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Introduction

The subject of my thesis manipulation of magnetic anisotropies in ferromagnetic

thin epitaxial semiconducting layers is situated in the field of spintronics. In spin-

tronics it is the spin dependent electronic transport properties which are used to

create new structures and functionalities. It was first exploited in purely metallic

materials and was highlighted by the 2007 Nobel prize in Physics awarded to Albert

Fert and Peter Grünberg. The interesting challenge is to combine these functions

with semiconductor materials of technological importance such as Si and the III-V

compounds. Materials naturally magnetic and semiconductor in nature, like (EuO,

GdN) do exist but their Curie temperature remains low essentially due to the weak

magnetic coupling of the localized electrons of the magnetic atoms and the delo-

calized electrons. They are usually also difficult to grow and their quality remains

far from the semiconductor technology grade. Their low Curie temperature, large

defect concentrations, difficulties of doping, and weak compatibility with existing

semiconductor technology render these materials not well suited for applications up

to now.

The alternative route is to render artificially magnetic a conventional semicon-

ductor material. This is a priori possible by convincing a magnetic impurity to

incorporate the semiconductor matrix. The material is then called: “Diluted Mag-

netic Semiconductor” (DMS). A theoretical work by Dietl et al.[37] based on mean

field calculations predicted ferromagnetism above room temperature for different

p type semiconductors doped with 5% of magnetic Mn ions. The danger of this

approach, where magnetism is induced by extrinsic atoms, is of course to generate

ferromagnetism from magnetic clusters or second phase formation during the growth

of the alloys. Up to now, experimental results do not confirm these predictions which

have been, in the meantime, questioned by others, but nevertheless a large numbers

of experimental and theoretical studies have been initiated in this context.

So far, only the (III,Mn)V alloys have shown to satisfy to predictions of ferro-

magnetism. Among them, (Ga,Mn)As is the best understood DMS material and has
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been widely studied in the last decade. It becomes ferromagnetic for Mn concen-

tration higher than 1%, but can be prepared with much higher Mn concentration,

up to 25%, thanks to sophisticated growth techniques. A Curie temperature up

to 195 K has been demonstrated. The high quality of this system allows to use it

as a model system to understand and test the coupling between the ferromagnetic

ordering and external parameter to “tailor” its ferromagnetic properties. Whereas

its basic properties are well known hybride structures dedicated to manipulate the

anisotropies and the Curie temperature by external perturbations such as an elec-

tric field, optical spin injection or by applying a strain are now actively studied. In

this field (Ga,Mn)As has some limitations linked to the dependence of all proper-

ties on the Mn doping level. I will show in this work that quaternary alloys with

phosphorous are a promising alternative as the strain can be modulated widely and

independently from the Mn.

In my PhD work, I have studied for the first time the magnetic properties of

such quaternary ferromagnetic alloys (Ga,Mn)(As,P). My results confirm that these

alloys have indeed some important advantages over (Ga,Mn)As and can be grown

with excellent quality by LT-MBE on GaAs substrates. Whereas in (Ga,Mn)As

the magnetic anisotropy is intimately related to the Mn doping level and cannot

be changed easily in an independent way this can be done in the (Ga,Mn)(As,P)

epitaxial films via the phosphorous concentration. I have shown that it is possible

to engineer the easy axis of magnetization to in-plane or out-of-plane with adequate

phosphorous doping. With intermediate P levels critically strained layers with negli-

gible uniform anisotropy can also be obtained. In addition the electronic properties

of the Mn acceptor change also with the phosphorous concentration which allows us

to explore different conductivity regimes (free carriers/ impurity band conduction).

The results of combined FMR, SQUID and transport measurements on epitaxial

(Ga,Mn)(As,P) layers with different phosphorous and Mn concentrations grown by

low temperature MBE on GaAs(001) are presented in Chapters 3 and 4.

MnAs is an interesting ferromagnetic metal which can also be grown epitaxi-

ally on GaAs and (Ga,Mn)As. It is ferromagnetic up to room temperature and

presents a mixed phase between 0°C and 30°C which gives rise to to self organized

stripes of ferromagnetic alpha phase and paramagnetic beta phase regions. We

have studied the magnetic anisotropy of ultrathin MnAs layers grown on GaAs(111)

and (Ga,Mn)As(001) by FMR spectroscopy and SQUID. Due to the high intrinsic

anisotropy of the hexagonal MnAs we had to use high frequency FMR (115GHz) to
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perform these studies. We have equally investigated the coupling between the two

ferromagnetic layers in MnAs/GaMnAs bilayers. The results are given in chapter 5.

The magnetization dynamics will be of importance for device applications as it

limits the device speed. The rate at which magnetization reach equilibrium is de-

scribed by the Gilbert damping factor, introduced in the Landau-Lifschitz equation

as a phenomenological term. It was recently shown that it could be justified by first

principles calculations of the time evolution of spin observable in the presence of the

spin orbital terms [73]. Our results presented chapter 6 questioned the scalar nature

of the damping factor considered up to now to describe the relaxation phenomenon

and the magnetic domain wall propagation.

Before presenting the experimental results, I will review in the first chapter the

general properties of (Ga,Mn)As and (Ga,Mn)(As,P) alloys and will then introduce

briefly, in chapter 2, the basis of the experimental methods that were mainly applied

in this work.
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Chapter 1

Ferromagnetic Semiconductors

1.1 Spintronics

Spintronics, a subject at the intersection between magnetism, micro-electronics

and nano-physics, is a new field of research which is in rapid expansion. Spintronic

devices based on the giant magneto-resistance (GMR) are one of the key elements in

information technology. The GMR, discovered by Albert Fert and Peter Grünberg

in 1988 (for which they obtained the 2007 Nobel Prize in Physics) [1, 2], exploits

the influence of the spin of the electrons on the electrical conduction in a magnetic

multilayer composed of alternate ferromagnetic and non-magnetic layers, Fe and Cr

for example. Since then, other promising new subjects have been developed like the

phenomena of spin transfer, spintronics with semiconductors, molecular spintronics

or single-electron spintronics [59, 60, 8].

Spintronics with semiconductors should ideally rely on the use of ferromagnetic

semiconductors compatible with technologically important materials like Si, Ge or

the III-V compounds. However these basic semiconductors are not ferromagnetic but

can be made so when alloyed with magnetic impurity ions; Ga1−xMnxAs is such

a case and has been widely studied in the last decade. Its fundamental properties

are now well known and more sophisticated hybrid structures are currently under

investigation as they allow electrical or optical control of its properties. A particular

effort is dedicated to the control of the magnetic anisotropies by an applied electric

field [24, 23], as well as the study of TMR (Tunnel Magnetoresistance) and TAMR

(Tunneling Anisotropic Magnetoresistance) effects [47, 48].
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1.2 Diluted magnetic semiconductors (DMS)

Diluted magnetic semiconductors (DMS) can be realized by alloying with mag-

netic ions most often 3d transition metal ions. The semiconductor GaAs which is

widely used in micro-electronic has attracted most attention due to the relatively

high Curie temperatures which already been obtained and the even higher ones pre-

dicted. To make these materials ferromagnetic Mn is a dopant of choice due to the

high spin state of the Mn+2 ion and its high solubility.

The DMS materials have some advantages intimately related to their band-

structure, lower carrier concentrations and longer spin coherence length as compared

to metallic ferromagnetic layer.

In II-VI based DMS, the magnetic interaction is generally dominated by anti-

ferromagnetic super-exchange, which leads to anti-ferromagnetic or spin-glass behav-

ior. Long range ferromagnetic ordering even though with a low critical temperature

has been demonstrated in some II-VI DMS, (Cd,Mn)Te [50], (Zn,Mn)Te [58] and

room temperature ferro-magnetism in (Zn,Mn)Te [137]. Contrary to mean field the-

ory predictions by Dietl et al.[34], of Curie temperatures near room temperature for

5 % Mn doped p-type GaN and ZnO reliable experimental results for such materials

have not yet been reported.

Carrier-induced ferromagnetism has clearly been observed in different III-V DMS

epitaxial films. The first publication concerned In1−xMnxAs [108, 113] and later

Ga1−xMnxAs [14]. These films had to be grown by low temperature molecular beam

epitaxy (LT-MBE) to allow the incorporation of magnetic atoms at considerably

higher concentration than possible under thermal equilibrium conditions. Due to

the acceptor character of the Mn dopant they are p-type III-V DMS the magnetic

properties of which are strongly influenced by the valence band structure and the

hole concentration [111].

1.3 Diluted ferromagnetic III-V semiconductors:

Ga1−xMnxAs

In this section I will first present the lattice and electronic structure of the III-

Mn-V DMS Ga1−xMnxAs. Then I will address the current understanding of the

origin of the ferromagnetism in this material and finally discuss how the valence

band structure and magnetic anisotropies are related.
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Figure 1.1: Lattice of Ga1−xMnxAs showing unit cell with defects: MnI and AsGa

are represent Mn interstitial and As anti-site respectively[100].

1.3.1 Lattice Structure

III-Mn-V DMS Ga1−xMnxAs crystallizes in the zinc-blende structure. In fig.

1.1, we show the GaAs unit cell with the relevant defects induced by the growth

conditions. For low doping levels the Mn atom substitutes exclusively a Ga atom,

whereas for higher doping levels (> 1019cm−3) Mn interstitial (MnI) ions are also

formed. The incorporation of Mn at several at % does modify the lattice constant

from that of undoped GaAs. The low temperature MBE growth introduces also

other native defects, in particular arsenic anti-site (AsGa) defects which are known

to further modify the lattice constant. The electrical compensation in these films

can not be neglected due to the presence of these defects which are both double

donors [80]. When Mn is incorporated on a Ga site, it is a single acceptor, providing

the holes required to mediate the ferromagnetic interaction between the local mag-

netic moments of the substitutional Mn atoms. The solubility of Mn in the GaAs

matrix at thermal equilibrium under normal growth conditions is only about 0.1

%. To increase the doping above this level a non equilibrium growth technique, low

temperature molecular beam epitaxy (LT-MBE) is required. With this technique

total Mn concentrations of up to 20 % have been achieved in ultra-thin films.

The magnetic properties of as grown films are deceiving: low critical temper-

atures (< 50K) and low hole concentrations (< 1020cm−3). Post growth thermal

annealing at temperatures between 200 °C and 250 °C allows to overcome at least

partially this problem due to the out-diffusion of interstitial Mn ions to the surface.
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The efficiency of the annealing depends on the surface state: free surface, presence

of capping layers such as GaAs or a-As and is further influenced by the anneal-

ing atmospheres such as nitrogen, oxygen, air and vacuum. Each laboratory uses

slightly different annealing conditions as concerns the duration and temperature,

atmosphere for the optimization of the films. In our case standard conditions of 1h

annealing at 250°C under vacuum have been used.

Post growth thermal annealing is an important treatment necessary to optimize

the magnetic properties of Ga1−xMnxAs. The thermal annealing allows to modify

the defect concentrations, mainly MnI . Thus the electrical compensation and the

lattice mismatch related strain are modified. According to calculations based on

the full-potential linearised plane-wave method, substitutional Mn will reduce the

lattice constant whereas the presence of AsGa and MnI lead an expansion of the

lattice constant [103]. As the concentrations of the AsGa and MnI defects are in

general not known and in fact not easy to determine correlations between defects

concentrations and lattice constants are rather unreliable [135, 172].

The As anti-site defects are not removed by this low temperature annealing.

They are stable up to 450 °C but such high annealing temperatures cannot be used

as they would precipitate the substitutional Mn ions and form granular layers with

embedded MnAs clusters. The As anti-site concentration is also sensitive to the

growth conditions: th use of As2 dimer molecules instead of As4 during the MBE

growth[19] and a low As/Ga flux ratio[52] will reduce its importance .

1.3.2 Electronic Structure of substitutional and interstitial

Mn

The electrical properties of the manganese ions in Ga1−xMnxAs depend strongly

on the crystallographic position. We consider here first the case where the Mn

is located on the Ga cation site. In Ga1−xMnxAs, the atoms have the following

electronic configurations: [Ar]3d104s 2 p1 for Ga, [Ar]3d54s 2 for Mn, and [Ar]3d10

4s2p3 for As.

As the Mn atoms are substituted for trivalent cations they introduce an acceptor

state which in the neutral charge state A0 should lead to a Mn+3 ground state.

However due to a high de-localization of the hole wave-function the ground-state is

usually described by the configuration (3d5+hole) which leaves the Mn ion in the

high S=5/2 spin state. The neutral and ionized Mn ion in highly doped samples

with de-localized holes will have a 6A1 ground-state (zero angular momentum (L=0)
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and spin S=5/2) and a Landé g factor g=2.00. The tetrahedral crystal field induces

a splitting of the 3d levels of Mn into two groups, t2g (3dxy, 3dxz,3dyz) and eg

(3dx2−y2 , 3dz2). These levels are further modified by the p-d hybridization. Electron

spin resonance(ESR) [152] measurements and infra-red absorption measurements

[95] have been used to determine the ground state of the Mn atoms. Depending

on the dopant concentration the associated p-type conductivity is either thermally

activated, impurity band type or metallic for the highest doping values.

GaAs is an intermediate band-gap material with a gap energy of Eg=1.5 eV at

low temperature (T≈0). The substitutional Mn dopant introduces an acceptor level

-/0 at 113 meV above the valence band [169], with a Bohr radius of aB=7.8 A°.

When the concentration of the Mn increases above 1018cm−3 the acceptor states will

start to overlap and form an impurity band. At high Mn (x>0.03) concentration the

impurity band will merge with the valence band, leading to the insulator-to-metal

transition characterized by a temperature independent resistivity [78].

The role of interstitial manganese in Ga1−xMnxAs has been studied by Kacman

et al.[39]. In principle MnI can occupy either a tetrahedral or a hexagonal interstitial

site. The main information about the actual site occupation stems from PIXE and

RBS channelling experiments. According to these results MnI occupies mainly one

tetrahedral interstitial site surrounded by negatively charged As nearest neighbors.

As in p-type material the MnI donor will be fully ionized (Mn+2
I ) with a ground

state 6A1 one might wonder whether it can contribute to the ferromagnetic phase.

According to Kacman et al.[39] Mn+2
I has only a negligible kinetic exchange constant

and will thus not be expected to contribute to the ferromagnetism in such layers.

However, if they occupy sites near a substitutional Mn ion anti-ferromagnetic cou-

pled MnGa-MnI pairs will form with a coupling energy of 0.3 eV which will reduce

the magnetization of the layers.

1.3.3 Origine of Ferromagnetism

1.3.3.1 Exchange Interaction

Exchange interaction is the source of the long range magnetic order in ferromag-

netic materials. It is basically an electrostatic interaction, reflecting the energy gain

arising from the separation of charges of the same sign. Indeed, when electrons have

the same spin state, the orbital wave function must be antisymmetric, lowering the

probability to find electrons close together.

If the exchange interaction occurs between electrons localized on neighboring
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ions, it is called direct exchange. Because efficient direct exchange implies an im-

portant overlap of the magnetic ions wave functions, it does not explain the magnetic

ordering occurring in many magnetic materials, and especially in DMS, for which

indirect exchange interactions are generally predominant.

Super-exchange (Kramer) is a mechanism which allows to increase the range

of the direct exchange. Super-exchange interaction can couple two magnetic ions

separated by a non magnetic atom. The interaction is mediated by the non magnetic

ion which becomes spin polarised because the transfer of one of its electron to one

of its magnetic neighbour is spin dependent. In (III,Mn)V alloys, super-exchange

contributes to anti-ferromagnetic interaction between neighbouring Mn.

Double exchange (Zener) occurs when the magnetic ions have a mixed valency.

Manganese for example undergoes double exchange in substoichiometric LaSrMnO3

where both the Mn+3 and Mn+4 oxidation states coexist. The coupling is, in this

case, explained by the difference in the probabilities, for one electron of a given

spin state, to hop from one magnetic ion to another. The hopping is indeed much

less probable if the electron is not spin polarised like the electrons of the receiving

ions. In (III,Mn)V materials, a different type of double exchange -kinetic exchange-

controls the magnetic properties of low doped films and wider gap materials. Indeed,

Mn acceptor states at concentrations beyond the Mott transition form an impurity

band, participating to the electrical conduction, and thus induce a carrier mediated

double exchange between Mn+2 ions.

Carrier mediated exchange interaction can be also encountered in metals where

the conductions electrons are spin polarised by interaction with the localised mo-

ments of magnetic ions. This indirect exchange mechanism was formalised by Ru-

derman, Kittel, Kasuya and Yosida and is called RKKY interaction. The exchange

coupling constant depends on r, the distance between the localised moments and,

assuming a spherical Fermi surface of radius kF , is proportional to cos(2kF r)/r3.

Consequently, the sign of the coupling depends on the distance between the mag-

netic ions (i.e. their concentration), which can then be either ferro- or antiferromag-

netically coupled.

Finally, kinetic exchange (Zener) applies to localised moment coupled through

polarised itinerant carriers. The s- or p- band itinerant carriers propagate the spin

polarisation between the localized moments. When the coupling is weak (weak

polarisation of the carrier) the effect is well described by the RKKY theory.
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Figure 1.2: Schmetic presentation of two coupled system: a direct antiferromagnetic

interaction between the itinerant holes and the localized Mn magnetic moments and

an indirect ferromagnetic interaction between the Mn magnetic moments resulting

from their coupling to the holes.

1.3.3.2 Carrier Induced of Ferromagnetism

In Ga1−xMnxAs, the interaction between the magnetic moments of the Mn ions

depends strongly on the conductivity regime, i.e., impurity band or metallic con-

duction and the Mn (magnetic moment) concentration [79]. The dipole-dipole in-

teraction between Mn ions can be neglected for Ga1−xMnxAs because of the DMS

nature of this material, which leaves the electron spin, the Pauli exclusion principle

and the repulsive Coulomb interaction, as the principal parameters determining the

ferro-magnetism.

The number of local moments participating in the ordered state and the number

of holes may differ from the number of substitutional Mn impurities in the system due

to presence charge and moment-compensating defects and an effective Mn doping

must be given in addition to the total doping level.

At low dopant concentrations the average distance between substitutional Mn

impurities is much larger than the impurity effective Bohr radius. In this case the

holes remain localized at the Mn ions [121]. Ferromagnetism has only been observed

for doping concentrations above 1% [125, 115].

At even higher Mn concentration the impurity band gradually merges with the

valence band [88] and the impurity states become fully de-localised. In these metallic

ferromagnets Ga1−xMnxAs, the coupling between Mn local moment is mediated by

the p-d kinetic-exchange mechanism [35, 38, 105, 76, 78] (fig. 1.2).
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1.3.4 Band Structure

As the de-localised carriers in degenerate Ga1−xMnxAs films are in the valence

band of the GaAs host material, they can be described in
−→
k . −→p perturbation

theory. The valence band in GaAs consists of four subbands when spin is neglected

and each band is twofold degenerate is the spin is included. Three of the bands are

degenerate at
−→
k =

−→
0 and form the upper edge of the band. The two top valence

band can be approximately described by parabolic bands with different curvatures,

the so-called heavy hole (HH) and light hole (LH) bands. The total Hamiltonian

is composed of the Kohn-Luttinger
−→
k .−→p Hamiltonian, the p-d exchange term, the

strain Hamiltonian and the one of the Zeeman effect:

Htot = Hk.p +Hechange +Hstrain +HZeeman (1.1)

In the absence of the exchange interaction and the strain, the heavy holes (jz =

∓3/2) and the light holes (jz = ∓1/2) constitute the band Γ8 which is four times

degenerate at the center of the Brillouin zone. They are mainly composed of the

hybridized As sp orbitals. The lower valence band Γ7 is separated by the spin orbit

coupling, 4SO, by 340 meV which in GaP reduces to 80 meV.

The exchange Hamiltonian between the 3d electrons (
→
Si) of Mn and the carriers

(
→
σj) can be written in the following way:

Hech =
∑
i,j

J(rij)
→
Si
→
σj (1.2)

It is in general solved within the mean field and virtual crystal approximations.

The exchange Hamiltonian between the valence and conduction bands and the lo-

calised 3d electrons of Mn (i.e. Hsd and Hpd respectively) can then be written as:

Hsd = −xMnN0α <
→
S> .

→
σ (1.3)

Hpd = −xMnN0β <
→
S> .

→
σ (1.4)

where <
→
S> is the mean field magnetic spin, xMn magnetic ion concentration.

Here, symbol β used for comparison with the case DMS II-VI where its is used

instead of the pd exchange interaction (Jpd) and N0 instead of J0. There is no report

concerning measurements of N0α for Ga1−xMnxAs . Its value in II-VI magnetic

semiconductor has been measured as 0.2 eV [63]. The exchange integral constant,

obtained from photo-emission measurements is Jpd=54 ∓ 9 meV nm3 [116].
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A non-zero magnetization oriented parallel to the z-direction, will split the con-

duction band and valence bands:

4 Ec = xMnN0α < Sz > σz (1.5)

4 Ev = xMnN0
β

3
< Sz > jz (1.6)

The shift of the energy of the heavy holes (jz = ∓3/2) is 3 times larger than that

of the light holes (jz = ∓1/2).

The tetragonal deformation of the lattice induced by the lattice mismatch be-

tween the film and the substrate lifts the degeneracy of the heavy and light holes

which split by an amount of 2bQε. b is the deformation parameter (for GaAs is

=1,7). Neglecting the hydrostatic deformation Qε it can be expressed as a function

of the tensorial deformation εij and the elastic moduli by:

Qε = εzz −
εxx + εyy

2
= εxx|1− 2

C12

C11

| (1.7)

The sign of the epitaxial strain has a direct impact on the relative position of of

the light and heavy hole bands at
−→
k =

−→
0 . It is shown that the effect is opposite

for the layers under compression or extension.

