

insulation technique. According to manufacturer specifications the two actuators
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are characterized by the same physical properties and should generate the same

strain, for the same applied voltage, to within 10%. They differ though in the

dimensions: PSt 150/5×5/7 has an active length and a cross section of, respec-

tively, 7 mm and 5 × 5 mm2 while PSt 150/2×3/5 has an active length and a

cross section of, respectively, 5 mm and 2× 3 mm2.

The inverse piezoelectric effect, i.e. the variation of the dimensions of a crystal

under the influence of an electric field, is usually described by the piezoelectric

coefficients dij, defined as [133]:

dij =

(
∂εj
∂Ei

)σ
, (5.1)

where ε is the strain, E is the electric field, σ is the stress and the subscripts

are i = 1 − 3 and j = 1 − 6. For the piezoelectric actuators here considered,

E is applied along the long axis direction, which is conventionally denoted with

i = 3. According to manufacturer specifications, the PZT ceramic used for these

actuators is characterized at room temperature by the following values of the d3j

piezoelectric coefficients: d33 = +640 pm/V and d31 = d32 = −290 pm/V. Hence,

the application of a positive (negative) voltage to the actuator results in a tensile

(compressive) strain along its poling direction, and in a compressive (tensile)

strain, of roughly half magnitude, along the directions perpendicular to it. The

Poisson ratio ν = −d31/d33 ≡ −d32/d33 is 0.45 at room temperature, reasonably

close to the value of 0.5 expected for a homogeneous isotropic material under

uniaxial stress when the volume remains constant.

A detailed characterization of the longitudinal (∆L3/L3) and transverse (∆L1/

L1 = ∆L2/L2) strain as a function of voltage was carried out for PSt 150/5×5/7

in [128], for temperatures ranging between 4 K and 300 K. It was here shown

that the maximum longitudinal (and consequently transverse) strain that can be

generated by the actuator decreases substantially with decreasing the tempera-

ture, being ∼ 1.2 × 10−3 at T = 300 K and more than a factor of ten smaller

at T = 4 K. This is a consequence of the fact that the PZT ceramic becomes

piezoelectrically “hard” with decreasing the temperature, and the piezoelectric

coefficients get correspondingly smaller.

Finally, it is important to mention that SQUID magnetometry measurements

were performed on PSt 150/2×3/5, revealing that the magnetic response of the

actuator is composed of a paramagnetic component and a ferromagnetic com-

ponent with TC > 300 K. This could be ascribed to the presence of magnetic

impurities in the wires and in the metallic sheets that separate the various ce-

ramic layers in the actuator. Further details on the magnetic properties of PSt

150/2×3/5 will be given in Section 5.5.1.
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5.2.2 Device fabrication

The material used in the experiment was a 25 nm thick layer of (Ga0.88,Mn0.12)As

(Mn437), annealed in air for 48 hours at 180 ◦C. Two non adjacent pieces of this

material, taken at a distance of 8.5 mm and 17.5 mm from the center of the

wafer, were used for the measurements.1 The former was patterned into the Hall

bar geometry of Fig. 3.1 for magnetotransport measurements while the latter

(of dimension 2.5 × 3 mm2) was left unpatterned for SQUID magnetometry

measurements. Following the procedure described in [128], the samples were

then bonded to the piezoelectric actuators with a two-component epoxy2, after

thinning their substrates down to 190 µm ± 10 µm by chemical etching. The

thinning step is necessary to allow the strain to be transmitted effectively from

the actuator to the (Ga,Mn)As layer. A strain gauge3 was then glued with the

same epoxy on top of the (Ga,Mn)As layer of the magnetotransport sample, next

to the Hall bar. A strain gauge could not be glued on the SQUID magnetometry

sample due to space constraints. Finally, both devices were cured in air for one

hour at 80 ◦C to increase the bonding strength of the epoxy.

Fig. 5.1 shows a sketch of both devices. The current in the Hall bar flows

along the [11̄0] direction. For both devices the [11̄0] direction was chosen to

be along the poling direction of the actuator, although a small misalignment

δ was unavoidably introduced. δ was measured with a high-resolution optical

microscope and found to be 2◦ ± 0.5◦ for the magnetotransport device and 1.5◦

± 0.5◦ for the SQUID magnetometry device. For any given combination of cubic

and uniaxial magnetic anisotropies the sign of δ determined the sense of rotation

of the uniaxial easy axis induced by the strain. For this material the easy axis

is along the [11̄0] direction and is expected to rotate anticlockwise for tensile

strain (positive voltage) and clockwise for compressive strain (negative voltage).

The strain gauge was also aligned along the [11̄0] direction and four terminal

measurements of its resistance allowed to evaluate the uniaxial strain experienced

by the (Ga,Mn)As layer4 along the [11̄0] direction at different values of applied

V . This uniaxial strain ε ≡ ∆L3/L3 is in fact proportional to the variation of the

1The difference in TC expected for these two pieces of (Ga,Mn)As is of about 4 K, the
maximum (TC = 183 K) occurring at a distance of ∼ 8 mm from the center of the wafer.
Studies of the variation of TC across the wafer used in this experiment were published in [43],
in which Mn437 is labelled “wafer 3”.

2Part No. 45640, plus endfest 300, from UHU.
3Part No. WK–06–062TT–350, Karma alloy (Ni 74%, Cr 20%, Al 3%, Fe 3%), from Vishay

Micro-Measurements.
4The strain generated by the piezoelectric actuator might be larger than the strain experi-

enced by the (Ga,Mn)As layer, because of the presence of the GaAs substrate and the epoxy
layer between them.
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Figure 5.1: Sketch of the devices used for (a) magnetotransport measurements
and (b) SQUID magnetometry measurements. The picture of both devices is
shown in (c). One of the two strain gauges glued on the magnetotransport device
did not work.

strain gauge resistance ∆R according to:

ε =
1

GF

(
∆R

R0

)
, (5.2)

where GF is the gauge factor and R0 is the resistance of the strain gauge in the

absence of strain, both known from Vishay Micro-Measurements technical data.

The dependence of ε on V at T = 150 K, which is the temperature at which the

experiments were performed, is plotted in Fig. 5.2 for V going from 0 V to +85 V

to −70 V and back to 0 V. The presence of hysteresis in the ε vs V loop is a well
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Figure 5.2: ε vs V measured at T = 150 K by the strain gauge glued on top
of the (Ga,Mn)As layer, along the poling direction of the actuator, for V going
from 0 V to +85 V to −70 V and back to 0 V. The size of the error bars in ε
is smaller than the size of the symbols. As discussed in the text, this figure just
provides the variation of the value of ε relative to its initial state at V = 0, since
the absolute value of the latter could not be measured.

known property of PZT ceramics [134] and was shown to be quite large for PSt

150/5×5/7 also in [128], both at 300 K and at 77 K. The range of V for which the

strain was measured is the same as that used in magnetotransport measurements

while a smaller range of V was used in SQUID magnetometry measurements.

Larger values of negative V were avoided to prevent the piezoelectric actuator

from depoling. An important point to raise, that does not emerge from Fig. 5.2,

is that the strain experienced by the (Ga,Mn)As layer at T = 150 K is non-zero

even for V = 0. The different thermal contraction coefficients of the sample and

the piezoelectric actuator, combined with the anisotropic nature of the thermal

contraction of the latter are in fact probably responsible for the creation of an

in-plane biaxial tensile strain and of a small in-plane uniaxial tensile strain on

the (Ga,Mn)As layer when cooling the device from room temperature down to T

= 150 K. These strains could not be measured with the strain gauge, since the

resistance of the latter varies not only with strain but clearly also with tempera-

ture. For this reason in the following the symbol ε will be replaced with the more

meaningful symbol ∆ε, which will be arbitrarily set to 0 for V = 0 V.

5.3 Material characterization

SQUID magnetometry measurements were performed on annealed Mn437, with-

out the actuator, to investigate its magnetic properties, in particular its magnetic
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anisotropy. These measurements were carried out using the magnetometry system

described in Section 3.3.1 and following the procedures presented there.

Fig. 5.3 shows MR vs T curves along different in-plane directions. It can

Figure 5.3: MR vs T curves measured for annealed Mn437 along the in-plane
[11̄0] (black), [110] (red) and [100] (solid green) directions. MR along the [100]
direction (dashed green) and along the direction at 6◦ to it (dashed orange) are
calculated according to the Stoner-Wohlfarth single-domain model described in
Sections 2.5.3 and 3.3.1.

be clearly seen that for the whole temperature range up to TC = 180 K the

uniaxial magnetic anisotropy, that favours the [11̄0] direction, dominates over

the cubic magnetic anisotropy, that instead favours the [100] and [010] directions.

Hence at all temperatures the [11̄0] and [110] directions are the magnetic easy

and hard axis orientations, respectively. The fact that M[100] is slightly smaller

than the value expected from the Stoner-Wohlfarth single-domain model M[100] =

M[110] ·cos(π/4) represented by the dashed green curve in Fig. 5.3 is probably just

due to a small misalignment of the sample in the SQUID. In fact, it can be seen

that the measured M[100] vs T curve can be predicted by this model when allowing

for the presence of a misalignment of 6◦ to the [100] direction. This suggests that

the sample remains in a single-domain state, with dominant uniaxial magnetic

anisotropy, at all temperatures.

Fig. 5.4 shows M vs H loops measured at T = 150 K, with H applied along the

magnetic easy and hard axis directions. As expected, the remanent magnetization

is large along the easy axis direction [11̄0] and almost zero5 along the hard axis

direction [110]. The hard axis loop was fitted numerically using the Stoner-

Wohlfarth single-domain model [81] to extract the values of the in-plane uniaxial

KU and cubic KC magnetic anisotropy constants at T = 150 K. It was thus

obtained KU = 144.6 J/m3 ± 4% and KC = 45 J/m3 ± 30%.

5The presence of a small hysteresis along the hard axis direction is again due to a small
misalignment of the sample in the SQUID.
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Figure 5.4: M vs H loops measured at T = 150 K for annealed Mn437, with H
applied along the in-plane [11̄0] (black) and [110] (red) directions. The dashed
blue loop is the result of the fitting to the [110] loop using the Stoner-Wohlfarth
single-domain model described in Sections 2.5.3 and 3.3.1.

5.4 Magnetotransport results

Four terminal magnetotransport measurements were performed at T = 150 K on

the Hall bar of the device shown in Fig. 5.1 (a) using the magnetotransport system

described in Section 3.3.2. Both longitudinal Rxx and transverse Rxy resistances

were measured for different voltages V applied to the piezoelectric actuator, while

either varying the intensity of the magnetic fieldH or its direction. As for previous

works [129, 130, 131, 41], these measurements allowed to investigate the effects of

the piezoelectric actuator on the magnetic anisotropy of the sample. Given that

measurements of the longitudinal AMR contain the contribution of the IMR,

which is difficult to evaluate at small values of H, it was chosen to use the

transverse AMR to extract the desired information from the experimental data.

For this reason, just the results obtained from measurements of Rxy are presented

in this Section.

