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Chapter 1

Introduction

Since the invention of the transistor by J. Bardeen, W.H. Brattain and W.B. Shock-
ley in 1947 the world of computers and integrated circuits was dominated by
semiconductor-based electronics. Information is transported using the charge of
the electrons, with the presence or absence of electrons at a specific location indi-
cating the binary states 1 and 0.

In recent years, however, magnetoelectronic devices have found an enormous
interest, which use the spin of the electrons rather than the charge. In these de-
vices the spin-up and spin-down states of the electron are used to specify the
two binary states. Because of this feature the term “spin electronics” or shorter
“spintronics” was developed.

Due to their advantages over standard electronics like the on-the-fly repro-
gramming capability, low power consumption and non-volatile built-in memory,
these spintronic devices promise to revolutionize microprocessor and computa-
tion hardware. Already today modern computers rely on magnetoresistive ele-
ments in the read sensors of their hard-disks, which are based on the giant mag-
netoresistance (GMR) effect. In the near future, also spintronic replacements of
the volatile random access memory (RAM), the magnetic random access mem-
ory (MRAM) which are based on the tunnelling magnetoresistance (TMR) will
be available. Information stored in these MRAM cells can be held indefinitely
without power and switching speeds are comparable to conventional memories.

The two magnetoresistance effects used in these devices have various sim-
ilarities. A GMR or TMR device consists of two ferromagnets, separated by a
very thin non-magnetic spacer which consists of a metal for GMR or an insulator
for TMR. The resistance of these devices depends on the relative magnetization
orientation of the ferromagnets, which can be parallel or antiparallel. Whereas
GMR and TMR devices have the same basic functionality, the underlying physics
is fundamentally different. However, in both cases the spin-polarization in the
ferromagnetic layers influence the resistance change between the parallel and
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the anti-parallel state. It is therefore of crucial importance to have highly spin-
polarized materials for these applications.

Furthermore, a connection between the reliable semiconductor technology
and the new spintronics field would be very desirable. However, for this pur-
pose spin-polarized electrons inside the semiconductor have to be generated.
Whereas this “spin-injection” has been achieved using magnetic semiconductors,
this technique suffers from the necessity of very low temperatures, which make
an application impossible. Spin-injection using room-temperature ferromagnets
has been proven to be highly inefficient, since the spin-polarization of the fer-
romagnet has to be very close to 1 in order to achieve efficient spin-injection at
room-temperature in this setup [Sch00].

Whereas the need for highly spin-polarized materials is evident, the fabrica-
tion of these materials and their integration into existing semiconductor technol-
ogy is still under heavy investigation.

In this work the fabrication of the half-Heusler alloy NiMnSb, which is a mem-
ber of the half-metallic ferromagnets with a spin-polarization of 100%, and its
magnetic and structural properties have been investigated.

Chapter 2 gives an overview of the previous work on NiMnSb and illustrates
its basic properties, while chapter 3 addresses experimental details and theoreti-
cal principles used in the investigation of NiMnSb.

In chapter 4 the growth of (001) oriented NiMnSb films using molecular beam
epitaxy is described. Details about the different parameters during the growth
are given as well as their implications on the quality of the resulting NiMnSb
layer.

Chapter 5 addresses the structural properties of these films. Different imaging
and diffraction methods have been used in order to characterize the surface as
well as the bulk structure and details about the defects forming in these layers
during growth are given.

Chapter 6 focuses on the magnetic characteristics of these thin NiMnSb films.
Magnetic anisotropies, hysteresis curves and the interaction of NiMnSb with an-
tiferromagnetic layers are discussed.

The fabrication of TMR structures consisting of NiMnSb layers separated by
ZnTe spacer layers and their characterization are illustrated in chapter 7. Details
on the fabrication technique as well as structural and magnetic properties of these
heterostructures will be given.

NiMnSb films on (111) oriented substrates are the subject of chapter 8. In this
part the growth by molecular beam epitaxy as well as the structural and magnetic
properties of NiMnSb(111) layers are described.



Chapter 2

Heusler Compounds

2.1 Historical Overview

In the early 20th century, Fritz Heusler investigated a number of magnetic materi-
als based on the L21 and C1b crystallographic phases. These materials caught his
interest since they showed strong ferromagnetism despite the fact that they con-
sisted of elements which at that time were considered to be nonmagnetic. This
class of materials, which was later on called “Heusler alloys” to honor their dis-
coverer, has attracted much interest from theorists as well as experimentalists.
The Heusler alloys can be divided into two groups: The full-Heusler alloys hav-
ing the L21 and the half-Heusler alloys having the C1b crystal structure. These
two crystallographic phases are closely related. They both typically consist of
three different elements, which are ordered in a fcc lattice. The full-Heusler struc-
ture has a four-atomic basis with the atoms at the positions X:(0,0,0), Y:(1

4
,1
4
,1
4
),

X:(1
2
,1
2
,1
2
) and Z:(3

4
,3
4
,3
4
)(Fig. 2.1). For the half-Heusler alloys the position at (1

2
,1
2
,1
2
)

remains empty (Fig. 2.2). These two crystal structures are also very similar to the
zincblende structure of many conventional semiconductors, which consists of a
fcc lattice with a two-atomic basis at the positions X:(0,0,0), Y:(1

4
,1
4
,1
4
) (Fig. 2.3).

NiMnSb is a member of the half-Heusler alloys. Its structural and magnetic
properties were first described in detail by Lore Castelliz in 1955 [Cas55]. In this
paper the first glimpse of half-metallicity of NiMnSb was observed: The magne-
tization per unit cell of stoichiometric NiMnSb was 4.0 µB, which suggests that
the conducting electrons in this material all have the same spin orientation. In
1983 the group of R.A. de Groot discovered by band-structure calculations that
the bandstructure of NiMnSb has some unique features which lead to a band gap
at the Fermi-level for the minority electrons whereas for the majority electrons
the Fermi-level lies in the band [dG83] (Fig. 2.4). This means that the conduc-
tion electrons are fully spin polarized and therefore NiMnSb would be a perfect
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Figure 2.1: Crystal lattice of the full-Heusler L21 structure, e.g. Ni2MnSb, with Ni
at (0,0,0), Mn at (1

4
,1
4
,1
4
), Ni at(1

2
,1
2
,1
2
) and Sb at (3

4
,3
4
,3
4
).

spin filter. Since the experimentally determined Curie-temperature is rather large
with 730 K, this half-Heusler material has a large potential for devices using spin-
polarized currents.

2.2 Properties of NiMnSb

The half-metallic character of NiMnSb was under heavy investigation after the
discovery of de Groot and much experimental effort was devoted to NiMnSb.
However, first experiments probing the spin-polarization of NiMnSb like spin-
polarized photoelectron spectroscopy [Bon85], spin-polarized tunnelling [Tan99]
and Andreev-reflection [Sou98] show a spin polarization far below 100%. Nev-
ertheless, some experiments like spin-resolved positron annihilation [Han86,
Han90] and infrared reflectance spectroscopy [Man99] support the half-metallic

Figure 2.2: Crystal lattice of the half-Heusler C1b structure, e.g. NiMnSb, with Ni
at (0,0,0), Mn at (1

4
,1
4
,1
4
) and Sb at (3

4
,3
4
,3
4
).
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Figure 2.3: Crystal lattice of the zincblende B3 structure, e.g. InP, with In at (0,0,0)
and P at (1

4
,1
4
,1
4
).

nature of NiMnSb. The main difference between these experiments is that the
second set probe the NiMnSb bulk, whereas the first set is, at least to some ex-
tend, surface or interface sensitive. This means the high spin-polarization of bulk
NiMnSb is lost at its surfaces and interfaces. Studies of the surface composition of
NiMnSb by angle-resolved x-ray photoemission spectroscopy report Sb and Mn
surface segregation in NiMnSb [Ris00], which is an indication of a difference of
the chemical potential between the bulk and the surface [Dow90]. This difference
can be related to the creation of a surface electronic structure quite different from
the bulk. Furthermore also the surface lattice structure may be different from the
bulk.

However, theoretical calculations of several interface compositions of NiMnSb
with a number of semiconductor materials revealed that half-metallic interfaces
of NiMnSb can exist [dW01]. The NiMnSb(111)/CdS(111) and the NiMnSb(111)/
InP(111) interface with a Sb-S or Sb-P bond show a restored half-metallic charac-
ter of NiMnSb across these interfaces. The loss of the spin-polarization in most
interface configurations is attributed to the symmetry breaking at these interfaces.
Fig. 2.5 shows the NiMnSb/InP(111) interface for which a half-metallic character
was calculated. Due to the Sb-P bond, the bulk configuration of the Mn atoms,
which have the most important contribution to the band structure, is not changed
at this interface. Calculations of the band structure of other (111) and (001) ori-
ented interfaces showed no half-metallicity for these interfaces.

Since the discovery of the half-metallic character of NiMnSb many different
fabrication techniques have been used. The first NiMnSb materials were pro-
duced by melting of the three elements [Cas55, Ott89]. This resulted in mainly
polycrystalline bulk material. From these samples later on single-crystalline ma-
terial was synthesized [Hor96]. However, these techniques allowed only for the
production of bulk material. To study NiMnSb thin films, at first sputtering tech-
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Figure 2.4: Band-structure for majority spin direction (a) and minority spin direc-
tion (b) of NiMnSb, calculated by de Groot and coworkers [dG83]. The bandgap
at the Fermi-energy (dotted line) for the minority spin direction is recognizable,
leading to the half-metallic character of NiMnSb.

niques were applied [Cab97]. As sputtering targets also polycrystalline NiMnSb
was used. In recent years, however, epitaxial techniques allowed for the deposi-
tion of single-crystal NiMnSb thin films on isolators [Tur02] and semiconductors
[Roy00]. Nevertheless, the substrate crystals used for these growth experiments
had a large lattice mismatch to NiMnSb, causing the NiMnSb film to relax during
growth and thereby introduce a large number of misfit dislocations.
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Figure 2.5: Schematic of the half-metallic NiMnSb/InP(111) interface. Note the
Sb-P bond at the interface. The bonding configuration of the Mn atoms at the
interface, which play the most important role for the bandstructure, is unchanged
in comparison to the bulk structure. For clarity, the simple cubic unit cell of the
InP zincblende lattice is marked with thin lines.
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Chapter 3

Basic Physical and Technological
Principles

3.1 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) has evolved into a powerful and variable tool for
producing tailored structures of the most diverse materials. Whereas in the early
days of MBE its application was mainly limited to semiconductors, today a wide
variety of materials ranging from pure insulators to magnetic metals are within
its potential. One of the main advantages of MBE is that it is not limited to the
deposition of identical or isovalent materials but very different types of materials
can be grown on top of each other. This so called “heteroepitaxy” creates the
opportunity to combine various material systems and its unique properties in
one structure.

This chapter will give an overview of the principles of MBE and the experi-
mental setup at the Universität Würzburg.

3.1.1 Principles of MBE

The principle of MBE is straight forward. In an ultra-high vacuum (UHV) system
thermal-energy molecular or atomic beams of different elements react at the sur-
face of a substrate and form a thin film. The composition of the grown epilayer
mainly depends on the arrival rate of the different elements. This rate depends
on the evaporation rate of the according sources which can be controlled by the
temperature of the materials inside these sources.

To block the molecular beams simple mechanical shutters in front of the evap-
oration sources are used. Since the growth rates are typically of the magnitude
of 1ML/s, interruptions of the beam fluxes can be abrupt in the range of atomic
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layers.
Since the reaction of the impinging atoms or molecules on the surface is not

in thermodynamic equilibrium a theoretical description of the processes is very
complex. The reaction of the evaporated materials at the surface of the substrate
can be divided into four parts:

i) adsorption of the incoming molecules on the substrate surface

ii) migration and dissociation of the adsorbed molecules

iii) incorporation of the adsorbed molecules into the bulk crystal lattice

iv) thermal desorption of the molecules not incorporated into the crystal

Figure 3.1: Schematic illustration of the surface processes occurring during MBE
growth [Her96].

A schematic illustration of these processes is shown in Fig. 3.1. A theoretical
description of the growth is difficult due to the large number of non-equilibrium
processes involved. All these processes are depending on numerous parameters.
Most easily accessible during the MBE process are the temperature of the sub-
strate surface and the composition of the impinging molecular beam.

In general three growth modes on surfaces can be distinguished (Fig. 3.2):
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i) Layer-by-layer or Frank-van der Merwe mode

ii) Layer plus island or Stranski-Krastanov mode

iii) Island or Volmer-Weber mode

Figure 3.2: Schematic illustration of the three growth modes occurring during
MBE growth.

In the Volmer-Weber growth mode the atoms on the surface directly nucleate to
small clusters and then grow into islands of the condensed phase. This happens
when the atoms of the evaporated sources are more tightly bound to each other
than to the substrate surface. In Frank-van der Merwe mode opposite charac-
teristics are shown. In this case the impinging atoms are more strongly bound
to the substrate than to each other. Thus the first arriving atoms on the surface
condense into a complete monolayer which then becomes covered with a second
monolayer and so on. The Stranski-Krastanov mode is a mixture between Frank-
van der Merwe and Volmer-Weber. In this mode a few monolayers are grown in
the layer-by-layer regime until islands are formed on top of these wetting layers.
Whereas the Stranski-Krastanov and Volmer-Weber modes have their importance
for the growth of quantum-dots, for standard thin film growth the Frank-van der
Merwe mode is preferred. A more detailed analysis of the principles of MBE
growth can be found in [Her96].

3.1.2 MBE Setup

The MBE-cluster at the Universität Würzburg (Fig. 3.3), which consists of 6 in-
terconnected MBE-chambers and various in-situ characterization methods, pro-
vides an ideal environment for development and preparation of novel structures.
Two chambers are devoted to the growth of As and Sb based III-V materials, two
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Figure 3.3: Schematic illustration of the MBE cluster at the Universität Würzburg.
There are six MBE chambers equipped with different materials interconnected
via UHV transport modules. A sample grown in any of these six chambers can
be transported to any other chamber without breaking the UHV.

chambers are used for the growth of wide bandgap Se and Te containing II-VI
materials, in one chamber the growth of Hg-containing narrow bandgap II-VI
materials are studied and one chamber is solely dedicated to the growth of the
half-Heusler material NiMnSb. The largest advantage of this unique setup is the
wide variety of different material combinations for the growth of epitaxial het-
erostructures.

In this work three MBE-chambers have been used: The GaAs chamber for the
growth of (In,Ga)As and InP substrate preparation, the Heusler chamber for the
growth of NiMnSb ferromagnets and NiMn antiferromagnets and the CT cham-
ber for the overgrowth of NiMnSb by ZnTe layers. The GaAs and the CT growth
chambers are both Riber 2300 machines, equipped with liquid nitrogen cooled
shrouds as well as an ion-getter and a cryo-pump to achieve background pres-
sures in the range of 6×10−11 mbar. The evaporation cells used in both chambers
are mainly Knudsen cells. The Ga and the As evaporation sources in the GaAs
chamber, however, have a different design. The Ga cell takes advantage of the
SUMO-cell design, developed by VEECO. In this design the orifice of the cell is
small compared to the diameter of the container holding the Ga-material. The
orifice and container are heated separately, thus the top of the cell can be held
at higher temperature than the material. This leads to a reduction of oval de-
fects during growth [VEE96]. Additionally, the large size of the container and
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the therefore large amount of Ga-material inside the cell allows for long operat-
ing times. For As evaporation a valved cracker cell is used. The cell is operated
in the non-cracking mode, thus evaporating As4 molecules. The big advantage
of this design is that the As4-flux can be changed almost instantly by changing
the opening of the valve of this cell. Furthermore, a very large amount of As-
material, about 10 times as much as for standard effusion cells, can be filled into
this valved cracker cell, allowing for a long operation time without the need of
refilling the cell.

The design of the Heusler chamber built by MBE-Komponenten needed for
the growth of NiMnSb, however, is different. In contrast to the Riber MBE cham-
bers, which use vertical substrate alignment during growth, this design includes
a horizontal substrate alignment. This setup has the advantage that this cham-
ber needs less space in the lab. However, the drawback is that at some point the
substrate has to be turned inside the UHV during transport between one of the
Riber chambers and the Heusler chamber, which creates an additional error po-
tential for the sample transfer. The Heusler chamber is equipped with only one
cryo-pump and the cooling shrouds are filled with a cooling liquid held at -20◦C,
giving a background pressure of typically 1×10−10 mbar. The effusion cells of the
Heusler chamber are solely standard Knudsen cells. The Ni cell, which has to
be able to reach very high temperatures in the range of 1500◦C, needs a special
crucible design to withstand both the high temperature and the aggressive liquid
Ni material. In this case a Tantalum crucible with an Al2O3 insert is employed.
Since Al2O3 is a very brittle material, special care has to be taken to ensure that
the stress introduced by the heating and cooling of the Ni-material is not causing
the Al2O3 insert to break. The consequence would be an alloy of Ni and the Ta
crucible which causes the Ni to leak into the filament parts of the cell resulting
in permanent and irreversible damage. The Mn and Sb cells on the other hand
can utilize standard Pyrolytic Boron Nitride (PBN) crucibles due to their lower
operating temperature.

3.2 X-Ray Diffraction

In this work several x-ray diffraction techniques for the characterization of MBE-
grown layers have been used. For a basic introduction on x-ray diffraction see a
textbook on solid-state physics, like [Kit96].

Two basic experimental setups have been used for the x-ray measurements in
this work. A Philips X’Pert diffractometer capable of high resolution x-ray dif-
fraction (HRXRD) has been used for the standard θ − 2θ-scans, rocking curves
and reciprocal space maps of asymmetric reflections. Thickness dependent recip-
rocal space maps have been measured at the BW2 beamline at the synchrotron
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facility in Hamburg using grazing incidence x-ray diffraction (GIXRD). In the fol-
lowing sections an introduction into the basic principles of these measurement
techniques is given. Whereas for the HRXRD measurements the x-rays are pen-
etrating the sample in an angle far from the critical angle, GIXRD measurements
actually can take advantage of x-rays penetrating the sample below or close to
the critical angle. In this way the penetration depth of the probing x-rays can
be controlled. Thereby different parts of the sample in different depths can be
examined.

3.2.1 Reciprocal Space Maps

The Ewald-construction offers a descriptive foundation for the understanding of
x-ray diffraction of heterostructures. In this picture the diffraction is described
in the momentum or reciprocal space. The wave-vectors of the incoming and
diffracted x-rays, ki and ke, define the diffraction plane. Since the diffraction is
elastic, both vectors have the same length 1

λ
. The difference between ke and ki is

called the diffraction vector q = ke − ki. The reciprocal vectors b1, b2 and b3 are
defined in the following way:

b1 =
2π

V
(a2 × a3) b2 =

2π

V
(a3 × a1) b3 =

2π

V
(a1 × a2)

with a1, a2 and a3 the unit vectors of the real space lattice and V the volume of
the unit cell. According to the Laue-equations, constructive interference can only
be achieved if the diffraction vector q can be expressed as a linear combination of
the three reciprocal vectors:

q = G (3.1)

G = hb1 + kb2 + lb3 (3.2)

G is the reciprocal lattice vector and h, k and l are the Miller-indices.
In the following a cubic substrate with lattice constant aS is assumed. Fig. 3.4

shows a 2-dimensional cut through the reciprocal lattice of a cubic heterostruc-
ture. The materials which are deposited by heteroepitaxy on semiconductor sub-
strates in general differ in their lattice constants aL. If this difference, the so called
lattice mismatch, is sufficiently small, the epitaxial layer grows strained at first.
The epitaxial layer takes on the lateral lattice constant of the substrate a‖ = aS .
This state of the layer is called “pseudomorphic”. The distortion is compensated
by a change of the vertical lattice constant in growth direction a⊥. The cubic unit
cell is then tetragonal distorted. The energy of this distortion rises with the thick-
ness of the epitaxial layer. How much the lattice of a pseudomorphic layer is
distorted can be described by the Poisson ratio ν. It can be expressed as follows:
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Figure 3.4: Two dimensional cut through the reciprocal lattice of a cubic het-
erostructure. The rectangle indicated in the upper right part of the figure is mag-
nified in Fig. 3.5.