At the center of the Brillouin zone, the exchange coupling can be expressed in

terms of the reduced in-plane and normal-to-plane magnetization, mxy =
M2

x+M2
y

M2

and mz = Mz

M
respectively given by:

4εHH
= 6BGmz (1.8)

4εLH
= 2BG

√
m2
z + 4m2

xy (1.9)

where BG = βM
6gµB

is the hole splitting parameter. The heavy holes are pure spin

states [(X ∓ Y ) ↑], while the light holes are mixed states [(X ∓ Y ) ↑ ∓2Z ↓].
The valence band is anisotropic, due to the non-parabolic character of the bands,

the spin-orbit coupling, the epitaxial strain, and the exchange interaction.

1.3.5 Magnetic Anisotropy

The strong spin-orbit coupling interaction makes the band structure sensitive to

the direction of the magnetization which gives rise to magneto-crystalline anisotropy.
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Figure 1.3: Anisotropy energy 4E=E(M‖)-E(M⊥) (kJ m−3 calculated for x=8%

(left) and x=4% (right), strain tensor e0=-0.2%. Positive(negative) 4E corresponds

perpendicular easy axis (in-plane easy axis). Arrows mark anisotropy transitions

driven by a change of temperature and hole density[171].

1.3.5.1 Shape Anisotropy

Magnetic shape anisotropy is the consequence of long-range dipolar interaction.

The surface divergence of the magnetization gives rise to a demagnetization field.

The shape anisotropy energy per unit volume is EA=µ0
2

M2cos2θ, where θ is the

angle that saturation magnetization M subtends to the normal plane. Because of

the small value of the saturation magnetization in the DMS, the in-plane vs out-of

plane shape anisotropy EA is only about 1.4 kJ/m3 (0.06 T) for Mn doping x=5 %

[171].

A main property of Ga1−xMnxAs is the fact that the shape anisotropy is weak

as compared to the spin-orbit coupling induced magneto-crystalline anisotropy.

1.3.5.2 Magneto-crystalline Anisotropy

The magnetization measurements have shown that the in-plane or perpendicular-

to-plane easy axis direction is exclusively determined by the sign of the growth-

induced strain in typically at 5 % Mn doped thin films on GaAs(001). An in-plane

easy axis develops for films with compressive strain whereas a tensile strain results in

a perpendicular-to-plane easy axis. The magneto-crystalline anisotropy varies with

the strain, hole density, Mn concentration and temperature. Recently, Zemen et

al.[171] have published a detailed calculation of the easy-axes of magnetization for
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Figure 1.4: Valence band and conduction band offsets across the family of III-VI

semiconductors. The Mn acceptor level is kept constant in this diagram according

to the empirical internal reference rule[102].

various configurations and compared them with the published experimental results

[140, 157, 158, 138, 97]. A change of orientation of the easy axes can be induced by

changes in the material parameters, i.e., Mn concentration, hole concentration, strain

and by the temperature. In fig.1.3, we show the difference 4E in the total energy

density for the magnetization lying in-plane [Etot(M‖)] and out of plane [Etot(M⊥)]

as a function of the hole density and temperature for a compressive strained film.

Solid arrows mark easy axis behavior as a function of doping and temperature which

have been observed experimentally. At low hole densities, the reorientation with

increasing temperature of the easy axis from a perpendicular-to-plane to an in-plane

direction has been observed. Increasing the temperature at high hole densities can

induce a switching of the easy direction from in-plane to perpendicular to-plane.

The in-plane easy axis direction is also a function of strain, temperature, Mn and

hole concentration and the [100], [110] and [1-10] directions are not equivalent.

The components of the magneto-crystalline anisotropy can be described in terms

of the free energy density with terms dependent on the crystal symmetry. In the

mean field model two anisotropy constants (uni-axial and cubic) with in-plane and

out-of-plane components had to be introduced to interpret the experimental findings.

All these parameters and their contribution to the determination of the easy axes

are discussed in detail in the following chapter.
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Figure 1.5: Variation of the lattice parameter of GaAsP as a function of P concen-

tration for T=25°[127].

	  

Figure 1.6: Band gap energy and peak energy of two photo-luminescence bands B

I, B II as a function of Phosphorous concentration; T=77 K[53].

16



1.4 Quaternary ferromagnetic semiconductors:

Ga1−xMnxAs1−yPy

The related III-V compound GaP has been extensively studied as concerns its

electronic structure and the electronic states introduced by the 3d transition metal

ions such as Mn [11, 28]. GaP is a high gap indirect band semiconductor. As shown

in fig.1.4 the valence band maxima and conduction band minima shift to higher

energies as compared to GaAs when the Mn vacuum level is taken as a reference[102].

GaP has a smaller lattice constant than GaAs, favoring a priori a stronger exchange

interaction in GaMnP. However the wider bandgap results in a stronger localisation

of the holes which modifies the electronic states of the Mn acceptor into Mn+2 and

Mn+3. In fact, there have been no reports of a metallic conduction state in GaMnP.

Scarpulla et al.[141] have prepared GaMnP by ion implantation followed by pulse

laser annealing with maximum x≈0.06 and Tc=60K [141]. These authors found

that the samples prepared by this technique were always insulating. The two times

smaller Curie temperature of GaMnP compared to GaMnAs prepared under similar

condition has been attributed to the shorter range of the magnetic interaction in the

impurity band regime.

	  

Figure 1.7: Composition dependence of the spin orbit splitting energy 40 of the

valence band[56].

The mean-field Tc calculation by Masek et al.[102] have predicted an increase of

the Curie temperature in highly doped GaMnAsP alloys. In the mean-field kinetic-
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Figure 1.8: Estimated energy positions relative to the valence band maximum of the

Cu and Mn deep defects and the shallow C center vs the alloy composition[54].

exchange model the Curie temperature of a III1−xMnxV magnetic semiconductor

scales as Tc ∝ J2
pdx/Ωu.c [102],

Tc ∝ a−11
lc (1/|Ed↑|+ 1/|Ed↓|)2 (1.10)

where Jpd is kinetic-exchange interaction, Ωu.c is the volume of the unit cell of the

zinc-blende crystal with a lattice constant alc and |Ed↑| and |Ed↓|) are the distances

of the occupied and empty atomic Mn d levels from EF . The second term in eq.1.10

is compared for GaAs and GaP. Tc strongly depends the first term in eq.1.10 which

considering alc = 5.653 A° for GaAs and alc = 5.450 for GaP.

The increasing ionization energy of the Mn acceptor level with the P concen-

tration is a factor that may reduce the formation of interstitial Mn ions [102]; this

makes these alloys interesting for high doping studies.

GaAs1−yPy forms a solid solution over the whole composition range y=0 to y=1.

Its structural and electronic properties vary monotonously between those of GaAs

and GaP. In fig.1.5, we show the variation of the room temperature lattice constant

18



a as a function of the alloy composition. We observe a linear variation from 5.65

A° in GaAs to 5.45 A° in GaP corresponding to the Vegard law. The variation of

the bandgap is non-linear as it changes from direct band gap for y<0.45 to indi-

rect bandgap for y>0.45 (fig.1.6) [53].The fact that P alloying decreases the lattice

constant turns out to be a convenient parameter to control the lattice mismatch be-

tween the Ga1−xMnxAs1−yPy epitaxial film and the GaAs substrate. This leads to

strong changes in the magneto-crystalline anisotropy as investigated in detail in the

following chapter. The spin orbit splitting of the valence band varies equally with

the P composition: it decreases linearly from 350 meV in GaAs to 110 meV in GaP

(fig.1.7) [56]. The ionization energy of the Mn acceptor varies linearly for 0< y <10.

In fig.1.8, we show its variation determined from low temperature donor-acceptor

photoluminescence spectra[54]. The multiple peak structure of this PL band had

been interpreted in terms of slightly different ionization energies depending on the

nearest neighbour configurations MnAs1−mPm (m=0...4). In our highly doped sam-

ple this distinction will smear out in a broadened band. The ionization energy of 400

meV in GaP determined from Hall effect, DLTS and photoionization measurements

shows the variation to be linear over the entire alloying range.

1.5 Manipulation of magnetic properties in ferro-

magnetic semiconductors

As discussed above, the anisotropic valence band structure, which depends on the

direction of the magnetization as well as on the hole concentration and strain, are

responsible for the magneto-crystalline anisotropy. The manipulation of the mag-

netization through modification of the strain and hole concentration have already

been investigated.

The manipulation of the magnetic properties of a ferromagnetic semiconduc-

tor by applying electric fields is of interest for applications in microelectronic and

spintronics devices. Ferromagnetic semiconductors Ga1−xMnxAs and related alloys

such as Ga1−xMnxAs1−yPy give the opportunity to control the electronic and mag-

netic properties by applying small voltages. The key issue is the hole concentration

dependence of the magnetic anisotropies in diluted ferromagnetic semiconductors.

Chiba et al.[24, 23] demonstrated that electrical manipulation of the magnetic

properties in a ferromagnetic semiconductor Ga1−xMnxAs with low-hole concentra-

tions is possible. These authors have observed that the uni-axial anisotropy µ0HU
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Figure 1.9: (left) The device comprises a metal gate (Cr/Au), an insulating layer

(ZrO2), and a ferromagnetic semiconductor GaMnAs layer. The gate voltage applied

between the metal gate and the GaMnAs layer induces an electric field (E), which

modifies the hole concentration ,p, in the ferromagnetic semiconductor GaMnAs.

The orientation of the magnetization varies as a consequence of the change in the

anisotropy constants. (right) a Dependence on E of the biaxial(µ0HB, open circle)

and uni-axial(µ0HU ,open triangles) anisotropy fields at 2K. b The magnetization

angle ϕ at H=0 (triangles) as a function of E, determined from µ0HB and µ0HU .

c Dependence on E of the sheet carrier concentration ρsheet, assuming a constant

mobility (filled circles) and an E-dependent mobility (filled triagnles), which give

the lower and upper limits of ρsheet, respectively[23].
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Figure 1.10: (left) A cross-section of the ferroelectric-gate field effect transistor (Fe-

FET) structure: the 7 nm Mn-doped layer is separated from the GaAs substrate by

a GaAlAs barrier. The top-to-bottom direction of the spontaneous polarization P

in the ferroelectric gate corresponds to the depletion state. (right) A polarization

reversal in the gate enables a non-volatile switching between accumulation and de-

pletion. Upper and lower inset are the polarization hysteresis loop of the gate driven

with 1 kHz triangle pulse and the curves of resistance versus temperature normalized

and zoomed in the region around the maximum occurring close to Tc [148].

is the most sensitive parameter to a change of the hole concentration obtained by

depletion in a charge space region E: the values of the uni-axial anisotropy µ0HU in-

creases with the electric field E and changes sign from negative to positive, whereas

the biaxial anisotropy µ0HB remains almost independent of E and the direction of

magnetization manipulated by changing E (fig.1.9). The variation of the uni-axial

anisotropy constant with the hole concentration has been predicted using p-d Zener

model Hamiltonian approach [38, 5, 37] and experimentally verified by Khazen thesis

[82].

Recently a non volatile control of the ferromagnetism has been demonstrated for

hybrid layers composed of a thin Ga1−xMnxAs layer with a top ferroelectric gate

[148, 129]. The polarization state of the ferroelectric gate leads to an accumulation

or depletion of the holes in the underlying Ga1−xMnxAs layer near the interface.

This significantly modulates the resistivity and the Curie temperature Tc (fig.1.10).

The observed small change in Tc is in good agreement with the predicted sub-linear

hole concentration dependence Tc(p) [55]. A reduced thickness and even lower low

hole concentration in the Ga1−xMnxAs layer should allow to amplify this effect.

In a different approach a low-voltage control of the magnetic properties of p-n
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junctions with ferromagnetic Ga1−xMn1−xAs being the p-type layer has also been

reported [120]. These authors have been able to vary the Curie temperature Tc and

Anisotropic Magneto-resistance(AMR) and demonstrated magnetization switching

induced by short electric field pulses of a few volts (less than 4V). This concept

of the spintronic transistor is distinct from high voltage metal-oxide-semiconductor

ferromagnetic field-effect transistors (FETs) [112, 24, 148].

The magnetic properties of ferromagnetic semiconductors can also be controlled

by magneto-elastic effects. The magnetization control by strain has been achieved

through epitaxial growth. The strain induced by the lattice mismatch between

the Ga1−xMnxAs layer and substrate has a huge effect on the orientation of the

magnetic easy axis [37]. In case of Ga1−xMnxAs epitaxial films with typical Mn

concentrations of 7 % a GaAs substrate provides compressive strain with an associ-

ated in-plane magnetic easy axis whereas an GaInAs substrate gives rise to a tensile

strain, leading to perpendicular-to-plane magnetic easy axis. More recently, strain-

induced magnetization control by alloying Phosphorous in Ga1−xMnxAs1−yPy has

been been investigated [31, 32, 91, 132]. More details are given in chapters 3 and 4.

In addition, the control of ferromagnetism with hybrid piezoelectric-ferromagnetic

Ga1−xMnxAs devices has been demonstrated in [131, 119, 10]. All those results of

strain-induced magnetization manipulation have been obtained in the static regime.

For a dynamical control of the magnetization, acoustic surface waves should

be one point research for DMS Ga1−xMnxAs [159]. The interaction of acoustic

waves with magnetic excitations in ferromagnetic, ferrimagnetic or antiferromagnetic

solids has been investigated both theoretically and experimentally [87, 4]. The main

interaction results from the coupling of acoustic waves (phonons) to spin waves

(magnons) through the strain induced modulation of the exchange interaction. It

leads to acoustic wave attenuation and velocity variations with both temperature

and magnetic field, from which fundamental information can then be derived. Qi

et al.[128] have recently been performed standard laser ultrasonic experiments in

Ga1−xMnxAs.

Studies applying ultra-fast (ps) light pulses have also be reported inGa1−xMnxAs

[130, 51, 164]. They appear to be a powerful tool to manipulate the magnetization

and measure its evolution at very short time scales.
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Chapter 2

Experimental techniques

We have used several complementary experimental techniques to investigate the

magnetic, transport and structural properties of the samples. Our principal tech-

nique is Ferromagnetic Resonance spectroscopy (FMR) but in addition SQUID mag-

netization measurements were required for the interpretation of the FMR results as

well as for the determination of the coercive fields and critical temperatures. Hall-

Effect measurements were also performed and showed their importance in the dis-

tinction between the different conductivity regimes. X-Ray diffraction measurements

allowed us to determine the uniaxial strain in our layers, a fundamental property

for the interpretation of the magnetic anisotropy. The Hall-Effect and X-Ray difrac-

tion measurements have been performed by the “Laboratoire de Photonique et de

Nanostructures” laboratory in Marcoussis. Magneto-optical Kerr spectroscopy was

performed on the same samples as those used for FMR by the group of C. Gourdon of

our laboratory. For the determination of the absolute phosphorous concentrations

in the Ga1−xMnxAs1−yPy samples we have performed Rutherford BackScattering

(RBS) experiments with I. Vickridge. In this chapter I present the theoretical back-

ground and experimental details of FMR and SQUID spectroscopy the techniques

which I have mainly used in this work.

2.1 Superconducting Quantum Interference De-

vice Magnetometry (SQUID)

The SQUID magnetometer (Superconducting Quantum Interference Device) is

an extremely sensitive technique well adapted for the measurement of weak magne-

tizations such as encountered in nm thin layers of DMS materials. It consists of one
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or more Josephson junction(s) placed in a vertical magnetic field. This device is a

very sensitive instrument for detecting very small changes of the magnetic flux. A

Josephson junction is made up of two superconductors separated by an insulating

layer. It has unique properties called the DC and AC Josephson effects, based on

the tunneling of Cooper pairs through the junction.

In the DC Josephson effect, the current is proportional to the phase difference of

the wave functions which can flow through the junction in the absence of a voltage.

In the AC Josephson effect, electrons will oscillate with a characteristic frequency.

The frequency is proportional to the voltage across the junction [173, 3].

In this thesis we have used a Quantum Design MPMS-DC SQUID magnetometer.

This magnetometer can be used in the temperature range 1.8 K to 400 K and in

magnetic field of up to 7 Tesla. It measures correctly magnetization down to 10−6

emu. The raw signal given by the SQUID [emu] is then normalized on the volume

of the magnetic layer to obtain the magnetization in emu/cm3.

The saturation magnetizations and Curie temperature of all samples were deter-

mined from the SQUID measurements. The hysteresis cycle measured for different

orientations of the sample relative to the vertical magnetic field gives also access to

the magneto-crystalline anisotropy of the samples which can be determined in more

detail by the FMR spectroscopy.

In the case of the multi layer structures we have also investigated the exchange

bias between two ferromagnetic layers by this technique. The major and minor

hysteresis loops can be determined by adequate magnetic field sweeps.

2.2 Ferromagnetic Resonance (FMR) Spectroscopy

The ferromagnetic resonance (FMR) spectroscopy is one of the most powerful

techniques to investigate the magnetic properties of ferromagnetic thin films. Asso-

ciated with SQUID measurements, it can determine important parameters such as

the magneto-crystalline anisotropy constants, the Curie temperature, the g-factor,

the Gilbert damping factor, the homogeneities of the magnetic layers and the spin

stiffness via spin-wave excitation detection. FMR has been also applied with success

to the study of exchange bias, ferro and anti-ferromagnetic coupling in metallic or

semiconductor multi-layers [29, 110, 42, 43]. In addition, its high sensibility and high

resolution allows even the investigation of ultra thin films, such as one monolayer of

Fe for example.
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FMR spectroscopy is based on the precessional motion of the magnetization in a

magnetic field. An applied static magnetic field causes the total magnetic moment to

precess around the effective magnetic field Heff . The motion of the magnetization in

the presence of a magnetic field is described by the Landau-Lifshitz-Gilbert equation

(LLG)[57]:

1

γ

∂
→
M

∂t
= −

[ →
M ×

→
Heff

]
+

α

γMs

(
→
M ×

∂
→
M

∂t

)
(2.1)

The first term on the right hand represents the precessional torque. The second

one, called Gilbert damping term, is phenomenological and is introduced to describe

the relaxation process of the magnetization. γ = g µB~ is the gyromagnetic ratio

where g is the Landé factor (g-factor), Heff is the effective field, sum of the external

and internal fields, α is the damping factor and Ms is the saturation magnetization.

Note that, the different contributions of the Heff can be linked to the free energy

F of the system:

∂F =
→

Heff .∂
→
M (2.2)

The precession of the magnetization is perturbed by a small magnetic field os-

cillating at a constant frequency, generating the so called resonance phenomenon

when this frequency is equal to the Larmor frequency. Considering external mag-

netic fields of the order of 0.3 T, the frequencies at which this phenomenon appears

are of the order of 1010 Hz for g factors close to 2. It is the magnetic component

of the microwave which is absorbed by the spin system in the resonance conditions.

The resonance equation can be obtained by solving the LLG equation.

To determine the resonance field Hres we used the free energy approach developed

by Smit-Beljers. This approach neglects the damping effect and assumes that the

sample is homogeneously magnetized (absence of magnetic domains). The precession

of the total magnetic moment with a free energy F occurs at a frequency f=ω/2π

given by the Smit-Beljers equation [57, 168]:

(
ω

γ

)2

=
1

M2
Ssin

2Θ

[
∂2F

∂Θ2

∂2F

∂Φ2
−
(

∂2F

∂Θ∂Φ

)2
]

(2.3)

where ω is the angular frequency of the microwave field. The equilibrium position

of the magnetization in a steady applied field is obtained from condition that the

free energy density first derivatives are zero:
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Fθ =
∂F

∂θ
|eq= 0 (2.4)

Fφ =
∂F

∂φ
|eq= 0 (2.5)

In a standard FMR experiment, the microwave frequency ωm is kept constant

(required by the use of resonant cavities) and the external magnetic field is swept

slowly over the field range (0...1.78 T). To increase the sensitivity we superpose a

small amplitude oscillating field on the quasi static field in order to allow a phase

sensitive detection. Typical values are a 100 kHz modulation with an amplitude of

10 Oe. Under these conditions the resonance spectrum will be the first derivative

of a Lorentzian line shape. Computer simulations allow to determine the resonance

field and the linewidth with a precision of < 1 Oe. The area under the absorption

curve which is obtained by a double integration of the experimental spectrum is

proportional to the static magnetization of the sample.

When the magnetic field is oriented along an easy direction of magnetization (i.e.

free energy minimum) the Hres minimal and when the magnetization is oriented

along the hard axis (i.e. free energy maximum) the Hres has a maximum value.

2.2.1 The free Energy Density, FMR measurement

The free energy density of the system depends on the respective orientation

of the magnetization relative to the crystallographic directions. This is related to

the magneto-crystalline anisotropy which depends on the crystal structure of the

material and the epitaxy related strains. In this section we discuss the free energy

densities for Ga1−xMnxAs or Ga1−xMnxAs1−yPy thin films on GaAs.