5.4.1 Transverse AMR in saturating magnetic field

Fig. 5.5 shows the dependence of Rxy on the angle γ that H forms with the [11̄0]

direction, for H = 6 kOe and for two different values of the voltage applied to the

piezoelectric actuator: V = 0 V and V = 85 V. In Chapter 2 it has been shown

that Rxy can be expressed as:

Rxy = CI sin 2φ− CI,C sin(4ψ − 2φ), (5.3)
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Figure 5.5: Rxy vs γ at T = 150 K and H = 6 kOe, for V = 0 V and V = 85
V. The symbols are the experimental data while the solid lines are the results of
their fitting with Rxy = R0

xy + ∆R sin 2γ (see text for fitting details).

where φ is the angle between M and I, ψ is the angle between M and the [110]

direction, CI and CI,C are the non-crystalline term and crossed non-crystalline/

crystalline term, respectively. Since in the Hall bar the current flows along the

[11̄0] direction it can be easily proven that ψ = φ − π/2. Thus Eq. 5.3 can be

rewritten as:

Rxy = ∆R sin 2φ, (5.4)

where ∆R = CI−CI,C. Given that H = 6 kOe is much larger than the anisotropy

field HK ∼ 0.2 kOe (see Fig. 5.4), the magnetization is always saturated along

the field direction, even when the latter is applied along the hard axis. Any

variation of the magnetic anisotropy induced by the strain does not then modify

the measured data. Hence φ = γ and Eq. 5.4 can be used to fit to the experimental

data in Fig. 5.5, provided that a fitting parameter R0
xy is added to it, to account

for the offset from zero of the average value of Rxy. This vertical shift in the Rxy

experimental data is caused by the appearance of a component of the longitudinal

resistance in the measurement of Rxy, arising from imperfections in the sample

geometry. Given that Rxx is roughly 4.6 kΩ, this component is actually rather

small. The results of the fittings are: R0
xy = 3.5 Ω and ∆R = −0.85 Ω for the

V = 0 V measurement; R0
xy = 3.62 Ω and ∆R = −0.86 Ω for the V = 85 V

measurement. The values of R0
xy and ∆R vary by a few percent between the

measurements at V = 0 V and V = 85 V. Similar variations were observed also

in measurements of Rxx (not shown here) and are ascribable to the effects of strain

on the resistance of the material, in a similar way as a strain gauge is affected by

it.

62



Manipulation of the magnetization in (Ga,Mn)As using a piezoelectric actuator

For the remainder of this Section the experimental data will be shown after

subtraction of the offset R0
xy.

5.4.2 Dependence of ∆R on the magnetic field

As a result of the working temperature being close to TC , the amplitude ∆R

of the transverse AMR was found to be significantly dependent on the intensity

of the magnetic field H. This circumstance can be explained as follows. In a

ferromagnet for temperature close to TC the polarization induced by H on the

magnetic moments is non negligible and results in a dependence of the saturation

magnetization MS at that temperature on H [69]. Since ∆R is influenced by the

value of MS [135], the dependence of MS on H gives rise to a dependence of ∆R

on H.

Fig. 5.6 shows the dependence of Rxy on H for γ = −45◦ and γ = +45◦

at V = 0 V. H is swept from +6 kOe to −6 kOe and back to +6 kOe. For

Figure 5.6: Rxy vs H loops at T = 150 K and V = 0 V for γ = −45◦ and
γ = +45◦. H is swept from +6 kOe to 6 kOe and back to 6 kOe. The portion
of the curves around H = 0 is zoomed-in in the inset, where the arrows indicate
the sweep direction of H.

saturating magnetic fields γ = −45◦ and γ = +45◦ are those angles at which Rxy

is respectively maximum and minimum, as can be seen in Fig. 5.5. It is then clear

from Fig. 5.6 that ∆R depends on H even when the direction of M does not. In

fact, if this was not the case, both Rxy vs H loops would be flat for saturating

magnetic fields (i.e. for |H| & 0.2 kOe), given that M would be constantly

lying along the direction of H at either −45◦ or +45◦6. The dependence of the

6The behaviour of Rxy vs H loops for |H| . 0.2 kOe will be explained in the next Section,
where it will become clear that the two loops in Fig. 5.6 should meet at H = 0. The fact
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amplitude of the AMR on the applied magnetic field, ∆R(H), can be derived

for saturating magnetic fields by averaging the upper and lower branches for

each of the two loops in Fig. 5.6, taking their difference and dividing it by 2.

∆R(H) thus obtained is shown in Fig. 5.7 for |H| > 0.45 kOe, along with the

curve ∆R(H) = ∆R0 + a|H| + b|H|1/3 used to fit to it, with ∆R0 = −0.575 Ω,

a = −0.029 Ω and b = −0.312 Ω. This expression of ∆R(H), which fits very well

Figure 5.7: ∆R vs H at T = 150 K. The symbols are the experimental data
obtained from [Rxy(γ = +45◦) − Rxy(γ = −45◦)]/2 for |H| > 0.45 kOe (Rxy is
used to indicate the average between the upper and lower branches), while the
solid line is the result of their fitting with ∆R(H) = ∆R0 + a|H| + b|H|1/3 (see
text for fitting details).

to the experimental data, is used for the analysis of the magnetotransport results

discussed in the following.

5.4.3 Effects of the piezoelectric actuator on the magnetic

anisotropy

The position of the magnetic easy axis for the different voltages V applied to the

piezoelectric actuator was inferred from measurements of the transverse AMR. It

has been shown that, to a very good approximation, Rxy can be expressed as:

Rxy = ∆R sin 2φ, (5.5)

where φ is the angle between M and I. Since at zero magnetic field M lies along

the magnetic easy axis, the orientation of the latter with respect to the [11̄0]

direction can be deduced from the value of Rxy at H = 0.

that this does not happen is just due to the fast rate at which H was swept during these
measurements.
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Measurements of Rxy vs H with H applied along different in-plane directions

were performed for a series of positive and negative values of V . In each mea-

surement H was swept from +0.6 kOe to −0.6 kOe and back to +0.6 kOe. V

was initially increased from 0 V to +85 V, then decreased to −70 V, and finally

increased back to 0 V. Fig. 5.8 shows the result of some of these measurements,

for the initial (0 V), the maximum (+85 V) and the minimum (−70 V) value of

V . The behaviour of Rxy vs H in these loops is clearly strongly dependent on the

direction of H. When H is applied along a direction close enough to the magnetic

easy axis direction Rxy has similar values at saturation and remanence, since M

does not rotate much away from the direction of H when this is reduced from

saturating values to zero. This is the case of the black loops in Fig. 5.8. On the

other hand, when H is applied along a direction away from the magnetic easy

axis direction significant variations in Rxy occur, corresponding to large rotations

of M . This is the case of the red loops in Fig. 5.8, in which H is applied along a

direction close to the magnetic hard axis direction.

Even if the lack of significant M rotations in the black loops of Fig. 5.8

would already suggest that they were measured, to a good approximation, along

the magnetic easy axis direction, the latter was more precisely derived, for each

applied V , from the value of Rxy(H = 0) for all the measured H directions. Since

a small variation of Rxy(H = 0) with γ was found to occur7, the orientation of

the magnetic easy axis was extracted from these data with an uncertainty of ±
1◦. Both the variation of R0

xy and ∆R with V discussed in Section 5.4.1 and the

variation of ∆R with H discussed in Section 5.4.2 were taken into account in

this evaluation. The magnetic easy axis orientation for the V = 0 V, V = +85

V and V = −70 V cases is displayed in the diagrams next to the experimental

data in Fig. 5.8. The easy axis was thus found to have already rotated by −5.5◦

from the “intrinsic” [11̄0] direction (see SQUID magnetometry characterization

in Section 5.3) when no voltage was applied to the actuator. This circumstance

is due to the creation of a small in-plane uniaxial strain when cooling the device

from room temperature down to T = 150 K which, as previously explained,

probably arises from the anisotropic nature of the thermal contraction of the

piezoelectric actuator8. Upon application of a positive V the easy axis rotated

further anticlockwise towards the [110] direction and reached an angle of −81◦

for V = +85 V, while it rotated clockwise upon application of a negative V ,

reaching an angle of −3◦ for V = −70 V (the easy axis angles are all referred to

the [11̄0] direction). Overall then it was proven that the piezoelectric actuator

can generate a reversible rotation of the uniaxial easy axis by ∼ 78◦ in this device.

7In principle, as already mentioned, Rxy(H = 0) should not depend on γ, since for H = 0
M lies along the (only) magnetic easy axis.

8Although more unlikely, this small in-plane uniaxial strain could in principle be induced
also by the epoxy layer.
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Figure 5.8: Rxy vs H loops at T = 150 K with H applied along different in-
plane directions for (a) V = 0 V, (b) V = +85 V and (c) V = −70 V. In each
measurement H is swept from +0.6 kOe to −0.6 kOe and back to +0.6 kOe. The
arrows on the loops indicate the sweep direction of H. The diagrams to the right
display the orientation of the magnetic easy axis in each case, extracted from the
correspondent Rxy vs H loops.

Fig. 5.9 shows the dependence of the easy axis orientation on the strain ∆ε

generated by the actuator . The relationship between V and ∆ε was shown in

Fig. 5.2. It can be seen that the most rapid variations in the orientation of the

easy axis are obtained for ∆ε values roughly between 1 × 10−4 and 4 × 10−4,

whereas large changes in ∆ε are necessary to vary the orientation of the easy axis
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Figure 5.9: Easy axis (E. A.) orientation (with respect to the [11̄0] direction) vs
∆ε at T = 150 K. ∆ε = 6.12 × 10−4 and ∆ε = −3.49 × 10−4 are respectively
generated applying V = +85 V and V = −70 V to the piezoelectric actuator.
The size of the error bars in both the easy axis orientation and in ∆ε is smaller
than the size of the symbols.

by a small amount when this is close to either the [110] direction (large positive

V ) or the [11̄0] direction (small positive V and negative V ).

The effects of the piezoelectric actuator on the magnetic properties of (Ga,Mn)-

As can be modelled via an in-plane uniaxial magnetic anisotropy term, with ani-

sotropy constant KUp, that favours the [110]+δ direction for KUp > 0 (∆ε > 0)

and the [11̄0]+δ direction for KUp < 0 (∆ε < 0). By varying V , the sign and

strength of KUp are varied and the easy axis rotates correspondingly. It has been

shown theoretically that uniaxial magnetic anisotropy constants depend linearly

on the strain from which they originate, unless strains larger than 1% are being

considered [77]. A linear dependence of KUp on ∆ε should then be expected in

this experiment. The remainder of this Section is devoted to describe how the

dependence of KUp on ∆ε can be extracted from the experimental data.

According once more to the Stoner-Wohlfarth single-domain model [81], the

magnetic energy of this (Ga,Mn)As-piezoelectric actuator hybrid system can be

phenomenologically expressed as:

E = −KC

4
sin2 2φ+KU sin2 φ−KUp sin2(φ− δ)−MSH cos(γ − φ), (5.6)

where the first, second and third terms are respectively the in-plane “intrinsic”

cubic, “intrinsic” uniaxial and piezo-induced uniaxial magnetic anisotropy ener-

gies, while the last term is the magnetic field-dependent Zeeman energy. φ and γ

are, as usual, the angles formed by M and H, respectively, with the [11̄0] direction
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(which is also the direction of I).

It was initially thought that the most accurate way to extract the value of

KUp for each V from the experimental data would be that of fitting numerically

the Rxy vs H loops closest to the hard axis direction. M vs H loops can in

fact be derived from Rxy vs H loops via Eq. 5.5, and Eq. 5.6 with the condition

dE/dφ = 0 can then be used to fit them in the same way as it was done for

the M vs H hard axis loop in Section 5.3. However, some difficulties, which are

here briefly addressed, were encountered in this approach. Fig. 5.10 shows the

Rxy vs H loops closest to the hard axis direction for V = 0 V, V = +85 V,

V = −70 V (i.e. the same Rxy vs H loops shown in Fig. 5.8), V = +45 V and

V = +55 V, together with the minimum and maximum values expected for Rxy

vs H according to the variation of ∆R with H derived in Section 5.4.2. The

Figure 5.10: Rxy vs H loops at T = 150 K for V = 0 V, V = +85 V, V = −70
V, V = +45 V and V = +55 V. In each measurement H is swept from +0.6 kOe
to −0.6 kOe and back to +0.6 kOe. The minimum and maximum values of Rxy

vs H are shown by the dashed black lines.

minimum and maximum values of the Rxy vs H loops for V = 0 V, V = +85

V and V = −70 V should correspond to those expected from the variation of

∆R with H, since M should rotate through the angles at which Rxy becomes

minimum or maximum when H is decreased from saturation to zero. But this is

not the case, as can be clearly seen in Fig. 5.109. On the other hand, the fact

that the minimum and maximum values of the Rxy vs H loops for, respectively,

V = +55 V and V = +45 V match the expected ones for a wide range of values

of H, including H = 0, would suggest that the cause of this behaviour is physical

rather than an artefact due to a wrong functional form of ∆R(H). It could then

be deduced that the variations of Rxy ∼M with H observed in the experimental

9This was found to occur not only in hard axis loops but also in most other loops.
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data are influenced by multidomain effects. Since the Stoner-Wohlfarth model is

valid only in single-domain samples, it could not be used to fit to these loops and

this approach was then abandoned.

