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Abstract

This study is concerned with three broad topics facing the technological ap-
plication of exchange bias (EB). The antiferromagnetism of single-crystalline
NizMnjgo_, ultrathin films in contact with ferromagnetic (FM) Co (Ni/Co)
film(s) in bilayers, trilayers and multilayers on CusAu(001) deposited under
ultrahigh vacuum conditions, is investigated by means of magneto-optical Kerr
effect (MOKE).

In the first study, the aim is to identify the contribution of interface and
bulk antiferromagnetic (AFM) spins to the EB. Structural or chemical defects
are deliberately introduced at the surface of the AFM layer or at a certain
depth inside the AFM layer. The creation of defects in the bulk of the AFM
layer enhances the magnitude of EB and its blocking temperature. It is also
observed that the deeper the insertion of defects, the higher the value of the
EB field and coercivity. These findings are discussed as the effect of additional
pinning centers in the bulk of the AFM layer.

In the second problem, we compare artificially layered [Ni/Mn]| films with
the corresponding disordered Ni,Mnjg_, alloys with almost the same Ni/Mn
ratio and the same film thickness. It is revealed that the perpendicular inter-
atomic lattice distance is decreased in the artificially layered [Ni/Mn| samples.
These changes in the structure are discussed as the buckling or reconstruction
of Mn atoms (probably Ni atoms too) in the bulk and also at the surface, which
causes higher coercivity, EB-field, and stronger interlayer exchange coupling.

In the third project, we unveil that a cover of Mn films that exhibit con-
tracted vertical-to-in-plane lattice constant ratio and expanded structures at
different thickness levels, induces perpendicular magnetic anisotropy (PMA)
in an FM layer, confirming that the interlayer distance in the AFM can be a
crucial parameter for establishing perpendicular magnetization.
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Kurzfassung

Diese Studie befasst sich mit drei breit gefiacherten Themen, welche die techno-
logische Anwendung des Exchange Bias (EB) (zu Deutsch: Austauschverschie-
bung) betreffen. Der Antiferromagnetismus von ultradiinnen einkristallinen
NizMnjgo_, Filmen, welche sich im Kontakt zu ferromagnetischen (FM) Co
(Ni/Co) Filmen, die in Zwei-, Drei- oder Mehrlagen systemen auf CuzAu(001)
im Vakuum aufgedampft werden, wird mithilfe des magneto-optischen Kerr-
Effekts untersucht.

Das Ziel der ersten Untersuchung ist es den Beitrag zum EB von anti-
ferromagnetischen (AFM) Spins an der Grenzfliche und in tieferen Lagen zu
bestimmen. Strukturelle oder chemische Defekte werden absichtlich auf der
Oberflache der AFM-schicht oder in einer bestimmten Tiefe eingebracht. Die
Erzeugung der Defekte tiefer in der AFM Lage bewirken eine Verstirkung des
EB sowie eine Erhthung der Blocking- (Sperr-) Temperatur. Es wird weiterhin
festgestellt, dass mit zunehmender Tiefe der Defekte das EB- sowie das Koer-
zitivfeld zunehmen. Die Beobachtungen werden als Effekt von zusétzlichen
Pinning-Zentren in der Tiefe der AFM-Lage diskutiert.

Als zweites System vergleichen wir kiinstlich erzeugte Anordnungen von
[Ni/Mn|-Lagen mit dazugehérigen ungeordneten Ni,Mnjgo_, Legierungen, wel-
che das gleiche Ni/Mn-Verhéltnis und die gleiche Filmdicke besitzen. Es wird
gezeigt, dass der senkrechte inter-atomare Gitterabstand in den [Ni/Mn|-Filmen
mit kiinstlicher Lagenanordnung abnimmt. Die strukturellen Anderungen wer-
den als Ausbeulen oder Neuanordnung der Mn-Atome (wahrscheinlich auch
der Ni-Atome) in den tieferen Lagen und an der Oberflache diskutiert, welche
das hohe Koerzitivfeld, EB-Feld, und die starke Kopplung zwischen den Lagen
bewirken.