The magneto-crystalline anisotropy of theGa1−xMnxAs films reflects the anisotropy

of the valence band. The spin-orbit coupling splits the six fold degenerate valence

band in a upper HH/LH degenerate Γ8 and a lower Γ7 band. The exchange interac-

tion will further lift the degeneracy of the HH and LH bands which are the only ones

occupied for Mn doping concentrations of some at %. The valence band splitting and

the Fermi level position are two essential parameters to determine the contribution

of each band (HH and LH) to the magnetic anisotropies. Many experiments have

been performed to investigate the relationship of the magnetic anisotropy with the

hole density, temperature and strain of the films

For a film of zinc-blende crystal structure such as Ga1−xMnxAs, the Free Energy
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Figure 2.1: (a) Coordinate system of Ga1−xMnxAs used in this thesis; the different

polar angle (Θ, Φ) and (ΘH , ΦH) represent the orientation of the magnetization M

and the applied magnetic field H respectively to the film normal. The experimental

configuration; (b) out-of plane and (c) in-plane.

density F can be parametrized by second (H2⊥,H2‖) and fourth order (H4⊥,H4‖)

anisotropy fields as given here:

F = 1
2
M [−2H[cosΘcosΘH + sinΘsinΘHcos(Φ− ΦH)] + 4πMcos2Θ−H2⊥cos

2Θ

−1
2
H4⊥cos

4Θ− 1
2
H4‖

1
4
(3 + cos4Φ)sin4Θ−H2‖sin

2Θsin2(Φ− π
4
)]

(2.6)

The first term in eq.2.6 describes the Zeeman energy; the second term is the

demagnetization energy (shape anisotropy); and the last two term represent the

magnetic anisotropy energy, where H2⊥ and H4⊥ are the perpendicular uni-axial and

perpendicular cubic anisotropy fields, respectively. H2‖ and H4‖ represent the in-

plane uni-axial and in-plane cubic anisotropy fields, respectively. The different polar

angles represent the respective orientation of the magnetization M(Θ,Φ) and the

applied field H(ΘH ,ΦH); they are defined in fig.2.1(a). The anisotropy field Hi are

defined in terms of the magneto-crystalline anisotropy constants Ki as Hi=2Ki/M.

The perpendicular uni-axial anisotropy K2⊥ originates from the lattice mismatch-

driven biaxial strain in the Ga1−xMnxAs film; it reflects the difference in energy

for a magnetization perpendicular to the film plane and in-plane. The sign of K2⊥
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will be negative for compression and positive for tensile strains. K4⊥ and K4‖ are

the cubic anisotropies for [100] and [110] directions. They should of course be equal

in the case of a truly cubic system, however the presence of the biaxial distortion

induces a slight difference between K4⊥ and K4‖. The in-plane uni-axial anisotropy

constant K2‖ indicates the inequivalence of the [110] and [1-10] directions as observed

in numerous cases [154, 161], it is probably due to the influence of the substrate

surface reconstruction at the beginning of the growth [171].

In the FMR measurement, we studied systematically two different configurations

of the sample: out-of plane configuration (defined in fig. 2.1(b)) and in-plane con-

figuration (defined in fig.2.1(c)). Considering Smit-Beljers (eq. 2.3) and Free energy

density (eq. 2.6) the value of the applied field corresponding to the resonance can

be written as:

(
ω
γ

)2

= {Hres(ΘH −Θ) +
(
−4πM +H2⊥ + H4⊥

2
− H4‖

4

)
cos2θ +

(
H4⊥

2
+

H4‖
4

)
cos4Θ}×

{Hrescos(ΘH −Θ) + (−4πM +H2⊥ +
H4‖

2
)cos2Θ +

(
H4⊥ +

H4‖
2

)
cos4Θ−H4‖ −H2‖},

(2.7)

(
ω
γ

)2

= {Hrescos(Φ− ΦH) + 4πM −H2⊥ +H4‖
3+cos4Φ

4
+H2‖sin

2
(
Φ− π

4

)
}×

{Hrescos(Φ− ΦH) +H4‖cos
(

2Φ− π

2

)
}

(2.8)

for the (1-10) plane rotation (out-of plane configuration, i.e. Φ = ΦH=45°) and

for the (001) plane rotation (in-plane configuration, i.e. Θ = ΘH=90°) respectively.

In the case where the magnetic field and magnetization are along one of the four

high symmetry axes orientation the equations 2.7, 2.8 can be simplified as:

(
ω

γ

)2

=

(
Hres − 4πM +

2K2⊥

M
+

4K2⊥

M

)(
Hres − 4πM +

2K2⊥

M
+

4K2⊥

M
−

2K2‖

M

)
(2.9)

(
ω

γ

)2

=

(
Hres +

2K4‖

M

)(
Hres + 4πM − 2K2⊥

M
+

2K4‖

M
+
K2‖

M

)
(2.10)

(
ω

γ

)2

=

(
Hres −

2K4‖

M
−

2K2‖

M

)(
Hres + 4πM − 2K2⊥

M
+
K4‖

M

)
(2.11)
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(
ω

γ

)2

=

(
Hres −

2K4‖

M
+

2K2‖

M

)(
Hres + 4πM − 2K2⊥

M
+
K4‖

M
+

2K2‖

M

)
(2.12)

for applied field H ‖ [001], [100], [110] and [1-10] respectively.

The four magneto-crystalline anisotropy constants can be determined from the

Smit-Beljers equations from the resonance fields for the four high symmetry direc-

tions (equations 2.9-2.12). The knowledge of the value of the saturation magneti-

zation M under the FMR experiment conditions (magnetic field, temperature) is

also required. This value was determined by SQUID magnetometry. We have also

determined the g-factor in Ga1−xMnxAs from the fit of the angular variation of the

out-of plane resonance field by eq.2.7. It is generally assumed to be 2.00 but this is

not correct due to the contribution from the holes.

For FMR experiments performed at 9.5 GHz frequency with Ga1−xMnxAs on

GaAs layers, the magnetization of the sample is always saturated at the resonance

field in the four high symmetry directions as the coercive fields of Ga1−xMnxAs are

very small (< 1000 Oe).

2.2.2 Experimental detail of FMR

In the FMR measurements the magnetic sample is glued on a quartz rod and

placed at the center of a microwave cavity. We dispose of two microwave bridges

of 9.5 GHz (X-Band) and 35 GHz (Q-band) with 200 mW output power. The

microwave cavities are rectangular (TE102) and cylindrical (TE011) for the X-Band

and Q-Band measurements respectively. For the variable temperature measurements

(4K to 300K) the sample is placed a He flow cryostat (X-band) or directly in the a

He bath cryostat (Q-band). Fig. 2.2 shows a picture of the FMR set-up used.

The FMR signal is measured by monitoring the microwave energy losses as a

function of the external dc magnetic field. The microwave losses are detected by a

diode detector. To improve the signal to noise ratio of the experiment, the FMR

measurement are performed using a modulation field at 100 kHz and a lock-in detec-

tion. Consequently, the measured FMR signal is proportional to the first derivative

of the imaginary part of the susceptibility (dχ
′′
/H). The resonance field Hres and

linewidth ∆ H can be determined from the zero crossing of dχ
′′
/H and the field

interval between the extrema of dχ
′′
/H respectively [71].
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Figure 2.2: The FMR set-up used
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Chapter 3

Adjustable Anisotropy in

Ferromagnetic Ga1−xMnxAs1−yPy

3.1 Introduction

Diluted ferromagnetic (III,Mn)V semiconductors such as Ga1−xMnxAs have

the unique property that contrary to conventional metallic ferromagnets the shape

anisotropy fields are weak as compared to the uni-axial strain induced anisotropy

fields. Furthermore, the concentrations of the free carriers, mediating the ferromag-

netic interactions, are much lower (in the 1020cm−3 range) which allows to manip-

ulate them significantly by external perturbations. This gives the opportunity to

tailor the ferromagnetism of thin layers to widely different anisotropies.

The change of anisotropy and a reorientation of the magnetization with the

strain, densities of carriers and manganese concentration have been satisfactorily

modelled by mean field theory by Dietl et al.[37]. Examples of such calculations are

shown in fig.3.1.

Due to strain induced by the lattice mismatch between the Ga1−xMnxAs epi-

taxial film and the underlying substrate, anisotropy fields of several kOe are en-

countered [114, 168, 64, 171]. Generally, Ga1−xMnxAs films are grown by low

temperature molecular beam epitaxy on GaAs(001) substrates. Mn doping con-

centrations x>0.05, required to obtain critical temperatures above 120 K, give rise

to compressive uni-axial strain both in as-grown and annealed layers. More com-

plex substrate orientations like (311)GaAs [165] have also been investigated. In this

case the magnetization has components in the film plane and perpendicular to the

plane. By using GaInAs substrates, it is possible to inverse the strain to tensile [64].
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Figure 3.1: The mean field predictions of the anisotropy field Hun in Ga1−xMnxAs

as a function of biaxial strain for two values of the hole concentration. The symbol

[100]→ [001] indicates that the easy axis is along [100], Hun is applied along [001][37].

Fig.3.2(a) shows that the uni-axial out-of plane anisotropy field B001=B2⊥+Bd for

as-grown and annealed samples as a function of the uni-axial strain εzz; its linear

variation is in good agreement with the micromagnetic model calculations. The

slope depends on the exchange splitting BG (fig.3.2(b)) and the hole concentration

(fig.3.2(c)). However for layers grown on GaInAs buffers, dislocations are created at

the InGaAs/GaAs(001)interface, which glide along the plan (111) to emerge on the

surface or edge of the layer. This gives rise to important magnetic inhomogeneity

and concomitant large linewidths in the FMR spectra.

Recently Stone et al. have shown that it is possible to obtain ferromagnetic

Ga1−xMnxAs layers also by a different approach: direct ion implantation in a GaAs

substrate followed by pulsed laser melting IPLPM [149, 126]. However the structural

and magnetic properties of the LT-MBE and IPPLM grown samples are quite differ-

ent; IPPLM samples are characterized by an intrinsic depth inhomogeneity, residual

electrical compensation, inhomogeneous dopant distribution and potentially by sec-

ond phase inclusions.

For device application it is interesting to control the magnetic anisotropy and

create conditions for easy switching of the magnetization by applied electrical or

magnetic fields or by spin currents. Various techniques have been proposed to ma-

nipulate the anisotropy independently of the Mn doping concentration. Examples

are carrier depletion in reverse biased diode structures or by the application of an
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Figure 3.2: (a) Variation of the uni-axial out-of plane anisotropy field B001=B2⊥+Bd

with the uni-axial strain εzz for as-grown (solid circles) and annealed samples (open

circles). The extrinsic parameter Bd ≈ 60mT is inferred from the intersections

between the regression lines (dotted lines) and the vertical axis. (b) Anisotropy

field B2⊥=B001-Bd show as a function of the εzz. The lines are calculated from the

microscopic theory using different exchange splittings BG and hole densities p. (c)

Anisotropy field B2⊥ normalised to the hole density p. The linear variation of B2⊥/p

with εzz is obtained for both as-grown and annealed samples[64].

external electric field to deplete a channel region[23] or the use of hybride structures

composed of Ga1−xMnxAs and piezoelectric[118] or ferroelectric top layers[148].

The modifications of the critical temperatures or the magnetization orientation ob-

tained in these conditions are still small. They would be more effective if layers

with smaller anisotropy fields and lower carrier concentrations could be engineered.

In the following chapter we show that it is possible to overcome this bottleneck

by alloying Ga1−xMnxAs with phosphorous. First results concerning the growth of

Ga1−xMnxAs1−yPy layers have been reported very recently[149, 126, 91, 132]. These

quaternary layers should have additional interesting properties. For example, it has

been predicted that the Curie temperature will be higher than in similarly Mn doped

Ga1−xMnxAs films due to the reduced lattice constants of Ga1−xMnxAs1−yPy [102].

In this chapter, we report an extensive study of the strain, electrical and magnetic
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properties of LT-MBE grown Ga1−xMnxAs1−yPy quaternary thin films [32, 33] with

a Mn concentration of x=0.07 or x=0.104 and different P concentration, ranging

from y=0 up to y≈0.19.

3.2 Samples Presentations

Two series of 50-nmGa1−xMnxAs1−yPy films were grown by LT-MBE on GaAs(001)

substrates by Arist̂ıde Lemâıtre from the LPN laboratory. The growth temperature

was set to 250 °C for the magnetic layer growth while the GaAs buffer was grown at

600 °C. The concentration of phosphorous was varied from y=0 to y≈0.19 and the

Mn concentration was set to x=0.07 or x=0.104 respectively. During the growth of

a series of samples, the Mn cell temperature remains fixed. Only the P cell temper-

ature is varied for each sample of the two series. The Mn and P concentrations were

calibrated using Vegard’s law, based on the lattice constants of a series of GaAs1−yPy

reference samples grown under the same conditions. After growth, the samples were

systematically annealed under N2 atmosphere at 250°C for 1h [91].

3.2.1 RBS measurements: Determination of the P concen-

tration

In order to check the calibration of the phosphorous concentration and addi-

tionally verify the site distribution in these Ga1−xMnxAs1−yPy layers, Rutherford

back-scattering (RBS) measurements in random and channelling configurations were

performed on the most highly P doped one. For this task we had to choose the sam-

ple with the highest P concentration as the quantitative measurement of a element

(P) lighter than the lattice atoms (Ga,As) suffers from sensitivity problems. RBS

measurements can also provide information on a possible Mn concentration gra-

dient. The distribution between substitutional and interstitial lattice sites can be

obtained by channelling RBS. First we have optimized the RBS conditions for the

measurement of the total P concentration in random configuration. The RBS spec-

tra were taken with 4He+ particles of 1.8 MeV energy. Care was taken to avoid

sample damage under these conditions.

The calibration of the RBS spectrum in absolute units (atoms/cm2) is obtained

from the comparison with a standard sample -Si:Bi in our case- which is measured

under identical experimental conditions. The areal density of the Bi atoms which

were implanted in the Si wafer are known with 2 % precision [30]; thus one obtains
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Figure 3.3: Random RBS spectrum of the Si:Bi reference sample with a 4He+ beam

of energy of 1.8 MeV, scattering angle of 165°.

for sufficiently high counting statistics a precision of 2 % for the absolute areal

concentration of the P atoms and about 1 % precision for their relative fraction

[142]. In fig.3.3, we show the RBS spectra from the Bismuth reference sample,

measured with 1.8 Mev 4He+ and detected at an angle θ=165°.

The areal density of Phosphorous {P} is given by:

{P} = {Bi}.DBi

DP

AP
ABi

Z2
Bi

Z2
P

(3.1)

where {Bi} is the areal density of Bi, AP and ABi are the area of the P and Bi

spectra respectively, ZBi and ZP are the atomic numbers of Bismuth and Phospho-

rous respectively.

The areal density of P deduced from the eq. 3.1 is 18x1015 atom/cm2. Assuming

the elemental composition of Ga0.896Mn0.104As1−yPy layer and the atomic density

GaAs (4.5x1022/cm3), the y value is evaluated to 0.166∓2.0 which is good agreement

the value y=0.186 determined from the calibration by Vegard’s law.

Note that, in the following chapters we use the P concentration for all samples

which we have determined from Vegard’s law.
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Figure 3.4: (a) Experimental random RBS spectrum obtained from a sample

Ga0.896Mn0.104As1−yPy with a 4He+ beam of energy of 1.8 MeV, scattering angle

of 165°. (b) Zoomed in the region around Phosphorous spectra (squares,black) and

the polynomial fit (lines,red).
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Figure 3.5: High resolution X-ray ω-2Θ curves around the (004) reflexion for

Ga0.093Mn0.07As1−yPy layers with y=0 (blue) y=0.043 (red) and y=0.113 (green).

3.3 Strain measurements by high resolution X-

ray diffraction

The uni-axial strain εzz was determined by high resolution X-ray diffraction. The

diffraction from the (004) and (002) of planes was used to measure the perpendicular

lattice parameter a⊥. The associated uni-axial strain εzz can be calculated from the

relation:

εzz = (a⊥ − arel)/arel (3.2)

where the relaxed lattice parameter arel is obtained from the relation:

arel =
2C12

C11 + 2C12

a‖ +
C11

C11 + 2C12

a⊥ (3.3)

C11 and C12 are the elastic constants of Ga1−xMnxAs1−yPy assumed to be equal

to those of GaAs. We used the following value for the ratio of the elastic moduli

C12/C11=0.453.

In standard convention, we assume also that the in-plane lattice parameter a‖ of

the epitaxial layer is equal to the one of the substrate.

The high resolution X-ray rocking curves around the (004) reflection are shown

in fig.3.5 for different samples Ga0.093Mn0.07As1−yPy with y=0 (as-grown), y=0.034

(annealed) and y=0.113 (annealed). The sharp peak at 33.1° corresponds to the

diffraction of the GaAs substrate. The Ga0.093Mn0.07As diffraction peak appears at
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Figure 3.6: Uni-axial strain εzz (symbols) of the Ga1−xMnxAs1−yPy layers plotted

as a function the y for as-grown and annealed samples with x=0.07 and x=0.104.

The lines are guides for the eyes.

lower angles as compared to the one of GaAs as a⊥ is larger than asub; this indicates

that the Ga0.093Mn0.07As layer is under compressive strain. In this sample εzz=0.3

%. The origin of the lattice mismatch is attributed to the fact that a fraction of the

Mn atoms still occupies interstitial lattice sites in spite of the thermal annealing.

On the contrary, in the case of Ga0.093Mn0.07As0.887P0.113, this peak is located at

higher angles, which indicates that the layer is under tensile strain with εzz=- 0.23

%. The diffraction peak of the Ga0.093Mn0.07As0.966P0.034 layer is superposed on the

GaAs peak which indicates that εzz is close to zero. εzz was measured for all the

samples and the results are reported in fig.3.6 as a function of P concentration. The

uni-axial strain varies monotonically with P, decreasing from +0.4 % to -0.4 %. This

indicates that, in the range of P concentrations that we have chosen, the sign of the

uni-axial strain can be controlled continuously or even be made close to zero by

adequate P doping. Our results show further that the uni-axial strain for the higher

Mn doped (x=0.104) samples is increased relative to the lower Mn doped (x=0.07)

one as one would expect. The variation of the lattice constants as a function of Mn

concentration has been investigated by Zhao et al.[172] for Ga1−xMnxAs.

We have also investigated the effect of thermal annealing: as expected the uni-

axial strain decreases in the annealed samples due to the partial out diffusion of the

Mn interstitials. In the following all results were obtained on annealed samples.
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Figure 3.7: The temperature dependence of the resistivity (logarithmic scale) logρxx

for Ga0.093Mn0.07As1−yPy (a) and for Ga0.896Mn0.104As1−yPy (b) layers as a function

of P concentration.

3.4 Transport Measurements

The electrical properties of the layers were determined from Hall effect measure-

ments. The measurement was done in zero magnetic field in the 4 K to 300 K temper-

ature range. Fig. 3.7 shows the evolution of the resistivity of Ga0.093Mn0.07As1−yPy

(a) and Ga0.896Mn0.104As1−yPy (b) layers. The results are plotted on a logarith-

mic scale log ρxx as a function of temperature, for different values of y. For the

Ga0.093Mn0.07As1−yPy layers, the conductivity of the low P doped (y<0.088) is

metallic and varies from 0.0007 Ω.cm to 0.003 Ω.cm at low temperature. The resis-

tivity is lower than the one of the Ga0.093Mn0.07As reference sample for y between

0.021 and 0.034 but the resistivity increases for higher P doping (fig.3.7(a)). In the

case of Ga0.0896Mn0.104As1−yPy layers, for y<0.146, the variation of the resistivity

with y is similar to the one of the reference sample (fig.3.7(b)) but the resistiv-

ity is smaller than the one of Ga0.93Mn0.07As1−yPy for comparable y value, due to

higher carrier densities. These resistivity values are similar to the one’s measured

for ternary Ga1−xMnxAs films and seem not be influenced by the P alloying at least

at these P concentrations. This observation is quite different from the one reported

by Stone et al.[126] for Ga1−xMnxAs1−yPy layers prepared by ion implantation.
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3.4.1 Metallic/Impurity Band Conduction

As the ferromagnetism in these layers is mediated by the hole carriers the con-

ductivity regime is of high importance for the magnetic properties. In fact the issue

whether the carriers are free holes in the valence band or carriers in a separated

impurity band has been controversially debated for some time now [16, 78]. In

Ga1−xMnxAs this problem has not really been solved due to controversial inter-

pretation of experimental results of infrared interband absorption measurements. P

alloying shines a new light on this issue as different conductivity regimes have been

clearly observed depending on the P concentration.

For low P concentrations (y<0.08) the Ga1−xMnxAs1−yPy layers display the

well known metallic conductivity behavior with a nearly temperature independent

conductivity. However, for high P concentrations: y>0.088 in Ga0.093Mn0.07As1−yPy

and y>0.146 in Ga0.896Mn0.104As1−yPy, we observe a drastic change in the electrical

conductivity. The conductivity decreases abruptly at low temperature indicating

that the carriers become localized. Such a behavior is expected in the impurity

band conduction regime. A critical P concentration for which the conductivity

regime should change can be expected for following reasons: the Mn acceptor level

becomes increasingly deeper in the band gap with P alloying and the localisation

of holes around the Mn acceptors is more important in GaP than in GaAs. Both

parameters change continuously with the alloying concentration. We observe also

that the transition from metallic to impurity band conduction depends on the Mn

dopant concentration. Burch et al.[17] have studied in Ga1−xMnxAs the effect of

the Mn doping concentration on the impurity band width and the Fermi level Ef

position.

To interpret our observation of a thermally activated conductivity in highly P

doped layers we have considered two models. In the past such thermally acti-

vated conductivity has been interpreted depending on the sample structure (dis-

ordered/crystalline) either by the Mott variable range hopping model (VRH) or a

simple Arrhenius type model. A VRH model has been previously applied to the

case of low doped Ga1−xMnxAs layers [144]. In our case the ρ(T ) results could

not be fitted by the VRH model which predicts a T−1/4 variation but are well de-

scribed by the Arrhenius model which predicts a exp−EA/kT like variation. The 1/T

dependence of the resistivity is reported in fig.3.8(a),(b) at low temperature for the

Ga0.093Mn0.07As0.887P0.113 and Ga0.896Mn0.104As0.814P0.186 samples respectively. We

deduced from these plots the following activation energies EA :
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Figure 3.8: The resistivity of Ga0.093Mn0.07As0.887P0.113 (a) and

Ga0.896Mn0.104As0.814P0.186 (b) layer as a function of the inverse of tempera-

ture. Solid lines represent fits to the data according to the Arrhenius model.

