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Chapter 1
Introduction
The exploding development of nanotechnology over the last two decades has opened
new possibilities in ultra fast information processing and data storage. At the same
time, as nowadays device fabrication methods approach the ultimate atomic scale,
the demand on alternative routes is emerging.
The interplay between magnetic and transport properties in nano-scaled magnetic materials have been utilized in several electronic applications from the memory
elements to magnetic field sensors and is still a subject of extended basic research.
Since the manipulation of spins takes place on a much smaller energy scale than
that of the electrical charges, the opportunity to involve the spin degree of freedom
in addition to, or instead of the charge in advanced device concepts holds promise
for increased data processing speed at a decreased energy consumption level. More
importantly, the integrated data processing- and non-volatile storage capabilities
of such devices lies in the heart of ’Spintronics’ and are expected to redefine the
conventional computation schemes.
The intensive research of dilute magnetic semiconductors (DMS) was initiated
by the successful doping of non-magnetic semiconductors by magnetic atoms beyond
their solubility limit by non-equilibrium low temperature molecular beam epitaxy
(MBE). The Mn2+ ions in the most widely studied (III,Mn)V alloys provide localized
magnetic moments and at the same time act as a source of valence band holes
that mediate the exchange interaction between them. Recent experiments [1] have
demonstrated that electrical control of the spin properties in these compounds can
be used both for manipulation and detection of magnetic signals. This feature
makes them promising candidates for the material background of future spintronic
applications which also incorporates the existing semiconductor technologies in a
seamless way.
5
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INTRODUCTION
This thesis presents an experimental study of magnetotransport properties in se-

lected (III,Mn)V DMSs carried out in the Low Temperature Physics Laboratory of
the Department of Physics, BUTE. The application of hydrostatic pressure as an external control parameter to modify the different band parameters and the local magnetic exchange interaction contributes to the coherent understanding of the origin of
ferromagnetism and its impact on various transport phenomena in these compounds.
The experiments revealed that by using hydrostatic pressure to continuously tune
the wavefunction overlaps the carrier mediated ferromagnetism can be induced even
in the initially paramagnetic phase by a considerable enhancement of the Curie
temperature. The high-field magnetization, magnetoresistance and anomalous Hall
measurements indicate an intimate relation between the transport and magnetic
properties. Based on the concept of magnetic scattering of spin-polarized carriers
on randomly distributed Mn2+ ions a model is proposed which accounts for the observed magnetoresistance both below and above the ferromagnetic phase transition
and at the same time it is capable to deduce the spin-polarization of the holes. The
anomalous Hall effect, which serves as an important characterization tool of nanoscaled magnetic devices, is compared to the magnetization up to 14 Tesla and is
explained in terms of intrinsic Berry-phase mechanism.
This thesis is organized in six chapters. After giving an overview of the research
field in Chap. 2, the technical details of the pressure cell, the cryogenics as well as
the experimental setup and methods are introduced in Chap 3. The experimental
results and their analysis are presented in the subsequent chapters (Chaps. 4 and
5). Finally the new scientific results are summarized in five thesis points.

Chapter 2
Overview of the research field
The intrinsic properties of the host semiconductor matrix i.e., the details of the
band structure or the strong spin-orbit coupling of the valence band holes essentially
influences the magnetic features of DMSs. Therefore this overview starts with the
description of non-magnetic (III,V) semiconductors (Sec. 2.1). The carrier-mediated
ferromagnetism in (III,Mn)V DMSs is discussed in terms of the Zener model in
Sec. 2.2. The basics of the magnetic interaction between an individual magnetic
impurity atom and delocalized charge carriers are also introduced in this part. In the
presence of spin-orbit coupling such a spin-dependent magnetic interaction can lead
to asymmetrical scattering giving rise to an anomalous off-diagonal conductivity.
The corresponding extrinsic theories of the anomalous Hall effect (AHE) as well as
the recently emerged alternative Berry-phase scenarios are presented in Sec. 2.3.
The most fundamental experimental observations on the carrier-mediated nature of ferromagnetism, magnetic structure and magnetotransport properties are
described in Sec. 2.4.
The majority of the new experimental results and conclusions presented in these
thesis have been obtained on the narrow gap DMS (In,Mn)Sb. The growth details,
the structural and magnetic characterization as well as those previous measurements
which are essential for the coherent understanding of the new results are summarized
in Sec. 2.5.
The last section of this chapter features the recent achievements in the application of magnetic semiconductors in the rapidly developing field of spin based
electronics called ’spintronics’.
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2.1
2.1.1

OVERVIEW OF THE RESEARCH FIELD

Structure of (III,V) semiconductors
Lattice structure

The host (III,V) semiconductor compound of the most widely studied Mn doped
DMSs crystallizes in the zinc blende structure. The zinc blende crystal consists of
two identical interpenetrating face centered cubic (fcc) sublattices. The different
sublattices occupied by the different group III and group V element ions are shifted
by the fourth of the cubic diagonal relative to each other. The resulting structure is
invariant under the symmetry operations of the tetrahedral point symmetry group
Td and can be characterized by a single lattice constant a as illustrated in Fig. 2.1. In
this configuration each ion is surrounded by four nearest neighbor ions of the different
√
sublattice forming an equilateral tetrahedron with the edge length of 2a/2. The
lack of inversion symmetry in the zinc blende lattice also contributes to the spinorbit interaction of the delocalized carriers, and hence to the related spin transport
phenomena, as will be discussed in the following subsections.

III

V

a

Figure 2.1: The Bravais cell of a (III,V) compound zinc blende semiconductor. The
crystal is characterized by a single lattice constant ’a’. The tetrahedrally coordinated
bonds are also indicated.
The chemical bonds are established by the strongly hybridized s and p atomic
shells. The resulting orbitals are oriented towards the first neighbor sites. Due
5+
to the different electronegativities of the contributing A3+
III and BV atomic cores a
slight ionic character appears in the covalent bonds.
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Spin-orbit interaction

According to the nonrelativistic expansion of the Dirac equation in powers of the
inverse speed of light, in the presence of an external electric potential the spin
degree of freedom of the electron is coupled to its orbital motion. The Hamiltonian
describing the spin-orbit (SO) coupling appears among the second order terms,
HSO =

1
s · (∇V × p) ,
2m20 c2

(2.1)

where V is the external potential acting on the electron, m0 is the bare mass of the
electron, s = ℏσ/2 is its spin operator with σ being the vector of the Pauli matrices
while p is the momentum operator.
Due to the large Dirac gap (2m0 c2 ≈ 1MeV) in the denominator HSO is small for
electrons slowly (v/c ≪ 1) moving in the vacuum. However, in case of charge carriers

propagating in a crystal the SO coupling is strongly enhanced for two essential
reasons [2]. First, the coupling is enhanced by the fast electron motion in the strong
electric field of the nuclei rather than from a slow translation. In semiconductor
band theory this coupling is involved in the uk (r) periodic part of the Bloch wave
functions, defined as Ψk (r) = exp(ikr)uk (r), and leads to the splitting of the valence

bands that is comparable, or even larger than the EG energy gap of ≈ 1eV. Secondly,
the symmetry of crystals is lower than that of the vacuum. Especially, the lack of
inversion symmetry in the zinc blende lattice lifts the two-fold degeneracy of the
|k↑i and |k↓i states throughout the Brillouin zone except some high symmetry lines
and planes. As a result, new terms appear in the electron Hamiltonian which mixes
the spin and momentum degrees of freedom and thus further contribute to the
effect of SO coupling. The consequences of the SO interaction arising from reduced
symmetries become dominant especially in lower dimensions.
In case of the s-type conduction band electrons the expression of the spin-orbit
coupling up to the first order in the momentum p was derived by Dresselhaus in the
following symmetry invariant form [3]
HD =




γ
x
2
2
y
2
2
z
2
2
σ
p
p
−
p
+
σ
p
p
−
p
+
σ
p
p
−
p
,
x
y
z
y
z
z
x
x
y
ℏ3

(2.2)

where γ is an effective coupling parameter. It has to be emphasized that the nonzero γ arises from the lack of the inversion centers in the zinc blende lattice; the
Dresselhaus spin-orbit coupling follows from the bulk inversion asymmetry.
In a two dimensional system, i.e. in a quantum well (QW) grown along the [001]
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Figure 2.2: Schematic illustration of the momentum-split energy spectrum of the two
dimensional electron gas with Rasba spin-orbit interaction (a) and the momentum
dependent mixing of the spin states (b) [7].

direction or in a thin film, at low temperatures one can neglect the terms in Eq. 2.2
of the order of p2x and p2y and approximate hpz i ≈ 0 and p2z = ℏ2 kz2 . This results in
the widely known expression of the Dresselhaus spin-orbit coupling [4]
′

HD =

β
(py σ y − px σ x ) .
ℏ

(2.3)

Here β = γhkz2 i with kz being the wave number of the lowest subband.
In quantum wells with asymmetrical confining potential, usually approximated
by a triangular well, the non-zero potential gradient across the QW gives rise to
another contribution to the SO coupling. The Hamiltonian of the so called Rashba
coupling is expressed as [5]
HR =

α
(px σ y − py σ x ) ,
ℏ

(2.4)

where the coefficient α is proportional to the potential gradient. The corresponding
energies of the Dresselhaus and Rashba couplings are determined by the electron
effective mass as well as by the parameters β and α. The characteristic energy scales
are given by εD = mβ 2 /ℏ2 and εR = mα2 /ℏ2 and are in the order of 0.1 - 1 meV
depending on the band mass [6]. Both types of spin-orbit coupling can be regarded
as a momentum dependent Zeeman field acting on the spin of the moving electron.
However, on the contrary to the vertical splitting in case of the Zeeman interaction,
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the Dresselhaus and Rashba couplings result in a horizontal shift of the dispersion
branches, as illustrated in Fig. 2.2.
As will be discussed in 2.1.3, the predominantly p-type valence band in zinc
blende semiconductors consists of heavy- and light hole states with j = 3/2 total
angular momentum. Both of these states have parabolic dispersion and are degenerate at the Γ-point of the Brillouin zone. In a two dimensional system, however,
this degeneracy is lifted due to size quantization and at low temperatures only the
heavy hole states are occupied. In an asymmetrical confining potential these holes
are, analogously to the conduction band electrons, also subject to a Rashba-type
coupling with the Hamiltonian [8]
′

HR =


α̃
p2
+ i 3 p3− σ+ − p3+ σ− ,
2m
2ℏ

(2.5)

where p± = px ± ipy , and σ± = σ x ± iσ y are the construction / destruction operators
of the momentum and angular momentum, respectively, while α̃ denotes the Rashba
SO coupling constant for holes. The above Hamiltonian also leads to k-split valence
band parabolas.

2.1.3

Band structure

In zinc blende semiconductors the minimum of the conductance band and the top
of the valence band are at the k = 0 Γ-point of the Brillouin zone. Therefore in
the vicinity of the Γ-point the electron and the hole states can be characterized
by scalar effective masses. The band structure along the symmetry lines of the
Brillouin zone is displayed in Fig. 2.3.a for GaAs [9]. The conductance band is
composed predominantly from the s-type atomic wave functions while the six-fold
degenerate valence bands are built up from the atomic p-shells with l = 1 angular
momentum. Adding the spin s = 1/2 to the angular momentum leads to multiplet
states with total angular momentum j = 3/2 and j = 1/2. Taking the spin-orbit
interaction into account the six-fold degeneracy of the valence bands at Γ is reduced
to four-fold due to the shift of the j = 1/2 ’split-off’ band down to lower energies.
The ∆SO split-off energy is comparable, or – in narrow gap semiconductors – even
higher than the EG band gap. For small occupations the j = 3/2 hole states can be
described by the effective spherical Luttinger Hamiltonian [10]
1
H=
2m0





5
2
2
γ1 + γ2 k − 2γ2 (k · S) ,
2

(2.6)
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Figure 2.3: (a) Band structure of GaAs, a representative (III,V) zinc blende compound semiconductor along the high symmetry lines of the first Brillouin zone. (b)
Magnified view of the conduction band, the heavy- and light hole bands and the splitoff band in the vicinity of the k = 0 zone center [9].
where m0 is the bare electron mass, k and k are the hole wave vector and its absolute
value, respectively. S is the four-by-four spin-3/2 operator which describe the four
j = 3/2 hole states at a given value of k. The dimensionless Luttinger parameters
γ1 and γ2 characterize the valence band of the specific material. The effects of the
SO coupling are included in γ2 . A detailed compilation of band parameters for
the technologically most important (III,V) zinc blende semiconductors is given in
Ref. [9]. The above kinetic Hamiltonian can be diagonalized in the basis where the
λ = ℏ−1 k · S/k helicity operator is diagonal. The band dispersions are given by the

energy eigenvalues [10]

ℏ2 k 2
ελ (k) =
2m0



 
ℏ2 k 2
5
2
γ1 +
− 2λ γ2 ≡
.
2
2mλ

(2.7)

According to the eigenvalues λ = ±3/2 and λ = ±1/2 of the helicity operator the
two parabolic dispersion branches can be identified as heavy-hole (HH) and lighthole (LH) bands, respectively. The corresponding effective masses can be expressed
in terms of the Luttinger parameters as mhh = 2m0 /(γ1 − 2γ2) for the heavy- and

mlh = 2m0 /(γ1 + 2γ2 ) for the light holes.
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As described in 2.1.2, due to the contribution of the inversion symmetry breaking
to the SO coupling, the spin-degeneracy of both the HH and LH bands are slightly
lifted. However, this splitting is negligible in real materials in comparison to the
relevant energy scales of the valence band. The band structure of GaAs in the
vicinity of the Γ-point is shown in Fig. 2.3.b for the h111i and h001i directions in
momentum space.
In several materials the Hamiltonian in Eq. 2.6 with the spherical symmetry does
not provide a satisfactory approximation. The more general form of the valence band
Hamiltonian which respects time reversal and cubic symmetries has been derived by
J. M. Luttinger [10]



5
γ2 2 2
γ3 
1
γ1 + γ2 k 2 −
kx Sx + ky2 Sy2 + kz2 Sz2 − 2
{kx , ky } ×
H =
2m0
2
m0
m0

×{Sx , Sy } + {ky , kz }{Sy , Sz } + {kz , kx }{Sz , Sx } ,
(2.8)

where {A, B} = (AB + BA)/2 and k 2 = kx2 + ky2 + kz2 . The deviation from the
spherical symmetry is captured in the third Luttinger parameter γ3 . In the special
case of γ2 = γ3 the simple form of Eq. 2.6 is restored. In the general case, when
γ2 6= γ3 , the helicity is no longer a good quantum number. Although the structure
of the heavy and light hole bands remain similar to that of the spherical case, their
dispersion relations are modified involving biquadratic terms of ki [11]
γ3
1
γ1 k 2 ±
d(k), where
2m0
m0
"
 2
 2 #


γ
γ2
2
d2 (k) =
kx4 + ky4 + kz4 + 3 −
ky2 kx2 + kx2 kz2 + ky2 kz2 .
γ3
γ3
E(k) =

(2.9)

At higher hole concentrations neither Eq. 2.6 nor Eq. 2.8 provide satisfactory description and a most general six-band model has to be applied [12].

2.2
2.2.1

Ferromagnetism in (III,Mn)V semiconductors
Origin of ferromagnetism

The Mn ions in (III,Mn)V magnetic semiconductors mostly substitute III elements
(Fig. 2.4) and are in the 2+ valence state. These Mn2+ ions provide S = 5/2
magnetic moments due to their half filled 3d shells. Depending on their concentration

14

OVERVIEW OF THE RESEARCH FIELD

VIII

III

V
MnI

MnIII

a
Figure 2.4: Possible positions of Mn in the (III,V) zinc blende lattice. MnIII ions
occupy III-sites and have magnetic ground state. The interstitial MnI ions as well as
the VIII type anti-sites act as defects. Such Mn ions do not contribute to magnetism.
and energetic position within the band gap (Fig. 2.5) the Mn2+ states can either
form an impurity band or they act as an impurity level, creating valence band
holes [14, 15]. In the followings the MnIII ions are always assumed to behave as
valence band acceptors. Besides, Mn can also occupy interstitial positions that are

-3

ounds [49], the case discussed in detail

InAs

InSb

GaSb

0.45

InN

-2

AlAs GaAs

AlP GaP

-1

GaN

state.
iers introduced by such magnetic ions
interactions between the parent spins.

Energy (eV)

+e located below the band edge, as
50]. Similarly, if the acceptor state lies

0

InP

ional level in the band gap [45–49].

AlSb

commensurate with the zinc blende lattice. These MnI ions act as donors, and
tend to passivate substitutional Mn acceptors therefore they do not contribute to

0.50
0.55
0.60
Lattice constant (nm)

0.65

Figure 2.5: Experimentally determined positions of the Mn2+ acceptor levels in various (III,V) compounds with respect to the valence band edges [13].
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the ferromagnetism. Substitutional Mn2+ ions can be compensated also by VIII
anti-site defects (Fig. 2.4). At higher concentrations Mn atoms form second phase
precipitates (i.e. MnAs inclusions in GaMnAs) with random Mn locations which are
incommensurate with the host lattice. Such Mn ions do not provide free holes and
are thus irrelevant in the intrinsic mechanisms that results in the ferromagnetism
[16, 17, 18, 19, 20].
The effective magnetic interaction between the distant Mn2+ ions is mediated by
the valence band holes in a two step process. The magnetic 3d electrons remain localized at the magnetic ion therefore they do not contribute to the charge transport.
If the energetic position of the Mn3+ states is well below the top of the valence
band and Mn+ levels are well above the bottom of the conduction band, the valence fluctuations of the Mn2+ state are virtual and can be characterized by a single
fenomenological exchange coupling constant Jpd [21]. The resulting spin-dependent
exchange between the top of the valence band and the lower lying half filled Mn d
shell takes place through the 3d6 configuration and favors antiferromagnetic p − d
coupling as illustrated in Fig. 2.6 [22, 23]. The valence band is formed from the hybridized anion p and cation d states, thus the Hpd local exchange between the holeand the Mn2+ spins is determined by the β exchange integral of the corresponding
wave functions in the form of [12]
Hpd = −2Jpd s · S,

(2.10)

where Jpd = N0 β is the p − d coupling constant with N0 being the concentration

of the cation sites. Here s and S represents the spin operators of the hole and the
Mn2+ ion, respectively.

Figure 2.6: Illustration of the ferromagnetic interaction between the magnetic ions
in (III,Mn)V semiconductors: the s = 1/2 spins of the itinerant carriers are coupled
to the localized S = 5/2 Mn spins antiferromagnetically. The spin state of the Mn
ion is mediated to the neighbor sites by the propagating spin-polarized carriers which
tend to align the whole ensemble of the localized spins [24].
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Figure 2.7: Dependence of the p − d exchange coupling on the interatomic distance
demonstrated on a set of various compounds with identical x = 5% Mn concentration
and different lattice constants [12].
The hybridization matrix element depends primarily on the interatomic distance
[25] making the Jpd exchange coupling also lattice constant dependent. As the latter
can be expressed in terms of the cation concentration, Jpd ∝ 1/V is expected, where
V is the volume of the unit cell. This tendency is demonstrated in Fig. 2.7 by
collecting various compounds with identical Mn concentration and different lattice
constants [12].