It was next chosen to extract the dependence of KUp on strain from the easy

axis orientation previously derived from Rxy(H = 0) for each V 10. This was done

using Eq. 5.6 with H = 0 and imposing the condition dE/dφ = 0. It was thus

obtained:

KUp =
KU −KC cos 2φ

cos 2δ − sin 2δ

tan 2φ

, (5.7)

where φ here represents the angle between the easy axis and the [11̄0] direction,

because H = 0. Beside being useful to extract the desired information on the

dependence of KUp on strain, Eq. 5.7 can be used to investigate how the depen-

dence of the easy axis orientation on KUp is expected to vary by varying some

of the parameters in Eq. 5.7. This is shown in Fig. 5.11. Essentially, this Figure

Figure 5.11: Easy axis (E. A.) orientation (with respect to the [11̄0] direction)
vs KUp derived from Eq. 5.7 for different values of δ. All the curves are derived
with KU = 144.6 J/m3 and KC = 45 J/m3, a part from the dashed curve, which
is derived with KU = 144.6 J/m3 and KC = 0.

is the theoretical counterpart of Fig. 5.9, with KUp replacing its experimental

analogue ∆ε (KUp ≶ 0 for ∆ε ≶ 0). As a matter of fact, the dependence of the

easy axis orientation on KUp for δ = 2◦ in Fig. 5.11 is similar to the dependence of

the easy axis orientation on ∆ε in Fig. 5.9, with the most rapid variations in the

orientation of the easy axis occurring when the latter is lying at angles roughly

10It is important to notice that even if M changes direction via the formation of magnetic
domains, extracting the easy axis orientation from the value of Rxy at H = 0 is a valid approach,
because this value does not depend on the fact that M might be lying along the positive [11̄0]
direction in some domains and the negative [11̄0] direction in others (Rxy(M) = Rxy(−M)).
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in the middle of the range between the [110] and [11̄0] directions. It can also

be seen from Fig. 5.11 that the reorientation of the easy axis from the [11̄0]+δ

direction to the [110]+δ direction is more abrupt for smaller values of δ. In the

limit of δ = 0 and KC = 0, this reorientation becomes a switch, which occurs for

KUp = KU , as can be deduced from Eq. 5.7.

Finally, the dependence of KUp on strain derived from Eq. 5.7 is plotted in

Fig. 5.12. The experimental data obtained for negative voltages were not included

Figure 5.12: KUp vs ∆ε at T = 150 K. The symbols are the values extracted from
the easy axis orientation, while the solid line is their linear fitting with slope of
∼ 28 J/m3 per 10−4 strain. The size of the error bars in ∆ε is smaller than the
size of the symbols.

in Fig. 5.12 because of the large uncertainties associated with deriving KUp from

the easy axis orientation for these voltages. The error bars in KUp are due to the

combined uncertainties in KU , KC , the easy axis orientation and the value of δ,

the latter being dominant. The dependence of KUp on strain is linear within the

errors, as expected [77], and the best straight line through the points has a slope

of ∼ 28 J/m3 per 10−4 strain.

5.5 SQUID magnetometry results

SQUID magnetometry measurements were performed at T = 150 K on the device

shown in Fig. 5.1 (b) using the SQUID magnetometer described in Section 3.3.1.

M vs H loops were measured with H applied along the [11̄0] direction for differ-

ent voltages V applied to the piezoelectric actuator to explore the effects of the

latter on the magnetic anisotropy of the sample. Differently from magnetotrans-

port measurements, magnetometry measurements are a direct way to evaluate

the magnetic properties of a material, thus in principle being more reliable to
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investigate inverse magnetostrictive effects.

5.5.1 Magnetic properties of the piezoelectric actuator

As mentioned in Section 5.2.1, SQUID magnetometry measurements were per-

formed on the piezoelectric actuator PSt 150/2×3/5 before the (Ga,Mn)As piece

of wafer was bonded to it. Fig. 5.13 (a) shows m vs H loops measured at T =

150 K with H applied along the poling direction of the actuator. It is evident

Figure 5.13: (a) m vs H loop measured at T = 150 K for the piezoelectric
actuator PSt 150/2×3/5 with H applied along its poling direction. (b) m vs H
loop obtained from the loop in (a) after subtraction of the linear paramagnetic
background.

that the magnetic response of the actuator is characterized by a strong param-

agnetic component, with m/H ∼ 7.5 × 10−4 emu/kOe. By fitting linearly this

component and subtracting it from the measured loop, the m vs H loop shown

in Fig. 5.13 (b) is obtained, revealing the presence of a ferromagnetic component.

This component does not vanish at T = 300 K and is likely to be caused by the

presence of a small amount of ferromagnetic metal impurities in the wires and
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in the metallic sheets that separate the various ceramic layers in the actuator.

Since at T = 150 K the remanent magnetic moment of the piezoelectric actuator

is non negligible if compared to the saturation moment of the piece of (Ga,Mn)As

wafer cemented to it11, the magnetic properties of the latter had to be determined

by carefully subtracting from the magnetic moment of the composite device not

only the linear paramagnetic background generated by the actuator but also its

ferromagnetic moment. This apparently straightforward procedure was found to

be rather difficult, probably due to different positioning of the actuator in the

measurements with and without (Ga,Mn)As. It was in fact found that, in order

to obtain sensible M vs H loops for (Ga,Mn)As, it was necessary to subtract the

ferromagnetic moment of the actuator corrected by a multiplying factor of value

0.75.

5.5.2 Effects of the piezoelectric actuator on the magnetic

anisotropy

The position of the magnetic easy axis for the different voltages applied to the

piezoelectric actuator was inferred from M vs H loops. H was applied along the

[11̄0] direction for these measurements, although a misalignment of ∼ 5◦−10◦ was

found to have been accidentally introduced. Fig. 5.14 shows the M vs H loops

of the (Ga,Mn)As sample for different values of V , obtained after subtracting

the magnetic contribution of the actuator. It is firstly important to notice that

the value of MS in these loops is comparable to that obtained from SQUID

magnetometry measurements of (Ga,Mn)As alone (see Fig. 5.4), thus conferring

more credibility to the subtraction procedure used to obtain these loops. It can

moreover be seen in Fig. 5.14 that the remanent magnetization along the direction

of H decreases with increasing the (positive) voltage applied to the piezoelectric

actuator, indicating that the magnetic easy axis rotates away from the [11̄0]

direction, consistently with what observed in the magnetotransport device.

Both the orientation of the magnetic easy axis and the value of KUp were

obtained by fitting numerically to the regions of the M vs H loops less likely to

involve magnetic domain processes12 using Eq. 5.6 with the condition dE/dφ =

0. The results of these fittings are plotted in Fig. 5.14 for some values of V ,

while Fig. 5.15 and Fig. 5.16 show respectively the dependence of the easy axis

orientation (with respect to the [11̄0] direction) and of KUp on the strain ∆ε

generated by the actuator.

The strain induced by the piezoelectric actuator on the sample could not be

measured, since it was not possible, due to space constraints, to glue a strain gauge

11Given that MS = 36.3 emu/cm3 (see Fig. 5.4) and that the piece of wafer has dimensions
0.25× 0.3× 25× 10−7 cm3, its saturation moment is mS = 6.8× 10−7 emu.

12These regions are M(H = 0.5 kOe → 0 kOe) and M(H = −0.5 kOe → 0 kOe).
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Figure 5.14: M vs H loops at T = 150 K with H applied along the [11̄0] direction
(±5◦− 10◦) for V = 0 V, V = +30 V, V = +55 V and V = +85 V. The symbols
are the experimental data, obtained after subtracting the magnetic contribution
of the actuator from the measured loops, while the solid lines are the result of
their fitting with Eq. 5.6 (see text for fitting details). The diagram to the right
displays the orientation of the magnetic easy axis in each case, extracted from
the fittings.

Figure 5.15: Easy axis (E. A.) orientation (with respect to the [11̄0] direction)
vs ∆ε at T = 150 K. ∆ε = 6.12× 10−4 is generated applying V = +85 V to the
piezoelectric actuator. The size of the error bars in the easy axis orientation is
smaller than the size of the symbols.

on it. It was then assumed, as indicated in manufacturer specifications, that the

strain generated by this piezoelectric actuator could be considered the same to

within 10%, for the same applied V , to the strain generated by the piezoelectric

actuator used in the magnetotransport measurements (the two samples have the

same nominal thickness). This explains the large (∼ 10%) error bars in ∆ε that
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Figure 5.16: KUp vs ∆ε at T = 150 K. The symbols are the values extracted from
the fittings of the M vs H loops, while the solid line is their linear fitting with
slope of ∼ 13 J/m3 per 10−4 strain.

can be seen in Fig. 5.15 and Fig. 5.16. The error bars in KUp are due to the

combined uncertainties in KU , KC , the easy axis orientation and the value of δ,

the latter being dominant, as in the magnetotransport results.

The dependence of the easy axis orientation on ∆ε is fairly linear, in evident

contrast with that observed in Fig. 5.9. The magnetic easy axis rotates from

∼ −25◦ for V = 0 V to ∼ −68◦ for V = +85 V, a much smaller amount than

that observed in the magnetotranport device. Correspondingly, the variation of

KUp with ∆ε is also significantly smaller: the best straight line through the points

has a slope of ∼ 13 J/m3 per 10−4 strain, which is about half of the value obtained

from the magnetotransport measurements.

5.6 Results comparison

The results obtained from magnetotransport and SQUID magnetometry mea-

surements regarding the dependence of KUp on strain are compared in Fig. 5.17

for convenience. The discrepancy between them is clearly rather large and this

Section is devoted to describe the several factors that could be its cause.

Firstly it is important to remark that the two devices measured are different

under several aspects. Not only different piezoelectric actuators and different

pieces of wafer were used, but also one piece of wafer underwent a series of

fabrication steps to be patterned into an Hall bar while the other one was left

unpatterned. Besides, the samples might differ in the thickness by up to ∼ 20 µm

and this circumstance, together with the possible inhomogeneities in thickness of

both the samples and the glue used to bond them to the respective actuators
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Figure 5.17: KUp vs ∆ε at T = 150 K. The symbols are the values derived from
magnetotransport and SQUID magnetometry measurements, while the solid lines
are their linear fittings with slopes of ∼ 28 J/m3 and ∼ 13 J/m3 per 10−4 strain,
respectively.

could account for rather different transmissions of strain from the actuators to

the samples. Secondly, inhomogeneities in the generation of strain from the ac-

tuator and in its transmission to the sample result in the large SQUID sample

(2.5 × 3 mm2) experiencing a much more inhomogeneous strain than the small

Hall bar region (20 × 50 µm2). In unpublished works (D. A. Allwood and P.