ν =
aL − a⊥

2aS − a⊥ − aL

(3.3)

The Poisson ratio of almost all semiconductor materials is in the neighborhood
of 0.3. If the distortion energy is large enough, a dislocation is formed. At this
point the critical thickness of the epitaxial layer is reached, the difference of the
lattice constants will then be compensated by insertions of mismatch dislocations.
The beginning of the relaxation process can be seen by the different intensity
distribution in the reciprocal space. At the end of this process the epitaxial layer
has a cubic unit cell with the lattice constant aL.
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Figure 3.5: Reciprocal space map of an asymmetric reflection of a heterostructure.

For the characterization of partly relaxed layers the distortion parameter γ is
used, which describes a linear displacement along the relaxation line (Fig. 3.5). It
is defined by

γ = 1−
a‖−aS

aS

aL−aS

aS

(3.4)

All pseudomorphic layers have γ = 1, fully relaxed layers have γ = 0.
To record reciprocal space maps with a standard 4-circle diffractometer1, sev-

eral θ − 2θ-scans with varying ω-offset have to be measured. In reciprocal space,
θ−2θ-scans give information along a straight line going through the origin. Vary-
ing the angle ω results in a circle with the origin as the center. Therefore the set
of θ − 2θ-scans under different ω-angles gives a picture of a 2-dimensional cut
through the reciprocal space.

14-circle diffractometer: 4 degrees of freedom, ω, θ, φ, ψ. For direct mapping of the reciprocal
space to diffractometer-angles, 6 degrees of freedom are necessary.



3.2 X-Ray Diffraction 17

3.2.2 Thickness Fringes

The diffraction pattern of an infinite crystal shows infinitely sharp peaks. How-
ever, the crystal measured by an experiment is always limited by its boundaries
or by the penetration depth of the probing x-rays. Especially epitaxial layers are
of limited thickness, while the size of the sample and the thickness of the sub-
strate can be assumed to be infinite in good approximation. The calculation of
the diffraction pattern is analog to a Fourier transform of the real space crystal.
The Fourier transform of an infinite lattice is a reciprocal lattice with infinite sharp
peaks at locations with integer Miller indices h, k and l without any subsidiary
maxima. To adjust for the finite size of the epi-layer the infinite lattice is mul-
tiplied by a box-shaped function, which is 1 inside and 0 outside the box. For
simplicity, the following consideration will be held to one dimension.

An infinite one-dimensional lattice with distance a can be described as:

g(x) =
∞∑

n=−∞
δ(x− na). (3.5)

To obtain a finite lattice we can multiply this function by a box-shaped func-
tion s(x) with width d:

s(x) =

{
0 : |x| > d/2
1 : |x| ≤ d/2

(3.6)

f(x) = s(x) · g(x) = s(x)
∞∑

n=−∞
δ(x− na). (3.7)

The Fourier transform of the box-function can be calculated to:

Fs(q) =
∫ d/2

−d/2
e2πiqxdx =

sin πdq

πq
. (3.8)

The Fourier transform of g(x) can be written as

Fg(q) =
∞∑
−∞

e2πiqna. (3.9)

Considering that

∞∑
0

xn = (1− x)−1 (3.10)

we can write
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Fg(q) =
∞∑
0

(e2πiqa)n +
∞∑
0

(e−2πiqa)n − 1

= (1− e2πiqa)−1 + (1− e−2πiqa)−1 − 1

= 0

(3.11)

except that

Fg(q) = ∞ for e2πiqa = 1. (3.12)

Therefore if 2πiqa = 2hπ where h is an integer or q = h/a, then

Fg(q) = a−1
∑
h

δ(q − h/a). (3.13)

Thus the Fourier transform of an infinite lattice is a set of equally spaced delta
functions of distance a−1 in reciprocal space.

Considering the multiplication theorem we can write the Fourier transform of
f(x) as:

Ff (q) = Fs(q) ∗ Fg(q)

= d
sin(πdq)

πdq
∗

∑
h

δ(q − h/a).
(3.14)

The reciprocal space of a limited lattice therefore consists of sharp peaks at
intervals q = 1/a with side ripples of the form of sin(x)

x
. The period of these side

peaks is solely depending on the length d of the limited lattice, which corresponds
to the thickness of an epitaxial layer in a heterostructure. Therefore the measure-
ment of the reciprocal space along the q⊥-direction gives additional information
about the thicknesses of the different layers in this sample.

This calculation assumes perfect surfaces and interfaces. If a surface and inter-
face roughness is introduced, the analytical calculation gets very complicated. A
detailed description of different theories for the similar effect of x-ray reflectivity
can be found in [Hol99]. Basically rough interfaces cause a larger damping of the
thickness fringes than expected by the sin(x)

x
-behavior up to an extend where no

thickness fringes can be observed at all.

3.2.3 Intensity of Reflections

In the calculations above we assumed infinitely sharp concentrations of electrons
for our imaginary scattering experiment. The scattered intensity of a reflection
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hkl from a real crystal, however, can be described by the structure factor Fhkl.
The intensity is proportional to the squared absolute value of the structure factor
Ihkl ∝ |Fhkl|2. The structure factor can be calculated by the Fourier transform of
the electron density ρ(r) inside the unit cell:

F (q) =
∫

V
ρ(r)eiq·rdV (3.15)

The unit cell is built up of atoms, therefore we can replace the electron density
of the unit cell by a sum over the electron density of all atoms inside this cell:

F (q) =
∑
j

∫
V ′

ρ(rj + r′j) · e
i(rj+r′j)·GdV ′

=
∑
j

eirj·G ·
∫

V ′
ρ(rj + r′j) · e

ir′j·GdV ′.

(3.16)

The integral

fj =
∫

V ′
ρ(rj + r′j) · e

ir′j·GdV ′ (3.17)

is known as the atomic scattering factor.
The structure factor F (q) can therefore be expressed as

F (q) =
∑
j

fj · eirj·G (3.18)

The structure factor and accordingly the intensity of the different reflections
therefore depend on the atomic scattering factor of the different atoms in the unit
cell as well as the positions of the atoms in the unit cell, which is the crystal struc-
ture. This property can be utilized during x-ray measurements of heterostruc-
tures, especially if the heterostructures contain materials with different crystal
structures.

In the case of heterostructures containing the zincblende InP and (In,Ga)As as
well as the half-Heusler NiMnSb materials, it is possible for certain reflections to
attenuate the peaks of one layer, giving a clearer picture of the properties of the
other layers.

The positions of atoms A and B in the zincblende unit cell is A: (0,0,0), (0,1
2
,1
2
),

(1
2
,0,1

2
) and (1

2
,1
2
,0), B: (1

4
,1
4
,1
4
), (1

4
,3
4
,3
4
),(3

4
,1
4
,3
4
) and (3

4
,3
4
,1
4
). Together with equation

3.2 the structure factor of zincblende material can be calculated as:

Fhkl = fA

(
1 + e−2πi(1/2k+1/2l) + e−2πi(1/2h+1/2l) + e−2πi(1/2h+1/2k)

)
+fB

(
e−2πi(1/4h+1/4k+1/4l) + e−2πi(1/4h+3/4k+3/4l)

)
+fB

(
e−2πi(3/4h+1/4k+3/4l) + e−2πi(3/4h+3/4k+1/4l)

) (3.19)
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Due to the symmetry of Fhkl, there are only 4 different reflection types: 1. If
(h,k,l) are not all either even or odd, Fhkl vanishes. The remaining 3 types are:

2. (h + k + l)mod4 = 0 : Fhkl = 4fA + 4fB;
3. (h + k + l)mod2 = 0

(h + k + l)mod4 6= 0 : Fhkl = 4fA − 4fB;
4. (h + k + l)mod2 6= 0 : Fhkl = 4fA + 4ifB;

(3.20)

Therefore independent of the atomic scattering factors of atom A and B, the
reflections of type 2 and 4 will always be detectable. In case 3, however, if fA = fB

like in the diamond-structure, these reflections cannot be measured. Even if fA

and fB are very similar, like in the case of GaAs (see Table A.1), the intensity of a
reflection of this type is very weak.

For the half-Heusler structure with atoms A, B and C at A: (0,0,0),(0,1
2
,1
2
),

(1
2
,0,1

2
) and (1

2
,1
2
,0), B: (1

4
,1
4
,1
4
), (1

4
,3
4
,3
4
),(3

4
,1
4
,3
4
) and (3

4
,3
4
,1
4
) and C: (3

4
,3
4
,3
4
),(3

4
,1
4
,1
4
),(1

4
,3
4
,1
4
)

and (1
4
,1
4
,3
4
) the structure factor calculates to:

Fhkl = fA

(
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(3.21)

The structure factors and intensities for the half-Heusler crystal for the four
different reflection types are then:

1. Fhkl = 0;
2. Fhkl = 4fA + 4fB + 4fC

3. Fhkl = 4fA − 4(fB + fC)
4. Fhkl = 4fA − 4i(fB + fC)

(3.22)

The intensity of the three different reflection types for InP, (In,Ga)As and NiMnSb,
calculated with the atomic scattering factors from Table A.1, are shown in Table
3.1.

The intensity for the same reflection of type 3, like the (002) or (024) reflec-
tion, is a factor of 40 higher for NiMnSb than for In0.53Ga0.47As. Considering
that the thickness of the (In,Ga)As layer is usually much larger than the one of
the NiMnSb layer, the diffraction signal would be dominated by the (In,Ga)As
layer if using reflections of type 2, like the (004) or type 4, like the (115) reflection.
Thus, for experiments where information about the (In,Ga)As buffer is irrelevant
or even disturbing the detection of the NiMnSb signal, reflections of type 3 are
very useful.
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Material Intensity ratio
2 3 4

InP 0.80 18.10 1.00
In0.53Ga0.47As 1 1 1
NiMnSb 1.94 40.22 2.40

Table 3.1: Intensity ratios of the reflection types 2,3 and 4 of different crystals. The
intensity of In0.53Ga0.47As is set to 1.

3.3 Reflective High Energy Electron Diffraction

The glancing-incidence-angle geometry of reflective high energy electron diffrac-
tion (RHEED) offers many advantages, since it is surface sensitive and allows for
in-situ measurements during crystal growth. However, the glancing-incidence-
angle requires special adaptations of the theoretical models to account for the
symmetry breaking introduced by this geometry. For the diffraction of electrons
in general the same rules as for the diffraction of photons mentioned in section
3.2 from crystals apply. For the case of RHEED, the electrons have a high kinetic
energy in the range of 10 - 30 keV. Therefore the electrons have to be treated rela-
tivistically. The magnitude of the incident wave vector ki is

ki =
1

h̄

√
2m0E +

E2

c2
. (3.23)

The radius of the Ewald sphere of electrons with a typical energy is around
800 nm−1, which is about 75 times larger than the reciprocal lattice of InP. This
means that the Ewald sphere produces an almost planar cut through the first
Brillouin zones of the reciprocal lattice. The surface component ki,z of the inci-
dent wave vector lies in the neighborhood of 1000 eV, which is comparable to the
values used for low energy electron diffraction (LEED) experiments. The sam-
pling depth of RHEED is therefore very small. The periodic part of the crystal
beneath the surface can thus be usually neglected and the reciprocal lattice be-
comes a set of one-dimensional rods along the z-direction perpendicular to the
surface. Using this reciprocal lattice, the Ewald construction is shown in Fig. 3.6.

The reciprocal lattice consists of continuous rods, therefore every rod has an
intersection with the Ewald sphere and thus producing a reflection in the diffrac-
tion pattern, which lie on so called Laue circles of radius Ln centered at H. The
specular spot lies at the intersection of the zeroth-order Laue circle with the (00)
rod. If a surface reconstruction is present, which produces a super-period, addi-
tional rods and therefore additional reflections in the diffraction pattern appear.

As shown above, the diffraction pattern of a perfect crystal obtained by a per-
fectly aligned electron beam consists of spots arranged in a circle. The electron
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Figure 3.6: Ewald sphere construction and diffraction geometry of RHEED. In-
tensity maxima on the screen correspond to projected intersections of the Ewald
sphere with the reciprocal lattice (from [Bra99]).

beam of a real experiment, however, always has some divergence and real crys-
tals show some extent of steps at the surface. This results in an elongation of
the spots along the direction of the rods. This pattern is often addressed as the
“streaky” RHEED pattern observed during 2-dimensional MBE-growth. How-
ever, if there are some elevated structures on the surface, some electrons are
transmitted through this material. The diffraction pattern shows then the 3-
dimensional reciprocal lattice, consisting of spots which do not lie on the Laue
circles any more, but are equidistant to each other (Fig. 3.7). Often the obtained
RHEED pattern is a mixture between Fig. 3.7 b) and c).
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Figure 3.7: Schematic of RHEED patterns of different surface roughnesses. Part
a) shows the pattern obtained by a perfect experiment for a perfectly flat surface,
b) shows the RHEED pattern of a flat surface obtained by a realistic experiment,
c) shows the RHEED pattern of a rough surface, caused by transmission of the
electrons through parts of the crystal.

3.3.1 RHEED Oscillations

If the intensity of the specular spot during MBE-growth is monitored, often os-
cillations can be recognized. These RHEED oscillations can only be seen dur-
ing the layer-by-layer growth mode. In this growth mode, the Frank-van der
Merwe mode, one layer is essentially completed before material is added to the
following layer. Therefore the appearance of the oscillations is often used for the
determination of the growth mode. From RHEED oscillations several growth-
parameters can be extracted. The period of the oscillations gives access to the
growth rate, while the damping provides information about the roughness of the
layer. The damping can be interpreted as an increase of long-range roughness
that approaches a steady state in the limit of totally damped oscillations. In con-
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Figure 3.8: Phase of RHEED oscillations during GaAs-growth as a function of
incidence angle and azimuth. The phase is defined by the position of the second
minimum, measured from the growth start (from [Zha87]).

trast, the roughness variation responsible for the RHEED oscillations constitute
a high-frequency component that depends on the position within a ML growth
cycle [Bra99]. Factors influencing the long-range roughness are for example the
flux-homogeneity over the sample and the sample temperature.

Whereas the correlation of the period of RHEED oscillations with the growth
of one ML is experimentally well established, a direct connection between the
surface roughness and the RHEED intensity cannot be found. Fig. 3.8 shows an
example of the phase of RHEED oscillations depending on the growth conditions.
The phase is clearly a complicated function depending on the azimuth as well
as the incident angle of the probing electron beam. The trivial picture, where
the intensity of the RHEED specular spot is directly correlated to the roughness
of the surface cannot be supported. To account for this phase variation during
RHEED oscillations, various theoretical approaches were developed. A detailed
description of these theories can be found in [Bra99].



Chapter 4

Growth of NiMnSb on (001) Oriented
Materials

4.1 Substrate and Buffer Materials

Epitaxial growth of NiMnSb on conventional semiconductors is possible due to
the strong similarity of the half-Heusler and the zincblende crystal structure. First
epitaxial growth of NiMnSb films on a semiconductor (in this case GaAs) has
been demonstrated by van Roy [Roy00]. The lattice constant of NiMnSb is in the
range between 5.90 Å and 5.95 Å depending on the growth method and the exact
stoichiometry of the NiMnSb crystal. For optimum quality of the NiMnSb layers,
these layers have to grow in the absence of misfit dislocations, which evolve if the
lattice constant of the substrate crystal is far off the lattice constant of NiMnSb.
Hence, the substrate crystal has to have minimum lattice mismatch to NiMnSb.
The best commercially available choice is InP, which has a lattice constant of
5.8687 Å. In contrast to GaAs, which was the first semiconductor NiMnSb was
grown on, the lattice mismatch of NiMnSb to InP is less than 1%. This provides
the possibility to grow fully strained NiMnSb layers on top of InP.

4.2 Substrate Preparation

Commercially available, so called epi-ready InP substrates come with an oxide
layer to protect the sensitive semiconductor surface. This oxide layer has to be
removed before growth on the substrate can take place. Furthermore, during the
attaching of the substrate on the molybdenum-block and the insertion into the
UHV system, the substrate surface may be covered with organic residues and
water. These substances have to be removed before the sample can enter the
growth chamber. This is done by heating the sample to 250◦C for 10 minutes in a
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closed part of the UHV system to avoid contamination of the rest of the system.
But the choice of InP as the substrate material also has a drawback. Since the

surface quality of InP after desorption is bad due to the formation of In droplets
at the degassing temperature, a buffer layer needed. The element P, however, is
highly reactive and has a high vapor pressure. The use of P in a standard MBE
system also used for As and Sb based semiconductors is therefore not recom-
mendable. In the available MBE-systems there is no P-source to grow the binary
compound InP. Therefore a substitute has to be found which can be used to pro-
tect the sensitive InP surface after the desorption of the oxide layer.

Since we can grow As and Sb based III-V materials in this MBE-chamber, the
ternary semiconductor (In,Ga)As was used. It can be grown lattice matched to
InP with a ratio of In0.53Ga0.47As. The standard procedure therefore consists of
3 main parts: First, desorption of the InP oxide layer, second, growth of the
(In,Ga)As buffer layer and finally the growth of the NiMnSb layer.

For the last part a separate growth chamber is used, since remaining As from
the buffer growth can induce MnAs inclusions into the NiMnSb layer which act
as centers where defects can nucleate [Roy00].

4.3 Growth (In,Ga)As on InP(001)

The growth on InP substrates has several challenges. The standard desorption
technique for epi-ready III-V substrates involves group V stabilization with the
element used in the substrate. Since in our MBE-system a Phosphorous source is
not available, a different element has to supply the desired group V stabilization
pressure. This is done most easily using Arsenic since this element is closest to
Phosphorous in the periodic table. The problem using As during the desorption
is that forming a thin coverage of InAs due to a replacement of P with As cannot
be ruled out easily. A further problem occurs if the As background pressure is
not efficient enough to suppress P evaporation. In this case liquid In droplets
form at the surface, which act as defect nucleation centers during the growth
of the buffer layer. This kind of defects can be observed as oval defects (Fig.
4.1). Secondary Ion Mass Spectroscopy (SIMS) measurements of samples with
a too long desorption time show a significant increase of the In content in the
sample at the interface between (In,Ga)As buffer and NiMnSb layer (Fig. 4.2).

Since the evaporation rate of P strongly depends on the surface temperature,
a very good control of the desorption temperature and desorption time has to
be achieved in order to avoid evaporation of P. One particular property of the
epi-ready InP substrates helps to control these parameters: In contrast to As-
containing III-V substrates, the oxide layer forming on InP is not amorphous but
shows crystalline ordering at the surface. This ordering can be detected by in situ
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Figure 4.1: Image of the surface of a lattice matched (In,Ga)As buffer on InP taken
by a Nomarski interference contrast microscope. Two oval defects are marked.