2.2.2

Zener model description of ferromagnetism

The theory of the carrier mediated magnetic coupling between magnetic ions in a
dilute metallic alloy was developed by Rudermann, Kittel, Kasuya and Yosida [26].
The RKKY theory takes the oscillations of the electron spin-polarization around the
localized spins explicitly into account, therefore the resulting J(r) effective coupling
is also an oscillatory function of the distance between the magnetic ions
2
J(r) ∝ Jpd
[sin(2kF r) − 2kF r cos(2kFr)] /(2kFr)4 ,

(2.11)

where kF is the length of the Fermi wave vector. The double exchange nature of
the interaction is reflected in the appearance of the square of the Jpd local coupling.
Generally, when the average distance of the itinerant carriers rc = (4πp/3)−1/3
and that of the localized spins rS = (4πxN0 /3)−1/3 are comparable the competition
between the random couplings of opposite signs lead to a spin-glass phase. However,
in magnetic semiconductors rc ≥ rS (i.e. kF r ≤ 1 for the average Mn-Mn distance)
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so that the effective coupling for most Mn spins is ferromagnetic and, as the range
of the p − d exchange interaction is small compared to the Fermi wavelength, long
range.
In the above limit the RKKY theory becomes equivalent with a simplified model
of the carrier mediated ferromagnetism proposed by C. Zener [27, 28]. Although the
Zener model neglects the Friedel oscillations, the effect of the spin-orbit interaction
as well as the detailed structure of the host valence band can be taken easier into
account. In the following the results of a mean-field approach based on the Zener
model is outlined.
T. Dietl et al. computed the valence band dispersion for zinc blende and wurzite
semiconductors by diagonalizing the 6×6 Kohn-Luttinger k · p matrix [12, 29]. The

coupling of the hole spin to the localized Mn spins is described by Hamiltonian 2.10
with the substitution of the M(r) = −SgµB magnetization of the localized spins
where g = 2.0 and S = 5/2. The magnetic field dependence of the magnetization is
parametrized in the absence of carriers by the BS Brillouin function
M0 (H) = gµB SN0 xeff BS [gµB H/kB (T + TAF )] .

(2.12)

The effective Mn concentration xeff < x reflects the effect of compensation due to
antisites and interstitial double donors. The other empirical parameter TAF accounts for the short range antiferromagnetic superexchange between the Mn ions.
This interaction also arises from the p − d hybridization and is mediated by the
spin-polarization of the occupied electron bands [30]. In (III,Mn)V semiconductors, however, this coupling is overcompensated by the long range ferromagnetic
interaction and plays a minor role.
The mean-field approach utilizes a variational method in which the magnetization dependent F [M] Ginzburg-Landau free-energy functional is minimized. The
Fc [M] hole related contribution was calculated by diagonalizing the k · p matrix

together with the p − d exchange Hamiltonian (See Eq. 2.10). The contribution of
the localized spins is given by

FS [M] =

ZM

dM0 H(M0 ).

(2.13)

0

The minimalization of the total free-energy functional yields to the solution of the

18
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mean-field equation
M = gµB SN0 xeff BS




gµB (−∂Fc [M]/∂M + H)
.
kB (T + TAF )

(2.14)

In the vicinity of the Curie temperature Fc [M] is parameterized by the small variable
M 2 as
Fc [M] = Fc [0] − AF ρs β 2 M 2 /8g 2µ2B ,

(2.15)

taking the relation of the ρs spin density of states to the χs carrier magnetic susceptibility into account, according to χs = AF (gµB )2 ρs /4. The effect of the carrier-carrier
interactions is included in the AF Fermi-liquid parameter [31]. By expanding the
Brillouin function in powers of M, the leading term supplies the mean-field expression for the transition temperature in the form of
2
TC = xeff S(S + 1)Jpd
AF ρs (TC )/12N0kB − TAF .

(2.16)

It has to be emphasized that – independently from the specific details of the
underlying model – the above formula reflects the essentials of the carrier mediated
ferromagnetism. As it is expected TC is proportional both to the concentration and
spin of the magnetic ions and to the density of states of the mediating holes and
(due to the double exchange process) to the square of the local coupling constant.
On the other hand, with increasing exchange interaction or valence band density
of states the validity of the mean-field theory breaks down: the strong exchange
coupling or the large effective mass tend to localize the holes so that they can not
couple Mn ions located at different lattice sites. Furthermore, the electron-electron
correlations at higher densities lead to interactions which vary rapidly in space and
also act against higher Curie temperature.
The above mean-field approximation treats the specific material parameters as
experimentally determined input variables, therefore it is expected to account for
the observed TC values in different magnetic semiconductors. The computed Curie
temperatures of various p-type semiconductors with 5% Mn and 3.5×1020 cm−3 hole
concentration are displayed in Fig. 2.8. Although the model tends to overestimate
TC [32], it clearly shows the material requirements toward compounds with room
temperature TC .
The half filled d shell of the Mn2+ ions has a zero orbital momentum. As a
consequence, the magnitude and the orientation of the magnetization in the ferromagnetic phase is determined by the anisotropy in the spin-orbit coupling of the
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Figure 2.8: Calculated values of the TC Curie temperature for various p-type semiconductors with 5% Mn and 3.5 × 1020 cm−3 hole concentration [13].
mediating holes [33]. At nonzero wave vectors the p − d exchange splitting of the
valence bands strongly depends on the relative orientation of M and k [34]. The exchange splitting is further affected by mechanical strain [29]. The complex influence
of the p − d interaction and the crystal fields upon the valence subbands results in
a strong dependence of the anisotropy field distribution on the hole concentration
and on the lattice matching strain between the magnetic semiconductor layer and
its substrate [35, 36], as illustrated in Fig. 2.9 for two given hole concentration and
±1.5% biaxial strain.

The mean-field calculation overestimates the Curie temperature and fails to describe the temperature dependence of the magnetization. Long-range magnetic fluc-

tuations are important, they reduce TC and make the collinear ferromagnetic state
unstable even at temperatures well below TC . The fluctuations, together with the
influence of positional disorder strongly affects the shape of the M(T ) curves, as will
be discussed in 2.4.2. These phenomena have been studied theoretically by Monte
Carlo simulations [24, 37, 38, 39].

2.2.3

Spin-dependent magnetic scattering

In DMSs, even in the metallic case the number of the itinerant carriers are always
smaller than the number of the magnetic ions due to compensation effects. This
results in insufficient dynamical screening of the impurity potentials. Therefore, al-
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Figure 2.9: Calculated anisotropy field necessary to decline the magnetization from
the easy axis and saturate along the hard axis as a function of biaxial strain in
Ga0.95 Mn0.05 As at two realistic hole concentration values [12].

though the magnetic properties can be described by taking only the spin exchange
interaction and the valence band details into account, in the theory of magnetotransport the spin-independent scattering potential at the Mn sites also plays an
important role.
The unperturbed Hamiltonian is expressed in terms of the a†k,σ electron creation
and ak,σ destruction operators as [40]
H0 =

X
k,σ

ǫk a†k,σ ak,σ − 2µB H

X

k,σ,σ′

a†k,σ szσ,σ′ ak,σ′ − gµB HSz ,

(2.17)

which represents the kinetic energy of the carriers through their ǫk band dispersion in the first term. In a magnetic field pointing to the ẑ direction the Zeeman
energies corresponding to the carriers with spin component σ and to the magnetic
impurity with spin component Sz are taken into account in the second and third
terms, respectively. Assuming delocalized charge carriers with kF · l ≫ 1 where l
is the inelastic mean free path, the perturbing Hamiltonian for the total scattering
interaction between a p-like delocalized charge carrier with spin s and the total spin
S of the d electron configuration at the magnetic impurity ion is given by [40]
H′ = V

X

k,k′ ,σ

a†k,σ ak′ ,σ − 2Jpd

X

k,k′ ,σ,σ′

a†k′ ,σ′ sσ′ ,σ · Sak,σ ,

(2.18)
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where V is the spin-independent part of the atomic potential, while the second term
represents the exchange interaction characterized by the Jpd coupling constant.
The spin-dependent scattering on isolated paramagnetic ions can be described
by a perturbation calculation up to the third order in H′ . In the presence of a

magnetic field the τ± relaxation times for the spin-up and spin-down carriers up to
second order in V and Jpd are given by [40]


1
2
= C V 2 ∓ 2V Jpd hSz i + Jpd
f ( Sz2 ) ,
τ±

(2.19)

where hSz i is the average field-direction component given by the BS (α) Brillouin

function with an argument of α = gµB B/kB Teff , while M = gµB hSz i is the corresponding magnetization. The specific functional form of f (hSz2 i) as well as the

coefficient C – whose spin dependence is restricted only to the absolute value of the
carrier spin – are given in Ref. [40]. The third term in Eq. 2.19 leads to a negative
magnetoresistance where the source of the strong field variation is the freezing out of
the spin-flip scattering by the alignment of the impurity spins due to the magnetic
field rather than the field dependence of the scattering amplitudes.

2.2.4

Asymmetry in spin-scattering

The above described direct magnetic interaction between the spins of the incident
electron and a magnetic impurity results in different spin-scattering lifetimes of
electrons with up and down spins with respect to the spin direction of the magnetic
scatterer leading to a magnetization dependence in the diagonal conductivity. Beside
this mechanism, in the presence of spin-orbit interaction a spin-dependent spatial
asymmetry arises in the scattering amplitudes when the electrons are scattered in
the central potential of an impurity ion. Such scattering processes affect the offdiagonal conductivity. To date the existence of two basic mechanisms of this kind
is generally accepted.
The skew-scattering proposed by Smit [41] is depicted in Fig. 2.10.a. In the central potential of the scatterer the spin-orbit coupling breaks the inversion symmetry.
Therefore, the angle of deflection due to the scattering depends on the relative directions of the incident wave vector and of the spin. As a result, the trajectories of the
incident electrons with the same k but opposite spin are deflected predominantly in
opposite transversal directions. The order of magnitude of the deflection is typically
10−2 rad [42].
The second mechanism proposed by Berger is called side-jump [43, 44] and is
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Figure 2.10: Schematic picture of the skew-scattering (a) and
side-jump (b)
J the N
mechanisms. k is the wave vector of the incident plane waves,
and
correspond
to spin up and spin down electrons, respectively. The bold curves represent the spatial
anisotropy in the scattering amplitudes of the incident wave-packets with respect to
their spin state [42].
illustrated in Fig. 2.10.b. This corresponds to a lateral displacement of the trajectories in the perpendicular direction to the momentum and to the spin. The sign
of the displacement is opposite for spin-up and spin-down electrons and can be understood in semi-classical terms by taking the anomalous velocity into account in
the Hamiltonian equation of motion [42]. The anomalous velocity arises from the
spin-orbit coupling in the presence of an external electric field. Up to the second
order in the inverse speed of light this contribution is explicitly included in the Pauli
Hamiltonian
p2
ℏ
H=
− µB σ · B + V +
(σ × ∇V ) · p,
(2.20)
2m
4m2 c2
where µB is the Bohr magneton and σ is the vector of the Pauli matrices. The first
three terms of Eq. 2.20 correspond to the kinetic energy, to the Zeeman energy and
to the scattering potential, respectively. The last term describes a spin-dependent
potential due to spin-orbit coupling equivalently to Eq. 2.1 and is the source of the
anomalous velocity given by the second term in the expression of the total velocity
v=

2.3

p
ℏ
∂H
=
−
(σ × ∇V ) .
∂p
m 4m2 c2

(2.21)

Anomalous Hall effect

In a magnetic sample the off-diagonal resistivity is conventionally written as the
sum of two terms
ρH = R0 B + RS M.

(2.22)
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The first term is the normal Hall effect, which is due to the deflecting Lorentz force,
thus linear in B. This term is directly related to the charge carrier density (n);
R0 ∝ 1/n. In a ferromagnetic system an additional term, the anomalous Hall effect
(AHE) appears, which is often found to be simply proportional to the magnetization.
In the scattering scheme, such a relation reflects that the AHE is due to the spinpolarization of the charge carriers. In DMSs the spin-polarization arises from the
exchange coupling between the holes and the Mn2+ ions, and (for laboratory fields)
it is linear in M [12].
The microscopic origin of the AHE is buried in the coefficient RS and is still
far from being fully explored. Earlier studies attributed an extrinsic nature to
the AHE assuming a spin-asymmetric impurity scattering of spin-polarized carriers
[41, 42, 43]. Recently, there is a renewed interest in the intrinsic mechanisms where
the AHE arises from the physically more fundamental Berry phase [45, 46, 47, 48].

2.3.1

Extrinsic anomalous Hall effect

The extrinsic theories of the AHE start from the potential scattering of the charge
carriers which becomes spin-dependent in the presence of spin-orbit coupling as discussed in 2.2.4. In a paramagnet such scattering processes may result in a non-zero
transversal spin current while the total transversal charge current is zero due to the
equal number of carriers with up and down spin. This leads to the recently proposed
spin Hall effect [49, 50, 51, 52, 53]. In a ferromagnet, however, the spin subbands
are differently populated and the arising spin current is accompanied with a net
transversal charge current. This is proportional to the spin-polarization and hence
to the magnetization. As the extrinsic AHE stems from scattering it is intimately
related also to the diagonal resistivity, ρ. Depending on the specific scattering mechanism the model calculations predict a ρAH ∝ ρα , with α = 1 for skew-scattering

and α = 2 for side-jump.

2.3.2

Intrinsic anomalous Hall effect

The development of the intrinsic AHE theories was initiated by R. Karplus and J.
M. Luttinger in 1954 [54]. They considered the band structure in the ferromagnetic
state taking into account the spin-orbit interaction perturbatively. Their calculation revealed that moving beyond the conventional Boltzmann transport theory the
interband matrix element of the current operator gives rise to an anomalous velocity that is essential to the AHE. The resulting anomalous Hall resistivity obeys
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the ρAH ∝ ρ2 scaling law. This theory was criticized by Smit [41] and Berger [43]

pointing out the role of the impurity scatterings in the steady state equilibrium and
hence in the AHE. Based on their suggestions, the extrinsic skew-scattering and the
side-jump mechanisms have became generally accepted as the main sources of the
AHE. However, the number of the experimental evidences for ρAH ∝ ρ is rather limited while in the lack of sufficient information on the impurity scattering parameters
the more frequently observed ρAH ∝ ρ2 scaling is not decisive between the intrinsic
and the side-jump scattering related origin of AHE.
The particular importance of the α = 2 exponent has been pointed out recently
by N. P. Ong et al [55]. In their experiment the impurity concentration of the
ferromagnetic copper-chromium spinel CuCr2 Se4−x Brx was changed in order to vary
the carrier lifetime and hence ρ. They found that while ρ exhibited two orders of
magnitude enhancement the anomalous Hall conductivity, defined as σAH = ρAH /ρ2 ,
remained unchanged indicating a dissipationless AHE current.
Recent advances in the understanding of the AHE exhibit an intensive interest in
the reinterpretation of the intrinsic theory based on the Berry phase formulation. In
general terms the Berry phase is a nontrivial phase factor of the wave function that
is associated with the adiabatic change of the Hamiltonian while the system evolves
on a closed path C during the period T in the X parameter space that characterizes
Hamiltonian. The evolution along the closed loop is required in order to fulfill the
gauge invariance of the wave function and at the same time enables a geometrical
interpretation of the Berry phase [56]. Namely, one can define a fictitious vector
potential as
anµ (X) = −i hφn (X)|∂/∂Xµ |φn (X)i ,
(2.23)
where φn (X) are the base vectors of the eigenvalue problem. Equation 2.23 can be
regarded as a gauge field in the parameter space which characterizes the Hamiltonian. The Berry phase corresponding to the closed loop C is given by the Stokes’
theorem as
γn (T ) = γn (C) =

I

C

dX · an (X).

(2.24)

Starting from the Kubo formula for non-interacting band electrons described by
Bloch wave functions the σxy transverse conductivity can be written – in the spirit
of Eqs. 2.23 and 2.24 – in terms of topological quantities in momentum space as [48]
σxy = e2

X
nk

f (εn (k)) bnz (k),

(2.25)
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where k and n are the wave vector and the band index, respectively. The bn (k)
gauge field strength is derived from the anµ fictitious vector potential analogously
to the real space magnetic field as
bn (k) = ∇ × an (k) where
anµ (k) = −i hnk|∂/∂kµ |nki .

(2.26)

According to Eq. 2.25 in the Berry phase formalism the transverse conductivity represents the gauge field distribution (also known as ’Berry curvature’) in momentum
space. It has been shown [48, 57] that the integral under Eq. 2.25 acquires large
contributions at the degeneracy points in momentum space, i.e., at band crossings
which occur generally at the high symmetry points of the Brillouin zone. These
points occur as δ-singularities in the expression of the gauge field strength and can
be associated with topological integers called Chern numbers [58]. As a result, the
transverse conductivity and hence the AHE are very sensitive to the details of the
band structure and is expected to vary in a rapid and non-monotonic way as a
function of both the Fermi-energy and the magnetization.
An illustrative picture about the relation of the Berry phase to the anomalous
velocity can be given by applying the semiclassical dynamics in the wave-packet
formalism. The equations of motion of the center of a wave-packet composed of
Bloch wave functions in the presence of external electromagnetic fields are [45]
1 ∂εn
− k̇ × Ωn and
ℏ ∂k
ℏk̇ = −e (E + ṙ × B) ,
ṙ =

(2.27)
(2.28)

where the Ωn Berry curvature is expressed by the |un (k, r)i periodic part of the
Bloch wave functions as
Ωn (k) = −Im h∇k un (k)| × |∇k un (k)i .