ρ = ρ0exp
−EA/kT (3.4)

We have determined EA=0.25 meV and EA=1.2 meV for the

Ga0.093Mn0.07As0.887P0.113 andGa0.896Mn0.104As0.814P0.186 samples respectively. Such

small activation energies are characteristic for impurity band conduction.

3.4.2 Determination of the Curie temperatures

For all the samples studied, the resistivity vs temperature curves (fig.3.7) present

a maximum attributed to the ferromagnetic/paramagnetic phase transition [44, 124].

Near the Curie temperature spatial fluctuations of the spins become more important,

leading to a larger carrier scattering and therefore an increase in the resistivity

[6]. Whereas previously this maximum has been used to determine the critical

temperature, Novak et al.[111] have recently recalled that this is incorrect. The

Curie temperature should instead be deduced from the singularity in the dρ/dT

curve. In fig. 3.9 we present the Curie temperature of Ga0.093Mn0.07As1−yPy and

Ga0.0896Mn0.104As1−yPy layers as a function of y, determined from this singularity.

For Ga0.093Mn0.07As1−yPy layers the Curie temperature first increases from 92 K to

116 K when y increases up to 0.021 and then it decreases slightly with increasing

y in the metallic regime. We consider these slight variations as non systematic as

standard, constant annealing conditions have been applied. For y=0.13, the low
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Figure 3.9: Dependence of Curie temperature Tc on y, obtained from the maximum

of dρ/dT for Ga0.093Mn0.07As1−yPy (squares,black) and Ga0.896Mn0.104As1−yPy (cir-

cles, blue). The dashed line represents the value of y for which the metallic/IBC tran-

sition occurs for Ga0.93Mn0.07As1−yPy (black) and Ga0.896Mn0.104As1−yPy (blue).

temperature behaviour of the conductivity changes drastically as the impurity band

conduction regime is reached. In samples which display this behaviour the critical

temperature changes abruptly: for y>0.13 the critical temperature decreases to

43 K. For Ga0.896Mn0.104As1−yPy layers the Curie temperature which varies only

slightly between 118 K and 100 K in samples with the metallic conductivity regime

it decreases again abruptly to T<40K for the one’s with a thermally activated low

temperature conductivity regime (y>0.12). The dashed lines in the figures indicate

the phosphorous concentration for which the conduction regimes change.

3.4.3 Hall effect measurements and hysteresis cycles

Fig.3.10(a) presents hysteresis cycles obtained from Hall effect measurements

for Ga0.093Mn0.07As1−yPy layers with different values of y for an applied magnetic

field oriented parallel to the [001] axis. For low P doped samples the [001] axis is

a hard axis for magnetization. However, for higher P doping (y>0.07) the hys-

teresis cycles become square shaped and the easy axis is now parallel to [001].

With increasing temperature the coercive field decreases due to an increase of the

thermal fluctuations (fig.3.10(b)). We have also studied the hysteresis cycle for
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Figure 3.10: (a) Hysteresis cycles at 4K were obtained from Hall effect measure-

ments, with the magnetic field applied perpendicular to the Ga0.093Mn0.07As1−yPy

layers for different values of y. (b) Hysteresis cycle at several temperatures for sample

with y=0.07.

Ga0.896Mn0.104As1−yPy layers and the results are similar to the one discussed above.

3.5 SQUID Magnetization measurement

The magnetization of the samples was measured by a superconducting quantum

interference device (SQUID). In fig. 3.11, we show the temperature dependence of

the magnetization forGa0.093Mn0.07As1−yPy (a) andGa0.0896Mn0.104As1−yPy (b) lay-

ers. They were measured with an applied field of H=1000 Oe oriented along the easy

axis direction. The saturation magnetization of ≈40 and ≈52 emu/cm3 correspond

to an effective Mn concentrations of xeff=0.04 and xeff=0.05 forGa0.093Mn0.07As1−yPy

and Ga0.0896Mn0.104As1−yPy layers respectively. As already observed in the Hall

measurements, a transition from the metallic to impurity band type conduction re-

sults in a reduction of the saturation magnetization which decreases to 36 emu/cm3.

The Curie temperatures were also deduced from the magnetization curves by the

determination of the temperature where the slope of the M(T) curve changes sign

(fig.3.11(d)). Theses values are in good agreement with the ones determined by the

transport measurements (fig.3.9).

43



Figure 3.11: Magnetization as a function of temperature for Ga0.093Mn0.07As1−yPy

(a) and Ga0.09Mn0.10As1−yPy(b) layers with an applied field of 1000 Oe, oriented

parallel to the easy axes. For all samples, the easy axes were determined by FMR

measurements. The dependence of the saturation magnetization (c) and Curie tem-

perature (d) as a function of y. The dashed lines represent the range of y in which the

metallic/IBC occurs for Ga0.093Mn0.07As1−yPy (black) and Ga0.896Mn0.104As1−yPy

(blue). The lines are guides for the eyes.
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3.5.1 Critical exponent of the magnetization curve and in-

trinsically limited Curie temperatures

The critical temperature Tc of Ga1−xMnxAs layers is according to the mean-field

model [77] given by:

Tc =
NMnS(S + 1)

3kB
.
J2
pdχf

(gµB)2
(3.5)

where NMn is the Mn density, Jpd the p-d exchange integral, χf is the free carrier

susceptibility. For a concentration of x=0.05 it predicts a critical temperature of

120 K which is in good agreement with the experimental results. Different groups

[111, 22, 101] have successfully grown higher doped layers with x up to 0.20 in order

to obtain higher critical temperatures. However, the Curie temperature of these

layers did not increase proportionally with the doping but stated in all cases below

180 K. In fact, the highest critical temperature has been observed by Novak et al.

[111]: Tc=180 K for a sample with a total Mn concentration of x=0.120. As the

effective Mn concentration in all these highly doped Ga1−xMnxAs layers remained

limited at x<0.07 they are not suited to test these mean field predictions in which of

course the effective and not the total Mn doping level should be used. The effective

doping level can be obtained from the value of the saturation magnetization. Khazen

et al.[85] have shown very recently that the analysis of the critical exponents of

the magnetization in the temperature range close to the Curie temperature might

provide a clue for an intrinsic limitation of the Curie temperature which is not

included in the mean field model. Within this model a critical exponent of β=0.5

would be expected. The observation of a lower value of 0.40 is in agreement with

the theoretical predictions that the critical behaviour of such ferromagnets should

belong to the class of universality of 3D Heisenberg systems with a critical exponent

of 0.38 [61]. The slight enhancement is characteristic of disordered ferromagnets like

(FeO.4Ni0.6)75 P16B6Al3 where β=0.40 [9, 170].

In the spirit of this paper we have analysed also some of our Ga1−xMnxAs1−yPy

layers. The magnetization M(T) curves of the samples Ga0.896Mn0.104As1−yPy with

y=0, y=0.113 and y=0.186 measured at zero applied magnetic field after saturation

along the easy axis are shown in fig.3.12(a). The effective Mn concentration deter-

mined from Ms at T=4K are xeff=0.05 and xeff=0.036 for Ga0.896Mn0.104As1−yPy

with y=0, y=0.113 and y=0.186 respectively. Note that the sample with y=0.118 is

not metallic but in the impurity band conduction regime. The Curie temperatures

are 121 K, 106 K and 44 K respectively. The magnetization M(T) in the critical
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regime (below Tc) is proportional to tβ, where t=(1-T/Tc) is the reduced tempera-

ture. We show in fig.3.12(b) logM(T) as a function of log(t). We determined the

Ginzburg temperature: tg=0.12, tg=0.15 and tg=0.2 for the Ga0.896Mn0.104As1−yPy

samples with y=0, y=0.113 and y=0.186 respectively. The critical exponents have

been determined β=0.40, β=0.39 and β=0.5 for Ga0.896Mn0.104As1−yPy with y=0,

y=0.113 and y=0.186 respectively. For the samples in the metallic regime, we obtain

values close to those obtained by Khazen et al.[85] for highly doped Ga1−xMnxAs

layers with an effective Mn concentration of x=0.10 whereas the sample with ther-

mally activated conductivity shows the value expected from the mean field model. A

value of β intermediate between the mean-field exponent and that of the 3D Heisen-

berg model has been linked to the short range of the ferromagnetic interactions.

Figure 3.12: (a) Magnetization curves M(T) of the samples Ga0.896Mn0.104As1−yPy

with y=0, y=0.113 and y=0.186 at zero applied magnetic field after saturation along

the easy axis. (b) Magnetization as a function of the reduced temperature t plotted

in logarithmic scale. The red line corresponds to the best fit of the experimental

data with the critical exponent β.

3.5.2 Coercitivity determined from SQUID measurements

The magnetization curves of the Ga0.093Mn0.07As0.0974P0.026 layer as a function

of applied field and different temperatures are shown in fig.3.13 (a) for the H‖[100].

The magnetization for the magnetic field parallel to the easy axis presents a square
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Figure 3.13: (a) Ga0.093Mn0.07As0.0974P0.06 sample magnetization as a function of

applied field parallel to the [100] axis for several temperatures. (b) Magnetization

at T=4K of Ga0.09Mn0.10As1−yPy layers with y=0.07 (black) and y=0.08(red) as a

function of applied field parallel to [001] direction.

shaped hysteresis cycle with a coercive field of ≈ 7 Oe in agreement with the results

shown in fig.3.10(a). However for the Ga0.896Mn0.104As1−yPy layers with y=0.07 and

y=0.088 we observe square hysteresis cycles with a coercive field of ≈15 Oe when the

applied field is oriented along the direction perpendicular to the film plane(fig.3.13

(b)).

3.6 FMR study of Ga1−xMnxAs1−yPy layers with

different P concentrations

In this section, we will present the results of the FMR measurements for the two

series of Ga1−xMnxAs1−yPy samples. We will also present results for samples in the

impurity band conduction regime. The FMR measurements were performed with a

standard X-band spectrometer with a 9 Ghz microwave source and first derivative

detection. The angular dependence of the FMR spectra were measured rotating

the static magnetic field in two crystallographic planes: (110) and (001) named

“out-of plane” and “in-plane configuration” respectively. These two sets of angular
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Figure 3.14: Typical FMR spectra at 4K of Ga0.093Mn0.07As0.966P0.034 sample for an

out-of plane and in-plane variation of the applied field.

variations of the resonance fields enable us to determine the anisotropy constants

and the Landé g-factor in a standard procedure [168].

3.6.1 FMR spectra

In fig.3.14, we show typical low temperature (T=4K) FMR spectra of the

Ga0.093Mn0.07As0.966P0.034 layer for out-of plane and in-plane orientations. The FMR

spectra indicate an easy axis along H‖[100] with a minimum resonance field at

H=2928 Oe and a hard axis along the [001] direction with a highest field at H=4581

Oe. These easy/hard axes orientations are in good agreement with the SQUID and

transport measurements. In this case the films are compressively strained. The

small line-width of the FMR spectra of about 100 Oe for [001] demonstrates a high

magnetic homogeneity of this sample. In the following the variation of the linewidth

with the P concentration will be discussed in more detail.

The FMR spectra for all samples were measured as a function of temperature

between 4K up to the Curie temperature. The evolution of the hard axes FMR spec-

tra for Ga0.093Mn0.07As0.966P0.034 as a function temperature are shown in fig.3.15.

We observe a monotonous shift of the resonance field with increasing temperature.

This reflects the well known temperature dependence of the anisotropy constants.

We observe a change in the orientation of the easy axis from [100] for T<80K to [1-
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Figure 3.15: FMR spectra of the Ga0.093Mn0.07As0.966P0.034 as a function of temper-

ature for H‖[001] direction

10] for T≈100K. From the variation of the intensity of the FMR spectrum with the

temperature, the Curie temperature can equally be estimated; the value found, close

to 125 K, is slightly higher than the value determined from transport and SQUID

measurements. We attribute this increase in the apparent Curie temperature to the

non zero value of the applied magnetic field required for FMR measurements.

In figs.3.16(a)-(b), we present the spectra obtained for Ga0.093Mn0.07As0.93P0.07

and Ga0.896Mn0.104As0.93P0.07 samples respectively in the out-of plane and in-plane

configurations for the four high symmetry orientations at 4K. For y=0.07, the spec-

tra present clearly an easy axis along [001] and a hard axis along the [110]. On

the other hand, for higher concentration of P (y>0.07) we observe an easy axis

of magnetization along [001] i.e., perpendicular to the film plane. The spectra for

H‖[001] and [100] directions are composed of one main resonance line and additional

resonances of lower intensity. The resonances with the highest intensity at ≈ 2440

Oe and 3160 Oe correspond to the FMR uniform mode of this film for H‖[001] and

H‖[100] respectively.

In fig.3.17, we present the FMR spectra for the four high symmetry orientations

at 4K (a) and 40K (b) for sample Ga0.896Mn0.104As0.882P0.118. This sample is in

the impurity band conductivity regime. Due to the high P doping level the easy

axis is perpendicular to the film plane. As compared to the samples with metallic

conduction the line-widths are increased.
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Figure 3.16: FMR spectra at 4K of Ga0.93Mn0.07As0.93P0.07(a) and

Ga0.896Mn0.104As0.93P0.07(b) for four high symmetry axes.

Figure 3.17: FMR spectra at 4K(a) and 40K(b) of Ga0.896Mn0.104As0.882P0.118 for

four high symmetry axes.
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Figure 3.18: FMR linewidth (symbols) of Ga0.896Mn0.104As0.882P0.118 as a function

of temperature for the four high symmetry orientations of the applied field. The

lines are guides for the eyes

.

3.6.2 FMR linewidth

We have observed in this series of samples that the FMR linewidth depend on

the P concentration, the orientation of the applied field and the temperature. In fig.

3.18, we show the temperature variation of the linewidth for sample

Ga0.896Mn0.104As0.882P0.118 which is in the impurity band conduction regime. The

linewidths are approximately isotropic at temperatures close to Tc but increase

strongly at low temperature up to 1000 Oe with significant anisotropy.

The linewidth at 4K as a function P concentration are shown in fig.3.19. We

observe a dramatic increase of the linewidth in the IBC regime. The linewidth of

the uniform mode FMR spectra depends on multiple parameters such as the damping

factor, the magnetic inhomogeneities and the hole concentration[83, 84]. It is not

possible in this case to separate the different contributions.

3.6.3 Magnetocrystalline anisotropy constants

In figs. 3.20 and 3.21, we show the experimental angular variations of the reso-

nance fields of Ga0.093Mn0.07As1−yPy and Ga0.896Mn0.104As1−yPy layers respectively

and their simulation with the Smit-Beljers equation. The simulation parameters
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Figure 3.19: FMR linewidth for Ga0.093Mn0.07As1−yPy(a) and

Ga0.896Mn0.104As1−yPy(b) layers at 4K as a function of the y for four orien-

tations of the applied field. The lines are a guide for the eyes. The dashed

line represents the range of y in which the metallic/IBC transition occurs for

Ga0.093Mn0.07As1−yPy and Ga0.896Mn0.104As1−yPy layers.

are the four magnetic anisotropy constants, the static magnetization M and the

effective g-factor. We obtain a good agreement between the measured resonance

fields and the simulated ones. We see that the P alloying allows to engineer in-

plane or out-of-plane configurations for the easy axis of magnetization. For the

Ga0.093Mn0.07As1−yPy layers with y=0, the resonance fields are very anisotropic

with values of 8000 Oe and 1600 Oe for H‖[001] and H‖[100] respectively but with

increasing P alloying is reduced and finally reversed.

The four magnetic anisotropy constants K2⊥, K2‖,K4⊥ and K4‖ which describe

the biaxial and cubic anisotropies have been obtained by solving the resonance equa-

tions for the four high symmetry orientations of the applied magnetic field taking

into account the minimization of the free energy for the equilibrium states of the

magnetization. It was shown previously that the dominant anisotropy constant

for Ga1−xMnxAs layers on GaAs or GaInAs substrates with typical Mn concen-

trations of x=0.07 is K2⊥; it is proportional to the uni-axial strain induced by

the lattice mismatch [168]. In fig.3.22 and 3.23, we show the magnetic anisotropy

constants as a function of temperature for the samples Ga0.093Mn0.07As1−yPy and

Ga0.896Mn0.104As1−yPy. Callen et al.[18] have calculated the temperature depen-
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Figure 3.20: Angular dependence of the FMR resonance fields at 4K (symbols) and

the simulated angular variations (lines) out-of plane configuration(a) and in-plane

configuration(b) for Ga0.093Mn0.07As1−yPy samples with variable y.

Figure 3.21: Angular dependence of the FMR resonance field (squares) and the

simulated angular variation (lines) out-of plane configuration(a) and in-plane con-

figuration(b) for Ga0.896Mn0.104As1−yPy samples with variable y
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Figure 3.22: Variation of the four magnetocrystalline anisotropy constants

K2⊥(black), K2‖ (red), K4⊥ (bleu) and K4‖ (green) (symbols) as a function of tem-

perature for the Ga0.093Mn0.07As1−yPy y=0 (a), y=0.026 (b), y=0.034 (c), y=0.043

(d), y=0.0.056 (e), y=0.07 (f) and y=0.113 (g). Symbols: experimental results, lines

are guide for the eyes.
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Figure 3.23: Variation of the four magnetocrystalline anisotropy constants K2⊥

(black), K2‖ (red), K4⊥ (bleu) and K4‖ (green) (symbols) as a function of tem-

perature for the Ga0.896Mn0.104As1−yPy y=0 (a), y=0.056 (b), y=0.007 (c), y=0.088

(d) y=0.113 (e), y=0.146 (f) and y=0.186 (g). Symbols: experimental results, lines

are guide for the eyes.
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Figure 3.24: Variation of the magnetocrystalline anisotropy constants (Ki) (a) and

the magnetic anisotropy fields 2Ki/M (b) at 4K as a function of y. The dashed

lines represent the value of y for which the metallic/IBC transition occurs for

Ga0.093Mn0.07As1−yPy (black) and Ga0.09Mn0.10As1−yPy (blue) layers.
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dence of the magnetocrytalline anisotropy constants at low and high temperature;

this behaviour was studied in more detail by Khazen et al. [83]. For the y=0

sample, the K2⊥ constants at T=4K has a negative value of -6.104 erg/cm3 and

-11.104 erg/cm3 for x=0.07, x=0.104 respectively; with increasing P doping level its

value increases monotonously and passes though zero for y=0.056. In this range

of phosphorous concentration the four anisotropy constants are small and of com-

parable numerical values. With further increase in y, K2⊥ becomes positive and

the easy axis of magnetization switches to out-of plane. The other three con-

stants do not vary with y. For high P concentrations: y>0.088 and y>0.113 for

Ga0.093Mn0.07As1−yPy, Ga0.896Mn0.104As1−yPy respectively, we observe a drastic re-

duction of the K2⊥ anisotropy constants.

In fig.3.24 we show the four anisotropy constants (a) and anisotropy fields 2Ki/M

(b) as a function of phosphorous concentration. To correct the numerical values

of the anisotropy constants for the slightly different magnetization values of the

samples we have normalized their value for a constant M. The samples differ in the

magnetization values as the Mn incorporation is influenced by the P alloying.

3.6.4 Comparison to mean field predictions

In the framework of the mean field model [37] of ferromagnetism in zinc-blende

diluted magnetic semiconductor, the value of the constant K2⊥ normalized to a con-

stant hole concentration, is expected to vary linearly with the strain. In previous

works, both theoretical and experimental studies confirmed that K2⊥ constant de-

pends linearly on the carrier concentration and the uni-axial strain [83, 64]. Fig. 3.25

(a) shows the values of the magnetic anisotropy constant K2⊥ at 4K for both series

Ga0.093Mn0.07As1−yPy and Ga0.0896Mn0.104As1−yPy layers as a function of the uniax-

ial strain εzz. In the metallic conduction regime for both layers a linear dependence

on εzz is evidenced. However we observe a drastic reduction of the K2⊥ anisotropy

constant when entering in the impurity band conduction (IBC) regime. Assuming

that the mobility is similar for the samples in the metallic state we then expect a

linear variation of the anisotropy constant K2⊥ normalized to a constant hole con-

centration with the uni-axial strain. Indeed, this is observed in the fig.3.25(b). In

this figure the anisotropy constant K2⊥ at 4K and its normalized value (K2⊥.ρxx)

are plotted as a function of the uni-axial deformation εzz. The linear variation is

in good agreement with the mean field model prediction, as previously found in the

case of Ga1−xMnxAs [83]. The experimental data can be fitted by the following
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Figure 3.25: The magnetic anisotropy constant K2⊥ at 4K for Ga0.093Mn0.07As1−yPy

(squares,black) and Ga0.0896Mn0.104As1−yPy (circle, blue) before (a) and after nor-

malization (b) for a constant hole concentration as a function of strain εzz. The

dashed lines represent the range of y in which the metallic/IBC transition occurs for

Ga0.093Mn0.07As1−yPy (black) and Ga0.896Mn0.104As1−yPy (blue). Solid lines repre-

sent fits to the data according (eq.3.6). Errors bars for the anisotropy constants are

estimated to <5 % which is below the size of the symbols.
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expression:

K2⊥

p
= C.εzz (3.6)

where p is hole concentration and C is a prefactor.