RHEED measurements (Fig. 4.3) and can be clearly distinguished from the group
V rich InP RHEED pattern (Fig. 4.4).

Thus, the appearance of the uncovered InP RHEED pattern is an indication
that the desorption of the oxide layer is almost completed. This effect can be used
to calibrate the readings of the pyrometer and the thermoelement at the backside
of the Mo-block. These readings usually fluctuate from growth to growth due
to changes in the heat flow from the filament to the substrate. This is mainly
influenced by the amount of In used for attaching the substrate to the Mo-block
and by the thickness and surface roughness of the Mo-block itself. Since after each
growth process the Mo-blocks are cleaned by etching and degassing, over time
some Mo is carried off and the Mo-layer underneath the substrate gets thinner
and rougher.

The best recipe to desorb the oxide layer from the substrate is as follows (tem-
peratures mentioned are thermocouple readings):

• heat the substrate at 20K/min to 10K above the InP desorption temperature
(typically 540◦C)

• above 350◦C deploy an As4 flux of 1-2x10−5 torr

• immediately cool down to 10K below InP desorption temperature (typically
520◦C) at 15K/min

• wait at this temperature for 30 s to let the substrate temperature stabilize

• open In and Ga Shutter simultaneously to start the growth of (In,Ga)As
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Figure 4.2: SIMS measurement of a sample consisting of a NiMnSb layer on an
(In,Ga)As buffer layer. The materials Ni, Mn, Sb and In were monitored. Note
that at the time corresponding to the interface between these layers (200s) the In
content in the sample shows a sharp peak, indicating that an excess amount of In
is incorporated in this part of the sample.

Usually 5 to 10 s after the growth start the (2x4) InP RHEED reconstruction
disappears. Since the growth start is very sensitive on the desorption tempera-
ture, in the first 2 or 3 minutes of (In,Ga)As growth RHEED measurements can
show signs of surface roughness (Fig. 4.5). But after this time a 2D (4x2) re-
construction with a weak fourfold pattern should have been appeared (Fig. 4.6).
Signs of too high growth temperature are times above 20 s before the (In,Ga)As
reconstruction appears, sign of too low growth temperature is a very pronounced
3D pattern directly after the opening of the In and Ga shutters.

Since the main goal for the (In,Ga)As layer is the protection of the InP, the
buffer layer should have the same lattice constant as InP which ensures minimum
influence of the (In,Ga)As on successive growth procedures. With 53% of In and
47% of Ga atoms in the (In,Ga)As layer this can be achieved. In the corresponding
flux ratio the different ionization probabilities of In and Ga have to be taken into
account as well as the different sticking probabilities on the substrate surface.
In the case of (In,Ga)As growth, the substrate temperature is high enough that
the In sticking probability can drop below 1. Therefore not only the flux ratio of
In/Ga but also the substrate temperature during growth affects the composition
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Figure 4.3: RHEED measurement of the (4x2) reconstruction of an InP wafer cov-
ered with an oxide layer at a temperature of 500◦C. The left picture along [110]
shows a very pronounced d/2 streak while in the right picture along [11̄0] the
d/4 streaks are very weak.

Figure 4.4: RHEED measurement of the (2x4) reconstruction of As stabilized InP
at 530◦C. The left picture along [110] shows very clear d/4 streaks. In the right
picture along [11̄0] the d/2 streak is also easily visible.



30 Growth of NiMnSb on (001) Oriented Materials

Figure 4.5: RHEED measurement of a suboptimal growth-start of (In,Ga)As on
InP. In [110](left) as well as in [11̄0] pronounced surface roughness is visible.

Figure 4.6: RHEED measurement of the (2x4) reconstruction of (In,Ga)As on InP
during growth at 520◦C. In [110](left) the d/2 streaks are clearly visible, in [11̄0]
the positions of the very weak d/4 streaks are marked.
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Figure 4.7: RHEED measurement of the (4x3) reconstruction of (In,Ga)As on
InP during cooldown under As background pressure. Along [11̄0](left) the d/3
streaks are clearly visible, along [110](right) the positions of the weak d/4 streaks
are marked.

of the buffer layer. Usually a In/Ga ratio of 2.8/1 is necessary to achieve lattice
matched growth of (In,Ga)As on InP. The group III/V flux ratio for the (In,Ga)As
growth is not crucial, as long as the As flux is high enough to stay in the As-rich
regime. Since for the desorption of the InP oxide a very high As flux is needed, it
is convenient to use this high As overpressure (III/V ratio: ∼ 0.04) for the growth,
too.

During the cooling process after the growth the As supply has to be sustained
above a temperature of 350◦C to prevent P and As desorption from substrate and
buffer. Below 480◦C the (2x4) reconstruction changes to a (4x3) reconstruction
(Fig. 4.7). LEED measurements prove the (4x3) reconstruction (Fig. 4.8).

4.4 Growth of NiMnSb on InP(001)

As mentioned in section 4.3 the growth of the NiMnSb layer has to take place in
a different growth chamber as the III/V buffer. For this task a MBE-system built
by MBE-Komponenten GmbH was used. Since both chambers are connected by
a UHV transfer system, transport of the samples between the different chambers
without breaking the UHV is possible.

One challenge in growing NiMnSb is due to the fact that stoichiometric
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Figure 4.8: LEED measurement of (In,Ga)As on InP at room temperature taken
with an electron energy of 50 eV.

growth is very difficult. Many materials like most widely used III-V and II-VI
semiconductors have the behavior of growing in a self-limiting mode. This means
that for example in III/V semiconductors the flux ratio of the supplied atoms does
not affect the ratio of III/V atoms in the grown crystal. If an excess of group V
is supplied, only a fraction of this material is built into the crystal. The rest is
desorbed from the substrate surface. The same applies if an excess of group III
material is supplied. In this case only a part of the group III atoms at the surface
is incorporated. Therefore no matter what flux ratio is supplied the III/V ratio in
the crystal is always 1/1.

Unfortunately NiMnSb does not show this feature. Hence, a very good control
over the fluxes of the different materials is necessary. Since the stoichiometry of
the grown layer has to stay constant during growth it is indispensable that the
fluxes of the three materials are constant during growth. Due to the chamber
geometry the evaporation rate depends on the shutter position directly in front
of the orifice of the effusion cell. If the shutter is closed, the temperature inside the
cell tends to be slightly higher than if the shutter is in the opened position. This
means that for a straight forward growth procedure the stoichiometry will change
during the growth process. To ensure that all cells provide a time independent
flux during growth, the cell shutters are opened well before growth takes place.
The main-shutter, which sits directly in front of the substrate, is close enough to
the substrate surface to efficiently shield the sample surface from any incoming
molecules from the effusion cells. Typically after a time of 3 minutes all cells
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exhibit a constant flux and the growth can be started by opening the main-shutter.
This behavior of the effusion cell makes growth starts where the interface is

controlled by successive opening of the different material shutters difficult. Ex-
periments where the exact crystal stoichiometry was secondary and attention was
paid to the growth start showed that a sole Sb flux onto the (In,Ga)As buffer has
no effect, a sole Ni flux leads to a decay of the surface quality after some sec-
onds and a sole Mn flux immediately leads to a pronounced surface roughening
on which subsequent growth shows earlier relaxation and lower crystal quality.
A growth start where all three elements are opened simultaneously gives best
results in terms of crystal quality and critical thickness.

Furthermore, the sticking coefficient of the Ni, Mn and Sb have to be taken
into account. In general, these coefficients are dependent on the temperature
of the sample surface. In our case in a large temperature range between room
temperature and 400◦C the sticking coefficient of Mn and Ni are very close to 1.
In the case of Sb this is different. Sb is evaporated in Sb4 molecules which have to
dissociate on the sample surface before they can be incorporated into the NiMnSb
lattice. The reevaporation rate of undissociated Sb4 molecules rises with higher
substrate temperature. Therefore with higher substrate temperature the amount
of Sb in the grown NiMnSb crystal gets less. To compensate for this effect a larger
Sb flux at higher substrate temperatures is needed.

To check for optimum growth several parameters have to be taken into ac-
count. Of course the flux ratios of the three materials but also substrate temper-
ature and in a somewhat lesser extend the growth rate influences the stoichiom-
etry and crystalline quality of the samples. All of these parameters are highly
correlated so a four-dimensional parameter field has to be examined to find the
optimum growth conditions.

4.4.1 Flux Ratios

Several structural properties of NiMnSb depend on the exact concentration of
the different materials inside its lattice. To examine the best growth conditions a
set of 9 samples with different Mn/Ni and Sb/Ni flux ratios have been grown.
The substrate temperature is set constant at 250◦C and the Ni flux is not changed
to get nearly the same growth rate for each NiMnSb crystal. Fig. 4.9 gives an
overview of the grown samples for this experiment.

During growth different reconstructions and surface qualities are measured
by RHEED. Table 4.1 describes the observed RHEED measurements for the dif-
ferent samples.

From the RHEED observations sample H124 shows the best growth charac-
teristics, with 2-dimensional surface during the whole growth time and no signs
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Figure 4.9: Overview of the samples and flux ratios.

of relaxation in the layer.
To check for the crystalline quality of the NiMnSb layer, all samples are char-

acterized by HRXRD θ − 2θ measurements. To characterize the NiMnSb crystal
the (002) reflection is used. As pointed out in section 3.2.3, this reflection has
a low scattering factor for the (In,Ga)As buffer. This is useful in this case since
the prominent (In,Ga)As peak and thickness oscillations make the analysis of the
weaker NiMnSb signals difficult. This is especially true for NiMnSb with subop-
timal structural quality.

Figs. 4.10, 4.11 and 4.12 show the HRXRD θ − 2θ scans of the samples in this
series. It is apparent that the different stoichiometries result in different vertical
lattice constants for each sample. The general tendency is that with increasing
Mn/Ni and decreasing Sb/Ni ratio the lattice constant gets larger.

To check for the crystalline quality the mosaicity of the different NiMnSb sam-
ples has been determined by measuring the rocking curves of the NiMnSb peak.
Surprisingly all samples show a very low mosaicity, which lies in the same range
as the one of the substrate, varying from 12 to 15 arcsec. Since relaxation of the
stressed NiMnSb layer would definitely increase the mosaicity, this process can
be excluded.

Since the different NiMnSb layers all have the same mosaicity and the approx-
imate same thickness, the ratio of the intensities in the θ − 2θ scans of NiMnSb
layer to substrate should be the same. As can be seen clearly in the scans this is
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Figure 4.10: HRXRD θ−2θ scans of the (002) reflection of the samples H124, H125
and H126.

Figure 4.11: HRXRD θ−2θ scans of the (002) reflection of the samples H121, H122
and H123.
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sample flux ratios RHEED observation
Mn/Ni Sb/Ni

H121 3.0 11.4 (5x5) reconstruction and rough surface
H122 2.5 11.4 (1x5) reconstruction, very rough surface
H123 2.0 11.4 (5x5) reconstruction, very rough surface
H124 3.0 10.0 (2x1) reconstruction, no signs of

surface roughness or relaxation
H125 2.5 10.0 (2x2) reconstruction, slight surface roughening
H126 2.0 10.0 (2x1) reconstruction, signs of atomic disorder
H127 3.0 13.5 (5x5) reconstruction, rough surface
H128 2.5 13.5 unreconstructed, rough surface
H129 2.0 13.5 unreconstructed, very rough surface

Table 4.1: RHEED observations during the growth of NiMnSb with different flux
ratios

not the case. The highest intensity for the NiMnSb peak can be found for H124,
the sample which also showed the best growth behavior as measured by RHEED.
All other samples show a reduced intensity. Since the amount of material and the
mosaicity is the same for all samples this means that suboptimal growth results
in chemical disorder in the lattice. The disordered atoms do not take part in the
x-ray scattering process. This means that these atoms are either randomly dis-
tributed or form some other crystal structure that does not have lattice plains
parallel to the (001) plains in the NiMnSb crystal. Candidates for these types of
crystalline inclusions are NiSb, NiMn and MnSb which all crystallize in a hexag-
onal structure with the c-axis parallel to the [111] direction of NiMnSb [Roy00].
These inclusions can easily be seen by measuring θ − 2θ scans of NiMnSb grown
on (111) oriented substrates. The absence of these inclusions for the used growth
conditions will be shown in section 8.3.2.

Further criteria for the quality of the crystal growth are the number and in-
tensity of the thickness oscillations since they are directly depending on the uni-
formity of the crystal and smoothness of the interfaces and surface. The most
prominent oscillations can again be detected for H124. The oscillations tend to
get weaker for an increased Sb/Ni ratio, while the Mn/Ni ratio only plays a mi-
nor role for this feature. For the samples of the maximum Sb/Ni ratio (H127,
H128 and H129) the thickness oscillations can only be guessed at.

The surface reconstruction during growth is depending on the exact stoi-
chiometry of the grown material. Directly after the growth start independent
of the flux ratios a (2x1) reconstruction is arising. After typically 2 nm this can
change into a different reconstruction ranging from (1x1) to (5x5). Notably only
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Figure 4.12: HRXRD θ−2θ scans of the (002) reflection of the samples H127, H128
and H129.

the (2x1) and in a lesser extend the (3x1) reconstruction seem to be stable. All
other reconstructions change during growth and end up with a very rough un-
reconstructed surface after 15-20 nm. Best crystalline quality is achieved if the
samples grow with a (2x1) reconstruction during the whole growth (Fig. 4.13).

4.4.2 Substrate Temperature

In contrast to many other full- or half-Heusler compounds [Her03] for NiMnSb
there is a fairly large substrate temperature range where epitaxial growth occurs.
From room temperature to 400◦C NiMnSb is growing in a 2-dimensional growth
mode but with different surface and crystal qualities.

At room temperature, RHEED measurements show a broadening of the recon-
struction streaks, which indicates a large atomic disorder at the surface. HRXRD
measurements confirm the reduced crystal quality in comparison to samples
grown at 250◦C. Samples grown at 400◦C show inclusions of some other crys-
talline phase in RHEED measurements. Since the Sb integration is drastically
decreased at higher substrate temperature these inclusions may well be NiMn
crystallites which crystallize in a hexagonal structure. Increased Sb supply at
these higher temperatures decrease the amount of inclusion formation but can
not prevent this effect entirely. From 200◦C to 300◦C NiMnSb can grow in a nearly
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Figure 4.13: RHEED measurement of a NiMnSb(001) surface after growth of 10
ML along [110]. The d/2 streaks are well defined and the specular spot is very
sharp.

Figure 4.14: HRXRD θ−2θ-scan of the (002) reflection of H279 and H280. Whereas
both samples were grown with identical flux ratios, the substrate temperature of
H279 was 300◦C and of H280 200◦C. Both samples show high crystalline quality
with numerous thickness oscillations.
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optimum quality (Fig. 4.14) if the Sb content is adjusted to the respective substrate
temperature. The substrate temperature used for standard growth was set in the
middle of this range, at 250◦C.
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Chapter 5

Structural Properties of NiMnSb
(001)

The structural properties of a material drastically influence its behavior in electric
or magnetic experiments. Structural properties can be divided into two parts, the
properties of the bulk structure or crystalline properties and the properties of
the surface. The surface properties during the growth process, however, have an
effect on the bulk properties of the grown sample and on the growth process and
quality of any successive layer.

5.1 Surface Properties

The surface of NiMnSb layers was characterized using RHEED oscillations, spot-
profile analysis low-energy electron diffraction (SPA-LEED) measurements and
by examining the thickness fringes measured in HRXRD θ − 2θ scans.

5.1.1 RHEED Oscillations

For the growth of homogeneous and smooth layers on direct (001) substrates, 2-
dimensional growth modes are optimal for the crystalline quality. To determine
the growth mode, measuring the intensity of the RHEED specular spot is essential
since the 2-dimensional Frank-Van der Merwe mode manifests itself in intensity
oscillations of the specular spot.

Fig. 5.1 shows the obtained intensities for NiMnSb growth. From these os-
cillations the growth mode can be determined to be Frank-Van der Merwe. The
growth rate can be directly calculated from the frequency of the oscillations. The
value of 0.073 ML/s or 0.216 Å/s is in good agreement with the HRXRD thickness
calibrations. Remarkably, the intensity and amplitude of the oscillations critically
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Figure 5.1: Intensity of the specular spot in [11̄0] direction during the growth of
NiMnSb. The oscillations appear directly after the beginning of the growth. At
first they are superposed by a weakening of total intensity caused by the initial
roughening of the surface due to interface reactions. The oscillations are very
stable, 42 ML (∼ 12 nm) can be counted until the oscillations disappear, which
is a good value comparable with those of standard III-V semiconductors [Bra99].
Note that the thickness at which the oscillations are blurring is coinciding with
the start of relaxation processes in NiMnSb as shown in section 5.2.1.

depend on the direction of the electron beam. Best results are obtained in the
[11̄0] direction, whereas in the [110] direction the oscillations are weaker and are
blurring earlier.

To measure RHEED oscillations the rotation of the substrate during growth
has to be stopped. Therefore not only the growth characteristics of the material
but also the homogeneity of the fluxes over the area of the substrate determine the
quality and number of oscillations. In our growth chamber we obtain excellent
numbers for these values. This means that not only the growth of NiMnSb is
very good but also the homogeneity of the three different material fluxes is good.
This is especially noteworthy since the orifice of the Ni cell is small compared to
the other standard effusion cells and therefore the homogeneity of Ni flux on the
sample can be expected to be reduced.
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5.1.2 Spot Profile Analysis of Low-Energy Electron Diffraction

SPA-LEED measurements give access to several properties of the NiMnSb surface
which cannot be obtained by RHEED measurements. If the surface is well de-
fined, the profile of the specular spot can show characteristic features from which
terrace size and step-height on the surface can be extracted (Fig. 5.2). Details on
the principles and methods used for SPA-LEED measurements can be found in
[Hor99].

Figure 5.2: Illustration of the terrace size d and step-height h on a surface during
or after growth.

The typical (2x1) reconstructed surface was examined by SPA-LEED after the
growth of 10 ML of NiMnSb. The diffraction pattern shows sharp diffraction
spots from the (2x1) reconstruction (Fig. 5.3). Fig. 5.4 shows the energy depen-
dence of the specular spot profile. [110]-line-scans were measured at differ-
ent energies, background corrected and normalized to their maximum individ-
ually. A step-induced broadening of the specular spot is clearly visible at 53 eV,
88 eV and approximately 130 eV (just outside of the investigated energy range).
These values correspond to k-vectors of 7.4 Å−1, 9.6 Å−1 and 11.7 Å−1, respec-
tively, and represent anti-phase conditions for a surface with steps of a height of
2.94 Å = a0/2. At k-vectors corresponding to the a0/4 step height no broaden-
ing can be detected. The average terrace size obtained by these measurements is
250 Å, which is a good value compared with standard II-VI materials [Neu97],
which grow at the same substrate temperature.