(2.29)

According to symmetry considerations it is apparent that the above expression of the
Berry curvature is identically zero in crystals which are invariant with respect to both
spatial inversion and time reversal. From the point of view of the latter symmetry
consideration the condition of the anomalous Hall conductivity is identical to that
of ferromagnetism. However, recent studies of pyrochlore crystals exhibiting chiral
spin ordering indicated that Berry phase mechanisms can lead to finite AHE also
in non-collinear spin structures [48, 59]. The key quantity, the so called scalar spin
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chirality, defined for three spins as χijk = Si · (Sj × Sk ), is odd with respect to time

reversal and is proportional to the fictitious magnetic field that an electron feels in
the presence of an exchange coupling while it is hopping along the three spins on a
closed path. As an experimental evidence for such a mechanism Y. Taguchi et al.
[60] reported a consequent sign change in ρAH while the spin chirality was reversed
by the reorientation of the spin structure in high magnetic field applied along the
[111] direction in Nd2 Mo2 O7 . Additionally, the alignment of the spins in the [110]
direction by a corresponding magnetic field resulted in a gradually vanishing spin
chirality accompanied by the simultaneous approach of ρAH to zero.
Concerning conventional ferromagnets, Y. Yao et al. [47] performed first principles Berry phase calculation based on the Kubo formula in case of bcc Fe. Their
result confirmed the intrinsic nature of the AHE and emphasized the role of the
spin-orbit coupling, which induces a gap between the originally degenerate states at
the Fermi surface leading to a large contribution to the Berry curvature.
The application of the Berry phase theories to explain the observed AHE in
(III,Mn)V ferromagnetic semiconductors is still in an early stage. In a recent theoretical work T. Jungwirth et al. [46] started from the mean-field theory of magnetic
semiconductors developed by T. Dietl et al. [12] taking into account the Luttinger
model and the exchange splitting of the valence bands (see Subsec. 2.1.3). They
investigated the anomalous Hall conductivity as a function of the spin-orbit interaction and of the exchange splitting, and concluded that it is generally nonlinear in
the exchange field and depending on the spin-orbit coupling strength can have either
sign with respect to the magnetization. Substituting the specific material parameters their model provided a qualitative agreement between the measured anomalous
Hall conductivities and the calculated Berry phase contribution in case of the most
widely studied metallic (Ga,Mn)As and (In,Mn)As compounds.
In order to estimate the characteristic weights of the intrinsic and extrinsic contributions to the total Hall current Luttinger [61] expanded the conductivity in
powers of the impurity potential strength V starting from the V −2 order considering that the relaxation rate is 1/τ ∝ V 2 . He associated the V 0 order with the
intrinsic contribution and the V −1 term with the skew scattering mechanism. By
neglecting the higher order terms, as a rough estimation he found that the intrinsic
contribution becomes dominant in the regime of the higher impurity concentrations,
i.e., when nimp · V > εF . From the point of view of the SO interaction strength the

weak SO coupling favors the impurity related mechanisms as these are of first order
in the SO coupling. In the opposite limit the Berry phase processes can dominate
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the AHE due to their second order dependence on the SO coupling [62].
In case of the extrinsic mechanisms, according to the exclusion principle, both
the initial and final states of the elastically scattered electrons lie in the kB T vicinity
of the Fermi surface. In contrast, the contribution of all occupied Bloch states to the
transverse conductivity in the Berry phase approach seems to stay in contradiction
with the spirit of Landau’s Fermi-liquid theory which involves only quasiparticles
with energies within kB T of the Fermi surface to charge transport in metals. A
possible resolution of this problem has been suggested recently by F. D. M. Haldane
[63] who expressed the intrinsic transverse conductivity in terms of Berry phases of
quasiparticles moving on the Fermi surface by introducing new topological invariants
into the Fermi-liquid theory in the absence of either spatial inversion or time reversal
symmetry.

2.4

Important experimental observations in (III,Mn)V
semiconductors

2.4.1

Carrier mediated nature of ferromagnetism

A direct experimental proof for the carrier mediated nature and hence for the possibility of electric field control of ferromagnetism in (III,Mn)V magnetic semiconductors was given by H. Ohno et al. [1]. The schematic illustration of the investigated
structure is shown in Fig. 2.11. The magnetically active (In,Mn)As layer was grown
on a diamagnetic GaAs substrate. The intermediate sequence of AlSb, (Al,Ga)Sb
and InAs layers was applied in order to relax the 7% lattice mismatch. On the top
of the (In,Mn)As an insulated metallic gate electrode enabled the field-effect control
of the hole concentration in the magnetic channel. The magnetic properties were
tested by means of transport measurements taking advantage of the AHE which
was proportional to the magnetization in the applied small perpendicular magnetic
fields.
During the measurement the temperature was set slightly below the intrinsic
Curie temperature of TC = 26K. As it was estimated from the gate capacitance, the
application of VG = ±125V gate voltage was expected to change the hole concentra-

tion by ±4%. The depletion of the holes by a sufficiently large positive gate voltage
reduces the effective coupling between the localized S = 5/2 magnetic moments resulting in a paramagnetic phase, as it is illustrated in Fig. 2.11.a. Consequently, the
paramagnetic-to ferromagnetic phase transition can be assisted by the application of
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Figure 2.11: For the demonstration of the carrier mediated nature of ferromagnetism
a dilute (In,Mn)As magnetic semiconductor layer sandwiched within a field-effect
transistor structure has been used. Depletion (accumulation) of the holes in magnetic layer due to positive (negative) applied gate voltages results in the suppression
(enhancement) of ferromagnetism. The holes are represented by blue circles while
the red arrows indicate the S = 5/2 localized magnetic moments [64].
a negative gate voltage which enhances the hole concentration in the magnetic layer
and thus supports the development of the ferromagnetic order. The corresponding
Hall resistance curves are shown in Fig. 2.12. The crossover from the linear signal to
the ferromagnetic hysteresis curves is reversible which indicates that ferromagnetism

Figure 2.12: Demonstration of the carrier mediated nature of ferromagnetism: the
low-field AHE of the (In,Mn)As based field-effect transistor structure illustrated in
Fig. 2.11 under three different gate voltages. The temperature was set to T = 22.5K,
slightly below the Curie temperature corresponding to VG = O. Between VG = ±125V
biases the hysteresis loop in the anomalous Hall resistance emerges indicating the
transition from the paramagnetic to the ferromagnetic phase [1].
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Figure 2.13: Left: the temperature dependence of the remanent magnetization in
Ga0.92 Mn0.08 As as a function of the annealing time. The thick solid line represents
the fit to the (Ms − M(T )) ∝ T 3/2 low temperature mean-field result in case of the
optimally annealed sample. Right: the evaluation of the corresponding resistivity
versus temperature curves [65].
can be switched on and off by external electric fields in a seamless way. According to
the estimated variation of the carrier concentration the observed change in the Curie
temperature is also ±4% in good agreement with the mean-field prediction of the

hole mediated ferromagnetism in (III,Mn)V magnetic semiconductors (Eq. 2.16).

2.4.2

Magnetic properties

The most straightforward method to test the magnetic state is the direct measurement of the spontaneous magnetization by SQUID magnetometry. In a canonical
ferromagnet this results zero magnetization above the Curie temperature and a
steep enhancement of M(T ) below TC . Around T ≈ TC /2 approximately ∼80%

of the Ms saturation magnetization is achieved. At low temperatures the magnetization saturates slowly, usually following the T → 0 mean-field dependence of
(Ms − M(T )) ∝ T 3/2 .

By contrast, in magnetic semiconductors the shape of the M(T ) curves is almost
linear below TC and the expected saturation value is not achieved down to the

lowest temperatures as shown in the left panel of Fig. 2.13 for Ga0.92 Mn0.08 As. In
their experiment S. J. Potashnik et al. [65] investigated the effect of annealing on
M(T ) and found that 0.5 hour annealing at moderate temperatures remarkably
increases TC from 65K to 101K. This enhancement is followed by the change in the

30

OVERVIEW OF THE RESEARCH FIELD

Figure 2.14: Development of the ferromagnetic order with decreasing temperature
in DMSs. Approaching the Curie temperature from the high temperature paramagnetic phase (a) ferromagnetically correlated regions appear in regimes with higher Mn
concentrations (b). The Curie temperature is associated with the percolation temperature of the expanding ferromagnetic clusters (c), however, uncorrelated spins can
be found even well below TC [21].
shape of M(T ) which approaches to the expected mean-field behavior. However,
longer annealing times result in an opposite tendency and for tann > 2 hours TC
drops monotonically. Simultaneous measurements of the resistivity revealed that
the higher Curie temperatures correspond to lower resistivity,1 as displayed in the
right panel of Fig. 2.13. The lower resistivity and the higher TC are accompanied
by the increase of the carrier concentration, as determined from the high-field Hall
data.
The above observations indicate that the disorder substantially influences the
nature of ferromagnetism in (III,Mn)V magnetic semiconductors. The effect of the
spatial disorder is twofold: (i) it affects the ratio of the substitutional Mn ions to
the interstitials, and (ii) it can lead to localization of the extended hole states due
to exchange coupling.2
Moderate annealing helps the Mn ions to find the substitutional positions and
thus enhances ferromagnetism by decreasing the number of compensating defects
and increasing that of the mediating holes. Further annealing, however, favors the
formation of magnetically inert second phase clusters and hence suppresses the hole
mediated ferromagnetism [18, 65].
The disorder induced localization of the valence band holes at the higher Mn
density locations can give rise to the formation of bound magnetic polarons (BMPs)
already in the paramagnetic phase. Such an object is identified as a strongly spincorrelated region within the localization radius of the mediating holes [12, 66]. With
decreasing temperature the radius of the regions with local ferromagnetic order
1
The temperature dependence of the resistivity also reflects the ferromagnetic phase transition
temperature as discussed in 2.4.3.
2
Further experimental evidences for the localization effects are discussed in 2.4.3.
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Figure 2.15: Low temperature magnetization of Ga1−x Mnx As with different Mn concentrations up to B = 4T magnetic fields in relative units [68].

enhances and the transition temperature, which characterizes the global order, can
be associated with the percolation limit of the BMPs [67], as it is illustrated in
Fig. 2.14. According to Monte Carlo simulations [39], just below TC only a small
fraction of the Mn2+ spins belong to the percolated network contributing to the bulk
magnetization, while a considerable number of the Mn2+ ions remain paramagnetic
even at T ≪ TC . The resulting spontaneous magnetization curves were in good
qualitative agreement with the experimentally observed linear (or even sublinear)
temperature dependence of M(T ).
An experimental evidence for the existence of paramagnetic Mn ions below TC
is the slowly saturating magnetic field dependence of the low temperature M(B)
curves at lower Mn concentrations (Fig. 2.15) where the amount of the compensating
defects is small [18, 68]. At higher Mn concentrations the magnetic alignment of
individual magnetic ions with S = 5/2 spins can not account for the observed slow
saturation. Instead, it is attributed to antiferromagnetically coupled first neighbor
pairs of Mn ions [12, 30] which appear due to the larger fraction of compensating
defects.
Alternatively, G. Zaránd et al. [33, 70] suggested the spin-orbit interaction induced frustration of the Mn – Mn effective coupling as a possible source of the re-

32

OVERVIEW OF THE RESEARCH FIELD

15

5
0

10

3

M(emu/cm )

3

M(emu/cm )

10

0

T = 15 K

-10
-40 -20

-5

[-110]

0 20 40
H(Oe)

[110]
[100]

-10
-1.0

-0.5

0
0.5
H(kOe)

a)
1.0 1.5

15

3

M (emu/cm )

-15
-1.5
10

0

10
5

T = 35 K

s

3

M(emu/cm )

5

0
0

20 T(K) 40

60

[-110]
[110]
[100]

-5

-10

-400

-200

0
H(Oe)

200

b)
400

Figure 2.16: Low-field magnetization curves of a Ga0.97 Mn0.03 As layer at 15K (a) and
35K (b) along different crystallographic directions. The sample was grown on a [001]
GaAs substrate. Inset (a) shows the magnified view of the hysteresis loops. Inset
(b) presents the temperature dependence of the saturation magnetization indicating
a Curie temperature of TC ≈ 60K [69].

duced magnetization in the ferromagnetic phase with respect to the total number
of the S = 5/2 Mn moments. The frustration arises from the spin 3/2 character and the strong spin-orbit interaction of the valence band holes which favor the
ferromagnetic alignment of the Mn spins parallel to their connecting axis. The corresponding Monte Carlo simulations performed in the presence of spatial disorder
confirmed the observed slow initial development and linear temperature variation
of the spontaneous magnetization below TC and indicated ∼50% reduction of the
saturation magnetization at T = 0 due to orientational frustration.
A direct fingerprint of ferromagnetism in (III,Mn)V alloys is the emergence of
hysteresis loops in the low-field magnetization, as shown in the inset of Fig. 2.16.a
for Ga0.949 Mn0.051 As. In case of Ga1−x Mnx As this behavior is observed for concen-
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trations from x ≈ 0.02 to x ≈ 0.07 [71]. The lack of the ferromagnetic phase in the

low concentration limit is apparent due to the large average Mn – Mn distances and
to the low density of the mediating holes. The disappearance of ferromagnetism
above x ≈ 0.07 is attributed to the imperfections of the crystal structure as well as
to the increasing number of the compensating defects that reduce the hole concentration. The optimal concentration is x ≈ 0.05. Within the ferromagnetic phase

well defined magnetic domains were observed, on the scale of hundreds of micrometers by using high-resolution magneto-optical imaging technique [69]. Figure 2.16
displays also the in-plane magnetic anisotropy within the domains. This is induced
by mechanical strain due to the lattice mismatch between the magnetic and the
buffer layers.

2.4.3

Magnetotransport properties

The temperature dependence of the zero field resistivity of Ga1−x Mnx As is shown in
Fig. 2.17 for different concentrations with 0.015 ≤ x ≤ 0.071. The interplay between

the magnetic and transport properties due to the carrier mediated origin of ferromagnetism is also reflected in the reentrant insulator-metal-insulator phase transition
which associates the paramagnetic to ferromagnetic transition as a function of the
Mn concentration. However, it has been revealed [12] that the localization of the
extended valence band states toward the Bohr radius of the impurity-like states occurs gradually with increasing disorder and thus the ferromagnetic phase can persist
also in the insulator side in the vicinity of the metal-insulator phase boundary.
The paramagnetic to ferromagnetic phase transition is accompanied by an anomalous resistivity peak which is a robust feature both in metallic and insulating samples.
The origin of the resistivity peak has been a subject of intensive debate and the fullblown theory is still missing. Earlier studies [73, 74] attributed the non-monotonic
temperature dependence to both the freezing out of the spin-disorder scattering
due to the ferromagnetic ordering and the change in the conduction mechanism.
The alignment of the Mn spins is responsible for the initial drop of the resistivity
with decreasing temperature below TC . The further increase at lower temperatures
can be attributed to the enhanced separation between the mobility edge of the valence band and the acceptor states which gives rise to a Mott-Hubbard type metalinsulator transition. The suppression of the resistivity peak and its shift toward
higher temperatures in high magnetic fields raised the possibility of the enhanced
scattering on critical spin fluctuations as the leading source of the anomalous peak
[75]. Simultaneously, scattering on magnetic polarons [76] has also been proposed.
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Figure 2.17: Temperature dependence of the resistivity at zero magnetic field in
Ga1−x Mnx As for various Mn concentrations. Samples with 0.035 < x < 0.053 are
metallic. The inset shows the magnified view of the anomalous peak around TC at
different magnetic fields in a typical metallic sample with x = 0.053 [72].

These models were later abandoned either because of the incorrect description of
the temperature dependence in the paramagnetic phase or the lack of the peak in
the non-metallic regime.
Recently, Zaránd et al. [77] proposed an alternative picture, based on a scaling
theory for the magnetotransport in the localized regime of disordered local moment
ferromagnets. Their model relates the resistivity peak to the change in the localization length due to ferromagnetic ordering and accounts also for the observed gradual
shift and suppression of the peak in an increasing external magnetic field.
Apart from a small positive contribution at low fields, the magnetic field dependence of the resistivity is dominated by its large negative variation (Fig. 2.18.b).
The low-field enhancement is present only in the ferromagnetic phase, and is attributed to the anisotropic magnetoresistance effect which arises from domain-wall
scattering of spin-polarized carriers. The high-field negative magnetoreistance is
different in magnitude for samples in the metallic and in the localized regime. The
magnitude of the slowly saturating negative magnetoresistance in metallic samples
is typically 20 – 50%. Its field dependence in the paramagnetic phase is explained by
Matsukura et al. [72, 78] in terms of the freezing out of the spin-disorder scattering
on uncorrelated paramagnetic ions with S = 5/2 localized moments due to their
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Figure 2.18: Magnetic field dependence of the Hall resistivity and of the diagonal
resistivity at various temperatures in metallic Ga0.947 Mn0.053 As. The inset of the
upper panel displays the spontaneous magnetization determined from magnetotransport measurements (open circles) and by a mean-field calculation (solid line) [72].
alignment by the external magnetic field.
The large negative magnetoresistance observed in the ferromagnetic phase of
the reentrant insulating samples exhibits three orders of magnitude change with
respect to the zero field resistivity and has an entirely different origin. One of
the possible scenarios attributes this giant magnetoresistance to the destruction of
bound magnetic polarons by the magnetic field which eliminates the main source
of the localization for the p − d exchange coupled holes [71, 79]. An alternative

explanation is based on the Anderson localization [74, 80].
While in zero field the Fermi level lies on the localized side of the mobility edge εc ,
at sufficiently high magnetic field the Fermi energy of one of the two spin subbands
moves through the mobility edge due to Zeeman splitting. Since the localization
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length depends on the above energy difference as (εc − εF )−ν the initially localized

hole wave functions tend to overlap rapidly with increasing magnetic field resulting
in a giant negative magnetoresistance.
The Hall resistivity is dominated by the AHE in the ferromagnetic phase of most
magnetic semiconductors as shown in Fig. 2.18.a for an optimally annealed metallic
Ga0.947 Mn0.053 As sample. The proportionality to the magnetization in the available
laboratory fields is apparent. It is to be noted, that due to the slow variation of the
high-field magnetization the determination of the hole concentration from the slope
of the normal Hall resistivity is ambiguous even well above the Curie temperature.

2.5

Previous experimental results in (In,Mn)Sb

The In1−x Mnx Sb samples studied in our experiments were grown at the Department
of Physics of the University of Notre Dame by the group of Prof. J. K. Furdyna.
The substrates of the samples were prepared at the Institute of Physics of the Polish
Academy of Sciences by Prof. T. Wojtowicz. In this section the preparation details
and the results of the most important structural and magnetic characterization
measurements are reviewed [81, 82]. These experiments were carried out in Notre
Dame, prior to our studies at BUTE.

2.5.1

Low temperature MBE preparation of (In,Mn)Sb

The In1−x Mnx Sb films were grown in a Riber 32 R&D MBE system. Fluxes of In
and Mn were supplied from standard effusion cells while the Sb2 flux was produced
by an Sb cracker cell. The growth was performed on closely lattice matched (001)
hybrid CdTe/GaAs substrates. Prior to the deposition of the 230nm thick magnetic
layer a 100nm thick low-temperature InSb buffer layer was grown at 210 ◦ C in order
to provide flat substrate surface for subsequent deposition. For the growth of the
magnetic film the substrate was cooled to 170 ◦ C. The alloy concentrations were
determined from the effusion cell temperatures. The growth was controlled in-situ
by reflection high energy electron diffraction (RHEED). Further ex-situ structural
characterization was carried out by X-ray diffraction using CuKα radiation. The
shift of the diffraction peaks to larger angles for increasing x indicated that the lattice constant of the magnetic layer decreases with x, consistently with the smaller
covalent radius of Mn compared to that of the substituted In. The narrow diffraction peaks indicated good crystal quality without any sign of other crystallographic
phases [81].
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Figure 2.19: Low-field magnetization of In0.972 Mn0.028 Sb at various temperatures
measured by SQUID with the field applied either perpendicular or parallel to the layer
plane. The inset displays the temperature dependence of the remanent magnetization
measured in a perpendicular field of 10G for In0.972 Mn0.028 Sb and In0.98 Mn0.02 Sb
indicating a Curie temperature of TC = 7.0K and 8.5K, respectively [82].