We show also that the prefactor depends on the Mn and hole concentrations.

Glunk et al.(fig.3.2) have shown that for Ga1−xMnxAs layers deposited on

GaInAs/GaAs(001) partially relaxed buffer layers with different In concentration,

K2⊥(εzz) is strongly influenced by the hole concentration and the exchange-splitting

parameter BG. The exchange splitting parameter is defined as:

BG =
AFβM

6gµB
(3.7)

where AF is the Fermi liquid parameter, β the p-d exchange integral, M mag-

netization, g Landé factor and µB the Bohr magneton. It can be seen in fig.3.25

that the linear fit of these results does not pass through the origin. Whereas such

a behaviour would have been expected for the total perpendicular anisotropy field

due to the contribution of the demagnetization field, this is not the case for the H2⊥

defined by 2K⊥/M . We attribute this small deviation to the fact that the samples

have slightly different values of the exchange splitting parameters due to the alloying

which will scatter the corresponding K2⊥ values [64].

Figure 3.26: The uni-axial in-plane anisotropy K2‖ at 4K dependence on εzz for

Ga0.093Mn0.07As1−yPy (squares, black) and Ga0.896Mn0.104As1−yPy (circle, blue)

In fig.3.26, we show that the uni-axial in-plane anisotropy constant K2‖ varies

between 1000 and 4000 erg/cm3, 1000 and 7000 erg/cm3 for Ga0.093Mn0.07As1−yPy
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Figure 3.27: The cubic anisotropy K4⊥(a) K4‖(b) dependence on εzz for

Ga0.093Mn0.07As1−yPy (squares, black) and Ga0.896Mn0.104As1−yPy layers (circle,

blue)

and Ga0.896Mn0.104As1−yPy respectively. The fourth-order parameters K4⊥ and K4‖

are presented in figs.3.27(a),(b). K4‖ varies slightly between 0 and 20000 erg/cm3.

K4⊥ is negative with values close to -3000 erg/cm3 for εzz . -0.22%, εzz & 0.1% and

positive for -0.2%. εzz . 0% in the metallic regime. A change of sign for K4⊥ has

also been reported by [64], where the authors attributed it to extrinsic influences

and, as it has been shown, it is not reproduced by calculations within the frame of

micromagnetic models.

We can estimate the critical strain εcritzz , where the magnetization switches be-

tween in-plane to out of plane, from the condition H2⊥+H4⊥=H2‖+H4‖. We obtain

εcritzz =-0.12 %, εcritzz =-0.08 % for Ga0.093Mn0.07As1−yPy and

Ga0.896Mn0.104As1−yPy respectively. In the following chapter the variation with tem-
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perature of the magnetization, magneto-crystalline anisotropy constants and the free

energy density will be discussed in more details.

3.6.5 Free Energy Densities

The reorientation of the magnetization by an external magnetic field is strongly

dependent on the energy barriers related to the internal anisotropy fields. From the

numerical values of the anisotropy constants we can calculate the free-energy density

F as a function of the crystalline orientation (Θ,Φ). In figures 3.28 and 3.29 we show

the free energy surfaces for zero applied magnetic field for Ga0.093Mn0.07As1−yPy and

Ga0.896Mn0.104As1−yPy layers respectively. These surfaces show clearly the energy

barriers for the magnetization reorientation and define the preferential axes of the

magnetization. A more detailed view can be obtained from cross sections of the

surfaces in particular planes.

For example in Fig.3.30 we have plotted the out-of plane angular variation of the

free-energy density as a function of Θ angle. These figures illustrate that while for

the two extreme cases the difference between the energy along the easy and hard

axes are considerably large, for the intermediate case of the sample with y=0.056,

the energy density is nearly isotropic. This is a very important result as it shows

that one can reduce the energy barriers for the magnetization switching. Layers

with reduced barriers should be very interesting objects in FM/NM/FM trilayer

structures currently studied for their tunnelling magneto resistance effects. The

energy surfaces for the in-plane orientations (Θ=90°) of the magnetization for the

Ga0.093Mn0.07As0.966P0.034 sample are shown in figures 3.31(a)-(c) at several temper-

ature. At low temperature, the easy axis of the magnetization is not aligned in the

absence of applied magnetic fields along any high symmetry direction of the film

due to competing second order and fourth order anisotropy fields. The easy axis is

oriented along an intermediate direction given by Φ=-8.1° with respect to the [100]

direction. When we raise the temperature the easy axis monotonously shifts to the

[1-10] direction. These particular orientations correspond to the predominance of

the K2‖ and K4‖ constants, as shown in figure 3.31(d). In addition to the strain, the

temperature is thus another control parameter which can be used to manipulate the

orientation of the magnetization of Ga1−xMnxAs1−yPy ferromagnetic films with a

fixed Mn concentration [156, 83]. However, the orientation of in-plane easy axes at

low temperature and their shifts with temperature to the [1-10] direction depend on

y and Mn concentration.
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[001]

[100]

y=0 y=0.026 y=0.034 y=0.043

y=0.056 y=0.07 y=0.113

Figure 3.28: Three-dimensional plot of free-energy densities for

Ga0.093Mn0.07As1−yPy layers at 4K with different y.
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[001]

[100]

y=0 y=0.056 y=0.007 y=0.088

y=0.113 y=0.146 y=0.186

Figure 3.29: Three-dimensional plot of free-energy densities Ga0.896Mn0.104As1−yPy

layers with different y.
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Figure 3.30: Free energy densities at 4K for Ga0.093Mn0.07As1−yPy (a) and

Ga0.896Mn0.104As1−yPy (b) layers as a function of the out-of plane orientation Θ

for Φ=45° and for different values of y.
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Figure 3.31: Free energy densities as a function of the in-plane magnetization orien-

tation for |M| | cosΦ, sinΦ,0| for Ga0.093Mn0.07As0.966P0.034 at T=4K (a) T=20K (b)

T=40K (c). The directions of the energy minima shift toward [1-10] with increasing

temperature. (d) The magneto-crystalline anisotropy constant K2‖ and K4‖ as a

function of temperature. The lines are guides for the eyes. The change in easy axis

orientation is indicated by the circle.
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Figure 3.32: The magneto-optical images of domains with magnetization perpendic-

ular to the layer “up” (white) and “down” (in gray) self-organized in zero field at

80K for Ga0.896Mn0.104As0.93P0.07 sample.

3.6.6 Magneto-optical Kerr (MOKE) microscopy measure-

ments

An easy axis of magnetization perpendicular to the layer enables studies of the

dynamics of magnetic domain walls (DW) by Magneto-optical Kerr microscopy [40,

67]. This configuration was first achieved by the growth of Ga0.093Mn0.07As films

on a thick (>2µm) relaxed GaInAs buffer layer. However, this approach introduces

fluctuations of the magnetic properties, which are detrimental for the propagation

of the magnetic DW [41]; pointlike pinning centers for the DW were observed and

attributed to emerging dislocations [155]. We have shown in a previous section that a

few percent of phosphorus can lead to the same geometry, a perpendicular magnetic

easy axis, but the layer now contains much less extended defects. In this section

we report the experimental results by magneto-optical Kerr (MOKE) microscopy

from which we can obtain the important micro-magnetic parameters such as the

DW width and the spin stiffness constant. In addition, the determination of the

spin stiffness constant gives access to the exchange interaction constant between

localized Mn and itinerant holes(Jpd).

Competition between dipolar energy and exchange results in the self-organization

of domains into periodic patterns if the DW pinning by defects is negligible. Fig.3.32

shows the images of the domain structure taken with magneto-optical Kerr micro-

scope. They were measured at 80 K for a Ga0.896Mn0.104As0.93P0.07 sample in zero

field. Owing to the very low density of dislocation the magnetic domains can reach
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self-organized configurations in the demagnetized state in zero field. The domain

walls may bend in the plane, giving a labyrinthine structure at a macroscopic scale.

However a quasi-period can still be measured. In order to determine the micro-

magnetic parameters from this period one can use the model of domain self organi-

sation. The period is obtained from the minimization of the energy. It satisfies the

equation[75];

λc =
p2

π3

∞∑
n=1

n−3[1− (1 +
2πn

p
)exp(−2πn

p
)]sin2(

π

2
n(1+ < m >)) (3.8)

where p is the reduced period, <m> is the reduced magnetization, λc is a dimen-

sionless parameter . The reduced period p and λc are defined by;

p =
W1 +W2

d
(3.9)

λc =
4
√
AKu

µ0M2
s d

=
σ

2Kdd
(3.10)

where d is the thickness of the layer, Ms is the saturation magnetization, W1 et

W2 are the stripe width of domain with magnetization parallel (up) and anti-parallel

(down) to the to the applied field respectively.

Using eq. 3.8 one determines λc and from eq.3.10 one determines the effective

exchange constant A between Mn spins and the magnetic domain wall width, two

key parameters for the domain wall dynamics. A clear improvement is obtained as

compared to the previous study performed on Ga0.093Mn0.07As/GaInAs [66]. The

values of the DW width4 and spin stiffness constant A as a function of temperature

are shown in fig.3.33. The domain width is weakly dependent on the temperature

which was already predicted by Dietl et al.[36]. We find that the DW width in

the Ga0.896Mn0.104As0.93P0.07/GaAs layer is larger than in Ga0.093Mn0.07As/GaInAs

(4 ≈ 3.2 nm from ref.[66]). This implies that one could expect a higher DW mobility

in the P alloyed thin films.

The spin stiffness constant A is found to be larger in Ga0.896Mn0.104As0.93P0.07

than in comparableGa0.093Mn0.07As (A≈0.1 pJ/m−1 at 4K from ref.[66]). Note that,

the stiffness constant A depends on Jpd, carrier (hole) and Mn concentrations. We

have also studied Ga0.896Mn0.104As1−yPy films with y=0.088 and y=0.113. However,

we have not observed a significant change in the spin stiffness constant A within this

range of Phosphorous concentration( 0.07≤y≤0.113) for the Ga0.896Mn0.104As1−yPy

samples. More details results are given in ref.[70].
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Figure 3.33: The DW width 4 and spin stiffness constant A as a function of the

temperature obtained from the stripe domain period for Ga0.896Mn0.104As0.93P0.07

sample.

68



3.6.7 Conclusion

In this chapter we have shown that quaternary Ga1−xMnxAs1−yPy 50 nm thin

layers can be conveniently grown by LT-MBE at conditions close to those used for

Ga1−xMnxAs film growth. Phosphorous concentrations of up to y=0.20 have been

incorporated without any degradation so the sample properties. Kerr microscopy

has shown that the density of pinning centres is strongly reduced as compared to

previously used GaInAs substrates such that selforganization of domains has been

observed. The ion beam analysis performed on one highly doped film confirms the

calibration of the P concentration deduced separately from the lattice parameter

variation of GaAsP reference layers. We have not found any indication of the in-

corporation of phosphorous on interstitial lattice sites. As concerns the Mn dopant

concentration we have only explored a limited region of x=0.07 and x=0.104 which

were considered to be optimal for the magnetic properties (saturation magnetiza-

tion, Curie temperature) in view of our previous studies of ternary Ga1−xMnxAs

alloys. We have not addressed the subject of high doping levels which might be on

interest if higher Curie temperatures are searched for. We have neither optimized

the annealing conditions which might be specific for different P doping levels. In all

models a random distribution of the Mn atoms over the Ga lattice sites is assumed.

The question whether this is also valid with additional P alloying should be explored

further. In this context one might mention that for particular P/As ratios ordered

anion sublattice structures have been reported in GaAsP alloys.

The P alloying at fixed Mn dopig has allowed us to vary the uni-axial strain

continuously from compressive to tensile. We can thus grow on GaAs(001) substrates

ferromagnetic thin layers with in-plane and out-of-plane anisotropies. Contrary to

previous reports for Ga1−xMnxAs1−yPy layers obtained by ion implantation [126],

LT-MBE grown layers stay metallic up to P doping levels of y≈ 0.10. The exact value

will depend on the Mn doping. The increasing depth of the Mn acceptor level allows

also to engineer ferromagnetic layers with thermally activated conductivity due to a

freeze out of holes at temperatures below T=40K. Such layers might be interesting

for the electrical control of the magnetization due to the reduced effective carrier

concentration. Quaternary Ga1−xMnxAs1−yPy thin films might also give further

insight in the ferromagnetism mediated by carriers located in an impurity band.

This subject has not yet been studied theoretically at all.
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Chapter 4

In-Plane/Out-of Plane

Magnetization switching in films

with critical strain

4.1 Introduction

The magnetic properties of Ga1−xMnxAs depend largely on the Mn and the

related free hole concentrations, strain and native growth related defects. They are

further modified by the post growth annealing step required to obtain high critical

temperatures [139, 5, 37, 156, 160]. The highest critical temperature were observed

for total Mn doping levels of x=0.10 which requires the use low temperature MBE

as the equilibrium solubility of Mn is below x=0.01. In chapter 3, we have shown

that additional alloying with phosphorous allows to modify the epitaxial strain and

consequently the magnetic anisotropy of Ga1−xMnxAs1−yPy films on GaAs(001), in-

dependently from the Mn doping level. Thus Ga1−xMnxAs1−yPy layers with either

in-plane or out-of-plane easy magnetization axis can be elaborated for Mn concen-

trations of x=0.07 and 0.104. In particular, a choice of an intermediate P doping

level (y≈0.06) allows to obtain layers with unique properties: when their uni-axial

anisotropy field just compensates the demagnetization field switching of the magne-

tization between in-plane and out-of plane orientations becomes possible by a small

temperature rise or by application of a small magnetic field. This is important for

memory device application. In this chapter we report a combined ferromagnetic

resonance (FMR), and static magnetization study of such layers in which we have

investigated in detail the magnetic anisotropies.
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4.2 Experiment and samples characteristics

We present here the study of a set of three samples which are 50 nm thick

Ga1−xMnxAs1−yPy films grown by low temperature MBE on GaAs(001) substrates.

After the growth the samples were thermally annealed under N2 atmosphere at 250°

for 1 hour. Two samples have a Mn concentration of x=0.07: Ga0.093Mn0.07As1−yPy

with y=0.043 or y=0.056. The uni-axial strain εzz determined by high resolution

X-ray diffraction are -0.056 % and -0.112 % respectively (after the annealing step).

The third sample is; Ga0.896Mn0.104As0.944P0.056 with uni-axial strain εzz equal to

-0.089%. The magnetization of the films was measured by SQUID. The magneto-

crystalline anisotropy constants and their temperature dependence were determined

by X-band (9 GHz) FMR measurements.

4.3 FMR measurements

4.3.1 FMR spectra

In fig.4.1(a),(b) we show typical FMR spectra of the Ga0.093Mn0.07As0.944P0.056

sample for the in-plane and out-of plane orientation at T=4K and T=60K respec-

tively. The resonance positions indicate the [100] and [001] as the easy axes at T=4K

and T=60K respectively. Note that we have observed the reduction of line-width

with the temperature (for temperature well below Tc) particularly for the [110] and

[1-10] directions which is also observed in other samples.

We show in fig.4.2 typical FMR spectra of the Ga0.896Mn0.104As0.944P0.056 sample

for the in-plane and out-of plane orientation at T=4K. The easy axis is parallel to

[100] with a resonance field of H=3100 Oe. We observe only a small difference in the

resonance positions between the four high symmetry directions. The linewidth of

the FMR spectra is very small indicating that the layers are also very homogeneous.

We have also observed a second resonance of small intensity which from its angular

dependence can be identified as the first mode of spin-waves.

4.3.2 Angular dependence of the FMR field

From the angular dependences of the FMR spectra we can determine the easy

axes of magnetization under an applied magnetic field and deduce the anisotropy

constants which allow us to calculate the equilibrium orientations of the magnetiza-

tion for any value of the applied magnetic field. In fig.4.3(a),(b) we show the angular
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Figure 4.1: FMR spectra observed at T=4K (a) and T=60K (b) of

Ga0.093Mn0.07As0.944P0.056 for the magnetic field aligned along the four high sym-

metry directions: the perpendicular(H‖[001]) and three in-plane (H‖[110],H‖[1-10]

and H‖[100]) directions.

Figure 4.2: FMR spectra observed at T=4K of Ga0.896Mn0.104As0.944P0.056 for four

high symetry axes: the perpendicular (H‖[001]) and three in-plane (H‖[110],H‖[1-10]

and H‖[100]) directions.
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Figure 4.3: Angular dependence of the FMR resonance field (symbols) for the

Ga0.093Mn0.07As0.957P0.043 in the out-of plane configuration (a) and in-plane con-

figuration (b); the simulated angular variations (solid lines) are obtained from the

anisotropy constants and the g-values of g=1.913 at 4K g=1.93 20K, g=1.94 at 40K,

and g=1.96 at 60K

dependences of the uniform mode spectra in the (1-10), (001) planes respectively at

different temperatures for the Ga0.093Mn0.07As0.957P0.043 sample. For this sample the

easy axis of magnetization is always along the [100] direction for all temperatures.

At low temperature the hard axis of magnetization is no longer aligned along any

high-symmetry direction but is rotated towards the [111] direction; with increasing

temperature the hard axis shifts back to the [001] direction. These orientations

can be attributed to a competition between the cubic H4⊥ and the uni-axial H2⊥

anisotropy fields: the angular dependence of the resonance field is determined by

H4⊥ at low temperature (see fig.4.6) whereas at higher temperatures all anisotropy

fields are of comparable value. The Landé g factor has equally been evaluated from

the angular variation. It is slightly different from g=2.00 and varies from g=1.913

at 4K to 1.96 at 60K. The assumption of a constant g-factor of 2.00 of assumed in

a simplified approach would have led to different K values.

In fig.4.4(a),(b) the angular dependences of the uniform mode spectra of the

Ga0.093Mn0.07As0.944P0.056 sample in the (1-10), (001) planes respectively are shown
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Figure 4.4: Angular dependence of the FMR resonance field (symbols)for

Ga0.093Mn0.07As0.944P0.056 in the out-of plane configuration (a) and in-plane con-

figuration (b); the simulated angular variations (solid lines) are obtained from the

anisotropy constants and the g-values of g=1.91 at 4K and 20K, g=1.93 at 40K, and

g=1.95 at 60K

for different temperatures. We observe that at 4K as in the previous case the H‖[100]

axis is the easy axis of magnetization but with increasing temperature to T=40K

the easy axis shifts to the [001] orientation which indicates that the easy axis of

magnetization has rotated from an in-plane direction at T=4K to an out-of-plane

orientation at T=40 K. If the temperature is further increased the FMR spectra

become quasi isotropic for in-plane rotations and only a small in-plan out-of-plane

anisotropy persists. For this sample, the hard axis magnetization is also not aligned

along any high-symmetry direction at low temperature, but with increasing temper-

ature the hard axis monotonously shifts to the [110] direction.

The angular dependence of the uniform mode FMR spectra for the

Ga0.896Mn0.104As0.944P0.056 at two temperature shows that the easy axis of magne-

tization is parallel to [100] at 4K with a resonance field of 3100 Oe(4.5). Note that

the easy axis switches also from H‖[100] to H‖[001] at T=100K for this sample.
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Figure 4.5: Angular dependence of the FMR resonance fields (symbols) for

Ga0.896Mn0.104As0.944P0.056 in the out-of plane configuration (a) and in-plane con-

figuration (b); the simulated angular variations (solid lines) are obtained from the

anisotropy constants and the g-values of g=1.94 at 4K and 20K
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Figure 4.6: Anisotropy fields for the Ga0.093Mn0.07As0.957P0.043 sample as a function

of temperature; the demagnetization field is equally indicated; H2⊥(squares, black),

H2‖(circles,red), H4⊥(up triangle, blue), H4⊥(down triangle, green). The symbols

are experimental results; lines are guide for the eyes.

4.3.3 Magneto-crystalline Anisotropy

Anisotropy fields play a critical role in the process of the magnetization easy axis

reorientation. We will now discuss for these quasi-isotropic layers the anisotropy

fields defined as 2Ki/M and their variation with temperature. As in the previ-

ous chapter the constants were determined from a fit of the angular variation of

the FMR spectra. The anisotropy fields obtained from the FMR analysis for the

Ga0.093Mn0.07As0.957P0.043 sample are shown in fig.4.6 as a function of temperature.

At low temperature the cubic anisotropy is always much larger than the perpen-

dicular uni-axial anisotropy. The cubic anisotropy decreases rapidly with increasing

temperature. As a result, at T= 60K the perpendicular uni-axial anisotropy has a

value comparable to the cubic anisotropy.

In fig.4.7, we show the temperature dependence of the anisotropy fields for the

Ga1−xMnxAs0.944P0.056 samples with x=0.07 (a) and x=0.104 (b). As shown in

fig.4.7 (a), at T=4K the cubic anisotropy fields dominate the magnetic anisotropy

field; however, with increasing temperature they decrease rapidly down to zero and

the perpendicular uni-axial anisotropy field becomes dominant at T>40K. The per-
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Figure 4.7: Anisotropy fields for Ga1−xMnxAs0.944P0.056 with x=0.07 (a) and

x=0.104 (b)as a function of temperature; the demagnetization field is equally

indicated;K2⊥(squares, black)K2‖(circles,red), K4⊥(up triangle,blue), K4⊥(down tri-

angle, green).The symbols are experimental results; lines are guide for the eyes.

pendicular uni-axial field H2⊥ is comparable but slightly inferior below T=30K and

becomes superior above this temperature. Its value is however small and positive

whereas a similar doped GaMnAs layer on GaAs(001) has typical H2⊥ value of 3500

Oe. As shown in fig.4.7 (b), the perpendicular uni-axial anisotropy is dominant at

low temperature and comparable with demagnetization field 4πM, but it decreases

monotonously with increasing temperature.