Nemec, private communications) polarized light microscopy has been used to

show that Piezomechanik actuators are characterized by a well defined pattern

of ferroelectric domains and it has been observed that the scale length of the

variation of the strain induced by these actuators on a (Ga,Mn)As sample is typ-

ically quite large, thus suggesting that the inhomogeneous strain induced in the

SQUID sample could be on average less than that induced in the Hall bar. This

circumstance could then account for the reduction of the inverse magnetostric-

tive effect observed in the SQUID sample, although it would not explain why the

strain induced while cooling the devices from room temperature down to T =

150 K is larger in the SQUID sample than in the Hall bar. Indeed, these two

aspects are difficult to reconcile. Finally, the presence of magnetic impurities in

the actuator leads to some degree of experimental uncertainty in analysing the

SQUID magnetometry results. After all these factors have been taken into ac-

count, the discrepancy between the two results might appear less surprising and it

could be concluded that, even if SQUID magnetometry measurements are a direct

way to investigate the magnetic properties of a material, the magnetotransoport

measurements provide a more accurate evaluation of the inverse magnetostriction

effects in (Ga,Mn)As-piezoelectric actuator hybrid systems.

Further support to this conclusion was sought in the comparison of these re-

75



Manipulation of the magnetization in (Ga,Mn)As using a piezoelectric actuator

sults with those obtained from theoretical calculations. Theoretical calculations

were performed by Dr. Jan Zemen using the k · p description of the GaAs host

valence band and the kinetic-exchange model of its coupling to the local Mn mo-

ments [70, 71]. Predictions of similar calculations were found to be in semiquan-

titative agreement with the experimental results obtained in an earlier work [41],

in which the effects of a piezoelectric actuator were investigated at T = 50 K on

a sample of as-grown (Ga,Mn)As with nominal Mn concentration of 6%. How-

ever, the same agreement could not be obtained for the results presented in this

Chapter since this theoretical model predicts a perpendicular-to-plane magnetic

easy axis [77] for hole densities as high as those occurring in this (Ga,Mn)As sam-

ple (p ∼ 1.8 × 1021 cm−3), which has never been observed experimentally. The

only agreement that could be found between the experimental results and the

theory is the linear dependence of KUp with strain [77], which has though been

obtained in both magnetotransport and SQUID magnetometry measurements.

Hence, unfortunately, theoretical calculations could not help in confirming the

supposed higher reliability of the magnetotransport technique over the SQUID

magnetometry technique in interpreting the results of this Chapter.

5.7 Conclusions

This Chapter has shown that effective electrical control of the magnetic proper-

ties in the ferromagnetic semiconductor (Ga,Mn)As is possible using the strain

induced by a piezoelectric actuator, even in the limit of high doping levels and

high Curie temperatures, where direct electric gating is not possible.

SQUID magnetometry measurements were initially performed on the material

alone to characterize it magnetically. It was found that its TC is as high as 180

K and that its magnetic anisotropy is dominated by the uniaxial contribution,

resulting in the magnetic easy axis lying along the [11̄0] direction at all tempera-

tures. Two devices were prepared for magnetotransport and SQUID magnetom-

etry measurements. They consisted of two (Ga,Mn)As samples, one patterned

into a Hall bar and one left unpatterned, respectively, that were glued on top of

two piezoelectric actuators, after thinning their substrate down to roughly 190

µm. The measurements were all performed at a much higher temperature (150

K) than previous investigations, where larger strains can be generated by the

actuators [128]. Both measurements revealed that large and reversible rotations

of the magnetic easy axis can be achieved in this material by varying the volt-

age applied to the piezoelectric actuators, i.e. the strain that they induce on

the samples. This result demonstrates the clear advantage of strain-mediated

control over direct electric field control of magnetism in samples with high hole

concentrations, for which the latter is ineffective.
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The reorientation of the easy axis upon variation of the actuator voltage and

the corresponding variation of the piezo-induced uniaxial magnetic anisotropy

constant KUp with strain were found to be larger in the Hall bar sample than in

the SQUID sample. In particular, after careful analysis of both sets of data, it was

found that KUp varies by ∼ 28 J/m3 and ∼ 13 J/m3 per 10−4 strain in, respec-

tively, the Hall bar sample and the SQUID sample. This large discrepancy could

be ascribed to several factors, including the possible presence of differences be-

tween the two samples and actuators used, as well as possible larger inhomogene-

ity in strain experienced by the larger SQUID sample. The latter circumstance

alone would in fact result in a reduction of the inverse magnetostrictive effect,

which is indeed observed experimentally. Taking this into account, together with

the uncertainty derived from the presence of magnetic impurities in the actuator,

it would appear that magnetotransoport measurements provide a more accurate

evaluation of the inverse magnetostriction effects in (Ga,Mn)As-piezoelectric ac-

tuator hybrid systems. Unfortunately theoretical calculations performed to try

to support this conclusion did not prove useful as they failed to reproduce the

dominant magnetic anisotropy of the samples at this high temperature.
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Chapter 6

Fast switching of the

magnetization in (Ga,Mn)(As,P)

using phonon pulses

6.1 Introduction

As discussed throughout this Thesis, one of the most appealing aspects of DMS

is represented by the opportunity that they offer to use non-magnetic parameters

to manipulate their magnetic state, thus potentially allowing to overcome the

problems currently encountered in the use of magnetic fields to write information

in magnetic memories [42]. The use of electric fields [33, 34], electric currents [35,

36], light [37, 38] and strain [39, 40, 41] have indeed all been proven to be successful

strategies to manipulate the magnetization in DMS. However, in order for these

strategies to acquire technological relevance, a crucial requirement is that the

manipulation of the magnetization has to be realized on ultrashort time scales,

as is the case for metallic-based spintronic devices [136, 137].

In the past decade fast magnetization dynamics have been widely investigated

in (Ga,Mn)As samples using ultrashort light pulses and both magnetic anisotropy

modulation [138, 139, 140] and magnetization switching [141] have been demon-

strated to be possible. This approach relies on the light-induced variation of the

hole concentration (non-thermal effect) and/or of the lattice temperature (ther-

mal effect), that in turn modifies the magnetic anisotropy. But even when the

faster non-thermal effect is dominant, the magnetic system is normally found

to respond relatively slowly, the cooling down process of the photoexcited holes

being the limiting factor [139]. For this reason, using strain pulses rather than

optical pulses to avoid the direct involvement of the holes in the process, could in

principle allow for faster manipulation of the magnetic anisotropy of (Ga,Mn)As.

Adding to this the fact that (Ga,Mn)As is characterized by large inverse mag-
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netostriction coefficients, as it has been evidenced throughout this Thesis, the

reasoning behind using this approach becomes even stronger.

The interaction between lattice vibrations and spin waves was predicted in

1958 by Kittel [142] and since then it has been experimentally investigated in a

range of ferromagnetic metals [143], with a focus on the effects encountered when

magnetoacoustical resonance occurs (ωphonon = ωmagnon and λphonon = λmagnon).

Propagation of acoustic waves has been long studied also in DMS [144, 145] but

not with the aim of analysing the effects of these waves on the magnetic proper-

ties of DMS. Indeed the strain applied to control the magnetization in DMS has

always been static until very recently (2010), when the first two time-resolved ex-

periments on the use of ultrashort strain pulses to change the magnetic properties

of (Ga,Mn)(As,P) and (Ga,Mn)As were published [146, 147]. While in the work

by Thevenard et al. [146] the experimental observations were interpreted as a

consequence of the strain-modulated reflectivity of the magnetic layer, ruling out

the presence of any inverse magnetostriction phenomenon, the work by Sherbakov

et al. [147] clearly proved that ultrashort strain pulses can be effectively used to

induce a coherent precession of the magnetization at a frequency of ∼ 10 GHz.

These results were ascribed to the strain-pulse-induced transient variation of the

magnetic anisotropy of (Ga,Mn)As. A following experimental work [148] showed

that ultrashort strain pulses can also be used to selectively excite single spin wave

modes, a circumstance occurring for phonon and magnon wavefunctions spatially

overlapping. Finally, a theoretical study was published [149] describing how the

effects of the ultrashort strain pulses on the magnetic anisotropy of (Ga,Mn)As

depend on the material parameters, the strain pulse parameters and the magnetic

field direction and strength.

Despite the undoubted importance of the results already achieved with this

novel technique, it would be favourable from a technological point of view to

use ultrashort strain pulses to trigger a switch rather than a precession of the

magnetization. Strain-pulse-driven magnetization switching has been successfully

reported on an array of µm-wide Co bars using a surface acoustic wave (SAW)

transducer [150], but has not been obtained in DMS yet.

This Chapter presents the results of an experimental investigation attempting

to use ultrashort strain pulses to switch the magnetization direction of an as-

grown 100 nm thick layer of (Ga0.94,Mn0.06)(As0.91,P0.09) (Mn591). Even though

it will be shown that the magnetization does indeed switch between two different

easy axis orientations as a consequence of the acoustic excitation, time-resolved

measurements will prove that the switching is triggered by incoherent phonons

(heat pulses) rather than the more desirable coherent phonons (strain pulse), and

is a relatively slow process. Most of the results discussed in this Chapter were

published in [151].
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6.2 Experimental method

6.2.1 Overview

Methods using phonons as a spectroscopic tool have long been well known. Mea-

surements of heat capacity and thermal conductivity [152] were among the first

ones to provide information relating to phonon spectroscopy, especially in non-

metallic systems, in which the conduction of heat occurs exclusively via phonons.

But given the broad thermal distribution of the phonon energies and the static

nature of the measurements, the information that could thus be obtained was

unavoidably averaged over the different phonons frequencies and polarisations.

Time- and space-resolved measurements of nonequilibrium phonons became pos-

sible thanks to the introduction of the heat-pulse method in 1964 [153].

Heat pulses are nonequilibrium phonon pulses of nanosecond duration with

typical frequency components between 1 GHz and 1 THz and random phase.

They are usually generated by fast (1–100 ns) electrical or optical excitation of

a thin metal film deposited on a polished face of the sample under investigation.

The temperature of the film raises rapidly (∼ 1 ns) and its excited electrons relax

by radiating phonons into the sample along all direction. If complete thermali-

sation between electrons and phonons in the metal film occurs, as it is often the

case, then the frequency spectrum of the emitted phonons has a thermal Planck

distribution [154], approximately centred around the frequency kBT/h, where kB

and h are the Boltzmann constant and the Planck constant, respectively. At low

temperatures and in a crystal sufficiently free of defects these phonons can travel

ballistically1 over millimetre distances [155], thus exceeding the normal sample

length. The rise in temperature due to the arrival of the phonons on the opposite

face of the sample is monitored via the corresponding change in resistance of,

typically, a thin film superconducting detector (a bolometer or a tunnel junction)

deposited on it. These detectors are characterized by extremely small heat ca-

pacities, thus allowing for rapid variations of temperature to be registered. If

the sample is long enough, several sharp peaks delayed in time after the excita-

tion pulse can be distinguished, each followed by long tails due to the phonons

that reach the detector only after having been scattered. These peaks correspond

to the different phonon polarisations that, due to the anisotropic nature of the

elasticity in crystals, travel through the sample with different group velocities:

compression and shear phonon waves travel with the longitudinal and transverse

sound velocity, respectively. Phonon focussing2 and polarisation-dependent scat-

tering cause the relative magnitudes of the different peaks to depend on the

1The phonon propagation becomes instead diffusive at high temperatures as a consequence
of the phonon-phonon scattering mechanism.

2Ballistic phonons generated from a localized heat source are channelled along preferential
crystal directions due to elastic anisotropies.
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propagation direction with respect to the crystallographic axes [156]. When the

excitation of the metal film occurs via a pulsed laser, it is then possible to obtain a

spatial map of the distribution of the phonons flux in the sample by scanning the

laser spot on the metal film. Since its development in 1979 [157] this technique,

known as phonon imaging, has played a major role in heat-pulse experiments.