5.1.3 HRXRD Thickness Fringes

As mentioned previously in section 3.2.2, the Pendellösung fringes obtained dur-
ing a HRXRD θ− 2θ scan are solely depending on the thicknesses and uniformity
of the different layers and the roughnesses of the interfaces in between. Therefore
the existence and clarity of these fringes are good indicators for optimum surface
quality. Especially pseudomorphic and relaxed layers can be distinguished by ex-
amining the thickness fringes, since the surface roughness caused by the defects
induced by the relaxation process usually prevents the appearance of the fringes.
HRXRD scans including the thickness fringes can be simulated using the dynamic
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Figure 5.3: Two-dimensional LEED pattern of the NiMnSb-(2x1) surface taken at
an electron energy of 75 eV.

Figure 5.4: Line-scans of the specular spot of the NiMnSb-(2x1) surface, taken
along the [110](left) and [11̄0] (right) direction at different electron energies. (Note
that each of the scans is normalized to its individual maximum.)
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Figure 5.5: SPA-LEED spot-profiles of the NiMnSb-(2x1) surface of the specular
spot taken at different electron energies along the [110] direction.

theory published in [Few87]. The fit procedure assumes perfect surfaces and in-
terfaces, i.e. an interface and surface roughness of zero. Comparisons between
the measured data and the fitted graph can give a hint on how far the sample
surfaces and interfaces are from being perfect. Fig. 5.6 shows a HRXRD scan of
a sample consisting of a 70 nm NiMnSb layer on a 150 nm (In,Ga)As buffer layer.
For the (In,Ga)As as well as for the NiMnSb layer clear thickness fringes can be
observed. Additionally, this graph is showing a very good agreement between
the measured and the simulated data, indicating that the surface and interface
roughnesses in this sample are very close to zero. For comparison, Fig. 5.7 shows
a HRXRD scan of a sample with the same composition as the sample mentioned
above. Here the fit cannot reproduce the measured data. In this case, thickness
fringes can only be identified for the (In,Ga)As layer, not for the NiMnSb layer.
This is a clear indication that the surface roughness of the NiMnSb layer is rather
high, while the roughnesses of the (In,Ga)As buffer layer interfaces are still very
small.
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Figure 5.6: HRXRD θ − 2θ scan of the (004) reflection of a sample with 70 nm
NiMnSb layer on a 150 nm thick (In,Ga)As buffer and the according fit. A very
good agreement between the fit which is assuming ideal interfaces and the mea-
sured data is visible, indicating that all layers in this sample have interface rough-
nesses very close to zero.

5.2 Crystalline Properties

Crystalline properties of the NiMnSb crystals have been investigated using var-
ious x-ray and electron diffraction methods as well as transmission electron mi-
croscopy (TEM) and selected area diffraction (SAD). In the following sections the
results of these investigations will be discussed.

5.2.1 Relaxation in NiMnSb Layers

NiMnSb has a lattice mismatch of 0.6% to InP and is therefore expected to
show relaxation processes after a certain critical thickness. After the model of
Matthews-Blakeslee [Mat74] the critical thickness tcr can be expressed as:

tcr =
b(1− ν

4
)

4π(1 + ν)∆a
a

ln(
tcr
b

+ 1) (5.1)

where b is the magnitude of the burgers vector, ν is the Poisson ratio and ∆a
a

is
the lattice mismatch between layer and substrate. For NiMnSb most of these val-



5.2 Crystalline Properties 47

Figure 5.7: HRXRD θ − 2θ scan of the (004) reflection of a sample with 70 nm
NiMnSb layer on a 150 nm thick (In,Ga)As buffer and the according fit. The
fit which is assuming perfect interfaces does not reproduce the measured data,
indicating that there is a pronounced interface roughness in this sample. Thick-
ness fringes of the (In,Ga)As buffer can be identified but no fringes caused by the
NiMnSb layer. This indicates that the interface between (In,Ga)As buffer layer
and NiMnSb has a low roughness. The surface roughness, however, is far from
being perfect.

ues have to be obtained from own measurements since pseudomorphic growth
of this material has not been studied so far. To measure the Poisson ratio, the
vertical lattice constants of a fully pseudomorphic and a fully relaxed layer of
NiMnSb are needed. The fully pseudomorphic lattice constant can be calculated
out of a standard θ − 2θ scan of a up to 40 nm thick NiMnSb layer on InP. Since
totally relaxed growth of NiMnSb on InP is not easy to accomplish, NiMnSb has
been grown on GaAs. The large lattice mismatch of more than 4% causes the
NiMnSb to relax directly after the growth of a few ML. The Poisson ration ν can
be calculated by

ν =
1− a⊥(arel−aS)

aS(a⊥−aS)

1 + a⊥(arel−aS)
aS(a⊥−aS)

(5.2)

where aS is the lattice constant of the substrate, arel the lattice constant of a fully
relaxed NiMnSb layer and a⊥ the vertical lattice constant of a fully pseudomor-
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phic NiMnSb layer. The obtained lattice constants are:

a⊥ = 6.012 Å
arel = 5.949 Å (5.3)
aS = 5.869 Å

With these values the calculation of the Poisson ratio gives:

ν = 0.27 (5.4)

Together with the magnitude of the burgers vector of the dominating defects in
NiMnSb along [110] (see Sec. 5.2.2)

b =

√
2arel

2
(5.5)

an estimate of the critical thickness

tcr ≈ 12 nm (5.6)

can be obtained. This means layers thicker than 12 nm are expected to relax dur-
ing growth.

To detect relaxation in grown layers, usually reciprocal space maps are neces-
sary. θ−2θ scans of symmetric reflections and rocking curves can give some hints
whether or not the layer is fully pseudomorphic by examining the mosaicity of
the different layers. However, only reciprocal space maps contain the necessary
and detailed information about the status of relaxation in the layer.

For measuring reciprocal space maps gracing incident x-ray diffraction was
used. As pointed out in section 3.2.1, the advantage of this method compared to
standard HRXRD methods is the possibility of variation of the penetration depth
of the x-rays. Thus, the measured signal is dominated by different parts of the
sample and even different parts of the same layer.

Several NiMnSb layers with different thicknesses ranging from 15 to 120 nm
have been investigated (Figs. 5.8-5.11). As expected, NiMnSb layers thicker than
15 nm show a relaxed signal. But at the same time all layers, even the thickest
sample, also show a clear signal of pseudomorphic NiMnSb. This behavior is
not easily explainable with standard relaxation processes. From these reciprocal
space maps it is not clear if the detected signal is really some relaxed layer on the
top of the measured sample or if it comes from some different crystallographic
phase distributed equally inside the NiMnSb layer. To rule out the latter possibil-
ity, several reciprocal space maps of one sample (H66) with different penetration
depths of the x-rays have been recorded. If there is a relaxed layer on top of the
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Figure 5.8: GIXRD reciprocal space map of the (353) reflection of H66, a 40 nm
thick NiMnSb layer on (In,Ga)As/InP. Apart from the pseudomorphic parts in
the layer which all lie on a h-value of 5, a partly relaxed signal with h-values
around 4.98 can be seen. The origin of the streak going from l=2.99, h=4.955 to
l=2.98,h=5.0 is currently not clear.

sample, the intensity ratio of the pseudomorphic/relaxed NiMnSb peak will in-
crease with higher penetration depth since a larger part of the x-rays is scattered
in the lower parts of the sample which consist of the pseudomorphic NiMnSb.
Fig. 5.12 shows the intensity ratio versus penetration depth. It clearly shows the
increasing intensity ratio with larger penetration depth. Therefore the sample
consists of a partly relaxed NiMnSb layer on the top with a totally pseudomor-
phic NiMnSb layer underneath.

In these samples we therefore have both a relaxed and a pseudomorphic part
in the same NiMnSb layer. In standard III-V and II-VI semiconductors the crys-
talline defects which evolve during the relaxation process prolong to the next
interface underneath. This behavior is not found in NiMnSb. But not only has
NiMnSb a relaxed and a pseudomorphic part simultaneously, with increasing to-
tal thickness both the pseudomorphic and the relaxed part get thicker. This means
that there is no critical thickness from whereon the NiMnSb grows as a relaxed
crystal. If this was the case, the pseudomorphic layer would have the same thick-
ness in all samples which show relaxation. As can be seen clearly in the reciprocal
space maps both the relaxed and the pseudomorphic part of NiMnSb get thicker
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Figure 5.9: GIXRD reciprocal space map of the (353) reflection of H80, a 70 nm
thick NiMnSb layer on (In,Ga)As/InP. As for H66, a pseudomorphic NiMnSb
layer (h=5.0) as well as a partly relaxed NiMnSb layer (h=4.98) are visible.

Figure 5.10: GIXRD reciprocal space map of the (353) reflection of H76, a
120 nm thick NiMnSb layer on (In,Ga)As/InP. Both a totally relaxed NiMnSb part
(h=4.945) and a pseudomorphic part (h=5.0) can be seen.
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Figure 5.11: GIXRD reciprocal space map of H111, a 15 nm thick NiMnSb layer on
(In,Ga)As/InP. For clarity, contour lines have been added. A relaxed part can not
be detected in this layer, although a slight asymmetric broadening of the NiMnSb
peak is visible.

with increasing total thickness. The ratio of relaxed to pseudomorphic thickness
does increase with increasing total thickness but still the pseudomorphic part gets
larger.

If we assume that the relaxation occurs directly during growth, this would im-
ply that there are two growth processes: First the relaxed NiMnSb is grown at the
top of the sample and second in a certain depth of the NiMnSb layer this relaxed
part is transformed into the pseudomorphic part. Another possibility is that the
whole relaxation process starts after growth during cooling down to room tem-
perature. For this to occur the thermal expansion coefficients of NiMnSb and InP
have to be that different that during the cooling process from 250◦C to room tem-
perature the stress in the NiMnSb exceeds a certain limit and parts of the NiMnSb
layer start to relax. In this case it would be hard to explain why the thickness
at which the layer is relaxed changes with different total thicknesses of NiMnSb.
One approach would be the different degrees of relaxation in layers, varying from
partly relaxed for the 40 nm sample to totally relaxed for the 120 nm sample.
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Figure 5.12: Intensity ratio of the NiMnSb pseudomorphic/relaxed peak from
multiple reciprocal space maps measured with different x-ray penetration depths.
With increasing penetration depth the intensity ratio gets larger, indicating that
the sample really has a partly relaxed NiMnSb part on top.

5.2.2 Crystalline Defects in NiMnSb

To analyze defect nucleation in NiMnSb layers, plan-view and cross-section TEM
and SAD studies have been performed by the group of K. Kavanagh at the Simon
Fraser University, Vancouver, Canada. In plan-view TEM experiments planes
parallel to the surface are examined, this gives a “top view” of the sample. Cross-
section TEM, in contrast, analyzes slices with their surfaces perpendicular to the
sample surface. In this case interfaces between the different materials, in partic-
ular between (In,Ga)As and NiMnSb can be examined. Fig. 5.13 shows the prin-
ciple measurement geometry of these two methods. See [dG03] for more details
on TEM principles and methods.

The samples for plan-view TEM were prepared by chemically dissolving the
InP substrate in concentrated HCl leaving the NiMnSb/(In,Ga)As films intact.
Cross-sections were prepared by focused ion beam (FIB) sectioning using a Ga ion
beam of 30 keV. TEM was carried out at an electron beam accelerating voltage of
200 keV. In the SAD experiments the angular distribution of the transmitted and
diffracted electrons is evaluated. The diffraction pattern represents an image of
the reciprocal lattice and therefore contains information of the crystal structure.
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Figure 5.13: Principle measurement setup for plan-view TEM geometry (a) and
cross-section TEM geometry (b).

In our case, this technique was used in plan-view geometry. More details on
selected area electron diffraction can be found in [Ben01].

In agreement with the GIXRD results (section 5.2.1) the TEM measurements
show that the NiMnSb films are single crystalline. However, isolated defects are
found beginning in the thinnest films (10 nm) investigated. These defects in-
crease in size with increasing film thickness until they appear to overlap at a
thickness of 40 nm. Fig. 5.14 shows plan-view TEM images for 10 and 40 nm
NiMnSb/(In,Ga)As films and an associated SAD pattern of the 40 nm film. These
are bright field (BF) images taken with the sample tilted to a strong diffraction
condition such that the diffraction vector g = (220) with the planes perpendic-
ular to the surface. The average spacing of the visible defects is 30 nm which
corresponds to a defect density of 1 × 103 µm−2. It is apparent that these de-
fects are forming early in the growth probably at the interface. During the suc-
cessive growth these defects are growing larger and are overlapping at a thick-
ness of 40 nm. The strong spots in the diffraction pattern are consistent with a
NiMnSb half-Heusler crystal structure combined with the zincblende (In,Ga)As.
Fig. 5.15 shows a higher magnification image of the SAD in Fig. 5.14 (b) with
an indexed diagram. Weak half-order spots or streaks are apparent along each
<100> and <120> direction, indicating that long range ordering is also occurring
in the NiMnSb films.

The defects are further investigated using BF, 2-beam images for a 40 nm
NiMnSb film tilted to g = (220), (22̄0), (200), and (020) diffraction conditions (Fig.
5.16). In each case the contrast from defects running perpendicular to g is visible.
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Figure 5.14: TEM bright field images of NiMnSb/ (In,Ga)As(001) films obtained
in plan-view geometry for two NiMnSb film thicknesses: a) 10 nm and b) 40 nm.
The film has been tilted to a strong two-beam diffraction condition with the dif-
fraction vector g = (220) as indicated by the arrow in (a) and the SAD pattern in
(b).

Therefore the lattice displacement is perpendicular to the defect line direction,
which is consistent with either a stacking fault or an edge dislocation [Hir77].
Depending on the degree of deviation from the exact Bragg condition, the de-
fects in contrast appear with a black/white/black appearance or as a single black
region. From their contrast behavior two sets of defects can be distinguished.
The prevalent contrast is caused by defects aligned close to the <100> directions.
These go out of contrast for the perpendicular {200} condition, whereas they are
still visible under {220} diffraction conditions. Another set of defects is aligned
along <110> directions and go completely out of contrast for either {200} diffrac-
tion conditions or the g = (220) condition perpendicular to its line direction. A tilt
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Figure 5.15: Magnification (a) and index (b) of the SAD pattern of Fig. 5.14. The
major spots are regular diffraction from the expected NiMnSb/(In,Ga)As struc-
tures, while the weaker, extra streaks and spots are from NiMnSb ordering along
the <100> and <110> directions.

of this sample by angles up to 20◦ about in-plane <110> axes cause an increase in
the length of the <110> defects.

Along the edges of the thinned regions of the same sample, thinner patches
are found where the (In,Ga)As layer has been etched away leaving only NiMnSb,
which has been confirmed by scanning transmission electron microscopy-energy
dispersive spectroscopy (STEM-EDS) analysis. No difference in the density of
defects can be found, however, without the (In,Ga)As, the films are much more
transparent and lattice images are clearer. Fig. 5.17 shows a lattice image exam-
ple obtained with the beam parallel to the [001] pole. The smallest square lattice
fringes, which have an average spacing of 0.30±0.01 nm, are therefore associated
with the {200} NiMnSb planes. In the magnified view showing one isolated de-
fect, the fact that there is no perpendicular edge dislocation in this area can be
shown by drawing a burgers circuit around the defect [Hir77]. The surrounding
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Figure 5.16: TEM bright field images of a 40 nm thick NiMnSb(001) film (same as
in Fig. 5.14). All images show an identical area as a function of diffraction condi-
tions (sample tilted) as indicated by the arrows perpendicular to the diffraction
planes (a) (220), (b) (22̄0), (c) (200) and (d) (020). The (In,Ga)As buffer has been
etched away in this region.

crystal is in phase. Nevertheless, a deformation with double period fringes can
clearly be seen inside the defect region which is visible along the defect length
consistent with {100} ordering. Also a double stacking fault with many distor-
tions appears to be there.

The thickest films investigated by TEM (85 nm) show overlapping finite size,
planar defects aligned closely with in-plane <120> directions (Fig. 5.18 (a)).
Atomic ordering is still visible in the SAD pattern. Fig. 5.18 (b) shows a cross-
sectional phase contrast TEM micrograph from the same sample, taken with the
electron-beam direction aligned with a <110> direction. The NiMnSb/(In,Ga)As
interface is atomically smooth and abrupt. The (002) fringe spacing, f , on each
side of the interface measures 2.92 Å for (In,Ga)As and 3.01 Å for NiMnSb. The
lattice constant for InP is 5.868 Å (2 x 2.92 Å) so the (In,Ga)As is lattice matched to
InP while the NiMnSb film is in compression. From the x-ray results the Poisson
ratio, ν, was determined to be 0.27 (see section 5.2.1). Therefore, the relaxed lat-
tice constant arel of the NiMnSb is given by arel = a(In,Ga)As + 2∆f (1−ν)

(1+ν)
= 5.97 Å.

From this thinned sample it is not possible to tell whether there are any interfacial
dislocations at the interface since the perpendicular fringes are unclear.

The exact nature of the defects remains unclear, however, misfit dislocations
can be ruled out. There are two sets of defects identified by the TEM micrographs
obtained using different diffraction conditions: one aligned approximately with
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Figure 5.17: The same film as in Fig. 5.16 imaged in plan view, downpole (paral-
lel to the [001] direction) at higher magnification. The image has been obtained
using multiple beams showing interference fringes from the (002) planes in each
material. Image (b) is a magnified view by a factor 3 of the square area in (a).

<100> and one aligned exactly with <011> directions. Since there is a strong lost
of contrast for each change in diffraction condition, this rules out 60◦ disloca-
tions, a common type of misfit dislocation found in lattice mismatched semicon-
ductor systems [Gol98, Reß98]. Pure interfacial edge misfits with slip vectors
b = a/4<100> or b = a/2<011> and glide planes perpendicular to the film surface
could explain the obtained TEM data, however, in this case the average spacing of
30 nm would cause a complete relaxation of the tetragonal strain in the film. This
is not consistent with x-ray measurements (see section 5.2.1), which show little
strain relaxation in the thinner films, certainly up to a thickness of 40 nm. Addi-
tionally, the comparison of images with and without the (In,Ga)As layer shows
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Figure 5.18: Plan view (a) and cross sectional (b) view of an 85 nm thick
NiMnSb/(In,Ga)As film, obtained with TEM. The insert in (a) is a SAD pattern
showing the diffraction conditions and orientation of the film. The defects appear
to align closely with the <100> as well as with the <120> directions.

little difference in the defect densities. Furthermore, tilting the sample causes
changes of the length of the <011> defects indicating that they are inclined rather
than fixed to the interface. The <011> defects may still be dislocations but if so
these thread through the film.

The <100> defects are a collection of isolated planar defects running from the
interface to the surface. In thicker films these defects overlap. They do not consist
of a/3{111} stacking faults which are common in fcc cubic systems, which would
have been easily identified in plan view <100> images. These micrographs would
show strong extinction fringes associated with these defects which were not ob-
served in the investigated films. However, the observed features may be caused
by a/2{001} or {011} stacking faults or some type of {001} antiphase boundary.
Some indications of ordering domains can be clearly seen from the double fringes
within the defect regions. These could well be associated with stacking faults
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Figure 5.19: Diagram showing an antiphase boundary plane formed by a 90◦

rotation in the Mn/Sb sublattice as indicated by the green lines.

along a/2{001} or a/2{011} planes. The typical antiphase boundary often found
in the growth of III-V semiconductors on group IV, e.g. GaAs/Si, or GaP/Si
[Coh02, Kom94], do not seem to be present consistent with the RHEED and LEED
measurements as shown in section 5.1.2. Nevertheless, antiphase boundaries as-
sociated with only one sublattice, such as errors in the Mn and Sb atomic loca-
tions, are possible in these films. Fig. 5.19 shows a drawing of one such defect
running along {100} planes. These imperfections may influence the subsequent
Ni layer and create threading dislocations which may also be an explanation for
the ordering and the contrast. Additionally, if the strain relaxation is caused by
this type of defects, then their effects will be greater in the thickest films, which
has been observed in the x-ray measurements.
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Chapter 6

Magnetic Properties of NiMnSb(001)

NiMnSb(001) structures were investigated for their magnetic properties using
Magneto-Optical Kerr effect (MOKE), Ferromagnetic Resonance (FMR) and Scan-
ning Quantum Interference Device (SQUID) magnetometry.