4.3.4 Free energy density

The free energy density F at zero applied field can now be calculated from these

anisotropy field values. In fig.4.8 we present F as a function of the crystalline ori-

entation (Θ,Φ) for the Ga0.093Mn0.07As0.944P0.056 sample at several temperatures.

These 3D plots illustrate clearly the reorientation with temperature of the easy

magnetization axis direction from in-plane to out-of plane: at 4K the in-plane di-

rection [100] energy minima are deeper than those that appeared along the out-of
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Figure 4.8: 3D plot of free energy densities for Ga0.093Mn0.07As0.944P0.056 at differ-

ent temperatures calculated from the anisotropy field given in fig.4.7(a). Energy

minima occur near the [100] direction at 4K and shift to the [001] direction as the

temperatures increases

plane [001] direction; however with increasing temperature these minima become

relatively deeper while the ones in the [100] direction become shallower. For T=40K

the minima energy is along the out-of plane [001] direction. The deepest energy

minima indicate the easiest magnetic axes direction.

In fig.4.9 we show this transition in more detail in a 2D plot corresponding to the

crossection of the free energy surface with the (010) plane. The in-plane anisotropy

changes also with temperature: the easy in-plane orientation shifts monotonously

from near [100] for T=4K to [1-10] for T=60K (fig.4.10).
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Figure 4.9: The energy density as a function of the out-of-plane orientation for Θ,

Φ=0°. The energy minima occur near the [100] direction at 4K and shift to the [001]

direction as the temperature increases.

Figure 4.10: Free-energy densities as a function of the in-plane magnetization ori-

entation |M| | cosΦ, sinΦ,0| at T=4K (a) T=20K (b) T=40K (c) and T=60K (d).

The directions of the energy minima shift toward the [1-10] direction with increasing

temperature.
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Figure 4.11: Magnetization curves as a function of the magnetic field applied along

[001] direction for Ga0.093Mn0.07As1−yPy layers with y=0.043 (a) and y=0.056 (b);

T= 4K (square, black), T=20K (circle, red), T=60K (triangle, blue)

4.4 Magnetization measurements

In fig.4.11, we show the magnetization curves M(H) for H‖[001] for

Ga0.093Mn0.07As1−yPy with y=0.043 (a) and y=0.056 (b) for different temperatures.

In fig.4.11 (a), at T=4K, we observe a double slope characteristic for a non-coherent

magnetization reversal. At 60 K the remnant magnetization is close to zero. In

Fig.4.11 (b), for theGa0.093Mn0.07As0.944P0.056 sample, we observe also a double slope

characteristic for a non-coherent magnetization reversal at T=4K and T=20K. At

T=60K we observe square loops with coercive fields Hc=3 Oe. For this temperature

the easy axis is perpendicular to the film plane. The non-coherent magnetization

reversal at low temperature can be understood as follows: at high magnetic fields,

the Zeeman term is dominant and orients the magnetization out of plane; when

the magnetic field is decreasing, the equilibrium orientation switches gradually to

the [100] direction -the easy axis for zero applied field- due to the influence of the

magneto-crystalline anisotropy fields. In the following subsection we will discuss this

in details.

Magnetization curves M(H) for with H‖[100] for Ga0.093Mn0.07As0.944P0.056 sam-

ple are shown in fig.4.12 for different temperatures. We observe square hysteresis
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Figure 4.12: Magnetization curves as a function of the magnetic field applied along

H‖[100] for the Ga0.093Mn0.07As0.944P0.056; T= 4K (square, black), T=20K (circle,

red), T=60K (triangle, blue)

cycles with a coercive field of 45 Oe and 25 Oe at 4K and 20K respectively. At 60K

the remnant magnetization is close to zero as the easy axis is now perpendicular.

The hysteresis cycles of these samples are consistent with previously discussed FMR

measurements.

4.5 Mechanism of in-plane/out-of-plane magneti-

zation reversal

In order to understand the non-coherent magnetization reversal at low temper-

ature, and its change with temperature and magnetic field in samples with critical

strain, we need to examine the magnetic anisotropies which determine the equilib-

rium orientations of the magnetization. The free energy density F of a homogeneous

magnetized thin film with a magnetic field applied perpendicular to the layer plane

(i.e., along the [001] direction) can be expressed as follows[160, 96]:

F = −MHcosθ+2πM2cos2θ−M
2

[
H2⊥cos

2θ +
1

2
H4⊥cos

4θ +
1

2
H4‖sin

4θ +
1

2
H2‖sin

2θ

]
(4.1)

Here, the first term is the Zeeman energy; θ is the angle between the magne-

tization vector and the sample normal (i.e. the [001] direction); the second term
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is the demagnetization energy (or shape anisotropy) and last term is the magneto-

crystalline anisotropy.

We show in fig.4.13 (a),(b) the magnetization hysteresis curves M(H) at 4K for

the Ga0.093Mn0.07As0.944P0.056 sample for a magnetic field applied parallel to [001]

and the corresponding free energy curves in the (010) plane for different applied

fields. As shown in 4.13 (b), the free energy density has a minimum at Θ=π/2 for

H=0 Oe which indicates that the easy axis is parallel to the [100] direction. When

the external magnetic field is applied along [001] direction, the minimum energy

shifts from the in-plane direction [100] to the out-of plane [001]. One can show from

eq.4.1 that at low field the perpendicular magnetization Mz increases proportionally

to the applied field with the slope [96]:

dMz

dH
=

M

4πMeff + 1
2
H2‖ +H4‖

(4.2)

where 4π Meff=4πM-H2⊥. As shown in fig.4.13 (b) the local minimum at θ=0°

becomes increasingly pronounced as the field increases. In particular, the energies

of the two local minima (at θ=0° and θ ≈ 80°) become equal at the field HT in the

middle hysteresis loop. This field HT can be expressed with the anisotropy constants

as follows [96]:

HT = (4πMeff +
1

2
H2‖ +H4‖)−

√
1

2
(4πMeff +

1

2
H2‖ +H4‖)(H4⊥ +H4‖) (4.3)

A similar behavior has already been reported in low doped Ga1−xMnxAs layers

with x<0.03 [96], low hole concentration [160] and with x=0.03 in which a strain

compensating intermediate GaInAs layer had been grown [90]. However, in such

layers, if the uni-axial strain is indeed very weak, the magnetization and critical

temperature of these layers are also reduced due to the low Mn concentration.

This can be described by the condition [96];

1/2(H4⊥ −H4‖) < 4πMeff
+ 1/2H2‖ < 3H4⊥ + 2H4‖ (4.4)

The uni-axial anisotropy fields have values similar to the cubic ones.

When the temperature increases, the anisotropy fields decrease but differently, as

detailed in the previous section. For example; at 60K for Ga0.093Mn0.07As0.944P0.056

sample (fig.4.11(b)), the easy axis is parallel to the out-of-plane direction [001],

resulting in the inequality 4πMeff ≡ 4πM-H2⊥ <0. The magnetization reorients in

this case at very small applied magnetic fields.
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Figure 4.13: (a) Magnetization curves as a function of the magnetic field applied

along [001] for Ga0.093Mn0.07As1−yPy with y=0.056 (b) The free energy density as

the function of Θ for different values of a magnetic field H along [001]. As the

applied field increase, the local energy minimum moves continuously towards the

applied field direction. Two local minima are equal at HT=140 Oe.
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4.6 Conclusion

Ga1−xMnxAs1−yPy films with critical strain can be obtained with intermediate

phosphorous alloying. It is possible to reduce the uni-axial strain to an extend

that it just balances the weak demagnetization field. In this case the equilibrium

orientations of the magnetization are determined by a competition between the uni-

axial and cubic anisotropy fields which are small and of comparable magnitude at

low temperature. The different temperature dependencies of these fields give rise

to magnetization reorientations even for small temperature changes. Such layers

should be very suitable for laser assisted thermal switching of their equilibrium

magnetizations.
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Chapter 5

Interfacial exchange coupling

MnAs/GaMnAs bilayers

5.1 Introduction

The basic understanding of spin-dependent transport and exchange coupling in

ferromagnetic semiconductor multilayers is of current interest within the context

of semiconductor spintronics [26, 86, 27, 76]. The exchange biasing of the ferro-

magnetic semiconductor GaMnAs layer by interfacing it with an antiferromagnetic

layer has been investigated recently by SQUID magnetometry and FMR [45, 42].

Exchange bias effects are detected from the shift HE of the magnetization loop

M(H) relatively to the H=0 position. The unidirectional magnetic anisotropy HUD,

which characterizes the exchange biasing of the ferromagnetic GaMnAs layer by the

antiferromagnetic top layer can also be investigated by FMR [42].

Exchange coupled bilayers of hard and soft ferromagnetic thin films show many

analogies to antiferromagnetic/ferromagnetic exchange biased heterostructures which

have been studied in the past [12, 68, 7, 162, 150, 109]. MnAs/GaMnAs bilayers are

a good example of such composite ferromagnetic thin films [175, 166, 31, 174]. As

the MnAs layer can be epitaxially grown on GaMnAs, abrupt interfaces with low in-

terface defect densities can be obtained. For two different uni-axial anisotropic films

in close contact with each other ferromagnetic exchange coupling occurs between the

spins in a narrow region close to the interface between the two ferromagnetic films

[65]. A recent study [175] has reported the observation of the current-perpendicular-

to-the-plane (CPP) spin valve effect in such “self-exchange biased” bilayers. The

results are consistent with the formation of exchange spring due to interfacial ex-
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Figure 5.1: The crystallographic orientations of epitaxial MnAs layers grown on

GaAs(001)(a) substrates and GaAs(111)(b) substrates[107]

change coupling between MnAs/GaMnAs bilayers with a region of inhomogeneous

magnetization within the biased GaMnAs layer [166, 174]. In this chapter we report

the results of SQUID and FMR measurements on MnAs/GaMnAs bilayers with very

thin (15nm) MnAs layers.

The presence of the MnAs layer on top of the GaMnAs layer is also expected to

modify the strain and thus its magnetic properties. It is one of the characteristics of

ferromagnetic GaMnAs thin layers grown on GaAs that the lattice mismatch induced

strain leads to strong anisotropy fields which determine the easy axes of magnetiza-

tion. Up to now no information is available on how the strain will be modified by

the MnAs top layer. We have investigated this problem by FMR spectroscopy.

In the context of spintronics hybride systems composed of ferromagnetic metals

and classical semiconductors like GaAs have become increasingly important. MnAs,

a ferromagnetic metal, is an interesting case for spin injection in GaAs as it can be

grown epitaxially with abrupt interfaces in spite of an important lattice mismatch

[49, 62, 123, 153]. The epitaxy depends on the substrate orientation and two cases

GaAs(001) and GaAs(111) are generally investigated (fig. 5.1). FMR has how-

ever not yet been really applied for the study of this system due to experimental

difficulties. We report also in this chapter the results of experimental FMR studies

performed at high frequency which bring new interesting information for this system.
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Figure 5.2: Schematic illustration of a partial domain wall configuration (PDW) in

GaMnAs, with spins continuously rotating as a function of the distance from the

interface[166]

5.2 Description of the exchange spring model of

bilayers

Wilson et al.[166] have developed a partial domain wall (PDW) model analogous

to the one used by Mauri et al.[106] and Guo et al.[69] to describe exchange biased

sytems. The exchange bias field HE of AFM/FM heterostructure and hard/soft

metallic FM bilayers such as MnAs/GaMnAs bilayers can be calculated by this

approach. The interfacial exchange coupling in MnAs/GaMnAs bilayers is schemat-

ically illustrated in fig.5.2 where a partial domain wall (PDW) is nucleated in the

GaMnAs soft layer. In this model the magnetization of the MnAs layer is saturated

along the [110] axis of GaMnAs by applying a strong magnetic field in this direction.

This direction corresponds to the [11-20] easy axis of magnetization of the hexagonal

MnAs layer. When the external field is turned off the MnAs magnetization remains

in this easy axis direction whereas the magnetization of GaMnAs layer becomes free

to switch back to its equilibrium position.

The PDW of thickness t1 is formed in the GaMnAs layer close to the interface.

When a strong interfacial exchange coupling is assumed, the MnAs magnetization

and the GaMnAs magnetization are aligned at the interface, thus Φ1 ≈ 0 and t1 can

be neglected since it is much smaller than the thickness of the GaMnAs t2 layer.

The energy per unit area can be expressed as:
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E = 2
√
AK(1− cosΦ2)− Aex +KutGMAsin

2Φ2

+1/4KctGMAcos
22Φ2 −HMtGMAcosΦ2

(5.1)

The first term is the energy of the PDW where A and K are the spin stiffness

and the effective anisotropy constant of GaMnAs, respectively. The second term

represents the exchange coupling at the interface. The third and fourth terms are

the uni-axial and biaxial anisotropy energies in GaMnAs where Ku and Kc are the

uni-axial and biaxial anisotropy constants, respectively. The last term is the Zeeman

energy with H the applied magnetic field and M the saturation magnetization of

GaMnAs. Assuming a strong cubic anisotropy the energy is minimum at an angle

between MnAs magnetization and the bulk GaMnAs magnetization Φ2=π/4 and

Φ2=3π/4. The two switching fields can be determined from the second derivative of

the energy with respect to Φ2.

H > HC1 =
−2
√

2AK − 4Kct√
2Mt

(5.2)

H > HC2 =
−2
√

2AK + 4Kct√
2Mt

(5.3)

The exchange bias field HE, given by (HC1+HC2)/2=-2
√
AK/Mt, is mainly

determined by the intrinsic parameters A, K, M and depends inversely on the

thickness of the GaMnAs layer. In addition the coercive field Hc, given by (HC2-

HC1)/2=8Kc/
√

2M, depends on the cubic anisotropy constant and the saturation

magnetization of the GaMnAs layer.

5.3 Sample preparation

MnAs/GaMnAs bilayers samples were grown at the Penn State University by the

group of Prof. Nitin Samarth. They were deposited by low temperature molecular

beam epitaxy (LT-MBE) on a n-type GaAs(001) substrate after the deposition of

a 170 nm thick high temperature GaAs buffer layer (grown at 580 °C). In fig.5.3

we show the MnAs/GaMnAs structures. The 30 and 50 nm thick Ga1−xMnxAs

(x∼0.055) layers are grown at a substrate temperature of ∼ 240 °C. After this

growth, the substrate temperature is further lowered to 200 °C with the As shutter

open. A few monolayers of MnAs are first deposited at 200 °C to form a template

for ”type-A MnAs.” [136]. Then, the substrate temperature is raised to ∼240 °C
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Figure 5.3: Schematic illustration of bilayers structures

to deposit a 15 nm thick MnAs layer. This process produces high quality “type-A

MnAs”. In this particular epitaxy, the [0001] axis of the MnAs layer lies in the

plane of the (001) GaAs substrate and is parallel to the [1-10] GaMnAs axis. The

GaMnAs layer has not been annealed purposely but the growth of the MnAs layer

at 240°C is expected to indirectly anneal it. Here, we focus on two different samples.

Sample A consist with 15 nm type-A on top of 50 nm Ga1−xMnxAs (x∼0.055) and

Sample B consist 15 nm type-A on top of 30 nm Ga1−xMnxAs (x∼0.055). Note

that the MnAs layers are very sensitive to oxidation, for this reason we have kept

our samples under vacuum between the measurement periods.

5.4 SQUID measurements

The magnetization of the bilayers are measured using a DC SQUID magnetome-

ter. In the SQUID measurements discussed here, the external magnetic field is

applied parallel to the [110] direction of the GaAs substrate which corresponds to

the [11-20] easy axis of magnetization of the MnAs layer. We show results for sample

A but similar results are observed for sample B. We first discuss the magnetization

dependence on temperature and magnetic field. The temperature dependence of the

remnant magnetization M(T), measured in a field of 30 Oe after cooling down from

room temperature in a 1T field, shows clearly two different Curie temperatures for

the GaMnAs (Tc =110 K) and MnAs (Tc=320 K) layers (fig.5.4(a)). The saturation

magnetizations (Msat) were 28 emu/cm3 and 666.6 emu/cm3 for GaMnAs and MnAs

respectively. Fig.5.4(b) shows the major magnetization hysteresis loop measured af-

ter first saturating the MnAs layer in a field of 20 kOe. We observe very different

coercive fields for MnAs (Hc ∼ 1.4 kOe) and GaMnAs (Hc ∼ 500 Oe).

Fig.5.5 (a),(b) shows the minor hysteresis loop measured over a field range -

1kOe≤H≤ 1kOe after first saturating the MnAs layer in a field of +20 kOe and -20
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Figure 5.4: (a) Temperature-dependent magnetization M(T)( b)Major hysteresis

loop M(H) at 4 K for a bilayer sample, showing two distinct coercive fields of the

GaMnAs and MnAs layers. The magnetization is shown per unit area.

kOe respectively. We note that the minor loop of the bilayers is the major loop of

the GaMnAs layer. The displacement of the center of the hysteresis loop from zero

field is opposite to the magnetization of the MnAs layer (a positive or negative ∼ 340

Oe) indicates that the MnAs and GaMnAs layers are FM coupled, whereas a parallel

alignment of two layers evidences “negative exchange biasing” of the GaMnAs layer.

With the experimental values of M=28emu /cm3,K ≈ Kc/4 ≈ 2672 erg/cm3 (in

fig.5.8), t=50 nm at T=4K, we obtain the spin stiffness A=0.5 pJ/m for the GaMnAs

layer which is consistent with theoretical calculation by Sugawara et al.[151].

In fig.5.5(a) we show the minor hysteresis loop at several temperatures. We find

that the coercive field Hc and the exchange bias field HE decrease up to the Curie

temperature Tc (fig.5.5(b)). Previous studies of ferromagnet films exchange biased

by an anti-ferromagnet layer have shown that the HE decreases with increasing

temperature; in fact both fields HE and Hc are correlated [45, 46]. However, Wilson

et al.[166] have observed no variation with temperature of HE for high doping Mn

concentration (x=0.16). It should be recalled that the PDW model predicts that the

anisotropy and magnetization depend on Hc and HE. The anisotropy constants and

magnetization of GaMnAs are a function of temperature, decreasing with increasing

temperature [31].

In fig.5.7 we show that the exchange field HE decreases with increasing thickness

92



Figure 5.5: Minor hysteresis loop at 4K after saturation of the MnAs layer at +20

kOe (a) or -20 kOe (b) The minor loops are seen to shift to the opposite direc-

tion of the MnAs magnetization by a field which is called exchange field HE. The

orientations of the two layers are also shown.

Figure 5.6: (a)Minor hysteresis loop at several temperatures for sample A after satu-

rating the MnAs at -20 kOe (b) The exchange field HE as a function of temperature.

93



Figure 5.7: The exchange field HE as a function of GaMnAs thickness

of the soft layer GaMnAs. Similar results have been observed on a different samples

MnAs/GaMnAs layers[175, 166]. Our results are in good agreement with the PDW

model.

Metal/GaMnAs bilayer are systems of high current interest as they may be used

to increase the Curie temperature of GaMnAs up to room temperature. Recent

studies of Fe/GaMnAs bilayers have shown an antiferromagnetic coupling between

Fe and Mn in the near surface regions of GaMnAs. The effect induced by the

presence of the Fe cap layer, persists even above room temperature as deduced

from X-ray magnetic circular dichroism (XMCD) measurements. However, SQUID

measurements have not given direct evidence for such an effect [99, 117]. Note that

via SQUID measurements it is difficult to evidence a small magnetized fraction of

the GaMnAs layer near the interface which might be coupled to the MnAs layer due

to its small thickness and thus small contribution to the total SQUID signal.

5.5 FMR measurements

The FMR measurements on the MnAs/GaMnAs bilayers were performed at dif-

ferent frequencies in the 4 K to Tc temperature range.

5.5.1 9.5 GHz(X-Band) measurements

The angular dependences of the GaMnAs FMR spectra were measured in two

different planes of GaMnAs: (001) and (1-10) at 9.5 GHz (X-Band). In this setup,
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Figure 5.8: FMR spectra at T=4 K for H‖[001] (a), H‖[1-10] (b) and H‖[110] (c)

of the MnAs/GaMnAs bilayer at a frequency of 9.5GHz. The low intensity MnAs

spectrum in (c) results from a fraction of the MnAs layer with a different orientation

as compared to the main alpha phase, characterized by an in-plane intermediate axis

the maximum available magnetic field H is 17.8 kOe. These two sets of measurements

enable us to determine the resonance position for the high symmetry orientations

of the GaMnAs film: H‖[001], [110], [1-10] and [100] from which the anisotropy

constants can be determined [97].

In Fig. 5.8, we show typical X-band FMR spectra of the bilayer for H‖[001], H‖[1-

10] and H‖[110] at T = 4 K. For H‖[001] (fig.5.8a), we observe both the uniform mode

of the GaMnAs and the one of the MnAs layer. They can be easily distinguished

and attributed due to their different angular variations, intensities and temperature

dependence. For H‖[1-10] (fig.5.8b) i.e., parallel to the hard axis [0001] of MnAs only

the GaMnAs spectrum can be observed in the available magnetic field range. For this

orientation the resonance field for the MnAs spectrum is expected to be close to 3T.

For H‖[110](fig.5.8c), the easy axis of magnetization of the MnAs layer, the MnAs

spectrum can not be observed neither at X-band spectroscopy as the microwave

energy is too low; its observation requires at least Q-band (35GHz) frequencies.

We observe nevertheless a weak spectrum at the resonance position close to the

intermediate axis orientation, which we attribute to the fact that a small fraction

of the MnAs film has a different, ≈ 90° rotated crystallographic orientation. Such

mixed epitaxies occur frequently in MnAs layers on GaAs(001).