With the advent of picosecond and femtosecond pulsed lasers, phonon pulse

experiments have been extended into the picosecond temporal region through

the development of picosecond ultrasonics [158]. This method, that was first

proposed by Thomsen et al. in 1984 [159], is similar to the heat-pulse method in

that it also consists of the excitation of a thin metal film deposited on a polished

face of the sample. In this case though, the excitation occurs via ps or fs laser

pulses and the corresponding raise in temperature of the metal film occurs in ∼
1 ps. As a result, a strain pulse of picosecond duration with typical frequency

components up to 200 GHz is launched into the sample. Differently from heat

pulses, strain pulses are coherent nonequilibrium phonon pulses. Moreover, when

generated in this way, they do not propagate in all directions within the sample

but just along the direction perpendicular to the metal film surface. If this

direction is a high symmetry crystallographic direction, strain pulses contain only

longitudinal components and thus travel with the longitudinal sound velocity. At

low temperatures and in a crystal sufficiently free of defects strain pulses travel

ballistically, as heat pulses, over millimetre distances [160]. Since strain pulses

modulate the dielectric constant and hence the reflectivity of the sample, they

are conventionally detected measuring the intensity of a laser beam (the probe)

incident on the sample surface opposite the metal film with a time-delay with

respect to the generating pulse (the pump). This optical detection technique is

known as pump-probe spectroscopy.

The picosecond ultrasonics technique was used for the experiment described

in this Chapter. Intense 60 fs laser pulses were incident on a 120 nm thick Al film

deposited on the back of the 350 µm thick GaAs(001) substrate of (Ga,Mn)(As,P)

sample Mn591, and a picosecond-duration strain pulse followed by nanosecond-

duration heat pulses were thus generated. In GaAs there are three acoustic

phonon branches3, one longitudinal and two transverse. Along high symmetry

crystallographic directions, as the (001) of the experiment, the strain pulse con-

tains only longitudinal components, while the two transverse heat pulses are

degenerate. Since the experiment was performed at superfluid He temperatures,

both the strain pulse and the heat pulses travel ballistically through the GaAs

substrate with the longitudinal and transverse sound velocities, respectively vl

= 4.8 km/s and vt = 3.4 km/s. The arrival of the pulses at the (Ga,Mn)(As,P)

3In GaAs there are also three optical phonon branches, but they do not propagate since they
decay quickly after being generated.
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film on the other side of the substrate was detected electrically by measuring the

change in resistance of the film, patterned into a Corbino disk geometry.

6.2.2 Strain pulse characteristics

The spatial-temporal functional form of a strain pulse ε(t, z) generated via the

picosecond ultrasonics technique described above can be approximated as [161]:

ε(t, z) =

√
eεmax

τ
sgn (t− z/vl) exp

(
−(t− z/vl)2

2τ 2

)
, (6.1)

where e is the base of the natural logarithm, εmax is the pulse amplitude, τ is

the pulse duration and ẑ is the propagation direction, perpendicular to the metal

film. The values of εmax and τ depend on the parameters of the optical excitation

and on the type of metal film that generates the pulse. For ∼ 100 fs laser pulses

and Al films they have typical values of ∼ 10−3 and ∼ 10 ps, respectively. The

temporal profile of the strain pulse ε(t, z) with these values of εmax and τ is

showed in Fig. 6.1 for z = 0 (although it is the same for any other value of

z). It is easy to understand from Fig. 6.1 that a strain pulse is composed of a

Figure 6.1: Temporal profile of the strain pulse ε(t, z) with εmax = 10−3, τ = 10
psec and z = 0.

compressive component followed by a tensile component. Hence, if the sample

under investigation is a thin film deposited on the surface of a substrate material

opposite the metal film, its thickness d will be modulated by the strain pulse

travelling through it. This modulation ∆d(t)/d, which corresponds to the strain
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profile averaged over d, εave(t), can be evaluated as:

∆d(t)

d
≡ εave(t) =

1

d

∫ d

0

ε(t, z) dz =

√
eεmax

τd

∫ d

0

[
(t− z/vl) exp

(
−(t− z/vl)2

2τ 2

)
− (t+ (z − 2d)/vl) exp

(
−(t+ (z − 2d)/vl)

2

2τ 2

)]
, (6.2)

where z = 0 corresponds to the interface between the substrate and the sam-

ple. The first term in Eq. 6.2 represents the strain pulse propagating towards

the open surface, while the second term represents the strain pulse propagating

back towards the substrate, after having been reflected at the open surface with

a π-phase shift. Non-linear effects, which would modify the shape of the strain

pulse during propagation, have not been taken into account. εave(t) obtained us-

ing εmax = 10−3, τ = 10 ps and vl = 4.8 km/s, the latter being valid in GaAs,

is plotted in Fig. 6.2 for different values of d. Looking at Fig. 6.2, it can be

Figure 6.2: Temporal profile of the average strain εave with εmax = 10−3, τ = 10
psec and vl = 4.8 km/s, for different values of the sample thickness d.

seen that the strain pulse results in an initial compression of the sample, followed

by an expansion of it, of roughly double amplitude, in turn followed by a final

compression, of identical amplitude to the first one. It is moreover evident that

the amplitude of this compressive-tensile-compressive train of perturbations is

dramatically reduced for sample thicknesses . 100 nm, as a consequence of the

destructive interference between the strain pulse travelling towards the open sur-

face and back away from it. When probing the possible variation of the magnetic

properties of a sample as a consequence of the strain pulse travelling through

it, the result provides information averaged over the sample thickness, since it is

not possible to detect the magnetization orientation at a specific value of z. For

this reason the relevant experimental parameter is the average strain εave, rather

83



Fast switching of the magnetization in (Ga,Mn)(As,P) using phonon pulses

than the strain ε(t, z), and in order to maximize its amplitude it is important to

work with samples at least 100 nm thick. In this way, according to Fig. 6.2, εave

values up to ∼ 4 × 10−4 can be obtained in GaAs, large enough to manipulate

the magnetic anisotropy in (Ga,Mn)As, as it has been shown in Chapter 5.

6.3 Experimental set-up and details

The diagram of the set-up used in the experiment is shown in Fig. 6.3. 60 fs

Figure 6.3: Diagram of the experimental set-up used: strain and heat pulses were
generated optically and detected electrically. The resulting signal was read by
a digital multimeter (DMM) or an oscilloscope, depending on whether static or
time-resolved measurements, respectively, were performed.

optical pulses of λ = 800 nm were generated by a Spectra-Physics amplified

Ti:Sapphire laser, which can be operated either in single pulse or continuous

pulses mode, with repetition rate up to 5 kHz. A non-polarizing beam splitter

(NPBS) placed at the laser exit split the laser beam in two. One beam passed

through a neutral density filter and reached a photodiode, which correspondingly

sent a trigger signal to the oscilloscope. The second beam, after having been

attenuated by a neutral density filter too, travelled through a half-wave plate

and a Glan-Taylor prism, the combination of which was used as a further variable

attenuator, and was then focussed to a spot of radius of about 100 µm on the Al

film. The position of the excitation spot on the film was set using galvanometer

x−y scanning mirrors. The measurements were mostly performed with an energy
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density per pulse J of about 12 mJ/cm2, since higher values were found to damage

the Al film. The sample was mounted in the Oxford Instruments Spectromag 3

(MD–10) optical-access cryostat of the School of Physics and Astronomy in the

University of Nottingham, which functions similarly to the Oxford Instruments

He–4 Variox cryostat described in Section 3.3.2. During the measurements the

sample was immersed in superfluid liquid He at a constant temperature of about

1.7 K. Superfluid liquid He was used to both prevent the formation of bubbles

in the optical path and to provide good temperature stability during optical

excitation. In fact, the increase in the sample temperature is expected to be

no more than a few mK [155] with the laser in continuous pulses mode at 5

kHz and negligible for single pulses. The temperature was kept constant using a

manostat, that works by keeping the pressure constant in the sample space, and

was measured using an Allen-Bradley resistor. The cryostat is equipped with

an Oxford Instruments Spectromag–3 7 Tesla superconducting magnet. In the

experiment this magnet was used to generate magnetic fields up to 100 mT along

the direction perpendicular to the sample plane. The sample was lithographically

patterned into a Corbino disk geometry with inner r1 and outer r2 contact radii of

90 µm and 97 µm, respectively (see Fig. 3.1). The direction of the magnetization

in the sample was inferred measuring the resistance of the Corbino disk, biased

with a DC voltage of 200 mV. The signal thus obtained was sent either to a

digital multimeter (DMM) or, after having been amplified, to the oscilloscope,

depending on whether static or time-resolved measurements, respectively, were

performed. The oscilloscope is a Tektronix DPO71254 oscilloscope, characterized

by a 12.5 GHz bandwidth and a 50 GS/s sampling rate. Sourcemeter, multimeter

and oscilloscope were all controlled by a Visual Basic interface.

The Corbino disk geometry with a small annulus was chosen to obtain a small

value of the resistance, which is a key requirement to achieve good temporal

resolution in electrical detection measurements4. The relationship between the

Corbino resistance R and the material longitudinal resistivity ρxx is given by [162]:

R =
ρxx

2πd
ln
r2
r1
, (6.3)

where d = 100 nm is the sample thickness. Then, by choosing a r2/r1 ratio close

to 1, it was possible to obtain a Corbino resistance of a few tens of Ω, despite the

typically high values of the longitudinal resistivity of as-grown (Ga,Mn)As (and

(Ga,Mn)(As,P)) samples, particularly at low temperatures.

Since in a Corbino disk the current flows radially across the annulus, the non-

crystalline contribution to the in-plane AMR of Eq. 2.10 is averaged to zero [93].

4Preliminary experiments performed on samples patterned into standard-size Hall bars (see
Fig. 3.1), in which the direction of the magnetization was inferred from AHE measurements,
had poor temporal resolution due to the large values of the Hall bars resistance.
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It follows that changes in the in-plane AMR in a Corbino disk geometry are

intrinsically difficult to detect, because they are determined only by the crystal-

line contributions, that roughly represent 10% of the total in-plane AMR [93].

The Corbino disk geometry is instead more appropriate to detect changes in the

out-of-plane AMR (see Eq. 2.5). For this reason it was decided to work with

(Ga,Mn)(As,P) rather than (Ga,Mn)As. Moreover, from symmetry considera-

tions it can be understood that the resistance of a Corbino disk is the same when

M is parallel or anti-parallel to the perpendicular-to-plane direction. Hence a

Corbino disk cannot be used to detect switching of the magnetization between

these two states that occur in (Ga,Mn)(As,P) samples with perpendicular mag-

netic anisotropy, like annealed Mn498 and Mn403. It can though be used to

detect switching of the magnetization from an (almost) in-plane direction to the

perpendicular-to-plane direction and vice-versa that occur in as-grown Mn498

and Mn403, due to the peculiar shape of their [001] magnetic hysteresis loop (see

Fig. 4.4). Given the small thickness of their (Ga,Mn)(As,P) layer, neither Mn498

nor Mn403 were appropriate for the present experiment, as explained in the pre-

vious section, and 100 nm thick Mn591 was then grown, with nominal Mn and P

concentrations x = 6% and y = 9%, respectively, as for Mn498.

The alignment between the laser excitation spot on the Al film and the

Corbino disk sample on the other side of the substrate was obtained monitor-

ing the amplitude of the induced R variation while scanning the spot over the Al

film with the x− y mirrors.