MOKE uses rotation, intensity changes and changes in ellipticity of reflected
light from a magnetized layer. For our measurements the longitudinal Kerr effect
was used. In this case the oscillation plane of linear polarized light reflected from
the sample is rotated in the direction of the incoming light when the magnetiza-
tion M is parallel to the surface and parallel to the plane of incidence of the light
(Fig. 6.1). This Kerr rotation is proportional to the magnetization component in
the layer. A quantum theory of the Kerr effect showing the linear dependence of
the Kerr effects on the magnetization was developed by Vonsovskii and Sokolov
[Von49]. MOKE is used to measure hysteresis curves of the NiMnSb layers in dif-
ferent in-plane directions. Details on the physics and applications of MOKE can
be found in [Cra95].

Figure 6.1: Longitudinal MOKE geometry

The spin resonance of ferromagnets, or FMR, resembles in principle the nu-
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clear magnetic resonance (NMR). The basic setup consists of a static magnetic
field and a perpendicular oscillating field. The total magnetic moment of a sam-
ple precesses around the direction of the static magnetic field. The energy absorp-
tion of a transversal high frequency field is at maximum, if its frequency is equal
to the frequency of the precession. Since for ferromagnetic layers also internal
magnetic fields inside the ferromagnet have to be taken into account, these fields
give access to anisotropy effects inside the ferromagnet. Therefore, FMR is an ex-
cellent experiment for the determination of anisotropies in these materials. Solu-
tions of the FMR resonance frequency were first calculated by Gilbert [Gil55]. For
FMR experiments the resonance frequency usually lies in the microwave regime,
therefore typical experimental setup consists of a waveguide and a cavity for mi-
crowaves (Fig. 6.2). The energy loss in the system is measured by monitoring
the Q-factor of the cavity. An introduction into FMR and other magnetic reso-
nance techniques can be found in [Blu01, Cra95]. Details on FMR measurement
principles and methods on reduced dimension systems can be found in [Bar97].
The FMR experiments shown in this section were performed in the group of Bret
Heinrich at the Simon Fraser University, Vancouver, Canada.

Figure 6.2: Typical FMR setup (from [Blu01])

SQUID magnetometry uses a superconducting ring which contains two par-
allel Josephson junctions in it. The ring is therefore able to act like a very sensitive
quantum interferometer and is able of measuring magnetic fields with a detection
limit of up to 10−14 T. [vD81] gives more details on the principles of the different
SQUID types and their setup.
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6.1 Magnetic Anisotropies

The dependence of the in-plane FMR field on the angle between the applied field
and the [100] crystallographic axis allows for determining the in-plane uniaxial
anisotropy 2K

‖
U/Ms, the fourfold in-plane anisotropy field 2K

‖
1/Ms and the field

4πMeff , which is required to magnetize the sample perpendicular to the surface.
4πMeff = 4πMs − 2K⊥

U /Ms, where 2K⊥
U is the perpendicular uniaxial anisotropy

and Ms the saturation magnetization. The perpendicular uniaxial anisotropy in
cubic materials is caused either by interfaces or lattice strains [Hei93]. Figs. 6.3
to 6.6 show the FMR field as a function of the in-plane angle ϕ with respect to the
[100] axis of NiMnSb(001). As can be clearly seen from the data, the FMR field
shows a strong dependency on the thickness of the NiMnSb layer. Additionally,
for the 5 nm and 40 nm thick samples there is a strong uniaxial component, which
is dominating the FMR spectra. For the thin sample the easy axis was aligned
along [11̄0] while for the thick sample the easy axis was along [110]. The samples
with intermediate thickness show no in-plane uniaxial anisotropy, the FMR data
is dominated by the fourfold anisotropy.

The FMR fields from this data were fit with a model calculation which al-
lows for the determination of the three components of the magnetic anisotropies
mentioned above (Figs. 6.7 to 6.9). The uniaxial anisotropy field shows for the
samples above 20 and below 10 nm a linear dependence on 1/d. This could
be an indication for the presence of in-plane interface uniaxial anisotropy with
K

‖
U ,s = 0.08erg/cm2 along the magnetic easy axis. It is probably caused by the

chemistry of the interface between the (In,Ga)As buffer layer and NiMnSb film.
For d → 0 the uniaxial anisotropy field is close to -200 Oe. This anisotropy can
be caused by anisotropic strain relaxation of the in-plane tetragonal strain. This
effect is known for Fe/GaAs(001) [Tho03] and Fe/InAs(001) films [Xu00] where
anisotropic strain relaxation along the crystallographic [110] and [11̄0] axis was
found. Due to larger strain relaxation along the [110] axis the resulting shear
strain caused a magnetic uniaxial anisotropy along [11̄0]. This anisotropic strain
relaxation would in principle be detectable by XRD reciprocal space maps. It
would manifest itself in an asymmetric NiMnSb peak in k and l direction. Mea-
surements on the relaxed peak of a 120 nm thick sample by GIXRD showed no
detectable asymmetry of the NiMnSb peak. However, the difference in strain
relaxation needed to cause a magnetic uniaxial anisotropy of that extend is less
than the detection limit of this experiment, which in this case is dominated by the
FWHM of the relaxed NiMnSb peak.

In contrast to the uniaxial anisotropy field, 4πMeff and 2K
‖
1/Ms do not show

a linear dependence on 1/d. 4πMeff decreases while 2K
‖
1/Ms increases with in-

creasing film thickness. For the thinnest films the fourfold anisotropy 2K
‖
1/Ms
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Figure 6.3: Angular dependence of the maximum FMR field at 23.92 GHz for a
sample with 5 nm NiMnSb. Both the applied dc field and the saturation mag-
netization are in-plane. The angle ϕ is in direction of the applied field and the
saturation magnetization with respect to the [100] axis of NiMnSb.

Figure 6.4: The same FMR measurement as in Fig. 6.3 but for a sample with 10 nm
NiMnSb.
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Figure 6.5: The same FMR measurement as in Fig. 6.3 but for a sample with 20 nm
NiMnSb.

Figure 6.6: The same FMR measurement as in Fig. 6.3 but for a sample with 40 nm
NiMnSb.
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Figure 6.7: The in-plane uniaxial anisotropy field 2KU/Ms as a function of the in-
verse NiMnSb film thickness 1/d. The direction of the uniaxial anisotropy axis is
along [11̄0]. Note that the anisotropy field is nearly zero for samples with inter-
mediate thickness (20 to 35 nm) and changes its sign for the samples thicker than
20 nm (1/d = 0.05 1/nm).

vanishes. This anisotropy is probably caused by crystallographic defects which
satisfy the in-plane fourfold symmetry as was observed in bcc Ni/Fe(001) films
[Hei88]. Measurements of the g-factor show a value of 2.03 and 2.02 for the 42 and
the 15 nm thick films, respectively. These values are very close to the free-electron
g-factor of 2, indicating the spin orbit interaction in NiMnSb is very weak.

6.2 Magnetic Damping

From measurements of the FMR linewidth, ∆H , significant information can be
obtained. The dependence of ∆H on the crystal direction can be divided into
three components: the angular independent ∆H0, the fourfold ∆H4cos

2(2ϕm)
and the twofold ∆H2cos

2(ϕm) contributions. Fig. 6.10 shows the dependence
of ∆H on the crystal direction. Thin NiMnSb layers (up to 5 nm) show a very
low linewidth of 20 Oe at 24 GHz along <100>. Additionally the linewidth is
nearly independent on the angle ϕm (∆H2 = 0 and ∆H4 = 0). The FMR linewidth
versus the microwave frequency shows a linear behavior, indicating that the mag-
netic damping with the magnetization along <100> is caused by Gilbert damp-
ing. The measured Gilbert damping parameter has a remarkably low value of
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Figure 6.8: 4πMeff as a function of the NiMnSb film thickness d.

Figure 6.9: The in-plane fourfold anisotropy field 2K1/Ms as a function of the
NiMnSb film thickness d.
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Figure 6.10: The FMR linewidth at 24 GHz versus the angle ϕm between the mag-
netization and the in-plane [100] crystalline axis. Especially for the thicker layers
a pronounced angular dependence is evident.

G = 3.1 × 107 s−1. Compared to the lowest value observed for 3d transition el-
ement metals, bcc Fe, where G = 6 × 107 s−1 [Fra80], the value of NiMnSb is
remarkably lower than even that of Fe. Since in metallic samples the Gilbert
damping is caused by spin orbit interaction [Hei02], this indicates that the role
of spin orbit interaction is quite weak in NiMnSb, which is consistent with the
determination of the g-factor in section 6.1.

For thicker samples the situation changes. A large increase in the average ∆H
of up to 10 times the value of the 5 nm sample was observed for the 85 nm sample.
This increase of ∆H is most likely due to the extrinsic damping processes caused
by magnetic inhomogeneities introduced into the sample by the lattice defects.
Out-of-plane measurements of ∆H on samples of varying thicknesses show that
the FMR linewidth drastically decreases if the direction of the magnetic moment
is moved close to the film normal. The end value along the film normal corre-
sponds to the intrinsic Gilbert damping. This behavior can be explained by two
magnon scattering [Hei02]. Therefore, the additional FMR line broadening which
cannot be explained by Gilbert damping is caused by two magnon scattering re-
laxation.
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6.3 Hysteresis Curves

Hysteresis curves measured by Magneto-Optical Kerr Effect (MOKE) show the
strong anisotropies (Fig. 6.11 to 6.13). The coercive field of NiMnSb is notably
small, a sample with a 5 nm thick NiMnSb layer has a coercive field of 3 Oe along
the easy axis which in this case is along [11̄0] (Fig. 6.11). With increasing thick-
ness the coercive field increases, an effect which can be attributed to the increased
defect density in the thicker layers (Fig. 6.14). The theoretical magnetic moment
for NiMnSb is expected to be 4µB [dG83] per unit cell, since 100% spin-polarized
electrons result in an integer magnetic moment which in case of the crystal struc-
ture of NiMnSb is 4µB. The magnetic moment of NiMnSb can be obtained from
hysteresis curves measured by SQUID magnetometry, which resulted in 3.8µB

per unit cell. This lower value may be due to the observed lattice defects, which
lower the minority spin band to a value close or below the Fermi surface and
therefore destroy the 100% spin polarization at the Fermi level.

To measure the Curie temperature, temperature dependent magnetization
measurements have been performed using SQUID magnetometry (Fig. 6.15).
Due to the experimental setup the highest temperature reachable was 400K. The
drop of the magnetization from 4K to 400K is ≈ 5%, which is consistent with the
Curie temperature of 730K found in the literature [Cas55].

Figure 6.11: Hysteresis curve of a sample with 5 nm NiMnSb along [11̄0] mea-
sured by MOKE.
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Figure 6.12: Hysteresis curve of a sample with 5 nm NiMnSb along [100] mea-
sured by MOKE. Note that at the NiMnSb layer is still not in saturation at the
maximum or minimum fields shown.

Figure 6.13: Hysteresis curve of a sample with 5 nm NiMnSb along [110] mea-
sured by MOKE.
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Figure 6.14: Hysteresis curves obtained by SQUID measurements of three sam-
ples with different thicknesses of the NiMnSb layer along the easy axis of this
layer ([11̄0] for 5 nm, [110] for 42 and 85 nm). Note that the Kerr signal is normal-
ized to the individual maximum of each sample.

6.4 Exchange Bias in NiMnSb/NiMn Bilayers

The phenomenon that the hysteresis loop of a ferromagnet coupled with an anti-
ferromagnet shifts from the zero field origin was discovered almost half a century
ago [Mei56]. A recent review on this phenomenon can be found in an article of
Nogues and Schuller [Nog99]. This exchange biasing is used in spin valves based
on the GMR or TMR effect to “pin” one of the two ferromagnetic layers and there-
fore keep the pinned layer’s magnetization unchanged during the operation of
the spin valve. It provides an easy possibility to change the coercive field of a fer-
romagnetic layer. Without the antiferromagnet-ferromagnet coupling a different
ferromagnetic material would be needed.

The material system based on the elements Ni, Mn and Sb has a wide variety
of materials with unique magnetic properties. While NiMnSb is a half-metallic
ferromagnet, the material NiMn shows an antiferromagnetic behavior for certain
crystallographic phases. Since equiatomic NiMn grows in a fcc crystal structure
which is not antiferromagnetic, the standard procedure involves thermal treat-
ment of the NiMn structures at high temperatures above 400◦C to induce the
phase change to the fct (face centered tetragonal) structure which shows antifer-
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Figure 6.15: Magnetization of a 40 nm thick NiMnSb layer versus temperature.
The highest temperature attainable with the SQUID setup was 400K, but the drop
of the magnetization from 4K to 400K is ≈ 5%, which is consistent with an ex-
pected Curie temperature of 730K.

romagnetic behavior [Mao98].
The Neel temperature in NiMn furthermore depends on the exact stoichiome-

try [Sly93]. Neel temperatures of up to 1020 K have been reported so far [Hou00].
However, the maximum temperature where exchange biasing in ferromagnet-
antiferromagnet structures can be observed is less than the minimum of the Neel
temperature of the antiferromagnet and the Curie temperature of the ferromagnet
[Hou00].

To study the exchange biasing of NiMn/NiMnSb structures, samples with a
NiMn layers on top of NiMnSb were prepared. After the growth of the NiMnSb
layer, the Sb shutter was closed, leaving only the Ni and Mn cell open. Since
the sticking coefficient of Ni and Mn are very close to one, a significant deviation
from the equiatomic stoichiometry is not expected. Since neither the crystal struc-
ture nor the lattice constant of NiMn are matching the properties of NiMnSb, sin-
gle crystalline growth of NiMn can not be expected. RHEED measurements show
at the beginning of the growth the appearance of crystallographic phases differ-
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Figure 6.16: Hysteresis curves taken by SQUID of a sample consisting of 5 nm
NiMn on top of a 10 nm NiMnSb layer along [11̄0] at different temperatures. For
temperatures above 20 K, the hysteresis curves are symmetric while for lower
temperatures a shift of the origin to higher magnetic fields is observed. Addi-
tionally, this measurement shows an increase of the coercive field with decreasing
temperature.

ent from the zincblende or half-Heusler phase. In the later stage of the growth a
RHEED pattern showing polycrystalline growth is observed. The growth rate of
NiMn was estimated to be about 2/3 of the growth rate of NiMnSb.

Due to the temperature instability of the InP substrate, the aggressive NiMn
annealing to induce the phase change to the antiferromagnetic fct structure can-
not be performed. Since the deposition process itself takes place at an elevated
temperature of about 300◦C, parts of the NiMn material can crystallize in the
desired fct structure. Nevertheless, a drastically reduced Neel temperature is ex-
pected. Therefore exchange biasing in these structures is only observable at low
temperature.

To study the temperature dependency of the magnetic properties of the
NiMn/ NiMnSb structures, a sample with 10 nm thick NiMnSb and 5 nm thick
NiMn layers was grown. In the SQUID several hysteresis curves along the easy
axis of the sample ([11̄0]) at different temperatures varying from 4 K to room
temperature were measured. Fig. 6.16 shows the results of this experiment. For
temperatures above 20 K no significant pinning of the ferromagnetic layer by the
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antiferromagnet can be observed, whereas for 4 and 10 K a clear asymmetry of the
hysteresis curves caused by the exchange biasing effect is shown. The decrease of
the coercive field, even for the temperatures where no pinning of the ferromagnet
is observed, can be attributed to the increased thermal energy which aides to the
magnetic switching process.



Chapter 7

NiMnSb/ZnTe/NiMnSb Multilayers

7.1 Introduction

The growth of metallic layers on semiconductors is widely used and many ma-
terial combinations have been found where single crystal epitaxial layers can be
produced. The other way round, the growth of semiconductors on metals in an
epitaxial process, however, has proved to be a much more demanding task. Es-
pecially in cases where the growth of the metal on the semiconductor has been
studied in detail, e.g. Fe on GaAs, the growth of the semiconductor on the metal
has not been achieved yet. In most cases the crystal structure of the metal is
not compatible with the growth of the mostly zincblende semiconductor crystal
structure. Nevertheless, metal/semiconductor/metal multilayers would be most
interesting since in these cases epitaxial structures can be produced which offer
unique opportunities for the experimentalist, like epitaxial TMR stacks. There
exist some publications on the growth of e.g. Ge on Au [Oug00]. Nevertheless,
this material combination is very special since both metal and semiconductor are
elemental which reduce the problems typically occurring during growth like an-
tiphase domains. Furthermore, the growth process used in these experiments is
very complex and the growth of Au/Ge/Au multilayers has yet to be reported.

Since the crystal structure of the metal and the semiconductor are essentially
the critical parameters for the growth of metal/semiconductor/metal multilay-
ers, materials with a close relationship in their crystal structures are needed. The
half-Heusler structure with its 3-atomic basis in a fcc lattice is very closely re-
lated to the zincblende 2-atomic basis in the same lattice, therefore the growth of
zincblende semiconductor materials on top of a half-Heusler layer, in particular
NiMnSb, may be feasible. Experiments show that indeed the epitaxial growth of
zincblende semiconductors on NiMnSb and vice versa is possible. Due to the fact
that NiMnSb is not only a metal but a halfmetallic ferromagnet (HMF), many ex-
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Figure 7.1: RHEED image along the [110] direction of a 1ML thick ZnTe layer on
NiMnSb(001). In this direction the surface roughness is low and a clear specular
spot is visible.

citing experiments with these epitaxial HMF/SC/HMF structures can be made.

7.2 Growth of ZnTe on NiMnSb(001)

Several semiconductor materials have been tried to grow on NiMnSb, the obvious
choice is (In,Ga)As. However, since this material needs a growth temperature far
above the one of NiMnSb, the growth of (In,Ga)As on NiMnSb does not result in
an epitaxial layer. Semiconductor materials which grow at temperatures compat-
ible with NiMnSb are many II-VI semiconductors, like ZnSe or ZnTe. Growth ex-
periments of several II-VI semiconductors have been performed, as will be shown
later in section 7.6, but best results were achieved with the growth of ZnTe on
NiMnSb(001).

On the InP(001) substrate a (In,Ga)As buffer layer and a NiMnSb layer follow-
ing the growth process described in sections 4.3 and 4.4 are deposited. Following
the growth of the NiMnSb layer, the sample is immediately transferred to the
II-VI growth chamber to deposit the ZnTe layer. The growth temperature of the
ZnTe layers is set to a temperature between 280 and 300◦C, as measured using
a thermocouple in thermal contact with the molybdenum-block. This tempera-
ture measurement method is different to the method used in the NiMnSb growth
chamber, where the thermocouple is not in contact with the molybdenum-block.
Therefore, the real temperature of the substrate in the II-VI growth chamber is
usually higher than the temperature in the NiMnSb growth chamber with the
same reading.