2.5.2

Magnetically active Mn states

The distribution of the Mn atoms within the host InSb lattice – which has a dramatic influence on the ferromagnetic properties – was investigated by Rutherford
backscattering and particle-induced X-ray emission (RBS/PIXE) in the channeling configuration by using 1.95 MeV 4 He+ beam. The direct comparison of the
Mn Kα X-ray signals with the InSb c-RBS signals revealed that in case of the
sample with x = 0.02 the relative fraction of the Mn atoms occupying substitutional, interstitial and random positions are rIII = 0.85, rI = 0.05 and rR = 0.1,
respectively. Since only the substitutional MnIII atoms contribute S = 5/2 localized spins and free holes to the system (while the interstitial MnI atoms act as
double donors which tend to form antiferromagnetically coupled closed pairs with
neighboring MnIII sites) this indicates an xeff = (rIII − rI )x = 0.016 effective Mn

concentration. With increasing nominal concentration the fraction of the interstitials is strongly enhanced. Due to compensation the number of the mediating holes
is further reduced to p = N(MnIII ) − 2N(MnI ) = 2.3×1020 cm−3 for x = 0.02 in a
reasonable agreement with the free hole concentrations estimated from the slope of
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Figure 2.20: High-field magnetization of In0.98 Mn0.02 Sb up to B = 6T measured by
magnetic circular dichroism (MCD) at various temperatures. [T. Wojtowicz et al.,
private commun.]
the normal Hall effect.3
The macroscopic magnetization was measured by SQUID in the low-field regime
both in the in-plane and in the perpendicular configurations as shown in Fig. 2.19.
The emergence of the well defined hysteresis loops below 10K together with the
enhancement of the remanent magnetization measured in a small magnetic field of
10 Gauss confirm the ferromagnetic state of the samples below TC = 7.0K for x =
0.02. The difference in the shape of the hysteresis loops and in the coercive fields
reveals that the easy axis of the magnetization points in the normal direction as
expected for moderate tensile strain due to the ≈ 0.05% lattice mismatch between
the magnetic and the buffer layers.
In order to avoid the large paramagnetic background arising from the ≈ 0.5mm
thick substrate of the 230nm thick magnetic films at high magnetic fields the magnetization was tested also by magnetooptical methods. Since the CdTe/GaAs substrates are transparent for the near-IR wavelengths, it was possible to study not only
the magnetooptical Kerr effect (MOKE) in reflection but also the magnetic circular
dichroism (MCD) in transmission. Both measurements were carried out by photoelastic modulation and the lock-in detection at the λ = 900nm wavelength of an Ar2+
pumped titanium sapphire laser. The obtained MCD curves for In0.98 Mn0.02 Sb are
displayed in Fig. 2.20. The rotation of the polarization angle is normalized to the
magnetization by the comparison of the low-field MCD and SQUID curves. The
low temperature and high-field saturation magnetization is in good agreement with
3
The consequences of the multiband nature of the conductivity on the normal Hall effect are
discussed in 5.3.1.
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Figure 2.21: Ferromagnetic hysteresis loops obtained from the simultaneous measurement of magnetic circular dichroism (a) and of Hall resistivity (b) in In0.972 Mn0.028 Sb
up to B = 40mT perpendicular magnetic field at various temperatures. The arrows
indicate the direction of the hysteresis loops [82].
the expected value for xef f = 0.16 as discussed above. At T = 30K, well above the
Curie-temperature, M(B) varies linearly with the applied field, as expected for a
paramagnetic material. Below TC = 7K the almost step-like M(B) curves resemble the magnetization of a FM material, but no saturation is reached up to a few
Tesla. For example, at T = 2.1 K about 80% of the estimated saturation value is
achieved at B = 1 T. This large value of M is related to the spin alignment within
the FM-ordered regions of the system. On the other hand, the slowly-saturating
part superimposed on this FM magnetization clearly indicates that a fraction of the
Mn2+ magnetic moments are still not included in the FM-ordered regions.

2.5.3

Low-field anomalous Hall effect

In the ferromagnetic phase of In0.972 Mn0.028 Sb, below 9K, clear hysteresis loops are
observed in the Hall resistivity. The width and the amplitude of the hysteresis loops
increase with increasing Mn concentration. The comparison to the simultaneously
measured low-field MCD data reflects similar temperature and field dependence of
the AHE and MCD signals, as shown in Fig. 2.21. The sign of the AHE contribution
in In1−x Mnx Sb, which dominates the total Hall signal in the investigated low-field
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regime, is opposite both to the sign of the normal Hall coefficient arising from the
Lorentz deflection of holes and to the magnetization.

2.6

Applications in spintronics

Since the discovery of the giant magnetoresistance (GMR) in 1988 [83] in thin film
structures consisting of alternating ferromagnetic and nonmagnetic layers, increasing efforts have been made to combine the spin and charge degrees of freedom of
the electrons in commercial microelectronic elements. Utilizing the electron’s spin
combined with, or instead of, its charge has the potential advantage of nonvolatility, increased data processing speed, decreased electric power consumption, and
increased integration densities compared with conventional semiconductor based integrated circuits. The proposed multifunctional spintronic device concepts envision
spin field effect transistors with ultra low power use [84, 85], magnetic diodes with
gain [86, 87, 88], integrated reprogrammable logic and memory chips [89] and light
emitting spin diodes with polarized output [90, 91]. For recent reviews of the field
of spintronics see Refs. [89, 92, 93, 94, 95]. The most fundamental challenges in
the realization of practical spintronic devices address the achievement of sufficiently
long spin lifetimes, injection of spin-polarized carriers across heterointerfaces and the
detection of spin coherence in nanoscale structures, which are preferably compatible with the fabrication methods and well understood semiconductor compounds
applied by nowadays microelectronic industry.
The first pioneering scheme for a spintronic device that triggered the rapid development of the field was the high mobility field effect spin transistor proposed by
Datta and Das [84] and is illustrated in Fig. 2.22. The spin-polarized electrons with
their spins oriented along the direction of the ferromagnetic electrode’s are injected
in region I which acts as an emitter. The second ferromagnetic contact (collector) in
region III with the same magnetization serves as a spin filter and transmits electrons
with parallel spin only. In region II the carriers form a two dimensional electron
gas (2DEG) in the triangular quantum well at the interface of the InGaAs/InAlAs
layers. As discussed in 2.1.2, a perpendicular electric field induces a Rashba type
SO interaction, which is identical to a momentum dependent magnetic field. This
fictitious field points in the direction perpendicular both to the current and to the
built-in electric field and leads to spin precession of the electrons. This precession
can be tuned by the applied gate voltage. As a result the current can be switched
on and off through the modulation of the electron spins between the parallel and
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Figure 2.22: Schematic drawing of the proposed spin-transistor. The two ferromagnetic leads at the source and drain of the field-effect structure act as spin polarizer
and analyzer. The spin state of the 2DEG is controlled by the applied gate voltage
through the Rashba spin-orbit interaction of the 2DEG.

antiparallel configuration at the collector.
The realization of such a spin FET faces the fundamental problems of both the
spin injection across interfaces and the material requirement of the long spin decoherence time which is hard to meet in semiconductors with large SO coupling [95].
The low efficiency of spin injection from a metallic ferromagnet to a nonmagnetic
semiconductor is related to the conductivity mismatch problem [96]. It has been
shown that high spin injection efficiency across heterointerfaces can be achieved in
two ways. One possibility is to use a tunnel contact where the largest effective resistance arises from the contact area [97, 98]. In this case the tunnel barrier controls
the spin injection whose efficiency is equal to the spin selectivity of the contact i.e.,
the difference in the contact conductivities for up and down spins [99]. The other
way to achieve more efficient spin injection is the choice of materials with similar resistivities on both sides of a low resistance contact [95]. Despite the relatively short
spin lifetimes compared to some metals, the latter option enables the application of
ferromagnetic semiconductors as the suitable material background of semiconductor
based spintronics, provided that their Curie temperature can exceed room temperature. Due to the intensive progress in the MBE growth techniques the current
record of 173K in (Ga,Mn)As [100] is indeed expected to be further enhanced.
To date the experimentally realized magnetic semiconductor based spintronic
devices operate at low temperatures. These applications may utilize spin-polarized
light emission to detect spin injection efficiency in ferromagnetic semiconductor
heterostructures [90, 91] as well as spin-polarized Zener tunneling in (Ga,Mn)As
based p − n diodes [102]. The discovery of the giant planar Hall effect in bulk
(Ga,Mn)As epilayers has been reported by Tang et al. [103] as a promising tool to
detect in-plane magnetization. Recent achievements in strain engineering control of
spin precession in (Ga,Mn)As heterostructures with structural inversion asymmetry
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Figure 2.23: Hall bar shaped FET based on the bulk electric field dependent magnetization of an (In,Mn)As layer. The channel magnetization is set by the gate voltage
and detected by AHE in a small perpendicular magnetic field [101].
[104], or the effect of current induced domain wall switching [105], which arises from
the torque of the spin-polarized current in (Ga,Mn)As single crystal multilayers,
may open new routes to high frequency spintronic devices.
An application which directly utilizes the bulk property of the carrier mediated
ferromagnetism in (In,Mn)As [101] is based on Ohno’s experiment (discussed in
2.4.1) and is illustrated in Fig. 2.23. The magnetic state of the (In,Mn)As layer
embedded in a FET structure can be modified electrically by applying a gate voltage
while it is detected by the AHE signal in a small perpendicular magnetic field. The
electrical manipulation of the coercive field not only enables the switching between
the different magnetic phases leading to demagnetization but also enables reversible
electrically induced magnetization reversal. These features offer all the required
functionalities of a rewritable nanoscale magnetic memory element for ultrahighdensity information storage.

Chapter 3
Experimental techniques
In this chapter the applied experimental setups and methods are presented. Most of
the measurements were carried out under hydrostatic pressure. Therefore the summary of the experimental techniques starts with the description of the self clamping
pressure cell. In the following a detailed overview of the cryogenic environment is
given, which was designed in the low temperature solid state physics laboratory of
the Budapest University of Technology and Economics.

3.1

Pressure cell

The parts of the pressure cell and their assembly is illustrated in Fig. 3.1. In panel
1 the cross sectional view of the nonmagnetic stainless steel obturator with the
leadthrough (1a) for the electrical wires is shown. The electrical contacts to the
sample are established by two varnish insulated Lakeshore four-term wires (2d). The
channel around the wires is filled with StyCast 2850 FT epoxy (2c) which serves as
pressure proof insulation of the pressurized cell. The sample is covered by a teflon
cap (2b) which is completely filled with kerosene as the pressure medium. The two
brass rings (2a) are against leaking. The pressure proof confinement of the cell is
displayed in panel 3. The body of the pressure cell (3c) is made of nonmagnetic
CuBe alloy. The teflon cap as well as the upper part of the obturator fits the coaxial
hole in the middle of the cell. The conical face inside the pressure cell matches its
counterpart on the obturator which is supported by a stainless steel screw (3d). This
screw has a conical hole in the middle for leading out the electrical wires. The self
clamping mechanism is established by the piston (3b) and its supporting screw (3a).
The piston touches the teflon cap directly and can be pressed by a rod which is put
into the hole of the screw. After pressurizing the cell the position of the piston is
43
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Figure 3.1: Assembly of the pressure cell. Cross section of the obturator (1a); brass
rings (2a), teflon cap (2b), StyCast epoxy (2c), electrical wires (2d); top screw (3a),
piston (3b), cell body (3c), bottom screw (3d). Panel 4 shows the pressure cell in the
assembled state.
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fixed by the screw 3a and the rod can be removed. Panel 4 shows the cross sectional
view of the pressure cell in a fully assembled state. The setup is certified up to 3
GPa pressure.
For the adjustment of the pressure a hydraulic press is used. Before pressurizing
the cell special care must be taken in order to avoid the presence of bubbles in the
kerosene since this can result in the destruction of the sample. During the cooling
down of the cell a few percent (pressure dependent) pressure loss occurs due to the
different thermal expansion of the pressure medium and the body of the cell. The
pressure is also released to some extent at the freezing point of the kerosene. Above
1.5 GPa - in the typical regime of our measurements - the pressure is stable within
0.2 GPa in the broad temperature range of 1.4K < T < 300K. At sufficiently low
temperatures (below ≈ 10K), however, an even higher pressure stability of ≈ 0.02
GPa can be achieved. The actual pressure values were calibrated by InSb single
crystal pressure gauge in the entire temperature and nominal pressure range. The
pressure medium does not crystallize, it remains isotropic even below its freezing
point. Therefore the applied pressure is supposed to be ’hydrostatic’ in the entire
pressure and temperature range.

3.2

Mounting of the sample

The MBE growth and the semiconducting nature of the samples result in two difficulties in making electrical contacts on them. Due to the atomically flat, non-reacting
surfaces the mechanical stability of the contacts is crucial. On the other hand, if the
work function is larger in the p-type semiconductor than in the metallic electrode
but their difference is smaller than the semiconducting gap, the charge carrying holes
are depleted from the vicinity of the interface resulting in a Schottky-type barrier.
This objects the current injection from the electrode to the semiconductor, leading
to a non-ohmic contact.
These difficulties can be overcome by soldering the contacts to the sample with
indium. The low melting temperature of indium enables to avoid considerable heat
treatment and the consequent changes in the structural and magnetic properties
of the sample. Since the melt indium wets the surface the mechanical stability
of the contact is satisfactory. Due to the diffusion of the soldering indium the
semiconductor side of the contact becomes locally overdoped. As a result the sharp
Schottky-barrier is reduced and smeared out leading to ohmic electrodes.
Figure 3.2 illustrates the typical arrangement of the contacted sample (e) on the
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Figure 3.2: Photograph of a sample mounted on the plug of the pressure cell. Obturator (a), StyCast epoxy (b), Lakeshore wire (c), gold wire (d), sample (e), indium
contact (f ). The image was taken through the microscope.
top of the obturator (a) without the teflon cap. After the preparation of the contacts
on the sample surface in a conventional six-probe Hall arrangement 25 µm thick gold
wires (d) are soldered to the existing indium pads (f). The StyCast epoxy as well
as the Lakeshore wires are also indicated in Fig. 3.2. The shape of the sample is
determined by a compromise between the elongated shape required for the six-probe
transport measurements and the rigidity of the sample. The cleavage of too long and
narrow samples causes too much mechanical strain in the substrate of the sample
which also results in the destruction of the sample during the pressurizing process.
Practically, the aspect ratio of about 4 : 1 turns out to be a reasonable choice.

3.3

Cryogenics

The magnetotransport measurements were performed in the temperature range of
T = 1.4 - 300K up to B = 14T magnetic fields in an Oxford Instruments liquid 4 He
cryostat equipped with a superconducting solenoid magnet. Since the thickness of
the pressure cell exceeds the inner diameter of the commercial Oxford Instruments
Variable Temperature Insert, a custom designed sample holder had to be built for
the high pressure measurements.
The main blocks of the sample holder are displayed in Fig. 3.3. Panel 1 shows
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the parts and the assembly of the heat reservoir which is required to control the
temperature of the pressure cell. Each part of this unit is machined from copper in
order to achieve as good heat conductivity as possible. For better heat contact the
body of the cell (1b) fits the coaxial shield (1c) tightly. The temperature of the cell
can be increased by driving a heating wire which is rolled around the copper shield
and fixed by a teflon tape. The shield is enclosed from above by a cap (1a) which can
be attached to the 1K pot of the sample holder by the screw on the top. The holes
for leading through the electrical wires can also be found on this top part. While
the support of the obturator (Fig. 3.1.3d) has a fixed position, the position of the
piston (Fig. 3.1.3b) depends on the applied pressure. The support of the obturator
is pressed against the top cap (1a) by the screw 1e which has a variable position due
to its counterpart (1d) and pushes the piston directly. The role of the triangular
teflon sheet (1f) at the bottom of the screw (1e) is to avoid any direct heat contact
between the reservoir and the wall of the surrounding vacuum coating.
Panel 2 illustrates the bottom part of the sample holder. The pressure cell is
isolated from the surrounding helium bath by a vacuum coating (2h). the vacuum
coating is connected to the top plate (2d) with using indium wire for isolation. All
electrical and mechanical connections at the top plate are tight for high vacuum.
The vacuum is established by pumping the coating through the stainless steel tube
(2a). The electrical wires of the pressure cell as well as the thermometer cables
are also led in this tube. The temperature of the cell can be decreased below 4.2K
down to 1.4K with the help of the attached 1K pot (2f and 2g). The upper chamber
(2f) of the 1K pot can be filled with liquid helium from the outside helium bath
through the S-shaped capillary pipeline (2e). The amount of the entering helium
can be tuned by a needle valve mechanism (2c) in a fine way. The cooling of the
chamber is achieved by pumping the liquid helium out of it through the stainless
steel tube (2b). The cooling of the pressure cell is ensured by the tight mechanical
contact of the pressure cell shielding and the bottom of the 1K pot (2g). The ribbed
design of the latter serves also as a cold trap for the electrical wires going down to
the pressure cell. Further cold traps are mounted on the bottom side of the top
plate (not visible in the figure). Additionally, the top plate is also equipped with a
vacuum proof leadthrough for an optional DC SQUID application.
Panel 3 shows the whole setup in an assembled state. The top part provides
the room-temperature access to the system including electrical connectors as well
as NAU connectors for safety valves and for the pumping lines of the vacuum space
and the 1K pot. The vacuum proof mechanical leadthrough for the axe of the needle
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Figure 3.3: Mounting of the pressure cell into the variable temperature cryogenic
insert. Top cap (1a), pressure cell (1b), coaxial copper shield (1c), bottom cap (1d),
copper screw (1e), teflon triangle (1f ); pipeline of the vacuum chamber (2a), pipeline
of the 1K pot (2b), needle valve (2c), top plate of the vacuum chamber (2d), capillary
pipeline to the 1K pot (2e), 1K pot chamber (2f ), heat link to the pressure cell (2g),
vacuum chamber (2h). Panel 3 shows the setup in the fully assembled state.
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valve can also be found here. The setup is equipped with a sliding seal which enables
the slow cooling down of the system by inserting the sample holder into the cryostat
gradually without considerable loss of helium. The heat conductivity between the
top and the bottom part is reduced by the application of stainless steel tubes in the
middle. A further suppression of the radiation loss is established by the application
of horizontal stainless steel mirrors inside the tubes and by bending of the tube of
the vacuum coating.
The temperature of the sample can be varied by setting the appropriate cooling
and heating powers. The cooling power is determined by the openness of the needle
valve and by the pumping power of the 1K pot which can be set manually. The
heating power depends on the bias of the heating wire rolled around the pressure
cell coating. This is driven by a LakeShore 340 Temperature Controller unit with a
PID feedback to the actual value of the sample temperature. In order to determine
the proper temperature of the sample special care has to be taken for two reasons.
Due to the asymmetrical cooling effect of the pumped 1K pot an axial temperature
gradient can arise along the cell. On the other hand the poor heat conductivity of
the frozen pressure medium may result in radial temperature gradients as well. In
order to control the first effect separate temperature sensors are applied at both ends
of the pressure cell. The systematical error due to the radial temperature gradient
can be reduced by avoiding sudden changes in the temperature. At low temperature
the applied CGR-500 temperature sensors exhibit a considerable magnetoresistance.
Therefore in the low temperature, high magnetic field measurements the feedback
to their resistivity values leads to a systematical error of ≤ 0.1K in the temperature control. In such cases the feedback was set to the magnetic field insensitive
capacitance value of a CS-501 capacitive sensor.
The magnetotransport measurements were carried out in the current-in-plane
arrangement by the current reversing DC method using Keithley 220 current source
and Keithley 181 nanovoltmeters. This setup provided ≈10−6 Ω sensitivity. For the
shake of the anomalous Hall measurements the magnetic field was perpendicular to
the plane of the thin film samples in most cases.
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Chapter 4
Magnetic and transport properties
under hydrostatic pressure
The application of hydrostatic pressure serves as a unique tool for tuning the different lattice constant dependent parameters in solids. The corresponding changes
in the extended band states as well as in the local exchange interactions with magnetic impurities provide detailed information about the nature of the underlying
mechanisms that are responsible for the observed macroscopic magnetization and
transport phenomena.
In this chapter experimental results of resistivity, magnetoresistance and Hall
effect measurements in different (In,Mn)Sb, (In,Mn)As and (Ga,Mn)As compounds
are presented. The measurements were performed at temperatures down to 1.4 K
and in magnetic fields up to 14T. The measurements have shown that application
of 3GPa hydrostatic pressure leads to a remarkable enhancement of the Curie temperatures (up to 25%), while the negative magnetoresistance is also increased by
pressure. The high pressure Hall effect measurements have revealed that the highfield AHE has a non-monotonic dependence on the magnetization that contradicts
with the predictions of the widely accepted extrinsic theories.