The line-widths of the GaMnAs spectra are highly increased as compared to

95



Figure 5.9: The resonance field of the FMR uniform mode of the GaMnAs layer at

4K (squares) for sample A and the simulated angular variation (solid lines, red) as a

function of different orientation of applied field in out-of plane configuration(a) and

in-plane configuration(b).

the values observed in layers without a MnAs cap layer. In particular for the in-

plane orientation typical line-widths of single layers of GaMnAs are in the 100 to

200 Oe range, whereas in these bilayers they increase up to 2000 Oe. An increase

of the linewidth can be due to different mechanisms such as strongly reduced hole

concentrations, increased Gilbert damping factors in bilayer systems or magnetic

inhomogeneities. It seems reasonable to attribute the major contribution to the

multidomain structure of the MnAs layer which are characterized by coercive fields

above 1T for the hard in-plane axis. The high critical temperature of 110 K for the

GaMnAs layer indicates a hole concentration of > 1020 which are to high to explain

this increase in linewidth [83].

The angular variation of the GaMnAs FMR spectra was measured at tempera-

tures between 4 K and 110 K and the anisotropy constants have been determined

by the standard procedure [97, 146, 83]. In fig.5.9 we show the angular variation of

the “out-of plane” and “in-plane” configuration at 4K.

We observe the usual in-plane [100] easy axis and [001] hard axis orientation.

However, the dominant uniaxial constant K2⊥ is strongly reduced and the cubic con-
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Figure 5.10: Variation of the four magnetocrystalline anisotropy constants K2⊥

(black,square), K2‖(red,circle), K4⊥(blue,upper triangle) and K4‖(green,lower tri-

angle) as a function of temperature for the MnAs capped GaMnAs/GaAs layer.

The symbols are experimental results; lines are guides for the eyes.

stant K4⊥increased as compared to comparable standard layers (Fig. 5.10) [83, 32].

The growth of the MnAs layer on top of the GaMnAs layer seems to modify the

strain dependent anisotropy constants [37] from those of comparable, uncapped lay-

ers. Exchange coupling between MnAs/GaMnAs bilayers can also shift of resonance

positions of the GaMnAs spectra [29] which might modify the apparent anisotropy

constants of GaMnAs.

In principle, it is also possible to study the exchange coupling of two layers by

FMR via the resonance field shifts of the GaMnAs layer if parallel and anti-parallel

magnetization orientations can be realized. However, this appears to be precluded in

this case since the resonance field for GaMnAs is comparable to the coercive field of

the easy axis of MnAs. Indeed, the SQUID major loop measurements with H‖[110]

show that the MnAs layer is already fully magnetized for H=1.4 kOe whereas the

FMR resonance field of the uniform mode in GaMnAs occurs at a higher field of 2.5

kOe. Thus, a field reversal will always lead to parallel oriented magnetizations in

both layers and consequently no shift in the resonance fields will be observed.

5.5.2 35 GHz(Q-Band) measurements

In fig.5.11, we show Q-band FMR spectra of the MnAs/GaMnAs layer measured

at different temperatures; the motivation for Q-band measurements is that the easy
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Figure 5.11: FMR spectra at several temperatures for H‖[001] MnAs/GaMnAs bi-

layer at a frequency of 35GHz. The arrows indicate the resonance field of the GaM-

nAs and MnAs layers

Figure 5.12: (a)FMR spectra at 260K for H‖[11-20](left,red), H‖[-1100](right,black)

MnAs layer at a frequency of 35GHz. The arrows indicate the resonance field of the

MnAs layer. (b) The resonance field of the MnAs layer at 260K (squares) and the

simulated angular variation (solid lines, red) as a function of different orientation of

applied field in the out-of plane configuration (i.e. from the intermediate axis H‖
[-1100] to the easy axis H‖[11-20]
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axis FMR spectra can now be observed at intermediate temperatures. For a magnetic

field applied H‖[001]. We observe two distinct FMR spectra which can be attributed

to the uniform mode spectra of the GaMnAs layer and the MnAs layer respectively.

In fig.5.12(a) we show the typical FMR spectra at 260K for the easy axis H‖[11-

20] and intermediate axis of the magnetization H‖[1-100] of the MnAs layer at a

frequency of 35GHz. We observe the intermediate axis resonance at 14550 Oe and

the easy axis resonance at 1510 Oe. However, we have not observed the easy axis

resonance at lower temperature at this frequency as it shifts to negative field values.

The angular dependence of the resonance field at 260K in the out-of plane configu-

ration is shown in fig.5.12(b). We obtain a good agreement between the simulated

resonance field and the measured ones.

5.5.2.1 Phase Transitions in ultrathin MnAs layer

Thin epitaxial layers of MnAs grown epitaxially on GaAs(001) or GaMnAs have

been intensely investigated recently due to the particular phase transitions in the

270K to 300K range which lead to the formation of a stripe system composed of

ferromagnetic alpha stripes separated by paramagnetic beta phase regions[25, 122,

81, 94, 25]. The details of the magnetic domain structure of the MnAs layers depend

on the thickness of the MnAs layer. For 25 nm thick layers Ryu et al. [133] have

shown by magnetic force microscopy (MFM) closed domain structures spreading

across some FM stripes(fig.5.13). In fig.5.14(a,b), we show the FMR resonance

spectra measured close to the α/β phase transition their temperature dependence in

the range from 65 K to 301 K; the magnetic field is applied parallel to the [1-100]axis.

We observe two FMR spectra between 294 K and 301 K. The spectrum at higher

field is the one of the striped α phase and the spectrum at lower field is related to

the remaining fraction of the alpha phase in non-striped region of the layer.

In fig. 5.15 we show that the FMR linewidth is also sensitive to the phase transi-

tion; it increases strongly above 270 K due to spin fluctuations. As the stripes have

no simple geometrical shape in these ultrathin MnAs films a quantitative analysis

of the FMR spectra with the consideration of the modified shape anisotropy is not

possible.

5.5.3 High Frequency -115GHz- FMR measurements

The ferromagnetic α phase of both bulk MnAs and epitaxial MnAs layers on

GaAs has been studied in the past by a number of experimental techniques. The first
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Figure 5.13: Variation of the MFM images for MnAs film with decreasing thickness

at (a) saturated state and (b) demagnetized state. The images have observed at room

temperature and the easy axis is perpendicular to the FM stripe direction[133]

Figure 5.14: (a) FMR spectra close to the transition between α phase and the

striped α-β phase measured in the direction normal to the film (i.e. H‖[1-100]).(b)

Temperature dependence of the resonance field measured in the direction H‖[1-100]

MnAs layer. The dashed lines represent the transition temperature between the α

phase, the striped α-β phase and the β phase.
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Figure 5.15: Temperature dependences of the linewidth of the FMR spectrum of the

alpha phase of MnAs measured in the direction [1-100].

results on bulk single crystals have been obtained by De Bois and Rodbell[13]. Their

studies concerned the mechanism of the FM long range order, the determination of

the saturation magnetization and the high intrinsic uni-axial anisotropy linked to the

hexagonal crystal structure. The exceptionally high magneto-crystalline anisotropy

is at the origin of the experimental difficulty to measure this anisotropy and its

strain induced modifications by FMR spectroscopy. In particular with X-band and

Q-band spectrometers;

– the easy axis not observable at low temperature

– the hard axis not observable

– the Magnetization is not saturated at the resonance fields of the intermediate

axis [147]

To overcome these difficulties, we have performed high frequency FMR measure-

ments at the Grenoble High Magnetic Field Laboratory. We have investigated the

magneto crystalline anisotropy of epitaxial MnAs layers grown on GaAs by high

frequency FMR at 115GHz with magnetic fields up to 12T. At this frequency the

g=2 resonance field is close to 4T. In a typical FMR experiment we measure the

angular variation of the resonance fields of the uniform mode for orientations of the

applied magnetic field in two crystal planes. The geometry is described in polar

coordinates with the polar and azimuthal angles Θ and Φ. A particularity of the

high anisotropy is the extreme non collinearity of the applied magnetic field and the
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equilibrium magnetization.

The resonance positions of the uniform mode spectra can be derived from the

free energy density F[94] and its derivatives relative to Θ and Φ in the Smit Beljers

formalism [146]. It contains the Zeemann term, the shape anisotropy and the mag-

netocrystalline anisotropy. The free energy density for MnAs layers on GaAs(001)

is:

F = −HM(sinΘsinΘHcos(Φ− ΦH) + cosΘcosΘH)

−(K1 − Nb

2
M2)cos2Θ− (K2 − Na

2
M2)sin2Θcos2Φ

(5.4)

where Θ and ΘH are the polar angle of the magnetization and the external field

with respect to the MnAs[-1100]-axis, i.e., to the normal plane (b-axis) respectively,

whereas Φ and ΦH are the in-plane angle taken relative to the MnAs[11-20]-axis,

i.e., easy axis (a-axis), K1 and K2 represent the out-of plane and in-plane anisotropy

constants respectively, the Ni (i=a,b) are the demagnetizing factors of the stripes

along a- and b-axis. For a homogeneously magnetized α phase-MnAs film we have

a simple thin film geometry and the demagnetizing factors are Na=0 and Nb=4π.

Using eq.5.4 and the Smit Beljers formalism[146], the resonance equation for the

polar angular dependency assuming ΦH=0°is given by:

(
ω

γ

)2

= [Hcos(Θ−ΘH)− (M⊥
eff −M

‖
eff )cos2Θ]

×[Hcos(Θ−ΘH)− (M⊥
eff −M

‖
eff )cos

2Θ−M‖
eff ]

(5.5)

where M⊥
eff=NbM-

2K1

M
and M

‖
eff=NaM-

2K2

M
.

Simultaneously, the equilibrium condition FΘ=0 (free energy derivative with re-

spect to Θ) has to be fulfilled, i.e.:

Hsin(Θ−ΘH) =
1

2
(M⊥

eff −M
‖
eff )sin2Θ (5.6)

5.6 High Frequency FMR spectroscopy of 15nm

thin MnAs epilayers grown on GaMnAs(001)

The angular variation of the FMR spectra has been measured for a rotation from

the intermediate axis to the easy axis and from the intermediate axis to the hard
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Figure 5.16: Angular variation of the resonance field (squares) of the FMR spectra

of the MnAs layer; T=160K. The simulated angular variation from eq. 5.5is shown

(solid lines, red). The applied field is changed from the intermediate axis H‖[-
1100](Θ=0) to the easy axis H‖[11-20](Θ=90)

axis both being out-of-plane configurations. Due to the maximum field of 12T even

the hard axis uniform mode spectrum could be measured.

In fig.5.16 we show the angular variation of the uniform mode resonance fields

for the first case. The measurement temperature was 160K; at this temperature

the MnAs layer is in the single α phase and the GaMnAs layer paramagnetic. We

observe resonance fields of 4.4 T and 2.0 T respectively for the intermediate and easy

axis orientation of the applied magnetic field. In the second configuration the hard

axis resonance field is 7.8 T. The physically relevant parameters are the anisotropy

constants which we obtain via the resonance equations and the knowledge of M,

determined independently from SQUID measurements.

5.6.1 Magnetic Anisotropy of MnAs thin films on GaM-

nAs(001)

The anisotropy constants for the MnAs layer on GaMnAs/GaAs(001) determined

from the high frequency FMR measurements using eq.5.5 are given in Table 5.6.1.

There are a number of important observations:

– The anisotropy constants are not identical for out-of plane and in-plane ori-
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T(K) M(emu/cm3) K1(erg/cm3) K2(erg/cm3)

160 627 6.6x106 8.8x106

260 500 3.3x106 3.7x106

301 260 1.5x106 1.8x106

Figure 5.17: Values of the Magnetization and anisotropy constants at T=160K,

T=260K and T=301K

entations. This demonstrates that the simple model of a relaxed layer is not

correct.

– We observe that the difference between the two constants increases when the

temperature is lowered. The layers become more and more biaxially strained

at low temperature.

– The difference of nearly 2x106 erg/cm3 is very high; for comparison, typical

anisotropy constants of strained epitaxial GaMnAs films on GaAs are an order

of magnitude smaller.

– the numerical values of the constants increase at low temperature, as expected.

– if we compare the value of uni-axial anisotropy K1 to the bulk value (11x106)

[13], we observe that the epitaxial layers are under tensile strain. Note that

this strain exists in the pure α phase and might even induce β phase formation

at unexpectedly low temperature.

5.7 High Frequency FMR spectroscopy of thin

MnAs epilayers grown on GaAs(111)

We extended our FMR studies also to the case of ultrathin MnAs layers epitaxialy

grown on (111) oriented GaAs substrates. For this epitaxy the hard axis of MnAs

is oriented perpendicular to the film plane and the in-plane properties of the layer

are isotropic in a first order approximation. In this section we present the results

of epitaxial MnAs layers of ≈ 10 nm thickness grown on GaAs(111) by molecular

beam epitaxy at 250°C. A typical high FMR (115GHz) spectrum is shown in figure

5.18. Remarkable is the unexpected small linewidth of only 120 Oe which expresses

an excellent crystallographic quality and as shown later, a small Gilbert damping

factor.

We show in fig.5.19 the angular variation of the uniform mode resonance fields.
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Figure 5.18: FMR spectrum measured at 200K in the direction hard axis H‖[0001]

at a frequency of 115 GHz

The hard axis resonance is at 7.7 T and the easy axis resonance at 2.7 T. At such

high magnetic fields, we observe the FMR spectra of a homogeneously magnetized

film, a condition always assumed in the standard Smit Beljers analysis.

Whereas in a first order approximation, the in-plane angular variation of the

FMR spectra not show any angular dependence higher order terms can however

introduce a small sixfold angular variation reflecting the hexagonal crystal structure.

If the epitaxy is not fully homogenous over the mm2 sized sample this additional

small anisotropy will be hidden. To test this and determine this additional constant

we have measured this variation at Q-band (35GHz) at 200K. As shown in fig.5.20

we do indeed observe a sixfold variation but the anisotropy is small, of the order of

30 Oe only.

We derived the anisotropy constants using the Free energy density F[20] and its

derivatives relative to Θ and Φ in the Smit Beljers formalism [146].

The Free energy density F for hexagonal films with the c-axis perpendicular to

the film plane have been given by Chappert et al. We use their equations adapting

it to our notation of the polar and azithumal angles:

F = −HMsinΦcos(ΘH −Θ) +
1

2
(4πM2)sin2Φ

−(K1 + 2K2)sin2Φsin2Θ +K2sin
4Φsin4Θ

(5.7)
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Figure 5.19: The resonance field of MnAs layer at 200K (squares) and the simulated

angular variation (solid lines, red) in the out-of plane configuration (i.e., the applied

magnetic field is changed from the hard axis H‖[0001] to the easy axis H‖[11-20];

microwave frequency 115GHz

Figure 5.20: (a) FMR spectra at 200K for different orientations of the applied field

in the film plane at a frequency of 35GHz (b) The resonance field at 200K (squares)

in in-plane configuration at a frequency of 35GHz (Q-band). Lines are guide for the

eyes
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where the first term represents the Zeeman energy, the second the magnetostatic

energy, and last two term the axial anisotropy energy with c axis parallel to perpen-

dicular to the layer. K1 and K2 are the uni-axial out-of plane and uni-axial in-plane

anisotropy constants respectively.

The resonance equation for the polar angular Θ dependency is given by:

(
ω

γ

)2

= [Hcos(ΘH −Θ) + (4πM − 2K1

M
)cos2Θ +

4K2

M
(3sin2Θcos2Θ− sin4Θ)]

×[Hcos(ΘH −Θ)− (4πM − (
2K1

M
+

4K2

M
))sin2Θ− 4K2

M
sin4Θ]

(5.8)

where Θ and ΘH represent the polar angle of the magnetization and the external

field respectively.

At the temperature of 200K, we obtained following values for K1=-10.56x106

erg/cm3 and K2=-1,4x105 erg/cm3.

In fig.5.21 we compare our results to the previously published values of the uni-

axial anisotropy K1 constants. The blue triangle corresponds to a previous X-band

measurement by Repetto et al.[92]. These authors had only observed at X-band the

uniform mode spectrum for a very limited magnetic field range between 0 Oe and 1.5

kOe which raises a number of problems. The second value given by Steren et al.[147]

(green triangle) has been determined from SQUID magnetization measurements.

Our results (red circles) are in excellent agreement with the ones published by De

Blois et Rodbell [13] for bulk samples which indicates that the strain in these layers

on GaAs(111) is probably very small.

The phenomenological Gilbert damping factor α allows to parametrize the relax-

ation of the magnetization; it can be deduced from FMR measurements at least two

frequencies. It is the frequency dependence of the uniform mode linewidth (fig.5.22)

which allows its determination. The FMR linewidth is generally decomposed in a

frequency independent term corresponding to an inhomogeneous broadening (ob-

tained by extrapolation to zero frequency) and a linear term corresponding to the

homogeneous broadening. Here we have used two measurements at 115 GHz and

230 GHz for its determination. It would have been interesting in order to increase

the precision of this value to dispose of more than two frequencies but this was not

possible in these experiments. As shown in fig.5.22, we deduce from the two measure-

ments a damping factor of α=0.002. This is the first determination of the damping

factor in epitaxial MnAs films. Its value is comparable to the one determined for Fe
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Figure 5.21: Uniaxial anisotropy constants K1 MnAs/(111)GaAs as a function of

temperature, determined from 115GHz FMR measurements and literature values

previously published

thin films.

5.8 Conclusion

In this chapter we have presented a number of magnetization measurements and

FMR measurements of MnAs/GaMnAs and MnAs/GaAs bilayers. The coupling of

two ferromagnetic bilayers such as Fe/GaMnAs[99, 117] or Fe/MnAs [134, 15] is

of high current interest. We observe at low temperatures a ferromagnetic coupling

between the MnAs and GaMnAs layers characterized by an exchange field of 350

Oe. This value is interpreted in a partial domain wall model. Whereas the domain

wall model limits the coupling to a small interface region we observe a strong per-

turbation of the GaMnAs FMR spectra by the MnAs top layer. It is characterized

by an extreme line broadening for the in-plane orientation. FMR measurements of

the magnetic anisotropies of MnAs thin films even in the low temperature alpha

are difficult due to the high intrinsic anisotropy of MnAs thin films which preclude

the observation of the angular variation due to the limitation of the available mag-

netic field ranges. Our high frequency measurements have allowed us to follow the

complete angular variations. From these results we could determine the anisotropy

constants for both GaMnAs/GaAs(001) and GaAs(111) epitaxies. Our results show
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Figure 5.22: High frequency FMR linewidth at 115GHz and 230GHz for the

MnAs/GaAs(111) film; T=200K and H‖[0001]

the presence of an unexpected important strain in the (001) epitaxies and confirm

the first publication of this value by De Blois et Rodbell [13]. We have equally been

able to give a first estimation of the Gilbert damping factor by 115Ghz and 230GHz

measurements.
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Chapter 6

Spin relaxation in Magnetic

Semiconductor Layer

The dynamics and relaxation processes of the magnetization of ferromagnetic

semiconductor layers have been investigated in the last few years [145, 104, 167]. Pre-

vious FMR studies focussed either on unusually low doped GaMnAs layers [145, 167]

or were performed on standard layers but with the limiting condition of a single mi-

crowave frequency [145]. Recently, we have investigated by FMR at X-band and

Q-band frequencies the damping of compressive and tensile strained GaMnAs thin

films grown on GaAs and GaInAs substrates respectively [84]. The knowledge and

control of the relaxation processes are of particular importance for device applica-

tions as they determine for example the critical currents required for the magnetiza-

tion switching in FM/NM/FM trilayers [145]. In this chapter we present the results

of similar FMR studies of the magnetization relaxation in Ga1−xMnxAs1−yPy/GaAs

layers with different Phosphorous concentrations. We also investigated the anisotropy

of the magnetization relaxation process in these layers.

6.1 Magnetization relaxation; Gilbert Damping

The damping factor α is generally assumed to be a scalar quantity [57, 72]. It can

be determined from FMR or Kerr effect measurements, these two techniques probing

the relaxation phenomenon in two different regimes. The FMR spectroscopy mea-

sures the magnetization relaxation for small angle precession in a homogeneously

magnetized thin film. On the contrary, large precession angles are involved in mag-

netization reversal processes in domain wall motion generally studied by MOKE
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spectroscopy. The value of the Gilbert damping factor α determined by Kerr spec-

troscopy is usually higher than the one determined by FMR (αDW > αFMR) but the

two can be related theoretically[21, 74].

The Gilbert damping fctor for the magnetization precession in the small angle

regime is defined by the Landau-Lifschitz-Gilbert (LLG) equation to which now a

damping term is added[89, 93],

1

γ

d
−→
M

dt
= −[

−→
M ×

−→
H eff ] +

α

γ
[
−→
M × d−→s

dt
] (6.1)

where M is the magnetization, Heff is the effective magnetic field, α is the

damping factor, γ is the absolute value of the electron gyromagnetic ratio and s is

the unit vector in the direction of M.

The Gilbert damping factor α has been modelled for ferromagnetic GaMnAs thin

films by Sinova et al[145]in the framework of the mean field kinetic exchange model:

α =
Jpdheff

4~

∫
d3k

(2π)3

∑
a,b

|< φa(k) | s+ | φb(k) >|2 ×Aa,k(εF )Ab,k(εF ) (6.2)

where heff=Jpd NMn < S > is an effective kinetic-exchange field, Jpd is the

exchange integral, NMn=4x/a3
lc is the density of uniformly distributed Mn ions in

Ga1−xMnxAs(alc is the GaAs lattice constant), φa(k) is the band eigenstates and

Aa(ε,k) is the spectral function.