Special care has to be taken to ensure that the NiMnSb surface is exposed to
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Figure 7.2: RHEED image along the [100] direction of a 1ML thick ZnTe layer
on NiMnSb(001). The streaky pattern and the clear specular spot shows the low
surface roughness.

a minimum amount of group VI elements like Se and Te. Especially if a large
amount of Se was evaporated in a growth process before inserting the NiMnSb
sample, surface reactions between the remaining Se and the NiMnSb surface can
occur. These reactions result in a pronounced surface roughening which can be
observed by RHEED. Successive growth of II-VI material on such a surface results
in a drastically reduced quality of the grown material. Also during the growth
start group VI contamination of the surface has to be prevented. For that, the
sample is exposed to a Zn beam for 40 s before opening the Te shutter. No change
in the RHEED pattern is observed during that process. Furthermore, a migration
enhanced epitaxy (MEE) growth start is applied. In this case the Te shutter is
opened for the time needed to grow exactly 1 ML of ZnTe and then shut again for
a few seconds. This method ensures that all Te-atoms impinging on the surface
react with a Zn atom already residing there. The MEE growth process is typically
used for the first 3 or 4 ML. This thickness is enough to prevent any reactions of
the Te-atoms with the NiMnSb surface. After the time needed for this thickness,
the normal MBE growth with open Zn and open Te shutters is used. During the
MEE growth the RHEED pattern changes to a unreconstructed (1x1) surface (Fig.
7.1 and 7.2).

Since this growth process has an excess of group II atoms, the typical (2x1)
reconstructed RHEED pattern characteristic of group VI-rich growth is not ob-
served until the standard MBE growth process is started. The surface roughness
during the MEE growth start is quite low, a clear specular spot and a streaky
RHEED pattern can be observed at all times. After the growth of ≈ 8 ML the sur-
face roughness is getting more pronounced (Fig. 7.3). This is most likely caused
by the start of the relaxation process in ZnTe. Note that the thickness at which this
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Figure 7.3: RHEED image along the [11̄0] direction of a 10 ML thick ZnTe layer on
NiMnSb(001). The spotty pattern indicates an increased surface roughness. No
signs of d/2 streaks are visible, which would be an indication of Te-rich growth.

roughening is starting is depending on the thickness of the underlying NiMnSb
layer. While for 2.5 nm thick NiMnSb the critical thickness is around 8 ML, for
10 nm thick NiMnSb layers this thickness is reduced to about 3 ML.

After some more ML, typically at a thickness of 10 to 12 ML, the typical (2x1)
reconstruction of group VI-rich ZnTe is observed.

The lattice constant of ZnTe is 3.9% larger than that of the pseudomorphic
NiMnSb. In the literature, the critical thickness of ZnTe on InP has been estimated
to be in the 3 nm [Dun91] to 11 nm [Tom96] range. Since both NiMnSb and ZnTe
exhibit compressive strain, a critical thickness at the lower end of this range can
be expected for epitaxial growth of ZnTe on NiMnSb.

To prevent relaxation, usually ZnTe layers with a thickness of less than 3 nm
have been grown for the tri-layer structures. Directly after the growth of the II-
VI layer, the sample is transferred back to the NiMnSb growth chamber and the
second NiMnSb layer is deposited. The thickness of this second Heusler-layer is
limited to values below 20 nm, due to the added strain of the first NiMnSb and
the ZnTe layer. The critical thickness of the second NiMnSb layer obviously is
also depending on the thicknesses of the first NiMnSb and the ZnTe layer. Also
for the second NiMnSb layer, a clear and streaky (2x1) reconstruction appears
after the growth of typically 2 ML and remains this way throughout the entire
growth.
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Figure 7.4: RHEED image along the [11̄0] direction of a 10 nm thick ZnTe layer
on NiMnSb(001). The d/2 streaks are clearly visible, an indication of the Te-rich
growth conditions for this layer. The spotty pattern indicates an increased surface
roughness, caused by the relaxation of the ZnTe layer which is above its critical
thickness at this point.

7.3 Structural Properties of NiMnSb/ZnTe/NiMnSb
Heterostructures

To check if the growth of ZnTe on NiMnSb is epitaxial and results in single crys-
talline layers, a special sample for HRXRD measurements was grown. To be able
to detect the layers in the diffraction experiments a minimum thickness of 40 nm
for pseudomorphic material, which exhibits a low ω-FWHM in these experi-
ments, is needed. This minimum thickness is above the critical thickness for ZnTe
on InP substrates. The relaxation of the ZnTe layer will also affect the NiMnSb
layer, therefore thicker layers which compensate for the increased ω-FWHM in
relaxed layers are needed. For this reason, the sample consists of 500 nm ZnTe on
top of a 200 nm thick NiMnSb layer. Since already the NiMnSb is relaxing during
the growth, it is expected that the mosaicity of both layers is quite high. Fig. 7.5
shows the reciprocal space map of the (115) reflection of this sample.

As expected, the thick NiMnSb and ZnTe layers are totally relaxed, while the
(In,Ga)As buffer layer is totally strained. This also influences the mosaicity of
the layers, both relaxed layers have an increased FWHM in the ω-direction, thus
exhibiting a large mosaicity. Nevertheless, the whole layer stack is single crys-
talline.

Diffraction experiments on totally strained NiMnSb/ZnTe/NiMnSb multi-
layer structures are not possible since layers of the required thicknesses would
create a signal too weak to be detected in the diffraction experiment. Therefore
x-ray reflectivity (XRR) measurements have been performed on a typical tri-layer
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Figure 7.5: HRXRD reciprocal space map of the (115) reflection of a sample con-
sisting of InP substrate, 150 nm (In,Ga)As buffer layer, 200 nm NiMnSb and
500 nm ZnTe. The (In,Ga)As layer is pseudomorphic, identifiable by the l-value
of 1 for its peak (indicated by the vertical line at l=1). Both NiMnSb and ZnTe are
totally relaxed. Their peaks lie on a straight line along the θ − 2θ-direction. The
mosaicity of the NiMnSb and ZnTe layers is high, as can be seen by the increased
FWHM of their peaks in the ω-direction.

structure at the BW2 beamline of the Hamburger Synchrotron radiation facility by
A. Stahl and C. Kumpf of the group of E. Umbach at Würzburg. This technique
has the advantage that the x-rays do not have to be diffracted in the different ma-
terials, hence there is no minimum thickness of the layers. On the other hand,
XRR experiments are not sensitive on the crystal structure. They can only investi-
gate interface roughness, thickness and homogeneity of the layers. The design of
a typical NiMnSb/ZnTe/NiMnSb multilayer structure which was examined by
XRR is shown in Fig. 7.6. Fig. 7.7 shows the measured data together with our
best fit obtained using the FEWLAY-code [Sti]. The fit reproduces all important
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Figure 7.6: Sample design of the NiMnSb/ZnTe/NiMnSb multilayer structure
investigated by XRR. The metallic layers on top of the upper NiMnSb layer have
been deposited in order to prevent oxidation of the ferromagnets.

features of the experimental data. The obtained fitting parameters are listed in
Table 7.1. Layer thicknesses of 10.2 nm, 1.7 nm and 2.6 nm for the upper NiMnSb,
the ZnTe and the lower NiMnSb layer, respectively are obtained for this sample.
The thickness of the In0.53Ga0.47As buffer-layer is determined to 168 nm. This ac-
tual sample has been covered with protective capping layers, whose thicknesses
are also measured in the experiment (10 nm Ti and 30 nm Au), to prevent oxida-
tion during transport to the synchrotron,. All RMS-roughnesses as obtained from
the fit are small, indicating excellent quality of the epitaxial layers. The largest
interface roughness of the NiMnSb and ZnTe layers is 0.6 nm between the ZnTe
and the upper NiMnSb layer.

7.4 Magnetic Properties of NiMnSb/ZnTe/NiMnSb
Heterostructures

One of the goals for NiMnSb/ZnTe/NiMnSb multilayers is their usage for TMR
experiments. Therefore, the two ferromagnetic layers have to switch their mag-
netization at different magnetic fields. As described in section 6.3, NiMnSb(001)
shows a strong dependence of its coercive field on the layer thickness. Here, we
utilize this observation to induce separate switching of the two magnetic layers
in a TMR stack, simply by using two different thicknesses of NiMnSb. In Fig. 7.8
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Figure 7.7: Measured XRR data and corresponding best fit. The fit parameters are
listed in Table 7.1.

the sample design of a typical structure used for double switching experiments
is shown. Fig. 7.9 shows a SQUID measurement of a NiMnSb/ZnTe/NiMnSb
structure taken at room temperature, where the upper NiMnSb layer is 4 times
thicker than the lower layer (10 nm and 2.5 nm, respectively), while the ZnTe
layer is 1.2 nm thick and fully strained. The hysteresis curve clearly shows that
the two layers do switch independently, with the thin layer switching at a lower
magnetic field than the upper thicker layer. The switching fields differ from those
observed by us previously (see section 6.3), pointing at the presence of some mag-
netic coupling between the two NiMnSb layers. This coupling may also explain
the fact that double switching cannot be detected along the easy axis of the two
NiMnSb layers, the [11̄0] direction. The origin of this coupling is currently still
under investigation.

7.5 Exchange Bias in NiMnSb/ZnTe/NiMnSb/NiMn
Heterostructures

An alternative method to obtain double switching in NiMnSb/ZnTe/NiMnSb
multilayers is exchange biasing the top NiMnSb layer with an antiferromagnet.
In section 6.4 the exchange biasing of a single NiMnSb layer by a NiMn anti-
ferromagnet has been shown. Therefore it is straight forward to incorporate an
additional NiMn layer into the TMR stack. Both NiMnSb layers can now have
the same thickness, there is no need to have different coercive fields any more. To
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Figure 7.8: Sample design of a tri-layer structure used for double switching ex-
periments. Note the different thicknesses of the two NiMnSb layers which result
in different coercive fields of these layers.

Figure 7.9: SQUID measurement of a sample consisting of a
NiMnSb/ZnTe/NiMnSb structure taken at room temperature with the magnetic
field aligned along [100]. Thicknesses of the 3 layers are 2.5, 1.2, and 10 nm,
respectively.
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Table 7.1: Fitting parameters for the x-ray reflectivity data shown in Fig. 7.6. The
Au- and Ti capping layers are deposited in order to protect the sample during
transport in air. Thickness and roughness at the interface between the listed and
subsequent layer is listed in nm, electron density in 1024 cm−3. Densities missing
in the table were fixed to their value calculated from the bulk structure. Errors
were estimated from parameter variations during the fitting procedure.

layer thickness roughness electron- density
fitted calc.

Au-cap 30.4(1) 0.62(4) 4.31(5) 4.662
Ti-cap 9.99(5) 0.81(4) 1.25(1) 1.247

NiMnSb 10.24(8) 0.6(1) 1.97(8) 2.022
ZnTe 1.67(5) 0.62(8) 1.44(1) 1.443

NiMnSb 2.58(5) 0.19(2) 2.02(1) 2.022
In0.53Ga0.47As 168.0(1) 0.22(2) – 1.400

substrate – 0.13(4) – 1.275

test this design, a sample consisting of two NiMnSb layers of identical thickness
(5 nm) separated by 1.2 nm ZnTe has been grown. On top of the upper NiMnSb
layer a 5 nm thick NiMn film has been deposited. Fig. 7.10 shows the sample
design for this experiment. Due to the same coercive field of the two NiMnSb
layers double switching can only be observed if the upper ferromagnet is pinned
by the NiMn antiferromagnet.

Fig. 7.11 shows a SQUID measurement at 4 K of this sample. The hysteresis
loop clearly shows the separate switching of the two layers at high fields, caused
by the pinning of the upper NiMnSb layer. That the double switching is absent in
the low (down-)field part of the loop points to the presence of residual magnetic
coupling across the very thin barrier, as already mentioned in section 7.4.

7.6 Alternative Semiconductors

ZnTe has the disadvantage that only very thin pseudomorphic layers are possible
on totally strained NiMnSb. Ternary semiconductors like (Zn,Cd)Se or (Zn,Be)Te
offer the possibility to adjust the lattice constant of the semiconductor. If the
composition is chosen correctly, the ternary semiconductor can be grown lattice
matched on NiMnSb. Thus the thickness of both the semiconductor and the sec-
ond NiMnSb are not subject to that narrow restrictions any more. Additionally,
the composition of the ternary compound can be chosen in a way that the semi-
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Figure 7.10: Sample design of a TMR stack which utilizes exchange biasing of the
top ferromagnetic layer. Note that the two ferromagnetic layers have the same
thickness, thus double switching can only occur if the upper NiMnSb layer is
pinned by the antiferromagnetic NiMn.

conductor exhibits tensile strain. Thus, the compressive strain of the first NiMnSb
layer can be compensated by the ternary semiconductor.

Attempts have been made to grow the ternary compounds (Zn,Be)Te and
(Zn,Cd)Se. Although growth of the binary material ZnTe is possible on NiMnSb
as has been shown in the previous sections, attempts to achieve lattice matched
growth of (Zn,Be)Te on NiMnSb have not been successful so far. This may be
partly due to the reason that the optimal growth temperature of Be-containing
Tellurides has to be in the range of 350◦C [Tou99], a temperature which would al-
ready cause damage in the InP substrate and the NiMnSb surface. Lower growth
temperatures result in rough surfaces during growth of (Zn,Be)Te. Furthermore,
the size of a Be atom is very small compared to Te or the elements of NiMnSb. Dif-
fusion of Be onto the NiMnSb surface is therefore very likely. Experiments with
Be atoms impinging directly on a NiMnSb surface have shown the formation of a
rough surface which results in polycrystalline growth thereafter. To prevent the
diffusion of Be onto the NiMnSb surface attempts to grow ZnTe/BeTe superlat-
tices have been made. The resulting surface quality was quite poor, probably due
to the too low growth temperature or the insufficient prevention of Be diffusion
onto the NiMnSb surface.

The growth of (Zn,Cd)Se shows similar problems. From the three materials,
reactions of both Cd and Se with the NiMnSb form defect centers at the surface.
Additionally, even the growth of binary Se containing semiconductors has been
unsuccessful due to the formation of defects at the surface.

A third material combination, Zn(Se,Te), has the potential to grow lattice
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Figure 7.11: SQUID measurement of a sample consisting of a
NiMnSb/ZnTe/NiMnSb/NiMn structure taken at 4K with the magnetic
field aligned along [11̄0]. Thicknesses of the 4 layers are 5, 1.2, 5 and 5 nm,
respectively.

matched on NiMnSb. This material is studied intensely at the moment. First
results for the growth on NiMnSb are promising.



Chapter 8

Growth of NiMnSb on (111) Oriented
Materials

8.1 Introduction

Zincblende crystals, or in general, crystals with a fcc lattice and a basis consisting
of more than one element, have several possible terminations of the (111) surface.
Due to the inversion asymmetry of the zincblende crystal through a plane paral-
lel to the (111) surface, different atom configurations at the surface are possible.
There are in principal two types of (111) surfaces, the (111)A and the (111)B sur-
face. Multiplied by the number of elements inside the zincblende crystal, which
could terminate the crystal, the total number of surface terminations are four.

Figs. 8.1 to 8.4 show the four surface orientations. Note that the two principal
surface orientations, the (111)A and (111)B can be transformed into each other by
exchanging the elements. The cleaving edges are along the (11̄0), (101̄) and (011̄)
planes. These planes are symmetrically identical, an asymmetry between the dif-
ferent cleaving edges as for zincblende crystals with a (001) surface orientation
does not exist. The three cleaving edges enclose an angle of 60◦. The cleaved
pieces therefore have the shape of an equilateral triangle. The symmetry of the
cleaving edges will also have its consequences on the RHEED patterns. Differ-
ent reconstructions along different cleaving edges, an observation which is very
common for the (001) oriented crystals (see section 4.4), cannot be expected.

MBE growth on (111) oriented substrates faces additional problems compared
to the growth on (001) terminated samples. The number of free bonds on top of
a (001) orientation is always two, independent of the terminating element. As
shown in Figs. 8.1 to 8.4, for the (111) orientation the dangling bonds are one for
the first element and three for the second. An atom impinging on the surface has
a greater sticking coefficient if its potential bonding partners have three dangling
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Figure 8.1: Schematic of an InP crystal with a (111)A surface orientation, termi-
nated by In atoms. In atoms are blue, P atoms red and the atoms of the first layer
of a different material grown on top of this InP (111)A crystal is green. In this
case the surface is terminated with In atoms, which have one remaining bond to
attach to the next layer (green). For clarity, the cubic unit cell of the InP crystal is
marked with thin borders.

bonds than if they only have one. For example in the case of InP growth on an
InP(111)B surface, the sticking probability of P is enhanced, since all In atoms at
the surface have three free bonds to attach to the arriving P. Incoming In atoms
at the other hand face only one dangling bond from the P atoms at the surface,
thus resulting in a reduced sticking probability. In the case of (111)A surfaces, the
reduced sticking probability exists for P and the enhanced one for In.

Furthermore, the 60◦ rotational symmetry can cause a defect type unknown
for the growth on (001) surfaces: The fundamental difference between the
wurtzite crystal structure and the zincblende structure is merely a 60◦ rotation
along its [0001] or [111] direction respectively. Therefore zincblende crystals can
accommodate wurtzite growth easily. A stacking fault during zincblende (111)
growth can be described as the insertion of one ML of wurtzite structure in be-
tween a two layers of zincblende rotated by 60◦ along the (111) direction. This
type of stacking fault therefore results in a rotation twin defect. Fig. 8.5 shows a
schematic of a rotation twin defect. A different problem occurs from the relatively
inert (111) surface. Since on a flat (111) surface the probability that an impinging
atom is sticking to the surface is low, atoms are likely to attach to existing steps
on the surface. On a totally flat (111) surface these steps are formed by an atom
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Figure 8.2: Schematic of an InP crystal with a (111)A surface orientation, termi-
nated by P atoms. In atoms are blue, P atoms red and the atoms of the first layer
of a different material grown on top of this InP (111)A crystal is green. In this
case the surface is terminated with P atoms, which have three remaining bonds
to attach to the next layer (green). For clarity, the cubic unit cell of the InP crystal
is marked with thin borders.

incorporated at an arbitrary place next to this atom at the surface. Additional
atoms are preferably attaching to this atom. In this way other surface planes than
the (111) plane are formed which may have a higher sticking probability for the
arriving atoms. The growth therefore proceeds in the direction of the planes with
the highest sticking probability and thus the highest growth speed. This results
in pyramid like facets which add to the surface roughness.

A countermeasure against the formation of rotation twin defects and pyra-
mid like facets at the surface is the usage of substrates with a surface that is not
straight (111) oriented, but a few degrees off. By this offset steps at the surface in
the direction of the miscut are created, which act as nucleation centers. The atoms
are attaching to the step, causing the step to grow in the direction of the miscut,
forming the so called “step flow” growth mode. In the real world the above men-
tioned defects and facets cannot be entirely prevented by using vicinal surfaces,
but their density can be reduced drastically.

For the growth studies in the following chapters only vicinal substrates with
a miscut of 1 to 2◦ along (11̄0) or (112̄) have been used.
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Figure 8.3: Schematic of an InP crystal with a (111)B surface orientation, termi-
nated by P atoms. In atoms are blue, P atoms red and the atoms of the first layer
of a different material grown on top of this InP (111)B crystal is green. In this
case the surface is terminated with P atoms, which have one remaining bonds to
attach to the next layer (green). For clarity, the cubic unit cell of the InP crystal is
marked with thin borders.