4.1

Pressure dependence of the Curie temperature

Measurement of the temperature dependence of the resistivity is a simple and convenient way to detect the TC onset temperature of the ferromagnetic ordering. In
addition, measurement of the Hall resistivity ρH provides the means for deducing
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Figure 4.1: (a) Temperature dependence of the resistivity in In0.98 Mn0.02 Sb at ambient pressure. The position of the slightly rounded cusp is directly related to the
Curie temperature, in good agreement with the magnetization data shown in the inset. (b) Temperature dependence of the peak position measured at various pressures.
The data is shown on an expanded temperature scale in the immediate vicinity of
the transition, normalized to the value at the resistivity maximum. (c) Pressure induced increase in the absolute value of the resistivity over a broad temperature range
around the phase transition.

TC from the field dependence of the magnetization M(B) via Eq. 2.22 which applies
in the low-field regime of the coercive forces.
Among the investigated samples the influence of pressure on the paramagneticto-ferromagnetic phase transition is most pronounced in the metallic In0.98 Mn0.02 Sb
compound, with an ambient pressure TC = 7.0K. The location of the resistivity
maximum is associated with the Curie temperature as demonstrated in Fig. 4.1.a by
the comparison with the temperature dependence of the remanent magnetization at
ambient pressure. The shift of the cusp toward higher temperatures under increasing
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Figure 4.2: (a) Hall resistivity of In0.98 Mn0.02 Sb as a function of magnetic field
taken at various pressures at T = 7.0K, corresponding to the ambient pressure Curie
temperature. The evolution of the hysteresis loops at ambient pressure (b) and at
p = 2.7GPa (c) confirms the expansion of the ferromagnetic phase up to TC (p =
2.7GPa) = 8.8K.
hydrostatic pressure is shown in Fig. 4.1.b and indicates an enhancement of TC as
large as 9% GPa−1 . Additionally, the ρ(T, P ) resistivity measured over a broad
range of temperatures (1.5 - 300K) separates – apart from the shift in the peak
position – as f (p)ρ(T ) exhibiting a temperature independent increase of 7% GPa−1
as shown in Fig. 4.1.c in the vicinity of the cusp up to 80K.
Even though the underlying undoped InSb buffer layer is relatively thick and
has a pressure dependent resistance [106] it does not influence these results. Control
measurements carried out on a separate substrate structure have shown that owing
to its much higher resistivity the substrate contribution to the pressure dependence

UHall (P:cm)

(b) 1.5

MAGNETIC AND TRANSPORT PROPERTIES ...

10.8

65.5K
p = 1 GPa

U (m:cm)

10.6

14.6
14.4

10.4
63.5K

14.2

10.2
p = 100 kPa
10.0

50

Ga0.925Mn0.075As

60
70
Temperature (K)

U (m:cm)

54

14.0
80

Figure 4.3:
Pressure induced enhancement of the Curie temperature in
Ga0.925 Mn0.075 As indicated by the shifted ambient pressure resistivity peak at p =
1GPa.
of the overall sample is less than 0.5% GPa−1 . All the pressure effects were reversible
and no indication for pressure induced structural phase transitions has been found
up to p = 3GPa.
Experiments on the AHE further confirm the increase of the Curie temperature
by pressure. Figure 4.2.a shows the Hall signal measured at various pressures at
fixed temperature of T = 7.0K corresponding to the ambient pressure TC . At ambient pressure the Hall resistivity is an almost linear function of the magnetic field,
signalling that the material is paramagnetic at that temperature. With increasing pressure, however, a hysteretic AHE signal emerges and becomes increasingly
dominant. At p = 2.7GPa a clear hysteresis characteristic of a ferromagnetic phase
appears, indicating that a transition from the paramagnetic to ferromagnetic phase
is indeed being induced by the applied pressure. The gradual emergence of the hysteresis loop in the AHE with decreasing temperature below 7K at ambient pressure
and below 9K at p = 2.7GPa is shown at selected temperatures in Fig. 4.2.b and
Fig. 4.2.c, respectively. The appearance of these loops are in good agreement with
the TC (100kPa) = 7.0K and TC (2.7GPa) = 8.8K values deduced from the resistivity
measurements.
In In0.98 Mn0.02 Sb the estimated hole concentration is pressure independent as
evaluated from the high-field slope of ρH at different pressures1 within the accuracy
1

The separation of the Lorentzian and anomalous terms in the Hall signal is discussed in 5.3.1.
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1.5

T / TC
Figure 4.4: Remanent magnetization in In0.91 Mn0.09 As at ambient pressure (blue
line) and at p = 1GPa (red line) measured by the AHE in a small perpendicular
field of B = 1mT. For comparison the SQUID measurement of the ambient pressure
remanent magnetization is also plotted (dashed line) [82]. Inset: A magnified view
in the vicinity of the TC = 33K Curie temperature indicates that in this compound
the transition temperature is not affected by pressure.

of 0.7% GPa−1 . In (Ga,Mn)As and (In,Mn)As compounds, however, the ambient
carrier concentration is reduced at high pressures and at the same time the pressure
induced shift of the Curie temperature becomes strongly suppressed. The pressure variation of TC reflected in the resistivity peak position in Ga0.925 Mn0.075 As is
displayed in Fig. 4.3. The relative enhancement of TC is reduced to 3% GPa−1 ,
which may be related to the 6% GPa−1 reduction of the carrier concentration in this
material.
A special case in this respect is represented by In0.91 Mn0.09 As. In this compound,
although the AHE measurements are suggestive for an enhanced magnetization in
the ferromagnetic phase, the 8.8% GPa−1 reduction of the hole concentration completely compensates the effect of any mechanisms leading to higher TC . The ambient
and high pressure remanent AHE signals are plotted in Fig. 4.4 in comparison with
the ambient pressure magnetization measured by SQUID in a low perpendicular
magnetic field of 1mT. The vicinity of the TC = 33K Curie temperature is shown
on a magnified scale in the inset of Fig. 4.4. The position of the upturning points
of the AHE curves do not exhibit any variation on pressure within experimental error, indicating a pressure independent TC . The good agreement in the temperature
dependence of M(B) and the remanent AHE signal over a wide temperature range
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Figure 4.5: Low-field hysteresis of the magnetization measured by AHE in
In0.91 Mn0.09 As at ambient pressure (black lines) and at p = 1GPa (red lines) at
selected temperatures [4.2K, 10K and 15K for (a), (b), and (c), respectively] below
the TC = 33K Curie temperature.
in In0.91 Mn0.09 As verifies the application of AHE to detect the magnetization.
The RS coefficient of the magnetization in Eq. 2.22 can also depend on the
pressure through the possible changes either in the band structure or in the scattering rates. However, the pressure induced changes in the hysteresis loops shown
in Fig. 4.5 at selected temperatures below TC indicate that the pressure induced
enhancement of the low-field AHE signal corresponds to an enhanced magnetization
in the ferromagnetic phase due to stronger magnetic couplings. The enhancement
of the magnitude in ρAH is accompanied by a reduction of the coercive force at high
pressure, an effect, that is expected in the presence of a magnetic domain structure
with an increased saturation magnetization.
In contrast, in case of In0.98 Mn0.02 Sb the absence of the narrowing of the hysteresis loops at high pressure confirms that at such low concentration the magnetic
ground state is a random ferromagnet with a percolated network of magnetically
ordered regions that does not exhibit a domain structure.
Finally, it is to be noted that in Ga1−x Mnx As no clear hysteresis loops could
be obtained in the anomalous Hall resistivity at the available (0.03≤ x ≤0.075)
concentrations.
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Figure 4.6: High-field ambient pressure magnetoresistance of In0.98 Mn0.02 Sb up to B
= 14T at various temperatures both above (red and yellow curves) and below (various
blue curves) the TC = 7K Curie temperature.

4.2

Magnetoresistance

Although many aspects of free carrier magnetotransport in (III,Mn)V DMS compounds have already been explored, its microscopic understanding is still far from
complete. The transport properties strongly depend both on the band structure of
the host material as well as on the effect of disorder. Successful model calculations
have been performed recently [77] to describe the magnetoresistance of disordered
local-moment ferromagnets, however, these theories apply primarily in the localized
limit. On the other hand, while their potential impact on future spintronic applications is much higher, the detailed microscopic description of magnetotransport in
metallic DMS systems characterized by the kF l ≫ 1 condition requires a different

approach and has not been established yet. Many spintronic applications envision
spin injection and/or spin-polarized current, and are thus expected to hinge critically

on the understanding of spin scattering of the charge carriers.
The In1−x Mnx Sb samples are excellent candidates to study spin dependent transport phenomena in case of extended electronic states. In these films the metallic
conductivity is maintained by the high mobility valence band holes leading to low
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Figure 4.7: (a) Separated negative magnetoresistance in In0.98 Mn0.02 Sb at various
temperatures. (b) A positive quadratic term attributed to normal magnetoresistance
is subtracted at each temperature as illustrated in case of two selected temperatures
representing the different magnetic phases. The open symbols are experimental data,
the dashed and solid lines correspond to the positive quadratic and negative saturating
contributions, respectively. Note that the dashed lines are shifted downwards for the
more transparent demonstration. All data are taken at ambient pressure.
temperature resistivity values in the order of 350 µΩcm at ≈ 3× 1020 cm−3 typical

hole concentrations. The corresponding mean free path is well above the Joffe-limit;
√
kF l = (3π 2 )2/3 ℏ/(e2 ρ 3 n) ≈ 30. Throughout this section experimental results ob-

tained on In0.98 Mn0.02 Sb are presented. Similar behavior has been found for other
Mn concentrations as well. More importantly, the same qualitative behavior has
also been reported for the most famous magnetic semiconductor Ga1−x Mnx As for
metallic concentrations [78]. In our Ga1−x Mnx As and In1−x Mnx As kF l is in the order
of unity, therefore these samples rather represent the localized limit which has been
widely studied in the literature [68, 74] and is not a subject of the present work.
The ambient pressure magnetoresistance defined as [ρ(B) − ρ(0)]/ρ(0) is shown
for In0.98 Mn0.02 Sb in Fig. 4.6 at various selected temperatures as the TC = 7K
phase boundary is crossed by the temperature. Its field dependence is dominated
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Figure 4.8: Low-field ambient pressure magnetoresistance of In0.98 Mn0.02 Sb at various temperatures. Note that the quadratical initial field dependence characteristic
to the paramagnetic phase changes to a linear variation as the system enters the
ferromagnetic phase below TC = 7K.

by a slowly saturating large negative contribution up to B = 14T in the entire
temperature regime. The width of the curves are reduced and the amplitude of
saturation is enhanced with decreasing temperature. At low temperature a positive
quadratic contribution to the magnetoresistance gradually emerges. Both the field
dependence and the weight of this term corresponds well to the value of ωc τ =
B/(neρ) ≈ 8% at the characteristic field of B = 10T. Therefore it is attributed to
the ordinary positive magnetoresistance, and in the left panel of Fig. 4.7 is subtracted
at each temperature. The separation of the quadratic term is illustrated in the right
panel of Fig. 4.7 at two selected temperature below TC . The subtraction of the
quadratic term pronounces the saturating nature of the negative magnetoresistance,
and reveals that the characteristic field of the saturation scales with the temperature.
The saturation value is quite large, ≈ 25% at the lowest temperatures.
Another positive quadratic correction might arise as a systematical error due to
the parallel conductance of the n-type InSb buffer. Extended control measurements
carried out on a bare substrate structure confirmed, however, that due to its much
larger resistivity, the roughly temperature independent, ≈ 7% (at B = 14T) positive magnetoresistance of the InSb buffer does not modify the magnetoresistance by
more than 0.5%. This small correction becomes visible only above T ≈ 40K, at temperatures well above the Curie temperature, where the negative magnetoresistance
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Figure 4.9: Effect of hydrostatic pressure on magnetoresistance in In0.98 Mn0.02 Sb
measured below (blue curve) and above TC (red curve). Open symbols correspond to
ambient pressure, solid symbols to p = 2.7GPa, respectively.
is already completely smeared out.
Figure 4.8 presents the magnetoresistance at low fields. Note that the quadratic
initial field dependence of ρ above the phase transition changes to linear as the
temperature is decreased below TC . The influence of magnetic anisotropy on the
magnetoresistance appears only at temperatures below 2K as a small peak at the
coercive field within the 0.01T field range. It is not visible at the scale of Fig. 4.8
and does not influence the above qualitative observations and their analysis.
The effect of pressure on the negative magnetoresistance is shown in Fig. 4.9 at
two selected temperatures representing the different magnetic phases. The primary
effect is the enhancement of the magnitude of the negative magnetoresistance, while
the field variation is not affected. This enhancement is 11% in the ferromagnetic
and 30% in the paramagnetic phase over the entire magnetic field regime of the
measurement. It has to be noted, that at low temperatures the ordinary quadratic
magnetoresistance contribution, which has been subtracted, is slightly reduced by
pressure in accordance with the increased density of states.
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High-field anomalous Hall effect

The combined logical and data storage functionalities of spintronic devices based on
magnetic semiconductors arise from bulk magnetic properties that can be controlled
by external electric fields (See Sec. 2.6). A convenient way to characterize the
magnetic state of such units takes the advantage of the Hall resistivity in a small
perpendicular magnetic field which is usually dominated by the anomalous Hall
contribution and reflects the macroscopical magnetization. Nevertheless, in order to
reveal its physical origin one needs to explore the behavior of the AHE also in the
regime of high magnetic fields that exceeds far beyond the range of the spintronic
applications.

4.3.1

Anomalous Hall effect in (In,Mn)As and (Ga,Mn)As

The ρH Hall resistivity of the semiconducting In0.91 Mn0.09 As is displayed in Fig. 4.10.
This sample (already presented in Fig. 4.5) was grown on a 240nm thick AlSb wafer.
Since the 10nm thickness of the magnetic layer is comparable to the Fermi wavelength estimated from the carrier concentration at room temperature (≈ 1012 cm−2 ),
the sample has to be treated as two dimensional. The ≈ 1% lattice mismatch with
the substrate is assumed to persist throughout the whole sample and induces a nonrelaxing tensile strain. As a consequence, the easy axis of the magnetization points
along the growth direction.
As the temperature is decreased, the ρAH anomalous Hall resistivity becomes
dominant in ρH even already above TC = 33K so that the high-field slope of the
normal Hall effect can not be clearly distinguished up to 12T even at the lowest
temperatures. The effect of pressure on the room temperature Hall effect as well as
on the low-field AHE at low temperature has already been discussed in 4.1. The
high-field data are presented in the upper panels of Fig. 4.10. The lower panels
show the low-field hysteresis loops in an extended temperature range. The pressure
induced enhancement of ρAH persists in the entire magnetic field range and is more
pronounced at lower temperatures.
The spiky feature of ρAH observed below B = 0.5T, which emerges rapidly below
TC , is often attributed to the scaling of the RS AHE coefficient with a certain power
of the resistivity in the form of RS ∝ ρα [78], according to the extrinsic theories of
the AHE, i.e., the skew scattering (α = 1) or the side jump (α = 2) mechanisms.
It has to be recalled, however, that the α = 2 exponent arises also in the intrinsic
picture of AHE [54]. The simultaneous analysis of M, ρ and ρAH revealed that the
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Figure 4.10: Hall resistivity of In0.91 Mn0.09 As up to B = 12T at various temperatures
at ambient pressure (a) and at p = 1GPa (b). The signal is dominated by the
AHE at the selected temperatures, except at room temperature, far above the Curie
temperature where the reduction of the carrier concentration is clearly visible from
the enhanced slope of the normal Hall effect. The magnified view of the low-field
part is displayed at both pressures in (c) and (d), respectively. Note that the Curie
temperature TC = 33K is not affected by pressure in this compound.
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Figure 4.11: Field dependence of the magnetization (black line) measured by MOKE
in comparison to ρH /ρα with α = 1.5 displayed in relative units (red line). All
curves are taken at ambient pressure in the ferromagnetic phase (T = 4.2K) of
In0.91 Mn0.09 As.

best exponent which describes the observed field dependence of ρAH is α = 1.5 ±

0.1. This suggests that Fermi surface processes can not exclusively account for the
AHE in this sample. The scaling is displayed in Fig. 4.11, where ρH /ρα with α =
1.5 and the magnetization2 are plotted together.
Figure 4.12 shows the field and temperature dependence of ρH in Ga0.925 Mn0.075 As
(already presented in Fig. 4.3) at ambient pressure and at p = 1GPa. This sample

was grown on a 300nm thick GaAs substrate up to the thickness of 120nm which
corresponds to the bulk limit. The lattice mismatch between the magnetic layer and
its intrinsic buffer is small (<0.1%) so that the mismatch induced strain can relax
on a much shorter distance than the sample thickness.
The carrier concentration decreases with increasing pressure also in this compound. At room temperature (T ≫ TC = 63.5K) ρH consists purely of the linear
Lorentz term. In the ferromagnetic phase ρH is again dominated by the AHE and a
high-field linear variation attributed to the normal Hall effect can not be unambiguously resolved up to B = 12T even at helium temperature. The pressure dependence
of the AHE is moderate as seen in ρH .