In the DMS systems where the magnetic properties are introduced by doping

like GaMnAs, the spin orbit interaction is strong and high values of damping factor

α are expected, as compared metallic system like Co, Fe and MnAs.

6.1.1 FMR linewidth

The Gilbert damping factor can be experimentally determined by FMR spec-

troscopy from the variation of the uniform mode linewidth4Hpp with the microwave

frequency [163, 143];

4Hpp(ω) = 4Hinhom +4Hhom = 4Hinhom +
2√
3

G

γ2.M
ω (6.3)

where 4 Hpp is the peak-to-peak linewidth of the first derivative of the uniform

mode resonance (Lorentzian line shape), ω is the angular microwave frequency, and

G is the Gilbert damping factor from which magnetization-independent damping fac-

tor α can be deduced by α=G/γM. In Eq.6.4 it is assumed that the magnetization
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and the applied magnetic field are colinear; this is fulfilled for the high symme-

try directions in GaMnAs: [001], [110, [1-10] and [100]. Otherwise a 1/cos(θ-θH)

term has to be added to Eq.6.4 [57]. 4Hinhom is the inhomogeneous, frequency-

independent linewidth; it can be further decomposed in three contributions, related

to the crystalline imperfections of the film [20]:

4Hinhom =| δHr

∂H
| .4 θH+ | δHr

δφH
| .4 φH+ | δHr

δHint

| .4Hint (6.4)

The first two terms are introduced to take into account a slight mosaic structure

of the metallic films defined by θ and φ and their distributions (4θ,4φ) and the

third term takes into account a distribution of the internal anisotropy field Hint.

For epitaxial III-V films grown by MBE like GaMnAs or GaMnAsP on GaAs, high

quality films without any mosaic structure are obtained and, in this case, only the

third term may play a role.

The Gilbert damping factor can thus be determine by measuring4 Hpp at differ-

ent frequencies (values of ω). The variation of the FMR linewidth with microwave

frequency has been measured with resonant-cavity systems at 9 GHz (X-band) and

35 GHz (Q-band) in the 4K to Tc temperature range and for different orientations

of the applied magnetic field. The peak-to peak linewidth of the uniform mode

FMR spectrum is then decomposed into a frequency independent inhomogeneous

linewidth, and a frequency (linearly) dependent linewidth. The inhomogeneous

linewidth is strongly dependent on the presence of macroscopic defects such as dis-

locations and is also influenced by the presence of a cap layer. On the contrary, the

homogeneous linewidth depends on the intrinsic sample properties.

In diluted magnetic semiconductors like GaMnAs and quaternary GaMnAsP

alloys, the damping parameter is expected to depend on:

– The magnetic compensation which depends on the growth conditions

– The Mn concentration and the carrier (hole) concentration which is responsible

for the ferromagnetic Mn-Mn interaction.

– The strain which modifies the valence band splitting

6.1.2 FMR linewidth studies

In this section we present the studies of the magnetization relaxation process in

a 50 nm thick Ga1−xMnxAs1−yPy layer with x≈0.08 and y≈0.08 (high P doping),

grown at 250°C by Low-Temperature MBE on a semi-insulating (100) oriented GaAs

substrate. In this tensile strained layer, the easy axis of magnetization is along the
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Figure 6.1: (a) X-band and (b) Q-band FMR spectra at 60K and H‖[001] (easy

axis) for the Ga0.92Mn0.08As0.92P0.08 sample; the peak-to-peak linewidth of the FMR

uniform mode is 90 and 210 Oe respectively. Black squares are the experimental data

and their simulation by a Lorentzian line is shown by a line (red).

out-of plane [001] direction. This sample is metallic and its resistivity at T=15K

is ρ=0.016 Ω.cm. The saturation magnetization at T=4K is 44 emu/cm3 and the

Curie temperature is 105 K, as determined by SQUID and Hall effect measurements

respectively.

In figs. 6.1(a) and (b), we show typical X-band and Q-band spectra measured

for H‖[001] at 60K. The spectra are characterized by an excellent signal to noise

ratio and the resonances have well-defined line shapes. The line shape is perfectly

Lorentzian at the two frequencies. In addition to the uniform mode, one spin-wave

resonance is observed at lower field, for both frequencies. The observation of spin

wave resonance in this highly P doped sample allows us to determine the effective

exchange integral between the Mn ions; according to theoretical predictions its value

is expected to be higher in phosphorous alloyed films [102]. In order to deduce this

parameter, we have applied the phenomenological model proposed by Liu et al.[98].

The exchange constant, D, determined at T=40K, is ≈2.733 T nm2. Considering the

magnetization value at this temperature, this value corresponds to a spin stiffness

value of A=0.06 pJ/m. This value is two times smaller than the one determined via

magneto-optical Kerr effect microscopy [70]; We deduced from this value an effective

exchange integral between the Mn ions of JMn−Mn=0.22meV.

In fig.6.2, we show the uniform mode linewidth measured at X-band as a function
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Figure 6.2: X-band FMR peak-to-peak linewidth of the uniform mode as a function

of temperature for the Ga0.92Mn0.08As0.92P0.08 sample, for the four main orientations

of the applied field: H‖[001](black,squares), H‖[110](circle,red), H‖[100](green,upper

triangle) and H‖[1-10(blue,down triangle)

of temperature and orientation of the magnetic field for a y=0.08 P doped layer.

The values vary between 70 and 120 Oe with weak orientation and temperature

dependences. The linewidth increases close to the critical temperature (100K).

In fig.6.3, we show the Q-band results for the same sample. In the low tem-

perature region the linewidth is about 200 Oe, a twofold increase over the X-band

values. The linewidth are strictly isotropic below T=60K. For higher temperatures

we observe a systematic increase of the linewidth with temperature and an increasing

anisotropy. The relatively small values of the linewidth indicate a high crystalline

quality and a good magnetic homogeneity of the sample.

The damping factor α is obtained from the slope of the linewidth versus mi-

crowave frequency curves assuming a linear variation. For example, fig.6.4 shows

the uniform mode linewidth measured at T=80K for four high symmetry directions

of the applied field. Fig.6.5 displays the uniform mode linewidth measured when

the external magnetic field is parallel to [001], for different temperatures between

4K and 100K.

We show fig.6.6 the temperature dependence of the inhomogeneous linewidth.

The linewidth does not vary dramatically with the temperature up to 80K, and

then increases close to Tc. The inhomogeneous linewidth for H‖[001] at T=60 K is
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Figure 6.3: Q-band FMR peak-to-peak linewidth of the uniform mode as a function

of temperature for the Ga0.92Mn0.08As0.92P0.08 sample, for the four main orientations

of the applied field: H‖[001(black,squares), H‖[110](circle,red), H‖[100](green,upper

triangle) and H‖[1-10](blue,down triangle)

Figure 6.4: FMR peak-to-peak uniform mode linewidth as a function of mi-

crowave frequency (9.5 GHz and 35 GHz); T=80K and H‖[001(black,squares),

H‖[110](circle,red), H‖[100](green,upper triangle) and H‖[1-10](blue,down triangle)

for Ga0.092Mn0.08As0.092P0.08 sample
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Figure 6.5: FMR peak-to-peak uniform mode linewidth as a function of microwave

frequency (9.5 GHz and 35 GHz) for H‖[001](easy axis) at different temperature for

Ga0.092Mn0.08As0.092P0.08 sample

Figure 6.6: Inhomogeneous linewidth as a function of temperature for four

orientations of the applied field: H‖[001(black,squares), H‖[110](circle,red),

H‖[100](green,upper triangle) and H‖[1-10](blue,down triangle) for the

Ga0.092Mn0.08As0.092P0.08 sample. Inset: Ga0.92Mn0.08As/GaInAs inhomoge-

neous linewidth as a function of temperature for two orientations of the applied

field: H‖[001(black,squares), H‖[1-10](blue,down triangle)
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Figure 6.7: Damping factor α as a function of temperature for four orientations

of the applied field: H‖[001(black,squares), H‖[110](circle,red),H‖[100](green,upper

triangle) and H‖[1-10](blue,down triangle) for Ga0.92Mn0.08As0.92P0.08 sample. The

error for α is below 0.001 as estimated from a maximum error of 10 Oe for the FMR

linewidth.

about 50 0e, i.e., 50% of the total linewidth at X-band. However, Sinova et al.[145]

have used the approximation ∆inhom � ∆hom to deduce the damping factor from a

single X-Band frequency measurement, but this approximation is not fullfilled here.

We obtain the damping factor α from the slope of the uniform linewidth variation

with microwave frequency (fig.6.7). The damping factor does not vary clearly with

temperature between 4 K and 0.8 Tc and increases when the temperature approaches

Tc.

6.1.3 Damping factor as a function of Phosphorous induced

strain

In order to verify the influence of the Phosphorous concentration on the damping

factor we have measured a second sample with a two times smaller phosphorous

content: the 50 nm thick Ga0.92Mn0.08As0.957P0.043 layer is grown under very similar

conditions as the previous shown sample. The easy axis of the magnetization of this

sample is parallel to [100] direction, and its resistivity at T=15K is ρ=0.015 Ω.cm.

The saturation magnetization at T=4K is 44 emu/cm3 and the Curie temperature
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Figure 6.8: Inhomogeneous linewidth 4 Hinhom (a) and damping factor α

(b) as a function of temperature for four orientations of the applied field;

H‖[001(black,squares), H‖[110](circle,red),H‖[100](green,upper triangle) and H‖[1-

10](blue,down triangle) for Ga0.92Mn0.08As0.957P0.043 sample

is ≈112 K.

The temperature dependence of the inhomogeneous linewidth and of the damp-

ing factor are shown in Fig.6.8(a) and Fig.6.8(b) respectively. The inhomogeneous

linewidth are very anisotropic for this sample and vary by more than a factor of two.

They are equally higher than in the y=0.08 doped sample. The damping factor is

slightly lower andd shows a systematic increase with temperature. (Fig.6.8(b)).

Typpical values are of the order of 0.010. The values are also anisotropic indepen-

dent of the temperature. Near Tc, the damping factor increases strongly -0.024.

Fig.6.9 presents the inhomogeneous linewidth as a function of temperature, mea-

sured for H along [001] (a) and [110] (b) directions respectively . The inhomogeneous

linewidth along [001] direction is higher for the highest Phosphorous concentration.

For both concentrations, it decreases progressively with increasing temperature. On

the conrary, for the [110] in plane direction (fig.6.9(b)), the inhomogeneous linewidth

is smaller for the Phosphorous concentration of 0.08 than for 0.043. Whereas the

inhomogeneous linewidth of the sample Ga0.92Mn0.08As0.92P0.08 does not vary with

temperature, on the contrary the linewidth of theGa0.92Mn0.08As0.957P0.043 decreases

from 118 down to 28 Oe when T increases from 20K up to Tc.

As shown in fig.6.7 the damping factor of the sample with the highest P concen-
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Figure 6.9: Inhomogeneous linewidth as a function of temperature measured

for an external applied field along [001] axis (a) and [110] axis (b), for the

Ga0.92Mn0.08As1−yPy layers with y=0.043 (squares,black) and y=0.08 (circles,red)

Figure 6.10: Damping factor α as a function of temperature, measured with an

applied field along [001] axis (a) and [110] axis (b) for the Ga0.092Mn0.08As1−yPy

samples with y=0.043 (squares,black) and y=0.08 (circles,red)
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tration is α=0.012 at low temperature (4K); this value is about three times higher

than the one reported previously for phosphorous free Ga0.93Mn0.07As/GaAs lay-

ers [84]. A further interesting aspect is the small value of the inhomogeneous part

of the FMR linewidth. Its value is only 40 Oe, which is comparable to the one

measured in the best, state of the art, GaMnAs samples grown on GaAs(001) sub-

strates. It is however an order of magnitude smaller than the one reported in the

case of (Ga,Mn)As layers with perpendicular anisotropy, which have been obtained

by epitaxial growth on GaInAs substrates (the tensile strained samples). The inho-

mogeneous linewidth as a function of temperature for the Ga0.92Mn0.08As/GaInAs

sample are shown in the inset in fig 6.6. The inhomogeneous linewidth is a probe

of the magnetic homogeneity of such films and its low value in phosphorous alloyed

films indicates the absence of dislocation related to inhomogeneous doping or charge

carrier distribution, which are a major drawback for the use of GaInAs buffer layers.

In the P concentration range studied here, our results show that the Phosphorous

alloying in films with metallic conductivity does not lead to a significant modification

of the inhomogeneous linewidth nor the damping factor. As in the case of GaMnAs

layers the Gilbert damping factor is anisotropic and varies with the temperature.

6.2 Conclusion

We have determined the Gilbert damping factor α in a low and high phosphorous

alloyed sample with a Mn doping level of x=0.08. The values are of the order of 0.01

but show an angular dependence -typically by a factor of two- and increase with

increasing temperatures. The values are slightly higher than those previously deter-

mined for phosphorous free GaMnAs layers [84]. It would be interesting to compare

these values with those determined for large angle precession MOKE measurements

but such values are not yet available.
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Conclusion and Perspectives

In my PhD thesis work I have studied the transport and magnetic properties

of a series of ferromagnetic semi conducting thin epitaxial films and multi-layers

based on manganese doped GaAs alloys. I have chosen a combination of different

experimental techniques, FMR, SQUID , Hall effect measurements to measure and

model the magnetic anisotropies as a functions of strain and temperature. Whereas

Ga1−xMnxAs has been studied in quite detail previously the major part of my

studies was performed on a new quaternary alloy system -Ga1−xMnxAs1−yPy-. My

results show that this system has some important advantages over the ternary alloys

where due to the direct link between the strain and the Mn doping concentration

these two parameters can not be changed independently.

I have shown that the phosphorous alloying introduces also a new functionality

in this system due to the dependence of the Mn acceptor level position on the P

concentration. Due to the increase in the thermal ionization energy of the Mn

acceptor which changes from 113 meV in GaAs to 200 meV in GaP above typically

10 % phosphorous the conductivity of the layers changes from metallic to impurity

band like hopping with a thermal activation energy. This change in the conduction

regime modifies pronouncedly all magnetic properties like the critical temperature,

the anisotropy constants. It offers further the possibility to prepare thin layers with

increased resistivities which will facilitate the depletion by applied electric fields.

I have shown that thin films doped with standard Mn concentration of 7 % to

10 % and intermediate phosphorous concentrations of 6 % are very interesting as

the small residual lattice mismatch related strain field can made be equal to the de-

magnetization field which gives rise to a system with a so-called critical strain. Such

layers are quasi isotropic and characterized by drastically reduced energy barriers

for magnetization switching. I have shown by FMR measurements that even small

temperature shifts of 20K allow to switch such layers from a in-plane easy axis to

an out-of-plane easy axis regime.

The manipulation of the orientation of the equilibrium magnetization ofGa1−xMnxAs
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thin films is of high fundamental and technological interest. The unique property

of ferromagnetic semiconductors i.e., the long range order mediated by the hole

carriers offers the possibility to modify their characteristics by changing the carrier

concentration by applying electric fields. Different authors have performed such ex-

periments and we have established cooperation with some of them to evaluate this

effect also by FMR measurements. Two different systems have been studied: p/n

diodes where the Ga1−xMnxAs layer is the p-type part of the diode (in collaboration

with Hitachi Cambridge laboratory, UK) and ferroelectric/ferromagnetic bilayers (in

collaboration with Swiss Federal Institute of Technology, Switzerland) in which a

non volatile electric field can be obtained. As the measurements on diodes were not

successful in the sense that no change in the FMR parameters could be observed

they are not presented in this manuscript. The work on ferroelectric top layers is

still in progress and further sample optimization is necessary in order to study the

influence of electric fields by the FMR technique. Due to the incomplete character

of these results they are neither presented in this thesis. However quaternary layers

in the impurity conduction regime seem to be good candidates for further studies in

this field.

The ferromagnetic compound MnAs has found increasing attention in the last

years due to its high critical temperature and the fact that it can epitaxially grown on

GaAs. I have studied the magnetic anisotropies of epitaxial ultra-thin films grown

on (111) and (100)GaAs or Ga1−xMnxAs by FMR and SQUID techniques. The

choice of high frequency FMR studies has allowed me to overcome the traditional

difficulties linked to the extremely high built in anisotropy and I have measured for

the first time the uniform mode spectra of these films by FMR. I have determined

the anisotropy constants for both epitaxies and shown that the generally assumed

full relaxation of MnAs layers on GaAs(001) is not correct. These layers are equally

submitted to an important strain linked to the lattice mismatch.

I have equally determined by FMR measurements at 115 GHz and 230 GHz the

Gilbert damping factor for this material which had not been known up to now.

When grown on ferromagnetic Ga1−xMnxAs films the bilayers are characterized

by an exchange bias field of several 102 Oe which I have determined by SQUID

measurements as a function of temperature. We have not observed any significant

change in the critical temperature of the Ga1−xMnxAs layer due to the coupling

with the MnAs top layer. This is quite different to the recently published results

[99, 117] on the similar system of Fe/Ga1−xMnxAs bilayers.
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Now that many basic properties of the ferromagnetic GaAs based thin films are

well known it would be interesting to extend these studies to patterned films in order

to modify the shape anisotropy and determine the related anisotropies. Given the

high sensitivity of the FMR technique it should be possible to measure wires, pillars

on 100 µm sized samples which can be obtained by lithography.

We should also pursue the studies of ultra-thin layers with thickness inferior to 10

nm. Up to now it is not known which is the minimum layer thickness, given the DMS

character of this material-for the onset of long range order-. From similar studies

on ultra-thin Fe films it is known that below a certain thickness surface anisotropies

will become important and can even become dominant for the magnetic properties

of such layers. No study in this sense has been reported up to now.
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nard, and A. Lemâıtre. Phys.Rev. B, 76:241301, 2007.

[67] C. Gourdon, V. Jeudy, A. Cebers, A. Dourlat, Kh. Khazen, and A. Lemâıtre.
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and C. Gourdon “ Exchange constant and domain wall width in GaMnAsP films

with self-organization of magnetic domains”,Phys. Rev.B (Rapid commu-

nication), 82, 041301(R) (2010)

• M. Cubukcu, H.J. vonBardeleben, J.L. Cantin, A. Lemâıtre “Temperature In-
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The subject of this thesis is the experimental study of the magnetic anisotropy in thin ferro-

magnetic semiconductor films and the magnetic coupling in bilayers formed with ferromagnetic

metals. I have focussed my studies on two different systems: quaternary ferromagnetic GaM-

nAsP thin films and MnAs/GaMnAs bilayers. In these systems I have investigated how the

magnetic anisotropies are influenced by the lattice mismatch induced biaxial strain and the hole

concentration. The principal experimental techniques used are ferromagnetic resonance spec-

troscopy, SQUID magnetization measurements as well as transport and high resolution X-ray

diffraction.Two series of GaMnAsP layers characterized by different Mn concentrations of 7%

and 10% were investigated. For each series the P concentration has been varied over a wide

range from 0 to 20%. Of particular interest is the case of highly P doped layers where the

conductivity regime changes from metallic to impurity band conduction. This change induces

a profound modification of all pertinent magnetic parameters (Tc, Msat, uniaxial anisotropy).

The variation of the four anisotropy constants as a function of temperature and P has been

determined. For intermediate P concentrations layers with zero uniaxial strain can be obtained.

The temperature induced magnetization reorientations have been evidenced for 6% doped P.

High frequency FMR measurements have been used to study the magnetic anisotropy of MnAs

epitaxial films on (111) and (100) GaAs. A ferromagnetic exchange coupling has been evidenced

for MnAs/GaMnAs bilayers.I have further studied the magnetization relaxation via the Gilbert

damping factor which has been deduced from FMR linewidth studies at two different microwave

frequencies.

***

Cette thèse présente une étude de l’anisotropie magnétique de semiconducteurs ferromagnétiques

en couches minces et du couplage magnétique dans des bicouches formées à partir de ces

matériaux et de métaux ferromagnétiques. Je me suis focalisé sur deux systèmes distincts :

des films minces de l’alliage quaternaire GaMnAsP et des bicouches : MnAs/GaMnAs. Dans

ces systèmes, j’ai étudié l’influence sur les anisotropies magnétiques d’une part, de la déformation

biaxiale induite par le désaccord de maille avec le substrat et d’autre part, de la concentration

en trous. Ces études ont été menées principalement par résonance ferromagnétique, mesures

d’aimantation par SQUID, ainsi que grâce à des mesures de transport et de diffraction de rayons

X à haute résolution.Deux séries de films de GaMnAsP caractérisées par des concentrations en

Mn de 7 et 10% ont été étudiées. Pour chaque série, la concentration en P a été variée sur une

large gamme de 0 à 20%. Les forts dopages en P sont intéressants car le régime de conduction

peut changer, passant de métallique à bande d’impuretés. Ceci induit de profondes modifications

de tous les paramètres magnétiques pertinents (Tc, Msat, constantes d’anisotropies). Nous avons

étudié les variations d’anisotropie magnétique avec la concentration en P. Une réorientation de

l’aimantation avec la température a pu être mise en évidence pour une concentration 6% P.Des

mesures de RFM à haute fréquence ont permis d’étudier l’anisotropie magnétique de films de

MnAs épitaxiés sur (111) et (100) GaAs. Un couplage d’échange ferromagnétique est mis en

évidence pour les bicouches MnAs/GaMnAs.La relaxation de l’aimantation de ces systèmes a

été étudiée via le facteur de Gilbert, déterminé à partir de l’étude de la largeur des résonances

en fonction de la fréquence des microondes utilisées.
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