8.2 Growth on InP(111)A

In this section the growth of (In,Ga)As and NiMnSb on InP (111)A (Figs. 8.1 and
8.2) are described. In this surface configuration, a P terminated InP surface has
three dangling bonds and an In terminated surface has one dangling bond to
receive the impinging atoms.

8.2.1 Growth of (In,Ga)As on InP(111)A

As mentioned in section 4.3, the oxide layer on top of epi-ready InP substrates
has a crystalline ordering which can be picked up using RHEED measurements.
In the case of (111)A substrates, a (1x1) pattern can be observed at room temper-
ature. During the heating of the substrate, the (1x1) pattern changes to a (2x2)
reconstruction at ≈490◦C. Unfortunately, the RHEED reconstruction of the P ter-
minated InP surface is also a (2x2) reconstruction. The most prominent differ-
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Figure 8.4: Schematic of an InP crystal with a (111)B surface orientation, termi-
nated by In atoms. In atoms are blue, P atoms red and the atoms of the first layer
of a different material grown on top of this InP (111)B crystal is green. In this
case the surface is terminated with In atoms, which have three remaining bonds
to attach to the next layer (green). For clarity, the cubic unit cell of the InP crystal
is marked with thin borders.

ence is the appearance of the specular spot. Since the difference between the two
(2x2) reconstructions is only marginal, a sudden change in the RHEED pattern
to calibrate the substrate temperature during growth, as for the growth on (001)
oriented InP substrates, is not possible. The composition of the (In,Ga)As buffer
layer critically depends on the exact substrate temperature, therefore the ratio of
In to Ga tends to change from growth to growth. To achieve a minimum surface
roughness, the density of pyramid like facets has to be reduced as much as pos-
sible. These facets are mainly caused by atoms, which are incorporated at the
surface far from the steps induced by the miscut. Therefore increasing the migra-
tion length of the atoms at the surface reduces the incorporation of atoms away
from the steps and thus decreases the density of facets. The migration length in
an MBE process depends on several factors, the most dominant is the substrate
temperature. The higher the substrate temperature, the longer the path of the
atoms on the surface until they are incorporated into the crystal. In the case of
(In,Ga)As growth, however, the maximum growth temperature is limited by the
sticking probability of In, which decreases drastically for substrate temperatures
above 530◦C. The optimal growth temperature is therefore close to this value. An-
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Figure 8.5: Schematic of a rotation twin defect. The ML wurtzite is marked with
green and violet atoms. Note that the zincblende crystal above the wurtzite ML
is rotated 60◦ against the zincblende crystal below the wurtzite layer.

other factor influencing the migration length is the III/V ratio. A group III atom
moving around at the surface has a very high probability to stick to its place if it
reacts with an incoming As atom. Therefore the lesser the As content at the sur-
face, the larger the migration length of the Ga atoms. In the (111)A case the Ga
at the surface has only one dangling bond to capture the As, therefore the stick-
ing coefficient of As is very low. Since the growth of (In,Ga)As takes place above
the segregation temperature of InP (see section 4.3), a too low As flux leads to In
droplets and thus to oval defects which drastically increase the surface roughness
of the sample.

Growth of the (In,Ga)As layer has been performed in the following way: To
desorb the oxide layer from the InP surface, the sample is heated to the desorp-
tion temperature of 540◦C. To achieve a low temperature gradient at the surface,
temperature is increased with a rate of 20K/min. Above the InP segregation tem-
perature of 350◦C the As valve and shutter are opened. Since the exact desorption
temperature is not clearly identifiable, the temperature is ramped up to 540◦C and
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Figure 8.6: RHEED pattern of an (In,Ga)As layer on an InP (111)A surface dur-
ing growth at 530◦C along [11̄0](left) and [112̄] right. The d/2 streaks are very
clear along [11̄0], as is the sharp specular spot indicating pseudomorphic growth.
Along [112̄] the d/2 streaks are not as clear as in the [11̄0] direction but still identi-
fiable. The surface roughness indicated by the modulated main streaks is caused
by the miscut of the substrate in exactly this direction.

left there for one minute until cooling down to the growth temperature of 530◦C.
To reduce the temperature gradient on the surface, the sample is left for 30 s at
the growth temperature before initiating the growth by simultaneously opening
the In and Ga shutter. As mentioned above, the clean InP shows a (2x2) RHEED
reconstruction. After the growth start, no change of this pattern can be observed.

However, if the In/Ga ratio is off so that the lattice mismatch of the (In,Ga)As
to InP causes the buffer layer to relax during growth, this relaxation is indicated
by the disappearance of the specular spot. Fig. 8.6 shows the surface reconstruc-
tions obtained by RHEED along the [11̄0] and the [112̄] axis at the beginning of
the (In,Ga)As growth. The d/2 streaks are visible in both directions. If the growth
is interrupted by closing the As shutter, metal droplets probably consisting of In
are forming on the surface, causing a pronounced surface roughening which can
be detected by RHEED. A growth interruption by closing the In and Ga shutters
has no effect at all on the surface reconstruction, the growth can continue after
the interruption without change. After the growth the sample is cooled down
to 200◦C for transfer into the NiMnSb growth chamber. Above 350◦C the cooling
process takes place under As flux. The (2x2) reconstruction in both directions gets
more pronounced during this process (Fig. 8.7).

The optimum III/V ratio was determined by growing a set of samples with
different III/V ratios and measuring the surface roughness of each layer. The
three samples are grown with a III/V ratio of 0.07, 0.05 and 0.03. Nomarski mi-
croscopy images show the extend of pyramid like facets and oval defects on the
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Figure 8.7: RHEED pattern of an (In,Ga)As layer on an InP (111)A surface after
growth at 250◦C along [11̄0](left) and [112̄] right. The d/2 streaks are very clear
in both directions. The streaky pattern indicates a flat surface, the sharp and clear
specular spot a pseudomorphic (In,Ga)As layer.

surface.
Fig. 8.8 shows an image obtained by Nomarski microscopy of the sample

grown with the III/V ratio of 0.07. Large and high pyramids are visible on the sur-
face which are probably caused by overgrowth of In droplets at the surface. The
As flux was therefore not high enough to suppress the formation of In droplets at
the surface. Furthermore, small pyramid like facets on this surface show that the
growth mechanism on this surface is still not optimal. In Fig. 8.9 the image of the
(In,Ga)As surface grown with a III/V ratio of 0.03 is shown. Large pyramids indi-
cating In droplets at the InP/(In,Ga)As interface do not exist. Nevertheless, small
pyramid like defects can still be found on the surface. This III/V ratio is therefore
low enough to suppress the formation of In droplets during desorption of the
oxide layer. However, this sample series did not reveal the optimum growth con-
ditions for smooth surfaces of (In,Ga)As on InP(111)A. Even for the samples with
the largest III/V ratio the formation of pyramid like facets was not prevented en-
tirely. This ratio is even high enough to allow for the formation of In droplets
during the degassing process. Therefore, more experiments are needed to obtain
an optimum surface quality. Especially the role of the degassing temperature and
the As flux during the degassing process are important to investigate.

8.2.2 Growth of NiMnSb on InP(111)A

For the growth of the NiMnSb layer the same principle was used as for the
growth on (001) oriented materials (see section 4). Directly after the growth of the
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Figure 8.8: Image of an (In,Ga)As buffer on InP(111)A grown with a III/V ratio of
0.07, as obtained by Nomarski microscopy. The surface roughness is dominated
by large pyramids, probably caused by overgrowth of In droplets. Additionally,
small pyramids are in between the large ones, indicating that the formation of
pyramid like facets was not entirely suppressed.

(In,Ga)As buffer the sample was transferred under UHV into the NiMnSb growth
chamber. The sample was then heated to the growth temperature of 250◦C. As
mentioned earlier, to let the fluxes of the three materials stabilize the shutters of
their cells were opened three minutes before starting the growth by opening the
main shutter. The flux ratios were set to the optimum values determined for the
growth on InP(001), Sb/Ni to 10.0 and Mn/Ni to 3.0. The growth starts with an
unreconstructed surface but after ≈ 60 seconds which corresponds to a thickness
of 4 ML, the surface reconstruction changes into a reconstructed pattern. Along
[11̄0] a (2x2) reconstruction can be observed (Fig.8.10) while along [112̄] a (6x6)
reconstructed pattern is visible.

During growth the surface reconstruction changes one more time, after the
growth of typically 10 nm. At this point the specular spot gets more diffuse, the
(2x2) reconstruction changes to a unreconstructed pattern (Fig. 8.11) and the (6x6)
reconstruction is reduced to a (3x3) reconstruction. Especially the disappearance
of the specular spot indicates that a relaxation process takes place at this stage of
the growth. The surface roughness of the NiMnSb layers is mainly influenced by
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Figure 8.9: Image of an (In,Ga)As buffer on InP(111)A grown with a III/V ratio of
0.03, as obtained by Nomarski microscopy. The high pyramids observed for the
samples with higher III/V ratio are missing in this sample. However, the surface
still shows a surface roughness caused by small pyramid like facets.

the (In,Ga)As buffer underneath. From Nomarski microscopy no increase of the
surface roughness in comparison with the (In,Ga)As buffer can be observed.

8.3 Growth on InP(111)B

In this section the growth of (In,Ga)As and NiMnSb on InP (111)B is described.
In this surface configuration a P terminated InP surface has one and an In termi-
nated surface three dangling bonds to attach to the arriving atoms.

8.3.1 Growth of (In,Ga)As on InP(111)B

As for the other surface configurations described above, the epi-ready InP(111)B
surface also has an oxide layer on top which shows signs of crystalline ordering.
To evaporate this oxide layer from the InP substrate, the sample is heated with
an increase of 20K/min to a temperature of 540◦C and left there for one minute.
Above a temperature of 350◦C an As flux of is applied to prevent the segregation
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Figure 8.10: RHEED pattern of a NiMnSb surface on InP (111)A during growth at
250◦C along [11̄0](left) and [112̄](right). Along [11̄0] weak d/2 streaks are visible
whereas along [112̄] a 6-fold reconstruction is apparent. In this direction the d/2
and their direct neighbors are quite strong. The streaks next to the main streaks,
however, are very weak and only visible at optimum conditions. The positions of
the streaks are marked for clarity.

Figure 8.11: RHEED pattern of a NiMnSb surface on InP (111)A during growth
at 250◦C along [11̄0](left) and [112̄](right) after 120 nm. Whereas along [11̄0] no
second order streaks are visible, along [112̄] the d/3 streaks are clear and easily
identifiable. No d/2 streaks can be recognized in contrast to the pattern obtained
for thin NiMnSb layers.
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Figure 8.12: RHEED pattern of the epi-ready oxide layer on top of InP(111)B
along [11̄0](left) and [112̄](right) at 400◦C. In no direction a reconstruction can
be observed.

of InP which would result in In droplets at the surface as already discussed in
section 4.1. The RHEED pattern of the oxide layer shows no reconstruction up to
490◦C (Fig. 8.12). From this temperature to 510◦C a (2x2) reconstruction appears
(Fig. 8.13), which is then changed into an unreconstructed surface again. During
desorption of the oxide layer no change of the RHEED pattern can be observed.
As already mentioned for the growth on InP(111)A, calibration of the substrate
temperature by observing the desorption point by RHEED is not possible. There-
fore the good control over the substrate temperature which is needed for exact
adjustment of the In/Ga ratio in the buffer layer is not achieved. Thus variations
of the In/Ga ratio and therefore the lattice constant of this layer are expected from
growth to growth on InP(111)B. After the desorption process the sample is cooled
down to the growth temperature of 530◦C, where it was left for 30 s to achieve a
low temperature gradient at the substrate surface. Growth is initiated by simul-
taneous opening of the In and Ga shutters. No change of the RHEED pattern can
be observed during the growth start. Also the (In,Ga)As layer shows an unrecon-
structed surface during growth (Fig. 8.14). If the growth is interrupted by closing
the In and Ga shutters, no change of the RHEED reconstruction can be observed.
After the interruption the continued growth shows no change compared to the
growth before the interruption. If the growth is interrupted by shutting off the
As flux, however, an immediate roughening of the surface is observed, which is
probably caused by the formation of In droplets at the surface.

After the growth, the sample is cooled down to 200◦C for transfer into the
NiMnSb chamber. Above a temperature of 350◦C the cooling process is done
under As-flux. The RHEED pattern changes below 490◦C to a (2x2) pattern along
[11̄0] combined with a (4x4) pattern along [112̄] (Fig. 8.15). This reconstruction
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Figure 8.13: RHEED pattern of the epi-ready oxide layer on top of InP(111)B along
[11̄0](left) and [112̄](right) at 500◦C. In both direction weak d/2 streaks can be
observed.

does not change during the rest of the cooling process.
As mentioned earlier, the surface roughness of the (In,Ga)As layer is essen-

tially influenced by the III/V ratio and the substrate temperature. For long mi-
gration lengths of the In and Ga atoms at the surface, a high substrate tempera-
ture and a high III/V ratio are necessary. Since the In sticking coefficient drops
quickly below 1 for temperatures above 530◦C, this limit is used as the growth
temperature. To obtain the optimum III/V ratio, a set of samples with varying
III/V ratios were grown. The ratios used varied from 0.03 to 0.12.

Figs. 8.16 and 8.17 show the Nomarski microscopy images of the samples
grown with a III/V ratio of 0.03 and 0.12, respectively. Whereas for the lower
ratio a very high density of pyramid like facets is evident, the density is slightly
reduced for the larger III/V ratio. The increased migration length of the In and
Ga atoms on the surface by the reduced As amount therefore leads to less defects
during growth. Nevertheless, the surface quality is still far from being optimal.
Since formation of In droplets during desorption plays an important role for the
growth of (In,Ga)As, the III/V ratio during desorption was also varied. For the
samples mentioned above, the same III/V ratio during desorption and growth
was used. Fig. 8.18 shows a Nomarski microscopy image of a sample grown with
a III/V flux ratio of 0.03 during desorption to prevent the formation of In droplets
and a ratio of 0.12 during growth of the (In,Ga)As to increase the migration length
of the In and Ga atoms. As can be seen clearly, the density of pyramid like defects
is drastically reduced in comparison to the samples described above.

Experiments trying to evaluate the role of the growth and desorption temper-
ature on the surface roughness were also performed. However, the difference
of the surface roughness between two samples grown under nominally identical
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Figure 8.14: RHEED pattern of a 15 nm thick (In,Ga)As on InP(111)B during
growth at 530◦C. The left picture shows the pattern along [11̄0], the right along
[112̄]. In no direction a reconstruction can be observed. The specular spot is
sharp, indicating a low surface roughness.

Figure 8.15: RHEED pattern of a 200 nm thick (In,Ga)As layer on InP(111)B at
250◦C. Along [11̄0] (left) clear d/2 streaks are visible, along [112̄] (right) the d/4
streaks are quite hard to identify. The specular spot is sharp and clear in both
directions, indicating a low surface roughness of this layer.
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Figure 8.16: Nomarski microscopy image of an (In,Ga)As layer on InP(111)B
grown with a III/V ratio of 0.03. A very high surface roughness is evident, the
density of the pyramid like facets is that high that they already overlap.

Figure 8.17: Nomarski microscopy image of an (In,Ga)As layer on InP(111)B
grown with a III/V ratio of 0.12. The surface roughness caused by pyramid like
defects is still visible, but the density of the facets is reduced as compared to Fig.
8.16.
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Figure 8.18: Nomarski microscopy image of an (In,Ga)As layer on InP(111)B
grown with a III/V ratio of 0.12. Here the III/V flux ratio during degassing was
set to 0.03. This sample still shows some pyramid like defects, nevertheless the
density is highly reduced in comparison to the images seen above.

conditions is comparable to the difference between two samples with different
substrate or desorption temperature. This indicates that a very good control over
the substrate temperature is needed, which is not provided by only measuring
the thermocouple temperature at the backside of the molybdenum-block. Cal-
ibration of the substrate temperature during growth by observation of the des-
orption point by RHEED as used for the growth on InP(001) is not possible for
the growth on InP(111)B. Therefore, without reliable additional substrate temper-
ature measurement techniques the optimization of the substrate and desorption
temperature will be a very demanding task.

In comparison to the growth of (In,Ga)As on InP(111)A, the needed III/V ratio
for optimal growth conditions is very much reduced. This can be explained by
the increased As sticking probability on the (111)B surface due to the increased
number of dangling bonds of the terminating In and Ga atoms.

8.3.2 Growth of NiMnSb on InP(111)B

The NiMnSb growth on InP(111)B substrates follows the same principles as de-
scribed in section 8.2.2. Directly after the growth of the (In,Ga)As buffer, the
sample is transferred into the NiMnSb chamber and heated to the growth tem-
perature of 250◦C as measured by the thermocouple behind the molybdenum-
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Figure 8.19: RHEED pattern of a 10 nm thick NiMnSb layer on
(In,Ga)As/InP(111)B along [11̄0](left) and [112̄](right). The reconstruction
shows a flat surface indicated by long main streaks with no sign of transmission
RHEED. In both directions the second order streaks are easily to identify.
Whereas the d/3 streaks along [112̄] are quite strong, the d/2 streaks along the
same direction are weaker. The streaks directly next to the main streaks are not
visible.

block. As described earlier, to have stable fluxes from the three material cells,
the shutters of these cells are opened three minutes in advance before initiating
the growth by opening the main shutter. The flux ratios are set to the optimum
values determined for the growth on (001) oriented substrates, Sb/Ni to 10.0 and
Mn/Ni to 3.0. Directly after the growth start an unreconstructed RHEED pat-
tern is observed which changes after a growth of 4 nm into a (2x2) reconstructed
pattern along [11̄0] and a (6x6) reconstruction along [112̄] (Fig. 8.19).

The specular spot is sharp and clear up to a thickness of 8 nm, then the spot
gets more diffuse and an increased surface roughening is observed. This is prob-
ably caused by the beginning of the relaxation process. After 20 nm the (2x2)
and (6x6) reconstructed surface changes into a (3x3) reconstruction along [112̄].
This is the same behavior as observed for the growth of NiMnSb on InP(111)A.
This reconstruction does not change for the rest of the growth, as tested for lay-
ers up to a thickness of 200 nm. An increased surface roughening as compared
to the (In,Ga)As buffer layer cannot be observed, the same behavior as already
observed for the growth of NiMnSb on InP(111)A.
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8.4 Structural Properties

8.4.1 Structural Properties of NiMnSb(111)A

As already mentioned in section 8.2.2 indications of relaxation during the growth
of NiMnSb on InP(111)A are observed by RHEED measurements. HRXRD exper-
iments confirm this observation.

Figure 8.20: HRXRD θ − 2θ-scan of the (222) reflection of a sample consisting of
NiMnSb/(In,Ga)As/InP(111)A. The thicknesses of NiMnSb and (In,Ga)As layers
are 40 nm and 162 nm, respectively. The (In,Ga)As layer is very good lattice
matched to the InP substrate, their peaks cannot be distinguished. Thickness
fringes of the (In,Ga)As layer can be easily identified, but not of the NiMnSb
layer. This indicates that the NiMnSb layer is at least partly relaxed, whereas the
(In,Ga)As layer is totally strained.