2
The high-field magneto-optical Kerr effect (MOKE) measurements on the magnetic semiconductor samples have been carried out in collaboration with Sándor Bordács.
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Figure 4.12: Hall resistivity of Ga0.925 Mn0.075 As up to B = 12T at selected temperatures at ambient pressure (a) and at p = 1GPa (b). In the ferromagnetic phase the
signal is dominated by the AHE. The ambient pressure Curie temperature is TC =
63.5K

4.3.2

Anomalous Hall effect in (In,Mn)Sb

The magnetic field dependence of the high-field AHE is the most pronounced in
(In,Mn)Sb among the investigated DMS samples. On the other hand, since ρH is
smaller by more than one order of magnitude in (In,Mn)Sb than in (In,Mn)As and
(Ga,Mn)As, the normal and the anomalous Hall contributions are comparable in
magnitude thus the Lorentz term can be identified even in the ferromagnetic phase
in this compound.
The ambient pressure Hall resistivity of In0.98 Mn0.02 Sb is displayed in Fig. 4.13 up
to 14 T at different temperatures. The two terms of Eq. 2.22 – the Lorentz deflection
of the carriers and the anomalous Hall contribution – play different role in the
different field ranges. At high fields the linear contribution due to the Loretz-force
is dominating as seen in Fig. 4.13.a, while at low fields, the negative contribution of
the AHE overcomes the positive normal Hall term as shown on the magnified scale
of Fig. 4.13.b.
Figure 4.13.b shows that with decreasing temperature the magnitude of the lowfield peak in the Hall signal increases and its decay becomes faster. This implies
some sort of scaling to the magnetization both in B/kB T and in the magnitude. For
comparison the field dependence of the magnetization is also plotted in Fig. 4.13.c.
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Figure 4.13: Hall resistivity of In0.98Mn0.02 Sb at different temperatures up to B =
14T magnetic fields at ambient pressure (a). Panel (b) enlarges the low-field variation in the field regime indicated by the central box in panel (a) together with the
field dependence of the magnetization measured by MCD (c). Panel (d) shows the
magnified view of the high-field part of the Hall resistivity curves corresponding to
the box at the upper right side of panel (a). The ambient pressure Curie temperature
is TC = 7K.
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Figure 4.14: Concentration dependence of the ambient pressure Hall resistivity in
In1−x Mnx Sb measured in two different compounds with x = 0.012 and 0.02 at T =
4.2K up to B = 13T.

Above B ≈ 8T the Hall curves saturate to linear variations, as shown in Fig. 4.13.d

on the enlarged scale corresponding to the area indicated by the box in the upper
right part of Fig. 4.13.a. The high-field linear variation has a temperature independent slope at low temperature even outside the ferromagnetic phase, and can

well be attributed to the normal Hall resistivity. The carrier concentration of 3 ×
1020 cm−3 estimated from the high-field slope of ρH is consistent with the carrier
concentration determined from other experiments [81, 82], and agrees well with the
result obtained in the high temperature paramagnetic phase of the same sample. It
is important to realize that the linear extension of the high-field data has a slight,
temperature dependent intercept at zero field. The temperature dependence of this
intercept follows the temperature dependence of the saturation value of the magnetization. This observation suggests that at high fields – besides the dominating
normal term – there exists a small, field-independent AHE contribution, too.
The concentration dependence of the Hall effect was investigated by two different
In1−x Mnx Sb samples with x = 0.012 and 0.02, having Curie temperatures of TC
= 5.2K and 7.0K, respectively. The corresponding ambient pressure ρH curves
are presented in Fig. 4.14 at T = 4.2K. The Hall resistivity of the two samples
exhibit qualitatively the same behavior, however, the low-field peak becomes more
pronounced at the higher Mn concentration. On the other hand, the somewhat larger
slope of the high-field linear variation indicates that the carrier concentration is
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Figure 4.15: Pressure dependence of the Hall resistivity in In1−x Mnx Sb for x = 0.012
(a) and 0.02 (b) at T = 4.2K up to B = 13T. Blue lines indicate ambient pressure,
while the p = 2.7GPa curves are displayed in red.
slightly decreased as the number of the Mn impurities is increased. This is attributed
to the rapid increase in the ratio of the compensating defects toward higher Mn
concentrations, in agreement with the observation of Wojtowicz et al. [18, 82].
The pressure dependence of ρH is presented in Fig. 4.15 for both Mn concentrations at T = 4.2K. The pressure has the most remarkable effect on In0.98 Mn0.02 Sb,
where despite the 10% pressure induced enhancement in the magnitude of the lowfield peak the high-field part of the ambient and high pressure ρH curves approaches
to each other asymptotically above B ≈ 8T. The resulting identical high-field slopes
indicate a pressure independent carrier concentration in this sample. In case of the
lower concentration the small change in the high-field slope of ρH indicate a slightly
lower carrier concentration at high pressure.
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Chapter 5
Discussion
In this chapter the origin of the pressure induced changes in the magnetization and
magnetotransport are discussed. A quantitative description is given, which accounts
for the previously presented experimental observations in terms of spin dependent
scattering of valence band holes which mediate the ferromagnetic interaction through
an enhanced local exchange coupling. The model enables also the evaluation of the
exchange coupling and the carrier spin-polarization by means of magnetoresistance
measurements. The microscopic picture is further supported by results obtained on
a different metallic dilute magnetic alloy. The AHE in (In,Mn)Sb is attributed to
an intrinsic origin. Based on recent Berry phase theories, its pressure and magnetic
field dependence is explained in terms of the relative shift of the spin split valence
bands as a function of the exchange field.

5.1

Pressure induced enhancement of the exchange
coupling

Experiments on (In,Mn)Sb, (Ga,Mn)As and (In,Mn)As samples revealed that the
pressure induced enhancement of the Curie temperature is a general feature characteristic of III-Mn-V ferromagnetic semiconductors. According to the theory of carrier
mediated ferromagnetism, the value of TC is proportional to the ferromagnetic coupling coefficient J. Therefore the above observation implies a similar enhancement
of J itself.
The coupling represented by J is a result of the interplay of two effects: (i) the
polarization of the charge carrier by a localized Mn2+ ion through the local p − d

exchange interaction (Jpd), and (ii) the propagation of the polarized charge carrier
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that mediates the interaction with a Mn2+ moment at another site. The pressure
effects both in (In,Mn)As and (Ga,Mn)As, where – despite a few percent decrease of
the carrier concentration – the value of TC is also increasing with pressure indicate
that the key process responsible for the observed changes in TC is the increase of the
Jpd local coupling due to an enhanced overlap of the corresponding wave functions.
The experimentally observed pressure induced enhancement of TC can quantitatively be described on the basis of the mean-field model of carrier mediated
ferromagnetism derived by T. Dietl et al. (already cited in Eq. 2.16):
2
TC = xeff S(S + 1)Jpd
AF ρs (TC )/12N0kB − TAF .

(5.1)

In the limit of εF /kB T ≫ 1 and by neglecting the SO interaction the spin density of
states becomes equal to the total density of states ρ for intraband charge excitations
ρ = meff kF /π 2 ℏ2 [12].
For a fraction of the randomly distributed Mn ions the natural antiferromagnetic
superexchange interaction may dominate over the hole mediated ferromagnetic interaction. Alternatively, the anisotropy induced frustration as well as the presence
of effectively coupled Mn2+ pairs at distances over the first node of the RKKY function may also lead to antiferromagnetic contributions. These effects are taken into
account by the empirical parameter TAF . This term represents a small correction
to TC in DMS compounds exhibiting higher Curie temperatures and is therefore
often neglected. In case of low TC antimonides, however, the competing antiferromagnetic superexchange mechanisms can also give a contribution to the Curie
temperature. In the case of In0.98 Mn0.02 Sb this term can be determined with high
accuracy from the low temperature magnetoresistance1 and is found to be TAF =
1.4K at ambient pressure. Its pressure dependence reflects an increasing weight of
the antiferromagnetic correction, as intuitively expected for a situation when the
Mn ions are brought closer together. This correction, however, gives only a small
contribution to the pressure dependence of TC (of about -0.2% GPa−1 ).
The above mean-field description has its limitations (and may be more applicable for antimonides than for other compounds) but an obvious advantage is that
it requires only a small number of well-identified physical parameters. As the various transition temperatures are achieved in the same sample by the application of
pressure – i.e., the results belong to identical chemical composition and identical
Mn distribution – a reliable and straightforward analysis can be performed. One
1

The evaluation of TAF is discussed in details in 5.2.2.
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can also take advantage of the pressure-independence of the carrier concentration in
In0.98 Mn0.02 Sb, which implies that kF remains fixed within 0.2% GPa−1 .
The applied hydrostatic pressure is assumed to lead to an isotropic reduction of
the lattice constant, as the lattice mismatch between the magnetic layer and the InSb
buffer is small (< 0.05%) and the mismatch-induced strain relaxes on a length scale
(∼ 3-5 nm) that is much shorter than the sample thickness. Using the bulk modulus
of intrinsic InSb (48 GPa), one can deduce a volume reduction of 2.1% for p = 1 GPa
pressure for our samples. This reduction increases the probability of finding a hole
in the vicinity of the magnetic ion, which – as a first approximation – enhances the
Jpd local exchange interaction as the volume of the unit cell decreases. Indeed, earlier
studies on various isostructural dilute magnetic semiconductors indicated that the
Jpd exchange energy scales with the lattice constant as Jpd ∝ a−3
0 (Fig. 2.7). Such
a strong volume dependence of the local exchange gives rise to an increase of TC of
about 4% GPa−1 . The N0 concentration of the cation sites increases as the lattice
is compressed. This acts in the opposite direction and reduces TC by 2% GPa−1 .
Application of pressure may also lead to changes of the band structure, an effect
that is not easily predictable for compounds having non-trivial dispersion relations.
Based on the experiments, however, one can deduce a good estimate for the pressure dependence of the band parameters in Eq. 5.1. The experimental observation
that the ρ(T, p) resistivity separates as f (p)ρ(T ) over the entire investigated temperature range indicates that the pressure does not influence the mechanism of the
scattering. Consequently, we attribute the observed increase of the resistivity of 7%
GPa−1 to the enhancement of the band mass. This assumption is further verified
by measurements carried out on a separate non-magnetic InSb layer deposited on
a similar substrate up to the same thickness. The similar pressure dependence of
the resistivity in pure InSb revealed that it is an intrinsic band property and is not
related to magnetic impurities.
The above analysis shows that the primary effect of the application of pressure
is to tune the local exchange interaction and the band mass of the charge carriers.
According to Eq. 5.1 the carrier-mediated coupling mechanism predicts a shift of
about 9.0% GPa−1 in the ferromagnetic ordering temperature which is in good
agreement with the experimentally observed 8.6 - 9.0% GPa−1 variation.
In case of Ga0.925 Mn0.075 As and In0.91 Mn0.09 As the carrier concentration and thus
the Fermi wave vector is also affected by pressure. This makes the direct experimental separation of the the local coupling and band mass effects less straightforward.
Nevertheless, by assuming a spherical distribution of the carriers in momentum
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space, one can still calculate the pressure induced TC shift based on Eq. 5.1. Although such an analysis is able to account for the qualitative consequences of the
two competing effects also in these samples, it tends to slightly overestimate the
observed changes in TC . It has to be noted, however, that these compounds with
the relatively high Mn concentrations are closer to the re-entrant metal-insulator
transition, therefore the proper treatment should take also localization effects into
account that is beyond the scope of the applied mean-field theory.
These results provide evidence for an increase in carrier-mediated magnetic coupling – and thus an increase in the Curie temperature – as the lattice parameter
is reduced by the applied pressure. As a consequence, they are also suggestive for
the possibility that in thin epitaxial layers the wave function overlap can also be
tailored by the built-in strain induced by the lattice mismatch between the substrate and the magnetic semiconductor film. For example, a reduction of over 6%
of the in-plane lattice parameter has been observed [107] in thin InSb layers grown
on GaSb, a change that is an order of magnitude larger than that corresponding to
a hydrostatic pressure of 1 GPa. By appropriate strain engineering one can fabricate samples with much larger wave function overlaps in the layer plane than those
obtained in a pressure cell. Tuning the magnetic coupling by using known MBE
growth techniques to tailor strain may thus open new routes to nanoscale magnetic
and spintronic devices.

5.2
5.2.1

Magnetic scattering of spin-polarized carriers
Evidences for spin-polarized scattering

In order to reveal the role of the magnetic structure in magnetotransport, the field
dependence of the magnetization M(B) and the magnetoresistance are shown together in Fig. 5.1 at several temperatures in both magnetic phases up to 6T for
In0.98 Mn0.02 Sb. The slowly saturating high-field part of the magnetization follows
the B5/2 Brillouin function (represented by the solid line on Fig. 5.1.a) at low temperatures, which reflects the presence of isolated Mn2+ ions with S = 5/2 magnetic moments even in the ferromagnetic phase, that are not involved in the ferromagnetically ordered regions, as it was discussed in 2.5.2. The magnetoresistance
curves measured at the same temperatures and in the same field range are shown
in Fig. 5.1.b. At high fields the curves exhibit similar field dependencies as the
corresponding magnetization which is demonstrated again by a properly scaled B5/2
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Figure 5.1: Magnetization measured by magnetic circular dichroism [T. Wojtowicz
et al., private commun.] (a) and reflected in magnetoresistance (b) as a function of
the applied field up to 6T in In0.98 Mn0.02 Sb. The Curie temperature is TC =7K. The
solid lines represent the B5/2 Brillouin function characterizing the magnetization of
isolated Mn2+ ions.
function (solid line in Fig. 5.1.b) over the experimental data points. The simultaneous slow saturation observed in magnetization and in resistivity suggests that
the magnetoresistance arises from a magnetic scattering process which is gradually
’frozen out’ as more isolated random Mn2+ spins become aligned. The analysis given
below for the high-field negative magnetoresistance confirms that the field-induced
alignment indeed follows a B5/2 Brillouin function, clearly suggesting that the slow
component of the saturation is closely related to the isolated Mn2+ spin population.
The observed low-field behavior of the magnetoresistance presented in Fig. 4.8
exhibits a linear variation in the ferromagnetic phase. This is suggestive for the
presence of spin-polarized carriers in the scattering process. Specifically, such linear B-dependence is symmetry-breaking, and indicates that the polarization of the
charge-carrying holes changes sign as B is reversed.
The theoretical description of such a spin-dependent scattering between delocal-
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ized holes of spin s and half-filled 3d shells of the Mn2+ (S=5/2) ions should start
from the scattering Hamiltonian defined under 2.18:
H = V − 2Jpds · S ,

(5.2)

where V is the spin-independent part of the potential, and the second term accounts
for the exchange interaction characterized by the Jpd coupling constant [12, 40]. The
spin-dependent scattering on isolated (paramagnetic) Mn2+ ions can be described
for arbitrary B and T by third-order perturbation calculation in H, in the limit
of |Jpd | ≪ V . In the presence of a magnetic field the relaxation times τ± for the
spin-up and spin-down carriers are up to second order in Jpd /V given by [40]
kmv0 cV 2
1
=
τ±
πℏ3

(

2Jpd
1∓
hSz i +
V



Jpd
V

2 

Sz2

S(S + 1) − hSz2 i ∓ hSz i
+
1 − f± (1 − e∓α )



α
2S + 1
1
2S + 1
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coth
α −
coth
2S
2
2S
2
1
f± = (ε ∓µ B−ε )/k T
,
B
F
B eff + 1
k
e

)

, with
(5.3)
(5.4)
(5.5)

where k, m, v0 and c are the Fermi wave vector, the hole effective mass, the atomic
volume of the host matrix and the concentration of the isolated magnetic impurities,
respectively. The hSz i average field-direction component of the Mn2+ spin is given by
the BS (α) Brillouin function (with S = 5/2) defined under Eq. 5.4 with an argument
of α = gµB B/kB Teff , where M = gµB hSz i is the corresponding magnetization.
The Fermi-Dirac distribution for the spin-split Fermi surfaces is given in Eq. 5.5.
The conductivity is then calculated within the relaxation time approximation of
the Boltzmann transport theory and the resistivity is taken as the inverse of the
conductivity.
In the ferromagnetic phase the numbers of spin-up and spin-down carriers are
different, so that the leading linear term in hSz i does not cancel out in Eq. 5.3,
and dominates over the second-order quadratic term. The difference between 1/τ+
2J

and 1/τ− then gives rise a non-vanishing 2P · Vpd hSz i term, where P = (n↑ vF ↑ −
n↓ vF ↓ )/(n↑ vF ↑ +n↓ vF ↓ ) is the transport spin-polarization of the charge carriers. Consequently, the first order magnetic scattering leads to a magnetoresistance which is
proportional both to the spin-polarization arising from the ferromagnetically ordered
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Figure 5.2: Ambient pressure negative magnetoresistance in In0.98 Mn0.02 Sb measured
up to 14T at selected temperatures below TC = 7K. Open symbols are experimental
data points after subtracting the positive quadratic contribution. Solid lines correspond to Eq. 5.6, with hSz i given by the Brillouin function for S = 5/2.
regions and to the M̃ magnetization of the isolated paramagnetic moments:
ρ(B) − ρ(0)
Jpd
Jpd
M̃ (B) .
= 4P
hSz i = 4P
ρ(0)
V
gµB V

(5.6)

The negative magnetoresistance is ensured by the negative sign of the V scattering
potential due to the acceptor nature of Mn2+ ions. The sign of the PJpd product
is positive, independently from the sign of the local coupling constant. An important prediction of Eq. 5.6 is that in the ferromagnetic phase the magnetoresistance
directly measures the magnetization of the isolated Mn2+ ions. This is verified by
the high-field results shown in Fig. 5.2, where the continuous lines correspond to the
B5/2 Brillouin function describing the magnetization of isolated S=5/2 spins. The
argument of the Brillouin function is α = gµB B/kB Teff , where the effective temperature Teff = T + TAF contains an empirical antiferromagnetic coupling parameter
describing the natural antiferromagnetic interaction between Mn ions [12, 30]. It
has to be emphasized, that TAF is the only fitting parameter used to describe the
observed magnetic field - temperature scaling in the ferromagnetic phase. For all
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Figure 5.3: (a) Low-field magnetoresistance of In0.98 Mn0.02 Sb, showing quadratic field
dependence above TC , and linear dependence in the ferromagnetic phase. Solid lines
are fits to the data according to the B → 0 limit of Eqs. 5.7 and 5.8.(b) Remanent
magnetization measured by SQUID as a function of temperature (solid line). The
red data points show the spin-polarization of charge carriers on a relative scale as
deduced from the initial slope of the magnetoresistance below TC .

curves the same (small) value TAF = 1.4K has been used.
The B5/2 Brillouin fits in Fig. 5.2 for the ferromagnetic phase provide strong
evidence for magnetic scattering of spin-polarized holes on isolated Mn2+ (S=5/2)
ions. Equation 5.6 also allows the estimation of the spin-polarization from the lowfield slope of the magnetoresistance curves, since for α → 0 the B5/2 (α) Brillouin

function approaches to a limα→0 B5/2 (α) = (7/6)α linear variation, so that the 5.6
expression of the magnetoresistance is simplified to
ρ(B) − ρ(0)
ρ(0)

B→0

= P(T ) ·

Jpd 14 gµB B
·
.
V
3 kB Teff

(5.7)
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Comparison of the spin-polarization obtained from transport experiments with remanent magnetization measured by SQUID is shown in the lower panel of Fig. 5.3 on
a relative scale i.e., in units of Jpd/V . The spin-polarization of the holes arises from
the total magnetization determined mostly by the ferromagnetically ordered regions.
Therefore the experimentally fulfilled P(T ) ∝ Mrem (T ) relation in the ferromagnetic
phase at B → 0 provides additional support for the model.