6.4 Material characterization

6.4.1 XRD measurements

XRD ω−2θ scans at the GaAs (004) peak were performed on as-grown Mn591 by

Dr. Peter Wadley and are shown in Fig. 6.4 with the corresponding fittings. The

sharp peak in Fig. 6.4 represents the reflection from the GaAs substrate, while the

broader peak, marked with the dashed vertical red line, represents the reflection

from the (Ga,Mn)(As,P) film. Since the latter is located at a higher angle than

the former, it can be concluded that the (Ga,Mn)(As,P) film is under in-plane

tensile strain, as it has been explained in Chapter 4. The experimental data were

fitted to extract the values of the effective phosphorus concentration yeff and of

the perpendicular lattice constant a⊥. Since no control sample was grown for

Mn591, the fitting was done assuming that the concentration of substitutional

and interstitial Mn atoms in Mn591 is the same as in the control sample of the

Mn491–Mn492–Mn498 series. In this way yeff = 11.1%, close to the nominal y

= 9%, and a⊥ = 5.64606 Å were obtained, and using Eq. 4.2 the in-built growth
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Figure 6.4: XRD ω− 2θ scans at the GaAs (004) peak for as-grown Mn591. The
black and red line are the experimental data and their fittings, respectively. The
dashed vertical red line marks the approximate position of the (Ga,Mn)(As,P)
(004) reflection.

strain ε was then estimated to be ∼ -0.13%.

6.4.2 SQUID magnetometry measurements

SQUID magnetometry measurements were performed on both as-grown and an-

nealed Mn591 using the magnetometry system described in Section 3.3.1 and

following the procedures presented there.

Fig. 6.5 shows MR vs T curves measured for as-grown Mn591 along in-plane

and perpendicular-to-plane directions. These measurements show that as-grown

Mn591 is characterized by in-plane magnetic anisotropy over the whole tempera-

ture range up to TC = 51 K. This is consistent with what is expected in samples

under in-plane tensile strain with a very low hole concentration [71], and it was

also found to occur in as-grown Mn403 (see Fig. 4.5). Moreover, it can be seen

from Fig. 6.5 that the temperature dependence of the various in-plane anisotropy

contributions is the same as that observed for the (Ga,Mn)(As,P) samples with

in-plane magnetic anisotropy and y < 10% investigated in Chapter 4, with the

dominant anisotropy contribution changing from cubic to uniaxial upon increas-

ing the temperature, and with the uniaxial anisotropy contribution favouring the

[110] and [11̄0] direction at low and high temperatures, respectively.

Fig. 6.6 shows M vs H loops measured at T = 2 K for as-grown Mn591, with H

applied along in-plane and perpendicular-to-plane directions. Beside confirming

the occurrence of in-plane magnetic anisotropy in as-grown Mn591 at T = 2 K,

these measurements show that the hard axis [001] M vs H loop is characterized by

the non-linear behaviour already observed in as-grown Mn498 and Mn403, which
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Figure 6.5: MR vs T curves measured for as-grown Mn591 along the in-plane [11̄0]
(black), [110] (red) and [100] (solid dark green) directions and the perpendicular-
to-plane [001] (blue) direction. The saturation magnetization MS (dashed light
green) is calculated according to the Stoner-Wohlfarth single-domain model
(Eq. 3.1).

Figure 6.6: M vs H loops measured at T = 2 K for as-grown Mn591, with H
applied along the in-plane [11̄0] (black), [110] (red) and [100] (green) directions
and the perpendicular-to-plane [001] (blue) direction.

can be explained in terms of the competition between magnetocrystalline, strain

and shape anisotropy. Of particular importance for the experiment described in

this Chapter is the presence in the [001] loop of the two open sections at large

values of |H|, where the magnetization switches from an almost in-plane direction

to the perpendicular-to-plane direction and vice-versa. These switches can in fact

be detected measuring the resistance of the Corbino disk, as already explained.

Even if not strictly relevant for the present experiment, it is nonetheless good
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to mention for completeness that SQUID magnetometry measurements performed

on annealed Mn591 revealed that the sample is characterized by perpendicular-

to-plane magnetic anisotropy over the whole temperature range up to TC = 110

K, as expected, and MS at T = 2 K was found to be 37.9 emu/cm3.

6.4.3 Transport measurements

Four terminal transport measurements were performed on as-grown Mn591 using

the transport system described in Section 3.3.2 and following the procedures

presented there. For these measurements the sample was patterned into the Hall

bar geometry of Fig. 3.1.

Fig. 6.7 shows the dependence of the longitudinal resistivity ρxx on tempera-

ture for as-grown Mn591. As for as-grown Mn498, this dependence is character-

Figure 6.7: ρxx vs T curve for as-grown Mn591.

ized by features typical of metallic ferromagnetic (Ga,Mn)As [32, 84]: the initial

increase of ρxx for decreasing T from room temperature is followed by a peak at

T ' 45 K, then by a decrease as T is decreased below ' 45 K, and finally by a

further increase for T . 11 K due to weak localization effects [87]. Not only its

dependence on T , but also the magnitude of ρxx of as-grown Mn591 is compara-

ble to that of as-grown Mn498, being higher than the latter by just a factor of

1.3−2.1. Even without reaching the extremely high values observed for as-grown

Mn403, ρxx of as-grown Mn591 is high enough to account for its in-plane magnetic

anisotropy. At T = 1.7 K ρxx = 2.8 ×10−4 Ωm and the corresponding Corbino

disk resistance R, estimated using Eq. 6.3, is of just ∼ 33 Ω. Such a small value

of R has allowed the achievement of a good temporal resolution in the detection

of strain and heat pulses, as it will be shown in the next Sections.

Since in a Corbino disk geometry only two terminal transport and magneto-

transport measurements can be performed, any measurement of the resistance
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of a Corbino disk will always include a contribution from the interface between

the ferromagnetic semiconductor and the metal contacts. As will become clear

in the following, in order to correctly interpret the experimental results it is im-

portant to establish whether and to what extent this contribution changes with

temperature. Fig. 6.8 shows the dependence of the resistance of the Corbino

disk of as-grown Mn591 on temperature. The fact that this dependence closely

Figure 6.8: R vs T curve for the Corbino disk of as-grown Mn591.

resembles the dependence of the longitudinal resistivity on temperature shown

in Fig. 6.7 suggests that the resistance of the interface with the metal contacts

represents just a small contribution to the resistance of the Corbino disk and

consequently that its dependence on temperature is negligible. This is indeed

reasonable, given that the the area of the interface between (Ga,Mn)(As,P) and

the metal contacts is much larger than the area of the annular region and has also

been shown to be the case for metal contacts deposited on (Ga,Mn)As Corbino

disks [93].

6.4.4 MOKE imaging measurements

MOKE imaging measurements were performed on as-grown Mn591 using the

MOKE imaging system described in Section 3.3.3 and following the procedures

presented there.

Fig. 6.9 shows polar MOKE images of different regions of a Hall bar of as-

grown Mn591 taken at T = 4.2 K and at H = −0.5 kOe along the upper branch of

the hysteresis loop (the [001] loop in Fig. 6.6). The magnetic contrast in Fig. 6.9

was enhanced by digitally subtracting from the original image, an image taken on

the same area of the Hall bar at H = + 1 kOe, i.e. at saturating field. The dark

and light grey stripes 3− 4 µm wide that can be seen in the Hall bar in Fig. 6.9
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20 μm 20 μm

(a) (b)

Figure 6.9: Polar MOKE images of (a) the channel and (b) a voltage probe of a
Hall bar of as-grown Mn591 taken at T = 4.2 K and at H = −0.5 kOe along the
upper branch of the [001] hysteresis loop shown in Fig. 6.6.

are magnetic domains respectively characterized by M lying at a small angle to

the plane and perpendicular to it, along the direction of H. Magnetic domains

could not be clearly observed in the Corbino disk used in the experiment due to

the small dimension of its annular region, but it is reasonable to assume their

presence in the Corbino disk too, given its macroscopic dimensions. As it has

already been pointed out, H = ± 0.5 kOe is the field at which the magnetization

switches from an almost in-plane direction to the perpendicular-to-plane direction

and vice-versa, and the finding that these transitions occur via the formation of

domains will help to understand the temporal dynamics of the switching of the

magnetization triggered by heat pulses.

6.5 Static magnetotransport results

Two terminal static magnetotransport measurements were performed on as-grown

Mn591 using the experimental set-up described in Section 6.3. The resulting

signal was read by a DMM. For these measurements the sample was patterned

into the Corbino disk geometry of Fig. 3.1.

Fig. 6.10 (a) shows the dependence of the Corbino disk resistance R on H at

T = 1.7 K, measured while the laser was either not used or continuously emitting

60 fs pulses with J = 12 mJ/cm2 at a rate of 5 kHz. The contribution of the

IMR was fitted linearly and subtracted from the loops. H was applied along the

perpendicular-to-plane [001] direction, which means that R provides information

on the component of the magnetization M along this direction thanks to the

out-of-plane AMR (see Eq. 2.5). The lowest and highest values of R respectively

correspond to M lying in-plane and along the perpendicular-to-plane direction, as

typical of (Ga,Mn)As samples. Since the Corbino disk geometry cannot be used to
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Figure 6.10: (a) R vs H loops measured at T = 1.7 K for as-grown Mn591, with H
applied along the perpendicular-to-plane [001] direction, while the laser is either
not used (black) or continuously emitting 60 fs pulses with J = 12 mJ/cm2 at a
rate of 5 kHz (red). (b) ∆R vs H loop obtained as the difference between the
black and the red curve in (a). The arrows indicate the sweep direction of H.

distinguish between M states symmetric for ẑ → −ẑ, the loops in Fig. 6.10 (a) are

symmetric for M → −M . With this in mind then it can be seen that both these

loops, independently on the laser being used or not, closely resemble the [001] loop

measured by SQUID magnetometry that is displayed in Fig. 6.6. In fact, they

both show that as-grown Mn591 is characterized by in-plane magnetic anisotropy

and that the reversal of M from the positive perpendicular-to-plane direction to

the negative one, and vice versa, occurs in two switching steps, corresponding

to the two open sections in the loops. Comparing the two loops it is evident

that the acoustic excitation does have an effect on the magnetic anisotropy of the

sample, since it does narrow the two open sections in the R ∼M vs H loop. The

maximum effect occurs at H = ± 0.5 kOe, as indicated by the ∆R vs H loop in

Fig. 6.10 (b), that is obtained as the difference between the loops in Fig. 6.10 (a).

This is reasonable since for these values of H, the magnetocrystalline anisotropy
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becomes comparable with the strain and the shape anisotropy, causing M to be

in a state of unstable equilibrium, hence more sensitive to external excitations.

As a matter of fact, M suddenly switches into the [001] direction as soon as |H|
is increased above 0.5 kOe, as can be observed from the black loop in Fig. 6.10

(a).

Having established that using the laser in continuous-pulse mode does change

the magnetic properties of as-grown Mn591 and having found at which values of

H the effect is maximized, the experiment was carried on using single laser pulses.

It was chosen to work at H = −0.5 kOe, i.e. on the edge of the transition of

M from an almost in-plane direction to the negative [001] direction. The system

was prepared in this “initial” magnetic state by firstly saturating M along the

positive [001] direction, and by next ramping H to reach the desired −0.5 kOe

value, taking care to avoid overshooting. Sitting at this value of H, the Corbino

disk resistance was then measured while emitting four single laser pulses with J

= 12 mJ/cm2, a few seconds apart from each other, followed by continuous laser

pulses with the same J at a rate of 5 kHz. The result of this measurement is

shown in Fig. 6.11. It can be seen that the effect of the laser pulses is that of

Figure 6.11: R vs t measured at T = 1.7 K with H = -0.5 kOe, applied along
the [001] direction, while emitting four single laser pulses with J = 12 mJ/cm2, a
few seconds apart from each other, followed by continuous laser pulses with the
same J at a rate of 5 kHz. The inset shows how the variation in R induced by
this train of laser pulses relates to the R vs H loops of Fig. 6.10 (a), that have
been zoomed around H = −0.5 kOe.

increasing the value of R which, as explained earlier, corresponds to an increase

in the component of M along the [001] direction. This can be more clearly

understood looking at the inset in Fig. 6.11, that shows how the variation of R

induced by this train of laser pulses relates to the R vs H loops of Fig. 6.10 (a).