Im dritten Projekt wird aufgezeigt, dass eine Mn Schicht, welche ein redu-
ziertes Verhéltnis der vertikalen zur ebenen Gitterkonstante sowie verschiedene
Strukturen bei unterschiedlicher Lagendicke besitzt, eine senkrechte magneti-
sche Anisotropie (perpendicular magnetic anisoropy or PMA) in einer anlie-
genden ferromagnetischen Schicht bewirkt. Dies beweist, dass der senkrechte
Lagenabstand im AFM ein kritischer Parameter fiir die Erzeugung einer ver-
tikalen Magnetisierung ist.
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Introduction

1.1 Nanotechnology and magnetic data Storage

Nanotechnology and nanoscience are the leading modern research fields in
engineering and science, respectively. Both have the potential to reshape the
world around us. It has so many useful applications; one of the most useful
and demanding among them is “data storage”. The earliest form of storage
used by humans was using paper, tape, stone, and in the form of “brain”. The
brain is the natural data storage system, but it is not enough for all purposes.
One can use the brain for the storage of specific kinds of information, but how
reliable the information is, it depends on the circumstances and individuals.
Also, the information saved inside the brain cannot be shared or transferred
if that person no more exists. So basically, humans need the data storage for
two purposes. The first one is to preserve reliable data and retrieve it when
we need it. The second is to communicate and share authentic information
or data with others. With time when human beings realized these facts, they
invented other means of storing data and information.

It was probably more than a century ago, when Valdemar Poulsen invented
the magnetic recording system. After thirty years of that invention, magnetic
tapes were commercialized successfully. It fulfils some of the features quite
well, it was utilized for audio recording and archival, but the weakness was
they lacked random access. So access time comparatively was too much longer
than in other systems, available at that time such as punch cards. The solution
then came in the form of the first hard disk drive (HDD), it was introduced
in 1956 by IBM. In this form, now one can have both benefits of magnetic
recording and random access capability. The suitable name for that HDD
was the random access method of accounting and control (RAMAC). Using
50 magnetic discs (24 inches of diameter each), RAMAC had a capacity of
5 MB. For each magnetic disc, areal density (AD) was 2 kilobits/in?. After
a lot of effort and hard work, the technology behind each part of HDD was
developed with time. In more than 60 years, scientists are able now to have an
AD of more than 1 Thits/in?. The bit dimensions are already in the length of
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1. Introduction

nanometer and thoroughly shrinking because of the growing market for greater
recording densities. It is assumed that if the tempo of the AD graph is kept
moving at the current speed for the next few years, then no doubt the size of
the bit will attain the sub-10 nm level. At this stage, the read and writing
procedures will become very tricky.
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Figure 1.1: Schematic diagram of the areal density evolution for
HDD memory products

The fast contraction of recording bit size poses difficult tasks to the read
and write sensors. It is a pre-requisite of the practical devices that the sensor
must be designed very tiny, equal to the bit size or less than that. At the same
time, the sensitivity factor must be modified thoroughly to have a solution for
the loss in signal-to-noise ratio (SNR) due to the shrinkage in the dimension of
a bit. This is dependent entirely on the advance of nanotechnology [1}-4]. The
nanotechnology also developed magnetic random access memories (MRAMs)
along with HDDs in the field of data storage [5-9]. A further advance in
nanotechnology, along with a newly emerging field named “spintronics”, is the
key to areal densities of more than 1 terabits/in? in HDDs presently. The
devices designed for data storage can be mainly grouped into three categories,
i.e., magnetic, optical, and solid-state memory data storage. Nanotechnology
is crucial for all devices based on any three types of data storage systems.
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The aim and motivation behind all these efforts are to achieve higher AD and
less impedance of the recording bits. It is also the target that it should be
cost-effective, too. When the AD rises by 2 orders, then bit size shrinks by
one order. To function well, the head size must be smaller than the bit size to
write and read on these tiny bits, and the spacing between the tiny head and
rotating disc should be close enough to each other. At present, researchers
are only improving with these issues in the form of making multilayer media,
and it improved the thermal stability of the bits but still there is a long way
to go for achieving the ideal solution. This is a very challenging task, and
nanotechnology can play a crucial role here using nanofabrication techniques
[10-12]. Soon, the size of the sensor will reach less than a few nm, and at that
point, there may not even be an answer from the semiconductor technology.
In addition to the designing issues, one can also think about increasing the
performance or the output of the sensors. From the above brief discussion
one can realize the significance of nanotechnology in the field of data storage.
Spintronics has a very close relation to nanotechnology in a way that most of
the surface and bulk magnetism phenomena have a characteristic length in the
units of a nanometer.