Fig. 8.20 shows a HRXRD θ− 2θ-scan of the (222) reflection of a sample with a
40 nm NiMnSb layer on top of a 162 nm (In,Ga)As buffer. Thickness fringes with
the spacing corresponding to a thickness of ≈ 160 nm indicate that the (In,Ga)As
buffer layer is totally strained and shows no relaxation. Thickness fringes which
would correspond to the NiMnSb layer, on the other hand, can not be identi-
fied. One might argue that the intensity expected from such fringes would be
very low, so that thickness fringes of the NiMnSb layer would be very hard to
measure. Therefore the absence of thickness fringes for the NiMnSb layer is not
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sufficient to identify relaxation in this layer. Here the ω-FWHM of the three dif-
ferent materials give more insight on this subject. Whereas the ω-FWHM of the
(222) reflection of the substrate is in the range of 10 to 15 arcsec, the ω-FWHM of
the NiMnSb is at least an order of magnitude higher. The FWHM of the (In,Ga)As
layer cannot be determined due to the close lattice matching to InP. This shows
an increased mosaicity in the NiMnSb layer, pointing to the fact that indeed relax-
ation occurred during the growth of this layer. To be absolutely certain, a recipro-
cal space map of an asymmetric reflection would have to be measured. Since the
alignment of an asymmetric reflection of a miscut substrate in the diffractometer
is a very daunting task, measurements of reciprocal space maps on (111) oriented
substrates were not successful so far.

8.4.2 Structural Properties of NiMnSb(111)B

For the samples grown on (111)B oriented substrates the same principles as for
the samples on (111)A oriented substrates apply. Also in this case RHEED ob-
servations indicate relaxation occurring during the growth of the NiMnSb layer.
HRXRD measurements of the (222) reflection of a 40 nm thick NiMnSb layer
on top of a 160 nm thick (In,Ga)As buffer confirm this observation (Fig. 8.21).
Whereas the (In,Ga)As layer shows thickness fringes indicating that this layer is
totally strained, the fringes are missing for the NiMnSb. Together with the fact,
that the ω-FWHM of the NiMnSb is drastically larger than the one of the InP
substrate, this is a strong sign that the NiMnSb layer is at least partly relaxed,
whereas the (In,Ga)As layer is totally strained.

The growth of NiMnSb on InP(111) substrates also provides the opportunity
to check for binary inclusions of for example NiSb or MnSb inside the NiMnSb
layer. The binary compounds of this type typically crystallize in a hexagonal
crystal structure with their [0001] axis along the [111] axis of NiMnSb [Roy02].
Therefore an XRD scan of a symmetric reflection is able to pick up signals caused
by these inclusions. The lattice constants of MnSb are a=4.13 Å and c=5.79 Å.
The constants of NiSb are a=3.93 Å and c=5.13 Å. To test the basic experiment
principle, a sample with intentionally off-stoichiometric composition was grown.
The Sb content is increased by 25% in comparison to the stoichiometric samples.

Fig. 8.22 shows the θ − 2θ-scan ranging from the (111) to the (222) InP reflec-
tion of a sample with ≈200 nm thick off-stoichiometric NiMnSb. Apart from the
expected InP and NiMnSb signals an additional signal, which can be attributed
to MnSb inclusions, is visible. The same measurement performed on a sample
with stoichiometric NiMnSb did not show the MnSb signal, indicating that these
inclusions are absent in our stoichiometric samples (Fig. 8.23).
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Figure 8.21: HRXRD θ − 2θ-scan of the (222) reflection of a sample consist-
ing of NiMnSb/(In,Ga)As/InP(111)B. The thickness of NiMnSb is 40 nm, of the
(In,Ga)As layer 170 nm. The (In,Ga)As layer shows close lattice matching to the
InP substrate, the peak of the (In,Ga)As layer lies almost in the one of the InP
substrate. Thickness fringes of the (In,Ga)As layer can be identified, but are not
as clear as for the growth on InP(111)A. Thickness fringes of the NiMnSb layer
cannot be detected. This indicates that the NiMnSb layer is at least partly relaxed,
whereas the (In,Ga)As layer is totally strained.

8.5 Magnetic Properties

In contrast to the symmetries occurring in (001) oriented NiMnSb layers, (111) ori-
ented layers have a 120◦ rotational symmetry. Furthermore, the cleaving edges
of these crystals are only the symmetrically equivalent [101̄], [11̄0] and [011̄]. The
symmetrically different <110> planes, which are cleaving edges for the (001) ori-
ented crystals, do not lie perpendicular to the surface of the (111) oriented sam-
ples. However, since for growth reasons the substrates have a slight misalign-
ment of the surface in the [11̄0] or [112̄] direction, the rotational symmetry of
these layers is broken and a preferential direction along the miscut of the sample
is introduced.
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Figure 8.22: HRXRD θ−2θ-scan of a 200 nm thick off-stoichiometric sample rang-
ing from the InP(111) to the (222) reflection. The different peaks are marked in
the figure. Apart from the InP and NiMnSb peaks, an additional MnSb peak can
be identified, which was produced by the excess of Sb during growth.

Figure 8.23: HRXRD θ− 2θ-scan of a 200 nm thick stoichiometric sample ranging
from the NiMnSb(111) to the InP(222) reflection. The different peaks are marked
in the figure. Apart from the InP and NiMnSb peaks, no additional peaks can be
identified in contrast to Fig. 8.22, indicating the absence of MnSb inclusions in
these layers.
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Figure 8.24: Angular dependence of the FMR line position at 10.368 GHz for a
sample with 40 nm NiMnSb grown on InP(111)A. The angle ϕ is in direction of
the applied field with respect to the [11̄0] axis of NiMnSb.

8.5.1 Magnetic Properties of NiMnSb(111)A

The magnetic anisotropy of NiMnSb grown on InP(111)A was determined by
FMR measurements. Fig. 8.24 shows the data obtained for a 40 nm thick NiMnSb
layer grown on an InP(111)A oriented sample with a 2◦ miscut along [112̄]. The
FMR measurement shows a clear uniaxial anisotropy with the easy axis along
ϕ = 150◦, which corresponds to the to [112̄] axis. No three-fold anisotropy can
be determined which would be caused by the 120◦ symmetry of the crystal lat-
tice. Apparently the miscut of the substrate causes one crystallographic axis to be
preferred by the magnetic field.

8.5.2 Magnetic Properties of NiMnSb(111)B

To obtain the magnetic anisotropies of NiMnSb grown on InP(111)B FMR mea-
surements were performed. Figs. 8.25 and 8.26 show the FMR data of samples
with 40 nm thick NiMnSb layers. For both samples a clear uniaxial anisotropy
can be determined. The NiMnSb layers of both samples have the same thickness
and the same underlying (In,Ga)As layer, however, the easy axis for the first sam-
ple is along ϕ = 60◦, which corresponds to the [11̄0] direction, whereas the easy
axis for the second sample is along ϕ = 150◦ which corresponds to the [112̄] di-



8.5 Magnetic Properties 109

Figure 8.25: Angular dependence of the FMR line position at 10.368 GHz for a
sample with 40 nm NiMnSb grown on InP(111)B. The InP substrate was miscut
by 1◦ along [11̄0]. The angle ϕ is in direction of the applied field with respect to
the [11̄0] axis of NiMnSb.

rection. The easy axis of the two NiMnSb films are exactly perpendicular to each
other. Whereas both samples have exactly the same composition, the substrates
used for these samples show a characteristic difference. The substrate used for
the sample shown in Fig. 8.25 has a miscut along of 1◦ along [11̄0], whereas the
sample shown in Fig. 8.26 has a miscut of 2◦ along [112̄]. The two samples only
differ in the miscut of the substrates used for the growth and the miscut of the
substrate is in both cases exactly parallel to the observed easy axis. Also in the
case of NiMnSb grown on InP(111)A, the easy axis of a 40 nm thick layer is exactly
parallel to the miscut of the substrate (see section 8.5.1). Therefore the magnetic
anisotropy is dominated by the symmetry breaking of the miscut and hence by
the formation of a preferential direction in these samples.
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Figure 8.26: Angular dependence of the FMR line position at 10.368 GHz for a
sample with 40 nm NiMnSb grown on InP(111)B. The InP substrate was miscut
by 2◦ along [112̄]. The angle ϕ is in direction of the applied field with respect to
the [11̄0] axis of NiMnSb.



Summary

In this work heterostructures based on the half-Heusler alloy NiMnSb have been
fabricated and characterized. NiMnSb is a member of the half-metallic ferromag-
nets, which exhibit an electron spin-polarization of 100% at the Fermi-level.

For fabrication of these structures InP substrates with surface orientations of
(001), (111)A and (111)B have been used. The small lattice mismatch of NiMnSb
to InP allows for pseudomorphic layers, the (111) orientation additionally makes
the formation of a half-metallic interface possible.

For the growth on InP(001), procedures for the substrate preparation, growth
of the lattice matched (In,Ga)As buffer layer and of the NiMnSb layer have been
developed. The effect of flux-ratios and substrate temperatures on the MBE-
growth of the buffer as well as of the NiMnSb layer have been investigated and
the optimum conditions have been pointed out. NiMnSb grows in the layer-by-
layer Frank-van der Merwe growth mode, which can be seen by the intensity
oscillations of the RHEED specular spot during growth. RHEED and LEED mea-
surements show a flat surface and a well-defined surface reconstruction. High
resolution x-ray measurements support this statement, additionally they show a
high crystalline quality.

Measurements of the lateral and the vertical lattice constant of NiMnSb films
on (001) oriented substrates show that layers above a thickness of 20 nm exhibit
a pseudomorphic as well as a relaxed part in the same layer. Whereas layers
around 40 nm show partly relaxed partitions, these partitions are totally relaxed
for layers above 100 nm. However, even these layers still have a pseudomorphic
part. Depth-dependent x-ray diffraction experiments prove that the relaxed part
of the samples is always on top of the pseudomorphic part.

The formation and propagation of defects in these layers has been investigated
by TEM. The defects nucleate early during growth and spread until they form
a defect network at a thickness of about 40 nm. These defects are not typical
misfit dislocations but rather antiphase boundaries which evolve in the Mn/Sb
sublattice of the NiMnSb system.

Dependent on the thickness of the NiMnSb films different magnetic
anisotropies can be found. For layers up to 15 nm and above 25 nm a clear uni-



112 Summary

axial anisotropy can be determined, while the layers with thicknesses in between
show a fourfold anisotropy. Notably the easy axis for the thin layers is perpen-
dicular to the easy axis observed for the thick layers. Thin NiMnSb layers show a
very good magnetic homogeneity, as can be seen by the very small FMR linewidth
of 20 Oe at 24 GHz. However,the increase of the linewidth with increasing thick-
ness shows that the extrinsic damping gets larger for thicker samples which is a
clear indication for magnetic inhomogeneities introduced by crystalline defects.
Also, the magnetic moment of thick NiMnSb is reduced compared to the theoret-
ically expected value. If a antiferromagnetic material is deposited on top of the
NiMnSb, a clear exchange biasing of the NiMnSb layer can be observed.

In a further step the epitaxial layers of the semiconductor ZnTe have
been grown on these NiMnSb layers, which enables the fabrication of
NiMnSb/ZnTe/NiMnSb TMR structures. These heterostructures are single-
crystalline and exhibit a low surface and interface roughness as measured by
x-ray reflectivity. Magnetic measurements of the hysteresis curves prove that
both NiMnSb layers in these heterostructures can switch separately, which is a
necessary requirement for TMR applications. If a NiMn antiferromagnet is de-
posited on top of this structure, the upper NiMnSb layer is exchange biased by
the antiferromagnet, while the lower one is left unaffected.

Furthermore the growth of NiMnSb on (111) oriented substrates has been in-
vestigated. For these experiments, InP substrates with a surface orientation of
(111)A and (111)B were used, which were miscut by 1 to 2◦ from the exact orien-
tation to allow for smoother surfaces during growth. Both the (In,Ga)As buffer
as well as the NiMnSb layer show well defined surface reconstructions during
growth. X-ray diffraction experiments prove the single crystalline structure of
the samples. However, neither for the growth on (111)A nor on (111)B a perfectly
smooth surface could be obtained during growth, which can be attributed to the
formation of pyramid-like facets evolving as a result of the atomic configuration
at the surface. A similar relaxation behavior as NiMnSb layers on (001) oriented
InP could not be observed. RHEED and x-ray diffraction measurements show
that above a thickness of about 10 nm the NiMnSb layer begins to relax, but rem-
nants of pseudomorphic parts could not be found.

Magnetic measurements show that the misorientation of the substrate crystal
has a strong influence on the magnetic anisotropies of NiMnSb(111) samples. In
all cases a uniaxial anisotropy could be observed. The easy axis is always aligned
parallel to the direction of the miscut of the substrate.



Zusammenfassung

Im Rahmen dieser Arbeit wurden Heterostrukturen basierend auf dem Halb-
Heusler Material NiMnSb hergestellt und charakterisiert. NiMnSb ist ein Mit-
glieder der halbmetallischen Ferromagnete, die sich durch eine 100% Spinpolari-
sation an der Fermikante auszeichnen.

Zur Herstellung der Strukturen wurden InP Substrate der Orientierungen
(001), (111)A und (111) B verwendet. Die geringe Gitterfehlanpassung von
NiMnSb an InP erlaubt pseudomorphe Strukturen, die (111) Orientierung ermög-
licht zusätzlich die Entstehung eines halb-metallischen Interfaces.

Für das Wachstum auf InP(001) wurden Prozeduren für die Substratvorbe-
reitung, die Herstellung des gitterangepassten (In,Ga)As und des NiMnSb ent-
wickelt. Sowohl der Einfluss der Flussverhältnisse als auch der Substrattempera-
tur wurden erforscht und die optimalen Parameter ermittelt. NiMnSb wächst im
Frank-van der Merwe Modus, der sich durch Oszillationen des Spekularreflexes
bei RHEED Messungen auszeichnet.

Untersuchungen der Oberfläche mittels LEED zeigen eine wohldefinierte Re-
konstruktion sowie eine niedrige Oberflächenrauhigkeit. Hochauflösende Rön-
tgenbeugungsexperimente unterstützen diese Aussage, zusätzliche zeigen sie ei-
ne hohe kristalline Qualität der Schichten.

Messungen der NiMnSb Gitterkonstante in lateraler sowie vertikaler Rich-
tung zeigen, dass in allen Schichten dicker als 20 nm sowohl pseudomorphe als
auch relaxierte Teilbereiche existieren. Während Schichten um 40 nm teilrelaxier-
te Bereiche aufweisen, sind diese Bereiche bei Schichten über 100 nm vollständig
relaxiert. Tiefenabhängige Röntgenbeugungsexperimente beweisen, dass der re-
laxierte Teil der NiMnSb Schicht immer über dem pseudomorphen Teil liegt.

Die Ausbreitung von Kristalldefekten wurde durch TEM untersucht. Dabei
zeigte sich, dass diese Defekte schon sehr bald während des Wachstums entste-
hen und sich immer weiter ausbreiten, bis sie bei bei einer Dicke von etwa 40 nm
überlappen. Bei diesen Defekten handelt es sich nicht um typische Versetzungen,
die aufgrund der Gitterfehlanpassung entstehen, sondern sehr wahrscheinlich
um Antiphasen Grenzen die sich im Mn/Sb Untergitter des NiMnSb ausbilden.

Zusätzlich zur hohen kristallinen Qualität der NiMnSb Schichten zeigen auch
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magnetische Messungen eine hohe Homogenität. Die Curie-Temperature liegt er-
wartungsgemäß weit über Raumtemperatur. Die Schichten zeigen verschiedene
Anisotropien abhängig von der Dicke der Schicht, uniaxiale Anisotropien wur-
den für Schichten dünner als 15 bzw. dicker als 25 nm beobachtet, dazwischen
bildet sich eine Vierfach-Anisotropie aus. Mit steigender Dicke konnte auch ei-
ne Abnahme der magnetischen Homogenität beobachtet werden, was auf die
Zunahme der Defektdichte bei dickeren Schichten zurückgeführt werden kann.
Scheidet man auf dem NiMnSb-Ferromagneten einen Antiferromagneten beste-
hend aus NiMn ab, so kann der „Exchange Bias“ Effekt beobachtet werden.

Auf diese NiMnSb Schichten wurde in einem weiteren Schritt der Halblei-
ter ZnTe epitaktisch gewachsen, wodurch die Herstellung von NiMnSb/ZnTe/
NiMnSb TMR Strukturen ermöglicht wurde. Diese Schichten sind einkristallin
und zeichnen sich durch kleine Oberflächen- und Grenzflächenrauhigkeiten aus.
Magnetische Messungen dieser Heterostrukturen zeigen, dass beide ferromagne-
tische Schichten separat schalten können, eine der Grundvorraussetzung für die
Beobachtung des TMR Effekts. Bringt man auf diese Strukturen einen Antifer-
romagneten auf, so kann eine „Exchange Bias“ Wechselwirkung mit der oberen
NiMnSb-Schicht beobachtet werden, während die untere unbeeinträchtigt bleibt.

In einem weiteren Teil der Arbeit wurde das Wachstum von NiMnSb auf (111)
orientierten Substraten untersucht. Dazu wurden InP Kristalle der Orientierung
(111)A und (111)B verwendet, die um 1-2◦ von der exakten Orientierung abwei-
chen, um ein glatteres Wachstum zu ermöglichen. Sowohl die (In,Ga)As als auch
NiMnSb-Schichten zeigen wohldefinierte Rekonstruktionen während des Wachs-
tums. Röntgenbeugungsexperimente zeigen die einkristalline Struktur der Pro-
ben. Weder für das Wachstum auf InP(111)A noch auf InP(111)B konnte jedoch
perfekt glatte Oberflächen während des Wachstums erzielt werden, was auf die
Entstehung von pyramidenartigen Facetten aufgrund der Atomkonfiguration an
der (111) Oberfläche zurückgeführt werden kann. Ein ähnliches Relaxationsver-
halten wie für NiMnSb Schichten auf InP(001) konnte nicht beobachtet werden.
Schichten oberhalb einer Dicke von ca. 10 nm beginnen während des Wachstums
komplett zu relaxieren, was durch RHEED und Röntgenbeugungsexperimente
belegt wurde.

Magnetische Messungen ergaben, dass sich die Fehlorientierung der Substrat-
kristalle stark auf das Anisotropieverhalten der NiMnSb(111) Proben auswirkt. In
allen Fällen konnte eine uniaxiale Anisotropie beobachtet werden, die sich jeweils
senkrecht zur Richtung der Fehlorientierung befindet.



Appendix A

Material Constants

A.1 Atomic Scattering Factors

Material f1 f2
Ga 29.712 0.80186
In 49.137 4.95604
P 15.303 0.43624
As 32.054 1.04595
Ni 25.003 0.52402
Mn 24.462 2.83205
Sb 50.985 5.66370

Table A.1: Atomic scattering factors f = f1 + if2 for the Cu-Kα-wavelength
(1.54056 Å) for the elements used in this work (from [Hen93])
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A.2 Lattice Constants

Material a0/Å
GaAs 5.65325
InP 5.8687
InAs 6.0584
ZnSe 5.668
CdSe 6.052
BeTe 5.6269
ZnTe 6.100
NiMnSb 5.903

Table A.2: Lattice constants of the materials used in this work.
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