The first laser pulse induces the biggest variation in R, ∆R/R ∼ 0.6%, while
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the effect of the following laser pulses rapidly decreases with their number and

vanishes completely after a few thousand pulses are emitted, i.e. after the last

step in R in Fig. 6.11. Each switching step in R ∼M is irreversible. The overall

induced variation in R is ∆R/R ∼ 0.95%, and corresponds to a transition of M

from the state at H = −0.5 kOe on the black loop (almost in-plane direction)

to the state at H = −0.5 kOe on the red loop (almost [001] direction). The

fact that a single laser pulse is alone not enough to fully switch M into the

[001] suggests that during the transition either magnetic domains are nucleated

or pre-existing domain walls are moved between pinning sites, consistently with

the results obtained from MOKE imaging.

6.6 Time-resolved magnetotransport results

Having found that a single laser pulse induces a sizeable variation in the resis-

tance of the Corbino disk of as-grown Mn591, the experiment was next focussed

on investigating the temporal evolution of this variation. For this purpose an

oscilloscope, rather than a DMM, was used to read the resulting signal in the

experimental set-up described in Section 6.3.

The system was initially prepared, as above, in the magnetic state at H =

−0.5 kOe. Sitting at this value of H, a train of six laser pulses with J = 12

mJ/cm2 was focused on the Al film and the temporal evolution of the Corbino

disk resistance R induced by the first and the sixth of these pulses was measured.

This cycle was repeated several times, in order to increase the signal-to-noise

ratio of the measurement. The thus averaged R vs t traces for the first and sixth

laser pulses are shown in Fig. 6.12 (a). Both R vs t traces show the arrival at

the Corbino disk of three acoustic pulses: the coherent strain pulse that travels

through GaAs with the longitudinal sound velocity vl = 4.8 km/s and reaches

the sample in 72 ns, the longitudinal acoustic (LA) incoherent heat pulse whose

peak arrives a few ns later, and the transverse acoustic (TA) incoherent heat

pulse whose peak reaches the sample last, in 114 ns. The fact that R is found to

decrease in both traces as a consequence of the arrival of these acoustic pulses at

the Corbino disk can be explained as due to the holes in Mn591 absorbing the

nonequilibrium phonons in the pulses and thus transiently heating-up. This is in

fact consistent with the observed dependence of ρxx on T for T . 11 K, illustrated

in Fig. 6.7. On the other hand, R is expected to increase as a consequence of the

switching of M towards the [001] direction, as it has been found in the previous

Section. The contribution to the change in R due to the transient heating of

the holes is the same for both traces in Fig. 6.12 (a), but just the first laser

pulse trace contains the contribution to the change in R due to the switching of

M , this being negligible by the sixth laser pulse, as previously observed. Hence
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Figure 6.12: (a)R vs t measured at T = 1.7 K with H = −0.5 kOe, applied along
the [001] direction, while emitting the first (black) and the sixth (red) pulse of a
train of six laser pulses with J = 12 mJ/cm2. The portion of the traces around
the strain pulses is zoomed-in in the inset. (b) ∆R vs t curve obtained as the
difference between the first and sixth laser pulse traces for J = 12 mJ/cm2, i.e.
the traces in (a) (blue), J = 6 mJ/cm2 (green) and J = 3 mJ/cm2 (orange),
where ∆R is arbitrarily set to zero for t preceding the arrival of the acoustic
pulses. t = 0 corresponds to the time at which the laser pulses are emitted and
the dashed vertical lines mark the arrival times of the LA and TA polarisations.

the change in R induced by the transition of M can be extracted by taking the

difference between the first and sixth laser pulse traces. This was done using first

and sixth laser pulse traces with three different values of J and the resulting ∆R

vs t curves are shown in Fig. 6.12 (b). It can be seen that the biggest variation

in ∆R is induced by the TA heat pulse, that this variation reaches a maximum

shortly after the peak in the TA heat pulse and that its size decreases with

decreasing J . For J = 12 mJ/cm2 the size of the variation in ∆R is consistent with

what observed in the static magnetotransport measurements shown in Fig. 6.11,

suggesting that the value of ∆R in Fig. 6.12 (b) does not decrease for t > 300

ns, i.e. that the corresponding switching in M is irreversible. The much smaller,
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and seemingly reversible, variation in ∆R occurring before the switching takes

place could in principle be caused by either the strain pulse or the LA heat pulse,

since their arrival times at the sample are the same and both coincide with the

time at which the small variation in ∆R begins. However, the fact that such

variation reaches a maximum at the time at which the LA heat pulse peaks, ∼
81 ns, suggests that the strain pulse is not its triggering cause. Fig. 6.12 (b)

allows then to conclusively establish that the switching of M observed in static

magnetotransport measurements for as-grown Mn591 is induced by the TA heat

pulse rather than strain pulses. Nevertheless, this does not exclude the possibility

that the strain pulse might have effects on M of a transient nature, like those

observed in [147, 148], that cannot be detected at the time resolution of this

experiment.

It could be thought that the influence of the LA and TA heat pulses on the

magnetic properties of (Ga,Mn)(As,P) is due to their heating of the holes. Since

the holes in (Ga,Mn)(As,P) mediate, via the p–d hybridization mechanism, the

ferromagnetic interaction between MnGa local moments, their temperature Th

could indeed affect the magnetic properties of the material. In particular, an

increase in Th would induce a decrease in the magnetic anisotropy energy of the

material. Since, as explained in Section 6.4.3, the dependence on temperature

of the resistance of the interface between (Ga,Mn)(As,P) and the metal contacts

is expected to be negligible, then the value reached by Th under the influence

of the heat pulses can be determined from the comparison of the sixth pulse

trace in Fig. 6.12 (a) with the ρxx vs T curve of Fig. 6.7. The values of Th
5 thus

obtained for a laser pulse with J = 12 mJ/cm2 are ∼ 2.2 K and ∼ 2.7 K for LA

and TA heat pulses, respectively, in good agreement with theoretical estimations

based upon balancing the rates of energy absorption from the heat pulses and

of energy emission by the heated holes (that relax emitting phonons) [163]. The

stronger effect that the TA heat pulse has on heating the holes in (Ga,Mn)(As,P)

with respect to the LA heat pulse is commonly observed in GaAs [155] and is

due several reasons, among which the strong focussing of the TA phonons along

the GaAs (001) direction [164] and the rapid anharmonic decay of the THz LA

phonons in GaAs [165] play a major role.

However, if the increase in Th was the only reason for which the TA heat

pulse causes M to switch, then it would be reasonable to expect the LA heat

pulse to have a much bigger influence on the variation of M than the observed

one, given that its effect on heating the holes is ∼ 60% of that of the TA heat

pulse. A similar incongruence in the heating explanation given could be found

looking at the sixth laser pulse traces shown in Fig. 6.13 for different values of J .

5It is important to notice that Th is a nonequilibrium temperature, different from the lattice
temperature Tl, whose change due to single laser pulses is negligible.
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Since, as explained, these traces contain just the contribution to the change in R

Figure 6.13: R vs t measured at T = 1.7 K with H = −0.5 kOe, applied along the
[001] direction, while emitting the sixth laser pulse with J = 12 mJ/cm2 (blue),
J = 6 mJ/cm2 (green) and J = 3 mJ/cm2 (orange). t = 0 corresponds to the
time at which the laser pulses are emitted and the dashed vertical lines mark the
arrival times of the LA and TA polarisations.

due to the transient heating of the holes, it can be seen that the heating effects

caused by the TA heat pulse with different values of J are comparable, while the

amplitude of the induced switching of M clearly scales with J , as observed in

Fig. 6.12 (b). Actually there would seem to be a correlation between the heating

caused by the tail of the TA heat pulse, rather than the pulse itself, and the

amplitude of the switching of M . Indeed, both the cause of the switching and

the much different response of (Ga,Mn)(As,P) to the LA and TA polarizations

are still open questions, in need of theoretical analysis.

The switching of M takes a time of ∼ 35 ns and so is a relatively slow process,

compared to the leading edge of the TA heat pulse, which is again consistent with

its occurring via magnetic domains dynamics.

6.7 Conclusions

This Chapter has shown that short incoherent phonon pulses (heat pulses) can

be used to irreversibly switch the magnetization direction in the ferromagnetic

semiconductor (Ga,Mn)(As,P), while no switching was found to be induced by

coherent phonon pulses (strain pulses).

Both coherent and incoherent phonon pulses were generated by focusing in-

tense fs laser pulses on a metal film deposited on the back of the sample substrate

and their arrival at the (Ga,Mn)(As,P) film on the other side of the substrate was

97



Fast switching of the magnetization in (Ga,Mn)(As,P) using phonon pulses

detected electrically, by measuring the change in resistance of the film, patterned

into a Corbino disk geometry. The direction of the magnetization in the film was

also derived from measurements of its resistance, via the out-of-plane AMR.

Before the experiment was started, a thorough characterization of the as-

grown 100 nm thick layer of (Ga0.94,Mn0.06)(As0.91,P0.09) was carried out. XRD

measurements proved the presence of a small in-plane tensile strain in the film,

while SQUID magnetometry measurements showed that the film is characterized

by in-plane magnetic anisotropy and that the reversal of M from the positive to

the negative perpendicular-to-plane direction and vice versa occurs in two switch-

ing steps, as desired. MOKE imaging measurements revealed the formation of

magnetic domains during these switching steps. Finally, transport measurements

showed that the resistivity of the film is relatively large, as is typical of as-grown

(Ga,Mn)(As,P) samples. However the chosen Corbino disk geometry allowed

to work with a low value of the resistance, which is necessary to achieve good

temporal resolution in electrical detection measurements.

Static magnetotransport measurements clearly demonstrated that the acous-

tic excitation is effective in varying the magnetic anisotropy of the sample and, in

particular, that a single laser pulse can be used to assist an irreversible switch of

the magnetization between an almost in-plane direction to the perpendicular-to-

plane direction. Time-resolved magnetotransport measurements were then per-

formed and it was found that the switching process is not triggered by the strain

pulse, but rather by the TA heat pulse, that reaches the sample ∼ 30 ns after

the strain pulse. It was moreover shown that this switching takes a time of ∼
35 ns and so is a relatively slow process, compared to the leading edge of the

TA heat pulse, which is consistent with its occurring via magnetic domains dy-

namics. The switching of the magnetization could be ascribed to the heat pulses

transiently heating-up the holes in the material, given that the holes mediate

the ferromagnetic interaction in (Ga,Mn)(As,P) and hence dictate its magnetic

anisotropy. However this explanation is not entirely convincing and the cause of

the switching of the magnetization as well as the lack of a switching effect from

the strain pulse are still open questions. It is though necessary to remark that

these results do not exclude the possibility that the strain pulse might have effects

on the magnetization of a transient nature that cannot be detected at the time

resolution of this experiment.
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Chapter 7

Summary and future work

Within the research field of semiconductor spintronics, the ferromagnetic semi-

conductor (Ga,Mn)As has played a major role. The large spin-orbit interaction

characteristic of the holes in the valence band of (Ga,Mn)As is responsible for

some of its most interesting properties, such as the magnetocrystalline anisotropy,

the magnetoelastic coupling and the extraordinary contributions to the magne-

totransport. Furthermore, the interplay between ferromagnetism and semicon-

ductivity, arising from the hole-mediated nature of the ferromagnetic interaction

in (Ga,Mn)As, allows for the remarkable possibility of manipulating its magnetic

properties by varying the state of the holes using non-magnetic parameters like

electric fields, electric currents, light or strain. This circumstance could be tech-

nologically useful to avoid the inefficient use of magnetic fields to write data in

magnetic memories. It must be remarked though that the highest Curie temper-

ature so far obtained for (Ga,Mn)As is still well below room temperature and

it does seem unlikely that (Ga,Mn)As will become a relevant material for future

technological applications. Nonetheless the study of (Ga,Mn)As remains a fervent

research area since it allows to explore a variety of novel functionalities and spin-

tronics concepts that could in future be implemented in other systems. For this

reason (Ga,Mn)As is often referred to as a test bench material for semiconductor

spintronics.