1.2 Spintronics

Moore’s law has been practiced for so many years in the area of information
technology (IT). Gordon Moore (Intel’s co-founder) predicted in 1965 that,
“the number of transistors on an integrated circuit would double about every
two years”. That prediction adequately described a trend that has continued
for several decades. In the last couple of years, the inherent complexities of
the semiconductor-based technology have increasd. These extreme complex-
ities, even that the transistors are now three-dimensional, slowed down the
pace of Moore’s law. The miniaturization almost changed every aspect of our
lives. To keep the advancement of electronics in line with Moore’s law, new
technology is required. Spintronics is a promising field and will have a sig-
nificant impact on modern science and technology. Here the electronic spin
can easily be controlled with the help of an external magnetic field without
suffering from the electrostatic screening effect. Normally this screening effect
occurs when the charges are subjected to an external electric field. Magnetic
material conductivity can be changed without altering the carrier distribution
within the material. This is the foundation of giant-magnetoresistance (GMR)
based electronics or, in other words, magnetoelectronics, which comes under
the umbrella of spintronics [13-23]. In a broader context, the field of spin-
tronics includes every type of electronics which exploits both functionalities of
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electrons, i.e., spins and charges. The specialty of semiconductor-based elec-
tronics is to exploit the charge of the electrons solely, but it is difficult for them
to take care of spins, while magnetic materials manipulate the spin easily and
vice versa. So do we have materials that can take care of both charges and
spins at the same time? The answer for the moment is "yes," these materials
are named as magnetic semiconductors [24-43].

With the availability of ultra-high vacuum technology, scientists developed
a technique that allows the deposition of ultra-thin films with an amazing ac-
curacy in thickness manipulation. In this technique, the evaporated atoms or
molecules deposit directly on the surface of substrate to initiate the growth of
ultra-thin films. The foundation of the molecular beam epitaxy (MBE) process
was laid by K. G. Giinther. The films he synthesized were not epitaxial, as he
used glass substrates for those films. Davey et al. were the first to grow GaAs
epitaxial films on a single crystal in an ultra-high vacuum, exploiting Giinther’s
method. J. R. Arthur made a further significant contribution to growing films
by MBE in the 1960s |44]. Being such a promising technique, the magnetic
surface community decided to use MBE to grow multi-layer structures of var-
ious materials. This process made it possible to grow different super-lattice
structures, of even a few atomic layers of thickness. The thin films grown in
this fashion were then used to probe surface magnetism and magnetic interac-
tions across an ultra-thin nonmagnetic spacer [45]. These studies mainly open
all the way towards the discovery of GMR in Fe/Cr super-lattices.

The GMR effect, which is an updated version of AMR, was discovered
in the late 1980s by two physicists working independently: Peter Griinberg
from Jiilich, Germany, and Albert Fert from Paris, France. In response to an
external applied magnetic field they observed very large change in the electri-
cal resistance in systems comprised of alternating ultra-thin layers of several
metallic elements. At the time it was a huge surprise for the scientific commu-
nity and this discovery led the scientists to perceive how they can exploit the
power of the GMR effect. The drastic change in the electrical resistance of the
multilayer system arises when the applied field aligns the spin configuration
of the sequential FM layers. In the absence of the external magnetic field the
magnetic moments of the FM layers are antiparallel to each other. Applica-
tion of the external magnetic field aligns and saturates the magnetization of
the FM layers, which leads to a sudden drop in the electrical resistance of the
multilayer.

In the GMR effect, the quantum nature of electrons is exploited. Con-
ductive electrons with spin orientation parallel to the magnetization of the
material move freely while the motion of those electrons with anti-parallel ori-
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Figure 1.2: Principle of a spin valve GMR sensor. The magnetization
of the lower FM layer is pinned by an AFM layer through an exchange-
coupling. The top FM layer is parted by a nonmagnetic but conducting
spacer layer such as Cu, and its magnetization can be controlled by
rather small fields.

entation is blocked. When there is an alignment of the magnetic moments
between the two FM layers, spin-up electrons move freely in both magnetic
layers, which corresponds to the low-resistance configuration. On the other
hand, when the magnetic moments of the two FM are anti-aligned, motion of
spin up electrons is hindered by one FM layer, while the movement of spin
down electrons has resistance from the other FM layer, resulting in a higher
resistance. In the GMR sensor, a recorded bit rotates the magnetization of
the free FM layer relative to that of the pinned FM layer, effectively switching
the device between these two possible arrangements, i.e., either high or low
resistance.