5.2.2

Evaluation of the exchange coupling from magnetic
scattering

Above TC , i.e., in the paramagnetic phase, the global spin-polarization is lost, and
the first order terms in Eq. 5.3 having different signs for the equally populated upand down-spin states cancel out. For α < 2 (which is fulfilled for the presented
experiments) the second order term in Eq. 5.3 leads to a magnetoresistance given
by [40]
"
!#
2
Jpd
α
α
ρ(B) − ρ(0)
= − 2 4 hSz i2 + hSz i coth −
,
ρ(0)
V
2 2 sinh2 α2

(5.8)

where the useful hSz2 i = S(S + 1) − hSz i coth(α/2) relation of the Brillouin function

was also utilized in order to express hSz2 i in terms of the more convenient hSz i
expectation value. Equation 5.8 accounts for the low-field quadratic variation of

magnetoresistance above TC seen in Fig. 4.8, as well as for its behavior over the
broad magnetic field range shown by the yellow and red curves in Fig. 5.4. The
B → 0 extreme of Eq. 5.8 exhibit a simple parabolic field dependence in the specific

form of

ρ(B) − ρ(0)
ρ(0)

B→0

2
203 Jpd
=−
·
36 V 2



gµB B
kB Teff

2

,

(5.9)

which was used to fit the low-field magnetoresistance curves at 10K and 12K in
Fig. 5.3.a.
Although a second-order term is expected to make a weaker contribution, the
observed high-field magnetoresistance is still very large, since in the paramagnetic
phase most of the Mn ions take part in the scattering. In this picture fluctuations
in the Mn concentration is neglected, and the ferromagnetic interaction between the
Mn ions in the paramagnetic phase is expressed via an effective temperature Teff for
that phase, Teff = T − T ∗ , where simple mean-field theory predicts T ∗ close to TC .

Note that Teff is the only fitting parameter used in the calculations. The fits shown
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Figure 5.4: Ambient pressure negative magnetoresistance in In0.98Mn0.02 Sb measured
up to 14T at selected temperatures. Open symbols are experimental data points after
subtracting the positive quadratic contribution. Solid lines correspond to Eqs. 5.6
and 5.8, with hSz i given by the Brillouin function for S = 5/2.
in Fig. 5.4 indeed yield T ∗ very close to TC = 7.0K: T ∗ = 6.2 and T ∗ = 7.1 K for
the orange and the red curves, respectively. This provides further support for the
intuitive mean-field scenario.
According to Eq. 5.8 the magnitude of the magnetoresistance in the paramagnetic phase directly supplies the strength of the scattering. The obtained value of
Jpd /V = 0.17±0.02 is temperature independent within experimental error at the
investigated temperatures above TC and confirms the Jpd /V ≪ 1 condition of the

perturbation calculation of the spin scattering rates at the derivation of Eq. 5.3. As
a first approximation one can assume that neither the corresponding wave function
overlaps nor the screening of the Mn2+ impurity potentials are dramatically affected
by the phase transition. With this assumption the value of Jpd /V determined in
the paramagnetic phase can be used in the ferromagnetic phase and the temperature dependence of the P spin-polarization (shown in Fig. 5.3 on a relative scale)
can be plotted in an absolute scale The resulting low temperature spin-polarization,
obtained by separating the P · (Jpd /V ) coefficient on the right hand side of Eq. 5.7,
is displayed in Fig 5.5.
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Figure 5.5: Spin-polarization of charge carriers in In0.98 Mn0.02 Sb on absolute scale.
The relative scale was deduced from the initial slope of the magnetoresistance below TC . The absolute scale was determined by taking the value of Jpd /V from the
high-field fit of Eq. 5.8 to the magnetoresistance in the paramagnetic phase. For
comparison the remanent magnetization measured by SQUID as a function of temperature is also shown (solid line) [82]. All data are taken at ambient pressure.
The validity of Eqs. 5.6 and 5.8 can be further tested by applying hydrostatic
pressure to tune the exchange coupling Jpd . According to the results discussed in 5.1
the p−d exchange energy varies inversely with the volume of the unit cell, Jpd ∝ v0−1 .

Using the bulk modulus of InSb (κ = 48 GPa) one expects a δv0 /v0 = p/κ = 5.6 %
decrease in v0 for the applied pressure of p = 2.7GPa, and thus the same increase
in Jpd .
The experimentally observed pressure-induced enhancement of magnetoresistance is shown in Fig. 4.9 both below and above TC . In the ferromagnetic phase

magnetic scattering varies as the product of Jpd and P, which itself varies as the
strength of the Jpd coupling. Taking both effects into account, Eq. 5.6 predicts that
2
below TC the magnetoresistance depends on the p − d coupling as Jpd
. Accordingly,
the application of p = 2.7 GPa should result in an 11.2% enhancement of the magnetoresistance. Indeed, in Fig. 5.6 excellent agreement is obtained when the high

pressure T = 4.2K data is fitted simply by applying this 11.2% magnification to the
ambient fit. The fitting parameter TAF is influenced only slightly: it increases by
0.14K Gpa−1 .
2
Above TC one should – besides the Jpd
enhancement – also take into account the
pressure-induced increase of the ferromagnetic coupling described by the parameter

T ∗ . Fits of high pressure data at 12K indicate that T ∗ is indeed enhanced from 7.1K
to 8.6K, providing additional support to the consistency of the applied model.
It has to be noted that simultaneously with the above studies an alternative
model for the resistivity in DMSs was developed [108]. This theory is based on the
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Figure 5.6: Effect of hydrostatic pressure on magnetoresistance measured below (blue
curve) and above TC (red curve) in In0.98 Mn0.02 Sb. Open symbols correspond to ambient pressure, solid symbols to p = 2.7GPa, respectively. Fits for ambient pressure
are calculated using Eqs. 5.6 and 5.8; fits for pressure data are calculated using the
same expression, with Jpd increased by 5.6%. In the paramagnetic phase T ∗ is also
enhanced by pressure (from 7.1K to 8.6K), as expected.

six-band k · p model and relates the 20% change in the resistivity to the variation
in the Fermi surface due to the spin-splitting of the valence bands below TC .

5.2.3

Application to heterogeneous magnetic systems

The generality of the above picture was further tested in heterogeneous magnetic
systems consisting of a few atomic percent nanometer-scaled magnetic inclusions
embedded in a nonmagnetic metallic matrix. For this purpose different Fe/Ag multilayer samples were prepared by vacuum evaporation.2 For the unambiguous identification of the effect of spin-polarization on the magnetoresistance the following
2
The Fe/Ag samples were grown at the Research Institute for Solid State Physics and Optics
by Dénes Kaptás.
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Figure 5.7: Magnetoresistance of samples (A), (B) and (C) measured at room temperature in the low-field regime.
structures were investigated.
(A) [Ag(2.6nm)/Fe(0.2nm)]75 /Ag(2.6nm).
(B) [Ag(10.4nm)/Fe(1.5nm)]32 /Ag(10.4nm).
(C) [[Ag(2.6nm)/Fe(0.2nm)]3 /[Ag(2.6nm)/Fe(1.5nm)]]32 /Ag(2.6nm).
The nominally 0.2nm thick Fe layers in sample A are not continuous and the
sample is superparamagnetic with a blocking temperature around 40K [109, 110].
The 1.5nm Fe thickness of sample B is large enough to form a continuous ferromagnetic layer. Sample C contains both granular and continuous Fe layers in a
superposition of the periodicity of samples A and B.
Magnetoresistance of the samples measured at room temperature in transversal magnetic field is shown in Fig. 5.7. The magnetoresistance of sample A with
granular Fe layers is very similar to that observed [111] on co-evaporated Fe/Ag
granular films. The magnetoresistance measured in parallel and transversal magnetic fields are identical [110] and do not saturate up to 12T applied magnetic field.
The shape of the curve can be basically described by the model of Gittleman [112]
generally accepted to explain the magnetoresistance of granular materials. The magnetoresistance of sample B with continuous Fe layers has a different shape which is
attributed to granular interface. The thickness of the Ag spacer in sample B is
large enough that exchange coupling is negligible [113] between the Fe layers. The
magnetoresistance measured on sample C with the superimposed paramagnetic and
ferromagnetic layers is considerably enhanced as compared either to sample A or B
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as it is shown in Fig. 5.7. The shape of the field dependence is also modified by the
ferromagnetic layers. The most remarkable change is observed at low fields, as it is
shown in Fig. 5.7.b. While the magnetoresistance of sample A exhibits a smooth
peak at zero field, in case of sample C it starts linearly up to about 0.5T. Moreover,
at 0.7T it increases by a factor of 4.7 and 4.2 as compared to the value in samples
A and B, respectively.
According to Eq. 5.3 the scattering of conduction electrons on randomly distributed small magnetic clusters in a nonmagnetic matrix results in a spin dependent
resistance. For sample A, where the magnetoresistance is attributed to scattering
on small paramagnetic Fe clusters, the linear term in Eq. 5.3 cancels out, and the
magnetoresistance contains only the second order term in Jsd , i.e., the exchange coupling between the s-like conduction electrons and the Fe d-shells. In case of sample
C, however, the presence of ferromagnetic layers destroys the spin symmetry of the
conduction electrons giving rise to a resistivity that is of first order in the magnetic
coupling. This modifies both the shape and the magnitude of the magnetoresistance. It is assumed that the magnetic moments of the Fe layers are fully aligned
in the investigated field range. The field dependence of the first order term in Jsd
is determined by the magnetization of the small clusters. For kB T ≫ gµB B it is
linear in B, being proportional to S(S + 1)gµB B/kB T . Therefore the nonvanishing
first order term in Jsd explains both the observed enhancement and the remarkable
change in the shape of the field dependence when ferromagnetic layers are added to
the granular structure in order to polarize the spins in the conduction band.
The strong magnetic scattering can also be identified in the unusual temperature
dependence of the resistivity in case of the granular sample A, as shown in Fig. 5.8
both for zero and 12T magnetic fields. The curves are normalized to the saturated
value measured at B = 12T in the T → 0K limit. Contrary to ordinary metallic
systems, the resistivity is sublinear above 40K in both cases. Since the scattering
amplitude of ferromagnetic grains embedded in a nonmagnetic metallic matrix is
strongly size dependent [114], the analysis of ρ(T, B) can supply information also
about the characteristic size of the small Fe clusters that are responsible for the
observed magnetotransport properties.
In order to separate the magnetic scattering process the Matthiessen-rule is assumed to apply, i.e. the resistivity is composed of 3 terms:
ρ(T, B) = ρ0 + ρph (T ) + ρmagn (T, B) ,

(5.10)

where ρ0 denotes the residual resistivity, ρph (T ) is the contribution arising from the
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Figure 5.8: Resistivity vs temperature in zero (a) and 12T magnetic fields (b) in sample A. The solid lines are experimental data, dashed lines indicate the magnetic field
independent phonon scattering contribution. The dotted curves are the differences
of the former two (shifted upwards by the residual resistivity), and are attributed
to the temperature-dependent magnetic scattering on small Fe clusters. (c) Fitting
of the latter contribution by Eq. 5.12 in B = 12T. Open symbols are experimental
data points after subtracting the phonon related part, the solid line represents the
calculated curve.
phonon scattering, and the remaining part is attributed to the magnetic scattering.
The residual resistivity corresponds to the T → 0, B → ∞ value where both the

phonon and the magnetic scattering freeze out. It is used as a normalization factor,
with the approximation of ρ0 ≈ ρ(T = 4.2K, B = 12T).
In a granular system the magnetic scattering depends on the correlation between
the localized magnetic moments of the grains, hµi · µf i, while a conduction electron
is scattered from µi to µf within its spin-diffusion length [112]. In zero magnetic
field, well above the blocking temperature the magnetic moments of the grains are
fully disordered. Under these circumstances no temperature dependence is expected
from the magnetic scattering, at least as long as the spin diffusion length is large
enough. It is assumed that at high temperatures the temperature dependence of the
resistivity arises solely from the phonon contribution,
 3 Z Θ/T 2
T
x dx
ρph (T ) = a1
.
Θ
ex − 1
0

(5.11)

As the the phonon term is linear above the Debye temperature (Θ ≈ 210K) [115], the
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strength of phonon scattering can be determined from the high temperature slope of
the zero field resistivity curves. The calculated ρph (T ) curves are shown by dashed
lines in Fig. 5.8.a. The difference of the total resistivity and its phonon related part is
attributed to the magnetic scattering, and ρ0 +ρmagn (T, 0) is displayed in Fig. 5.8.a by
dotted line. As it was expected, the magnetic scattering is temperature independent
at high temperatures over several hundreds of Kelvin. The magnetic scattering
decreases gradually as the blocking temperature is approached from above, but at
T = 4.2 K there is still a considerable contribution to the resistivity, i.e. ρ(T =
4.2K, B = 0T) 6= ρ(T = 4.2K, B = 12T). Since the phonon term is magnetic

field independent, the ρph (T ) curves determined from the zero field temperature
dependencies can be used to separate the magnetic scattering contribution in the
high-field measurements. The temperature dependence of the magnetic scattering
in B = 12T is shown by dashed line in Fig. 5.8.b. It has a huge contribution to the
total resistivity and dominates even over the phonon term below T ≈ 250K.

At B = 12T the magnetic scattering of the spin-polarized electrons is proportional to the spin disorder of the small clusters. This gives rise to the strong temperature dependence of ρmagn (T, B = 12T) separated in Fig. 5.8.b. The spin disorder
for a characteristic moment S can be expressed by the Brillouin-function as
ρmagn (T, B) = a2 (S − hSz i) =
#
"


(2S + 1)gµB B 1
gµB B
1
coth
,(5.12)
+ coth
= a2 S − S +
2
2kT
2
2kT
where S and hSz i correspond to the spin of the scatterers. The fitted ρmagn (T, B =
12T) curve is shown in Fig. 5.8.c by solid line. Apart from a normalization factor,
the magnetic moment characteristic to the small Fe clusters is the only fitting parameter used to account for the temperature dependence of the magnetic scattering
over the entire temperature range. The good agreement between the experimental
and the calculated curves indicates that the size distribution of these clusters is negligible. The fitted value of S ≈ 17µB corresponds to small ferromagnetic inclusions
consisting of 6-8 Fe atoms in the Ag matrix.

5.2.4

Conclusions

In conclusion, the high-field and high-pressure transport experiments in (In,Mn)Sb
revealed that the large magnetoresistance observed in this magnetic semiconductor
is dominated by scattering on isolated Mn2+ (S=5/2) ions. The qualitative observa-
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tions, like the change from quadratic to linear magnetoresistance as the temperature
is lowered below TC , or the freezing out of scattering as spins become aligned by an
applied field can all be described by the p − d interaction between charge-carrying
holes and localized Mn moments. In the ferromagnetic phase the magnetoresistance
arises from scattering of spin-polarized carriers, and its field dependence directly
follows the magnetization of the few ions that are not included in the ferromagnetic
order. Above TC the spin-polarization is lost and magnetic scattering becomes a
second order process, but with most Mn ions participating in the scattering, so that
the magnitude of the effect remains large. Additionally, by enhancing the strength of
the p −d coupling by hydrostatic pressure, the observed pressure-induced increase of
magnetoresistance also follows directly from the above microscopic picture. Finally,
direct experimental evidence was given for the spin-polarized scattering in Fe/Ag
granular multilayer structures consisting of alternating sequences of ferromagnetic
and granular Fe layers. The resistivity contribution arising from spin dependent
scattering in the granular layers was properly described in the framework of the
above model in the entire investigated temperature regime both at zero and at high
magnetic field.

5.3

Evidences for the intrinsic anomalous Hall effect in (III,Mn)V semiconductors

5.3.1

Influence of the band structure on the normal Hall
effect

The separation of the normal and anomalous Hall terms in the total Hall resistivity
is traditionally based on the widely accepted expression of ρH in the form of
ρH = R0 B + RS M.

(5.13)

At magnetic fields above the saturation field of the magnetization a linear variation
of ρH is expected, which can be attributed solely to the Lorentz force. This term
can be subtracted in the entire field regime in order to evaluate the anomalous Hall
resistivity.
The above method requires, however, the application of two assumptions: (i) the
high-field variation of the normal Hall resistivity is not affected by the multiband
nature of the electrical conductivity, and (ii) the RS anomalous Hall coefficient does
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not exhibit any field dependence above the saturation field of the magnetization.
In materials with multiband conductivity the simple form ρnorm
= R0 B of the
H
normal Hall resistivity arising from Lorentz force becomes more complicated as the
contribution of the different types of carriers are not simply additive [116]. For a
realistic two band model with heavy holes (hh) and light holes (lh) this leads to a
net Hall coefficient given by
(hh−lh)

=

(hh)

(lh)

R0

where R0



(lh)
(hh) (lh)
(hh)
(lh)
+ R0 ρ2(hh) + R0 R0
R0 + R0
B2
,
2
2  (hh)
(lh)
2
ρ(hh) + ρ(lh) + R0 + R0
B

(hh) 2
ρ(lh)

R0

(5.14)

, R0 , as well as ρ(hh) and ρ(lh) correspond to the individual contribu-

tions of the heavy- and light holes to the off-diagonal and diagonal elements of the
resistivity tensor, respectively. Equation 5.14 implies a nonlinear field dependence
and a different slope of the ρnorm
(B) curve in the B → 0 and B → ∞ limits due
H

to the ∝ B 2 terms appearing with different weights in the nominator and the denominator. The characteristic field corresponding to the crossover between the two

slopes is given by B ≈ ρ/R0 . In case of the In1−x Mnx Sb samples this is in the
range of B ≈ 100T, which excludes the explanation of the experimentally observed
nonlinearity of ρAH by this type of crossover.
It is to be noted that due to the exchange splitting the population of the split
bands are field dependent, giving rise to a field dependence of the subband Hall
contributions. The resulting effect on the net Hall coefficient can be derived by
keeping only those terms in Eq. 5.14 which vary on a magnetic field scale that is
much smaller than the scale set by the ∝ B 2 terms:
(↑↓)

R0

(↑)

= R0

ρ2(↓)
ρ(↑) + ρ(↓)

(↓)

2 + R0

ρ2(↑)
ρ(↑) + ρ(↓)

2 ,

(5.15)

where the spin-split parabolic valence bands are labelled with (↑) and (↓), analogously to (hh) and (ll) in Eq. 5.14. In (In,Mn)Sb with a few percent hole con(↑,↓)
centration the corresponding change in the kF spin-subband Fermi wave vectors
(↑,↓)

is ±2%. The resulting ∓5% variation of R0
is, however, compensated by the
opposite changes in ρ(↑,↓) which is estimated to ±10% from the magnetoresistance.
(↑↓)
Consequently, the net effect of the spin splitting on R0 remains below 1% up to
B = 10T.
Finally, in a multiband system, the normal Hall effect may show a field dependence for a third reason, as well. In case of different types of carriers any difference
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Figure 5.9: Illustration of the possible field dependence of the normal Hall resistivity
arising from a multi-band mechanism (see text). The blue line is the measured total
Hall resistivity of In0.98 Mn0.02 Sb at T = 2.1K. The area enclosed by the two red curves
represent the possible field dependence of the normal Hall resistivity corresponding
to Eq. 5.16. The dashed line crossing the origin is guide for the eye. The inset
shows the low-field regime on a magnified scale.
in the magnetic field dependence of the subband resistivities influences the relative
weights of the subband Hall contributions. This effect influences the normal Hall
term in the same field range where the magnetoresistance is observed, i.e., below
B ≈ 6 – 8T:
(hh−lh)

R0

(hh)

= R0

ρ2(lh) (B)
ρ(hh) (B) + ρ(lh) (B)

(lh)

2 + R0

ρ2(hh) (B)
ρ(hh) (B) + ρ(lh) (B)

2 .