This Thesis contains the results of three experimental investigations that

demonstrate how different nonmagnetic approaches can be used to efficiently

manipulate the magnetic anisotropy in (Ga,Mn)As thin films. These include

generating strain via growing the magnetic film on lattice-mismatched substrates

(Chapter 4) or bonding it to a piezoelectric actuator (Chapter 5), and using short

phonon pulses (Chapter 6). The details of the results achieved in each experi-

mental Chapter are detailed in the following, together with plans for future work.

In Chapter 4 the properties of the ferromagnetic semiconductor (Ga,Mn)(As,P),

obtained by co-doping (Ga,Mn)As with phosphorus, were investigated through
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structural, magnetometry, transport and magnetotransport measurements. A se-

ries of 25 nm thick (Ga0.94,Mn0.06)(As1−y,Py) layers with y = 3%–10% were grown

on GaAs substrates via LT–MBE for this study. By varying y it was possible to

vary the sign of the in-built growth strain, to which the magnetic anisotropy

in (Ga,Mn)As is extremely sensitive. The fact that all the as-grown samples

were characterized by an in-plane magnetic easy axis, even when under in-plane

tensile strain, was ascribed to their high degree of carrier compensation. The as-

grown sample with y = 10% was even found to have a dependence of resistivity

with temperature typical of insulating (Ga,Mn)As. On the other hand, annealed

tensile-strained (Ga,Mn)(As,P) layers, i.e. with y ≥ 9%, were characterized by

a perpendicular-to-plane magnetic easy axis, consistent with their much lower

resistivities. TC was found to decrease upon increasing y for both as-grown and

annealed samples. Finally, it was demonstrated that a gradual reorientation of

the magnetic easy axis from an in-plane direction to the perpendicular-to-plane

direction can occur in tensile-strained samples not only upon post-growth an-

nealing, but also upon increasing the temperature. Considering all these aspects

(Ga,Mn)(As,P) results to be not only a useful material for studies where perpen-

dicular magnetic anisotropy is a necessary requirement, but also an extremely in-

teresting type of ferromagnetic semiconductor in itself, in which several schemes

to tune in-plane and perpendicular magnetic anisotropies are possible. For this

reason it could be useful in future to fully characterize also the magnetotransport

properties of this material, that have just been briefly addressed at the end of

the Chapter.

In Chapter 5 the effects of piezoelectric-induced strain on the magnetic aniso-

tropy of a highly-doped annealed (Ga,Mn)As sample were explored. Two devices

were prepared for magnetotransport and SQUID magnetometry measurements,

respectively consisting of two (Ga,Mn)As samples, one patterned into a Hall bar

and one left unpatterned, each bonded to a piezoelectric actuator, after thinning

their substrates. The measurements were all performed at a much higher temper-

ature (150 K) than previous investigations, where larger strains can be generated

by the actuators. It was shown that large and reversible rotations of the magnetic

easy axis can be achieved in these samples by varying the voltage applied to the

piezoelectric actuator, thus demonstrating that strain-mediated electric control

of ferromagnetism is effective even in the limit of high doping levels and high

Curie temperatures, where direct electric control of ferromagnetism via carrier

manipulation is not possible. Furthermore, the results obtained from magneto-

transport and SQUID magnetometry measurements were compared, extracting

the dependence of the piezo-induced uniaxial magnetic anisotropy constant upon

strain in both cases and discussing why the magnetotransoport measurements
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were believed to be more accurate than SQUID magnetometry measurements in

evaluating the inverse magnetostriction effects in (Ga,Mn)As-piezoelectric actu-

ator hybrid systems.

For future investigations, measurements of the piezoelectric-induced rotation

of the magnetic easy axis could be improved in several ways. Firstly it would be

interesting to find out whether the epoxy layer induces a strain on the (Ga,Mn)As

film in the absence of the piezoelectric actuator. Secondly it would be useful to

measure the initial strain state in (Ga,Mn)As that could arise from the anisotropic

nature of the thermal contraction of the piezoelectric actuator. For this pur-

pose a full-bridge strain gauge (i.e. four strain gauges connected in a Wheat-

stone bridge configuration) should be used, since its intrinsic compensation for

thermal-generated strain would allow one to measure just the strain induced on

(Ga,Mn)As by the anisotropic contraction of the actuator while cooling the de-

vice from room temperature down to the desired temperature. Furthermore, it

could be useful to use 100 µm or 150 µm thick GaAs substrates in order to avoid

the process of thinning the substrate by wet etching which could induce inho-

mogeneities in the substrate thickness and consequently in the transmission of

strain to the (Ga,Mn)As layer, especially in large SQUID samples. Even with

this improvement, however, the transmission of strain from the actuator to the

(Ga,Mn)As layer could still occur unevenly due to inhomogeneities in the thick-

ness of the epoxy layer, which is spread manually on top of the actuator. Indeed,

this layer of epoxy certainly represents a limiting factor in the interpretation of

the results and, more in general, in the reliability of the method. A possible

solution to overcome this problem and achieve efficient and reliable transmission

of strain from the actuator to the sample could be the direct deposition of a PZT

ceramic film on (Ga,Mn)As. The synthesis of high quality PZT thin films is well

established but typically requires temperatures in excess of 400 ◦C. Given the fact

that exposing (Ga,Mn)As to temperatures above ∼ 250 ◦C would be detrimen-

tal to its ferromagnetic properties, the PZT film should be synthesized at low

temperatures, using more unusual deposition techniques like the hydrothermal

method [166, 167]. Finally, it would be interesting to use piezoelectric actuators

to induce rotations of the magnetic easy axis from in-plane to out-of-plane di-

rections. This could be achieved using actuators generating a biaxial strain and

(Ga,Mn)(As,P) samples with Mn and P concentrations and post-growth anneal-

ing time carefully adjusted to obtain a small in-built growth strain.

Finally, Chapter 6 has presented the results of an investigation attempt-

ing to use ultrashort strain pulses to switch the magnetization direction in a

(Ga,Mn)(As,P) sample on fast time scales. These pulses were generated by emit-

ting intense fs laser pulses on a metal film deposited on the back of the sample
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substrate and their arrival at the (Ga,Mn)(As,P) film on the other side of the sub-

strate, as well as their effect on the magnetic properties of the film, was detected

electrically. It was indeed demonstrated that a single laser pulse can be used

to assist an irreversible switch of the magnetization between an almost in-plane

direction to the perpendicular-to-plane direction. However, time-resolved mag-

netotransport measurements showed that the switching is not triggered by the

strain pulse, but rather by the transverse heat pulse, the latter being generated at

the same time as the strain pulse during the optical excitation of the metal film.

It was shown that the switching is a relatively slow process, since it occurs via

magnetic domains dynamics; while possible mechanisms were speculated, some

aspects of the results still remain unclear, including the lack of a switching effect

induced by the strain pulse.

The greatest improvement to this experiment could be obtained by perform-

ing optical pump-probe measurements rather then electrical one to increase the

temporal resolution. This could allow to detect the presence of possible transient

effects of the strain pulse on the magnetic properties of the sample. Furthermore,

the effects of the strain pulse might be increased using a thin (Ga,Mn)(As,P)

layer (∼ 25 nm) with a thicker GaAs layer (∼ 200 nm) grown on top of it. In

this way the strain pulse would be maximized in the (Ga,Mn)(As,P) layer with-

out suffering the reduction of amplitude caused by the destructive interference

between the strain pulse travelling towards the open surface and back away from

it. The only drawback of this approach would be the impossibility of annealing

the (Ga,Mn)(As,P) layer.
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Appendix A

Angles definition

The angles consistently used throughout this thesis are defined in Fig. A.1.

[110]

[1‐10]

[001]

M

H

I

α

β

θ

γ

ψφ

Figure A.1: Definition of the angles consistently used throughout this thesis.
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Appendix B

List of acronyms

AHE Anomalous Hall Effect

AMR Anisotropic MagnetoResistance

BEP Beam Equivalent Pressure

DC Direct Current

DMM Digital MultiMeter

DMS Dilute Magnetic Semiconductors

GMR Giant MagnetoResistance

IMR Isotropic MagnetoResistance

LA Longitudinal Acoustic

LT–MBE Low-Temperature Molecular Beam Epitaxy

MBE Molecular Beam Epitaxy

MOKE Magneto-Optical Kerr Effect

MRAM Magnetoresistive Random Access Memory

NPBS Non-Polarizing Beam Splitter

OHE Ordinary Hall Effect
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List of acronyms

PZT lead (Pb) zirconate (Zr) titanate (Ti)

RAM Random Access Memory

RF Radio Frequency

RHEED Reflection High-Energy Electron Diffraction

SAW Surface Acoustic Wave

SQUID Superconducting QUantum Interference Device

TA Transverse Acoustic

TMR Tunneling MagnetoResistance

XMCD X-ray Magnetic Circular Dichroism

XRD X-Ray Diffraction
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Appendix C

Conversion of magnetic units

The units of the magnetic quantities used in this thesis are listed in Tab. C.1

for both the cgs (centimetre-gram-second) and SI (Système International) unit

systems, alongside the conversion factors between them.

Quantity Symbol cgs units Conversion factor SI units

Magnetic induction B G 10−4 T

Magnetic field strength H Oe 103/4π A/m

Volume magnetization M emu/cm3 103 A/m

Magnetic moment m emu, erg/G 10−3 A·m2, J/T

Volume susceptibility χ emu/cm3 4π dimensionless

Energy density E erg/cm3 10−1 J/m3

Magnetic anisotropy constant K erg/cm3 10−1 J/m3

Table C.1: List of the units of the magnetic quantities used in this thesis for both
the the cgs and SI unit systems. The SI units are obtained multiplying the cgs
units by the corresponding conversion factor.

The definition of the quantities B, H and M differs in the two unit systems,

being:

B = H + 4πM, (C.1)

in the cgs system and:

B = µ0(H + M), (C.2)

in the SI system, where µ0 is the vacuum permeability.
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A. Piotrowska, T. Dietl, and B. L. Gallagher, Phys. Rev. B 71,

121302 (2005).

[81] E. C. Stoner and E. P. Wohlfarth, Phil. Trans. Roy. Soc. A 240,

599 (1948).

[82] T. Shono, T. Hasegawa, T. Fukumura, F. Matsukura, and

H. Ohno, Appl. Phys. Lett. 77, 1363 (2000).

[83] U. Welp, V. K. Vlasko-Vlasov, X. Liu, J. K. Furdyna, and T. Wo-

jtowicz, Phys. Rev. Lett. 90, 167206 (2003).

[84] A. Van Esch, L. Van Bockstal, J. De Boeck, G. Verbanck, A. S.

van Steenbergen, P. J. Wellmann, B. Grieten, R. Bogaerts,

F. Herlach, and G. Borghs, Phys. Rev. B 56, 13103 (1997).

[85] P. M. Krstajic, F. M. Peeters, V. A. Ivanov, V. Fleurov, and

K. Kikoin, Phys. Rev. B 70, 195215 (2004).

[86] V. Novák, K. Olejńık, J. Wunderlich, M. Cukr, K. Výborný,
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