A spin-valve is a multilayer GMR device and is very promising for read-
head applications in HDDs. Spin-valves in its simplest form consist of a non-
magnetic spacer such as Cu, which is sandwiched between two FM layers (nor-
mally permalloy or CoFe) and an AFM layer such as NiMn, which is also in
physical contact with one of the FM layers. It is customary that the non-
magnetic spacer thickness must be so thin that there is a possibility of slight
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exchange coupling among the two FM layers. The AFM layer pins one of the
two FM layers which is deposited next to it. The device structure is illustrated
schematically in Fig. [1.2]

For its proper operation, both pure semiconductor-based transistor and
spintronics-based spin valve needs some bias. To get a linear response with
minimized asymmetry, the spin-valve typically needs a proper magnetic bias.
One of the main targets of the construction of the spin-valve is to establish
the pinned FM layer as rigid as possible with an AFM layer, which indirectly
means to keep thermal stability at higher temperatures. At the junction where
FM/AFM is pinned, the exchange energy dictates the magnetic order while
the anisotropy defines the easy and hard axes of magnetization. In general,
FM material has a smaller anisotropy but greater exchange energy, which
enables it to sustain its magnetic order at elevated temperatures. On the other
hand, AFMs, in general, show higher anisotropy values and accordingly hold
preferred orientations. Coupling between an AFM and FM at the interface
in GMR spin-valve may provide a unique effect, i.e., strong magnetic order
and larger anisotropy, where anisotropy may be a unidirectional feature that
normally one cannot find in FMs. The magnetic hysteresis loop linked with an
AFM-FM interface can show non-centrosymmetric behavior at some non-zero
magnetic field; this effect is named as exchange bias. Exchange bias is used
to pin the magnetization (as firm as possible) of the FM layer with an AFM
layer in these kinds of structures.

The exchange bias is not a new topic; it was discovered several decades
ago. In the EB phenomenon, not only the coercivity (H,) of the FM changes,
but the hysteresis loop also shifts along the magnetic field axis. Although it is
accepted that EB is an interfacial phenomenon where the spin-spin interaction
occurs at the FM/AFM junction, EB is influenced by various other parameters,
too. These other parameters might include interface roughness, chemical order,
magnetic proximity effects, crystalline structure, composition, and many more.
EB is a very complex issue having a very subtle nature, and its behavior varies
from system to system and case to case. Despite its importance in day to day
life and a large quantity of work done on the topic, its nature and origin are
not yet well defined. A considerable amount of theoretical models have been
introduced to explain the experimental results. Few of these models are (1)
Domain state model, (2) the Neel model, (3) the coherent rotation model (4)
the random and compensated interface model, (5) the random interface model
(6) the AFM domain- wall model, (7) the interface spin canting model and so
on [138]. Some of these models, which we will use to discuss our results, will
be briefly discussed in chapter 2.
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1.3 Criteria for choosing AFM materials

Up to now, several AFM materials have been studied to be used in reading
heads of the spin-valve for practical usage. To achieve a trustworthy and proper
operation of the spin-valve, the following six parameters in no particular order
have to be chosen wisely when selecting the AFM materials.

1.3.1 Strength of the EB field (H,;)

As discussed earlier, that pinned or reference layer plays a vital role in spin-
valve operations. It can lead to the degradation of the output signal and
asymmetry due to thermal fluctuations. The exchange bias field (pinning
field) must have a high value (> 30 mT) to make the pinned layer "firm"
in the presence of some external field B.

1.3.2 Thermal stability and blocking temperature (T})

Hep usually decreases with the temperature of AFM materials, and the tem-
perature at which it becomes zero is named “blocking temperature”. How fast
H., decreases depends on various parameters and properties of the materials.
Few of them are; structural, their intrinsic nature, thickness, and the way they
were synthesized. A high T}, (>260 °C) is needed to make certain that the
sensor works properly at room temperature or above.

1.3.3 Large resistivity of AFM

High resistivity material is needed because then the shunting effect is negligible,
which decreases GMR. The shunting effect can also be suppressed by using a
perfect insulator in the form of AFM layer (which does not contribute to MR
by itself). Most AFM materials like NiO, which shows a high resistivity value
of 108 (nf2.cm), unfortunately, cannot meet other criteria and are therefore
inappropriate as an AFM to be used in real devices.