(5.16)

While the contributions of the two subbands to the normal Hall effect can not
be determined separately, the limiting bounds of the field dependence can easily
be evaluated. These correspond to the situations when one of the two subbands
supplies dominant contribution to the Hall effect while the magnetoresistance arises
solely either from this or from the other subband. These limiting curves can be
derived from the experimentally determined magnetoresistance. As a result, the
area enclosed by the red curves in Fig. 5.9 represents the possible field dependence
of the normal Hall resistivity arising from the multiband nature of (In,Mn)Sb. The
observed Hall signal is far beyond even the extreme limits of the normal Hall term,
thus the strong field dependence has to be attributed to the anomalous Hall effect.
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Figure 5.10: Concentration dependence of the high-field anomalous Hall effect in
In1−x Mnx Sb as seen in ρAH (a) and in σAH (b) at T = 4.2K for x = 0.012 and
0.02. Note that the shift of the ρAH curves corresponding to different concentrations
is scaled out in σAH .
Note also, that due to the identical sign of R0 in the heavy- and light hole bands a
negative peak can not arise from multiband effects in any circumstances.
The above considerations justify the elimination of the normal Hall contribution
by subtracting a linear term from ρH in the entire investigated magnetic field regime
corresponding to the high-field slope of ρH , where the magnetization has already
been saturated.

5.3.2

Scaling properties of the anomalous Hall effect

Figure 5.10.a shows the ρAH anomalous Hall resistivity of In1−x Mnx Sb for two different concentrations, x = 0.012 and 0.02 at T = 4.2K. The anomalous Hall resistivity
in the two samples has similar field variation: ρAH has a dominant non-monotonic
dependence. Its absolute value displays a sharp peak below B = 1T followed by a
decay at high fields to a concentration dependent saturation value. It has also to
be noted that the sign change around B = 7T can not be explained with any power
of the diagonal resistivity in the RS anomalous Hall coefficient defined in Eq. 5.13
according to the predictions of the widely accepted extrinsic theories, i.e., the skew
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scattering and side jump mechanisms.
In general terms, the Hall conductivity is defined by the off-diagonal element of
the conductivity tensor as
σH = −σxy =

ρ2H
.
ρ2 − ρ2H

(5.17)

In (In,Mn)Sb – as in most magnetic materials – ρH is smaller than the ρ diagonal
resistivity by one order of magnitude for laboratory fields. Consequently, ρ2H becomes negligible in the denominator of Eq. 5.17 giving rise to a simple additivity of
the normal and anomalous Hall terms also in σH in the form of
σH = σ0 B + ξS M ,

(5.18)

where σ0 = 1/neρ2 corresponds to the normal Hall effect, while the second term is
the σAH anomalous Hall conductivity with ξS = RS /ρ2 .
It has to be emphasized that the analysis of the AHE in terms of either ρAH or
σAH is not a simple technical question, but it is fundamentally related to the driving
force of the anomalous Hall current. The description by ρAH implicitly assumes that
the AHE stems from impurity scattering and hence it is additive in the scattering
rate, 1/τ . On the contrary, in case of the intrinsic AHE the arising additional
transversal current does not depend on the electron lifetime which determines the
longitudinal current, as it was demonstrated experimentally by N. P. Ong et al [55].
In such cases the proper description has to focus on σAH .
An important scaling property of the AHE is seen in σAH , as displayed in
Fig. 5.10.b. At higher Mn concentrations the fraction of the interstitial Mn atoms is
enhanced. These sites act as double donors which tend to bind valence band holes
supplied by the substitutional Mn2+ ions. Additionally, the formation of first neighbor interstitial-substitutional Mn pairs reduces the number of the available S = 5/2
moments that can contribute to the carrier mediated ferromagnetism. Therefore the
primary effect of the increased nominal Mn concentration is an enhancement in the
number of the defect sites – and thus in the one of the scattering centers – while the
carrier concentration and the saturation magnetization are only weakly influenced.
The considerable difference in the scattering rate is reflected in the remarkable shift
between the ρAH curves for the two Mn concentrations. On the contrary, the corresponding σAH curves do not deviate from each other over the entire magnetic field
regime. This indicates that the AHE is not sensitive to the scattering strength in
this compound.

DISCUSSION

(a)

5

4

(b)

50
0

-5

-50

0

10

-10

p = 100kPa
2.7GPa

-2

0

10

0

p = 100kPa
2.7GPa -20

-4

-40

-6 In Mn Sb
0.98
0.02
-1.0

20
-1

UAH (P:cm)

-10

0

40

0

2

60

-1

6

VAH (: cm )

90

-0.5

0.0

T = 4.2K
0.5

Magnetic field (T)

In0.98Mn0.02Sb

1.0 -1.0

-0.5

0.0

T = 4.2K
0.5

-60
1.0

Magnetic field (T)

Figure 5.11: Low-field anomalous Hall effect in In0.98 Mn0.02 Sb as seen by ρAH (a)
and σAH (b) at T = 4.2K at ambient pressure (blue lines) and at p = 2.7GPa (red
lines). Note that the ≈ 10% enhancement observed in ρAH at the low-field regime is
scaled out in σAH . The insets show experimental data in an extended magnetic field
range up to B = 13T.

Similar scaling behavior can be found as a function of pressure at a given concentration. The pressure dependence of ρAH and σAH is shown for In0.98 Mn0.02 Sb
at T = 4.2K in Fig. 5.11. While there is a ≈10% enhancement in the magnitude of
the low-field peak at p = 2.7GPa pressure in ρAH , which gradually disappears toward higher fields, in σAH no significant pressure dependence can be resolved within
experimental error.
These observations suggest that the Fermi surface states, which exhibit a strong
concentration- and pressure dependence through the enhanced effective mass and
spin-dependent scattering, play a minor role in the off-diagonal processes that are
responsible for the AHE in (In,Mn)Sb. At the same time, the normal Hall resistivity
is not affected by pressure either, which indicates that no redistribution of the carriers takes place between the heavy and light hole bands, i.e., the two hole parabolas
of the applied Luttinger model (defined under 2.6) scale together as a function of
pressure.
The above issues are in qualitative agreement with the decomposition of the
σij (ω = 0) static conductivity tensor into different contributions arising from Fermi
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surface (σijI ) and Fermi sea (σijII ) states [62, 117]. In the extrinsic models the AHE is
attributed solely to the spin asymmetry of the impurity scattering in the presence of
SO interaction. Such mechanisms (like the skew-scattering and side-jump) involve
only electron states lying in the vicinity of the Fermi surface. In the intrinsic picture,
however, both types of electrons contribute to the AHE. P. Středa et al [117] pointed
out that beside the Berry phase acquired by the occupied Bloch bands, the finite
relaxation time of the Fermi surface states, which arises from impurity scattering,
also leads to an intrinsic contribution which does not vanish in the limit of zero
impurity concentration.
Since the Fermi surface itself is affected by pressure, the corresponding σijI contribution also exhibits a pressure dependence. On the contrary, since the total number
of all occupied states below the Fermi energy is conserved, no pressure dependence
is expected to appear in σijII .

5.3.3

Intrinsic origin of the anomalous Hall effect

The strong field dependencies, and especially the insensitivity of σAH to the modification of the band filling, are also suggestive for intrinsic mechanism determined
by the details of the band structure. Berry phase calculations for bulk (III,V) semiconductors [46, 52] are based on the four band spherical Luttinger model which
takes into account parabolic dispersions for heavy-hole and light-hole bands in the
presence of spin-orbit coupling as described in 2.1.3. Besides, in the ferromagnetic
case an additional term [46]
H1 = NJpd s · S

(5.19)

has to be added to the total Hamiltonian which represents the exchange interaction between the localized magnetic moments on Mn2+ ions (S), and the spins of
the charge carrying holes (s). This coupling results in the spin splitting of the valence bands. Jungwirth, Niu and MacDonald have analyzed the above model in
the infinitely strong spin-orbit coupling limit [46]. They have also shown that if
both spin-orbit and exchange coupling are important then the AHE is generally
nonlinear in the magnetization and it may have both positive and negative signs.
Their numerical calculations – including the influence of the split-off band and also
the nonparabolic nature of the valence bands – supplied good estimations for the
high-field AHE of (Ga,Mn)As and (In,Mn)As.
The Luttiger parameters of InSb [9] indicate that for a few percent hole concentration the Fermi level gets ≈ 150meV close to the lower lying split-off band. Due to

92

DISCUSSION

(c)
x = 0.012
x = 0.02

-40

10T

T = 4.2 K

3

M (emu / cm )

-60
10

(b)

-4

5T
-6

5
0

-1

-2

In1-xMnxSb
0

5

10

Magnetic field (T)

1T
8
9

-8

2T
10

2

-1

0

VAH / M (: cm emu )

-1

-20

VAH (: cm )

0

-1

20 (a)

11

12

13
3

Magnetization (emu / cm )

Figure 5.12: Comparison of the field dependence of the high-field anomalous Hall
conductivity (a) and of the magnetization (b) in (In,Mn)Sb at T = 4.2K. The linear
variation of σAH /M on the magnetization is demonstrated over a wide magnetic
field range above B = 1T (c). The red line correspond to the linear fit.

the exchange splitting, the majority and minority spin bands move about ±25meV

apart from each other. As in the Berry-phase picture the dominant contributions to
the AHE arises from near degeneracy points of the bands [47, 118, 57], the vicinity
of the split-off band – even without band-crossing – may have significant effect on
the Berry phase acquired by the heavy and light holes.
It is important to note that as the magnetic field is varied, the relative position
of the bands shifts linearly with the magnetization (due to the exchange origin of
the splitting). Assuming that the corresponding correction in the ξS anomalous
Hall coefficient is also linear in the absolute value of the magnetization, i.e. ξS ∝
(1 − α|M|), one obtains that the anomalous Hall conductivity varies as σAH ∝
M · (1 − α|M|). The above dependence of the anomalous Hall conductivity on the
magnetization in (In,Mn)Sb is demonstrated in Fig. 5.12, where the experimentally
determined σAH (B) and the corresponding M(B) curves are plotted in the from
of σAH /M versus M. The observed linear variation above B = 1T confirms our
fenomenological assumption σAH ∝ M · (1 − α|M|) with α = 0.081 cm3 /emu which
supplies a good qualitative description of the AHE.
In case of In0.91 Mn0.09 As and Ga0.925 Mn0.075 As the field dependence of the mag-
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Figure 5.13: Hall resistivity of a 16.5nm thick In0.91 Mn0.09 As layer deposited on
GaSb substrate up to B = 12T at selected temperatures at ambient pressure (a)
and at p = 1GPa (b). At the lowest temperatures the anomalous Hall contribution
exhibits a clear sign change as a function of pressure.

netization is much closer to an ideal step-like behavior due to the relatively high
Mn concentration, which explains that the high-field decay (either with positive or
negative α) is much weaker in these compounds. However, the sensitivity of the
pressure dependence of the AHE to the band structure details indicates that the
leading source of the AHE has an intrinsic origin also in the limit of high Mn concentrations. Additionally, the failure of the purely extrinsic picture suggests that
the electronic states below the Fermi energy are also involved in the transversal
conductivity signalling an intrinsic type AHE mechanism.
A similar behavior to dilute (In,Mn)Sb was found in a different quasi two dimensional In0.91 Mn0.09 As layer under p = 1GPa pressure. The 16.5nm thick sample was
grown on GaSb substrate which provides a reduced tensile strain for the magnetic
layer due to the smaller lattice mismatch with respect to the AlSb buffer. Although
the Mn concentration profile was not identical along the growth direction of this
sample – it consists of two heavily doped (In,Mn)As layers separated by a 1.5nm
thick InAs spacer – the pressure induced sign reversal of ρAH displayed in Fig. 5.13
can not be related to an interlayer coupling effect [119, 120]. Instead, the ≈30 times
reduction in the magnitude of ρAH at ambient pressure as well as its sign change at p
= 1GPa are attributed to the effect of the modified strain on the valence band states
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according to the different substrate. Such an influence of the lattice matching strain
on the Berry phase acquired by the Bloch states was described by Sundaram and
Niu [45] and its experimental observation supplies further support to the intrinsic
origin of the AHE in (III,Mn)V DMSs.

5.3.4

Conclusions

In conclusion, high-field magnetotransport measurements revealed that the Hall effect in (In,Mn)Sb exhibits a strong magnetic field dependence. This can not be
explained in terms of multiband effects appearing in the Lorentz term and is attributed solely to the AHE contribution. Although the off-diagonal resistivity has a
remarkable pressure and Mn concentration dependence, the influence of pressure on
σAH is negligible. This indicates that Fermi surface processes do not play a leading
role in the underlying mechanism of the AHE. Qualitatively similar observations
in (In,Mn)As and (Ga,Mn)As favor Berry phase theory of the AHE in (III,Mn)V
magnetic semiconductors. The dramatic effect of a small variation in the built-in
strain on the AHE in quasi two dimensional (In,Mn)As layers with identical Mn
concentrations further supports the intrinsic picture. We propose that the field dependent relative shift of the bands due to exchange splitting gives rise to a Berry
phase correction in the AHE coefficient. To a first approximation, this correction is
taken into account as a linear function of the absolute value of the magnetization.
Consequently, a phenomenological expression is derived for σAH . In comparison
with the experimentally determined high-field magnetization curves, this formula
supplies a good qualitative agreement with the observed field variation of σAH in
the entire magnetic field regime.

Summary
The major conclusions of my Ph.D. work are summarized in the following thesis
points.
1. I have studied the influence of hydrostatic pressure on the paramagneticferromagnetic phase transition in (III,Mn)V magnetic semiconductor compounds. I found a remarkable enhancement in the Curie temperature in metallic (In,Mn)Sb samples. This observation is attributed to two effects: (i) to the
∂lnJpd (p)
= 0.02GPa−1 pressure induced enhancement of the local exchange
∂p
coupling arising form the reduction of the unit cell volume, and (ii) to the
∂lnmeff (p)
= 0.07GPa−1 increase in the band mass of the extended valence
∂p
band states which is an intrinsic property of the InSb host. The observed
∂lnTC (p)
enhancement,
= 0.09GPa−1 , is in good quantitative agreement with
∂p
the prediction of mean-field models, and provides evidence for carrier mediated ferromagnetism. By performing similar measurements on (Ga,Mn)As
and (In,Mn)As I showed that the pressure induced enhancement of the Curie
temperature is a general feature characteristic to (III,Mn)V magnetic semiconductors, even though the magnitude of the effect may partially be compensated
by the reduction of the carrier density. [1,2]
2. I have studied the origin of the magnetoresistance in disordered systems containing both ferromagnetic blocks and isolated paramagnetic moments. The
high-field transport experiments revealed that the large negative magnetoresistance is dominated by spin-dependent scattering on the paramagnetic component. The qualitative change of low-field magnetoresistance from quadratic to
linear as the temperature is lowered below TC is the hallmark of time reversal
symmetry breaking and provides further evidence for spin-polarized scattering. From the initial slope of the magnetoresistance I determined 30% spinpolarization of the charge carriers in (In,Mn)Sb at 2.1K, and showed that its
temperature dependence reflects that of the remanent magnetization. [3,4,5]
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3. I have shown that by taking the exchange coupling constant in the spindependent scattering rates up to second order into account, the temperature
and field dependence of the magnetoresistance can be quantitatively described
both above and below TC in (In,Mn)Sb. According to the model the magnetoresistance scales with the temperature and magnetic field in the form of
µB B/kB Teff , where Teff = T − TC in the paramagnetic phase. The scatter-

ing strength can be derived from the model. The few other parameters, like
TC , are consistent with the results of independent measurements. By the application of hydrostatic pressure I showed that the observed pressure induced
increase of the magnetoresistance follows directly from the one of the exchange
coupling constant. The pressure dependence of the Teff effective temperature
is in good quantitative agreement with the one of the Curie temperature. The
description of the above pressure induced changes do not involve any further
parameters thus providing strong support for the consistency of the applied
model. [3]
4. I have studied the high-field Hall effect in (III,Mn)V magnetic semiconductors, like (In,Mn)Sb, (In,Mn)As and (Ga,Mn)As. I showed that the high-field
anomalous Hall signal reflects a field dependent anomalous Hall coefficient
both in (In,Mn)As and in (In,Mn)Sb. By the comparison with the resistivity
and magnetization I showed that the field dependence of the anomalous Hall

resistivity can not be explained either in terms of skew scattering or side jump
in these compounds. For (In,Mn)Sb I demonstrated that the deviation from a
linear field dependence can not be attributed to possible multiband effects in
the normal Hall term. This allowed the clear separation of the Hall contribution arising from deflecting Lorentz force and the anomalous Hall effect.
5. I have shown that the anomalous Hall conductivity in (In,Mn)Sb does not
depend on the Mn concentration and on pressure, which indicates a purely
intrinsic origin of the anomalous Hall effect. According to recent Berry-phase
theories, the magnetic field and temperature dependence of the anomalous Hall
conductivity is explained in terms of the relative shift of the different valence
bands due to ferromagnetic exchange splitting. I propose that such a mechanism may be taken into account as a small correction in the ξS anomalous Hall
coefficient being of first order in the magnetization. I proved this assumption
by the direct comparison of the high-field magnetization and anomalous Hall
conductivity. [6]
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[88] I. Žutić, J. Fabian, and S. D. Sarma. Spin-Polarized Transport in Inhomogeneous Magnetic Semiconductors: Theory of Magnetic/Nonmagnetic p − n
Junctions. Phys. Rev. Lett., 88, 066603 (2002).
[89] S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. von Molnár,
M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger. Spintronics: A SpinBased Electronics Vision for the Future. Science, 294, 1488 (2001).
[90] R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A. Waag, and
L. W. Molenkamp. Injection and detection of a spin-polarized current in a
light-emitting diode. Nature, 402, 787 (1999).

REFERENCES

109

[91] Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, and D. D.
Awschalom. Electrical spin injection in a ferromagnetic semiconductor heterostructure. Nature, 402, 790 (1999).
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