1.3.4 Small critical thickness

The critical thickness is the minimum thickness for the AFM film to show the
EB effect. For practical application devices, AFM material thickness must be
selected well beyond the critical thickness, taking into account the temperature
dependence of the EB. A considerable thickness of the AFM layer will yield
a sizeable total width of the sensor, which is not favorable for sensor minia-
turization. Hence, one should use the AFM materials with reduced critical
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thickness.

1.3.5 Good corrosion resistance

AFM materials which show higher corrosion resistance are required for func-
tional application devices.

1.3.6 Low-temperature process

The high thermal-annealing process can disturb the functioning of spin-valve.
A low-temperature procedure is preferred.

Antiferromagnets composed of oxide-based (like NiO/CoQO) and chromium-
based alloy are the most favorite and are still the focus of recent research; one
reason is that they have a high resistivity. Besides these oxide-based systems,
metallic AFMs have also attracted considerable attention. Among these, Mn-
based metallic AFMs are hot favorites, and numerous alloys have already made
it to practical spin-valve sensors in HDDs. We can divide them into two groups.
The first consists of RuMn, IrMn, RhMn, and FeMn, while the second consists
mainly of PdMn, PtMn, and NiMn.The crystal structure of the first group is
fec while it is CuAu-I type fet for the second group. The alloy system FeMn
is the most studied metallic AFM system in the EB field. The reason is its
suitable Néel temperature (Ty) of 490 K. With permalloy as FM, it is one of
the most widely studied systems which exhibits a H., of about 42 mT for a
4 nm thick FM permalloy without annealing. This combination has potential
use in EB TMR devices. However, because of weak corrosion resistance and
low T of 150 °C, it is unfit for use in spin-valve applications. IrMn, with the
CoFe system from the first group, needs annealing. It has better properties
than FeMn systems, like corrosion resistance and smaller critical thickness.
However, its moderate T, of 250 °C restricts its usage in practical devices.
From the second group, suitable AFM model system is the chemically ordered
Lio phase of NiMn. This NiMn system has a collinear AFM spin structure
and a remarkably high Ty in bulk form. The second group, compared to the
first one, gives a much higher T, (350-450 °C), higher EB values (50-80 mT),
and better corrosion resistance and thus is fit for use in devices. The draw-
back of the second group of AFM materials is their respective higher critical
thicknesses, which may restrict their applications in ultrahigh-density record-
ing devices. Table 1.1 on page [J] lists the properties of some widely studied
AFM materials [47-65].
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Materials | He,(Oe) | Required| T,(°C) | Reistivityy Corrosion | Annealing
(NiFe thick- (u€2.cm) | Resistance
4nm) ness
(nm)
NiMn >390 | >250B3 | 4503 | 175B3 | Moderate | Required P
>
425 b2
> 3562 | 4307 | 210B2 | Good B>
> 30 155] 400 |564/60]
FeMn 420 7 B3l 150 B354 150 Poor No b3l
165 bAl
175 B8 | 130 B3l
170 69
IrMn 200 7 b2 190, 200 Good BESH | N 61
230 152
7.5 B3l ~ 325 b2 | Moderate 129
250 [55}/56]
10 162 130 1621
PtMn 500 30 3801921 |~ 200 Good Required
400 bl
310 169
PdPtMn 280 25 bZ63 | 3001631 | 185 b2 Good Required
350 [52L[56]
CrMnPt 220 30 BLEY | 380 BLEY | 31(- Good No
345 b1l
35 b2 300 152 300-
350 164
360 152
NiO 200 35 153 200 B358BNnsulator Good No i3l
190 1231
30 152l > Exellent
1080 B1]
50 158]
a-Fe,O3 | 40 — 75 100 200- Insulator Good No
250
250 1631
250-
300 1621

Table 1.1: Widely studied AFMs and a few of their properties
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1.4 Why Nianl[)O—x?

NiMn plays a leading role in the second group having the highest T of 1070
K in its bulk form [66,67] as well as a high T, of 725 K in the form of poly-
crystalline thin film [68,69] amongst both Mn-based groups. Very little exper-
imental work on the structural and magnetic properties of single-crystalline
Co/NizMnjgg_, systems in the vicinity of smaller Ni concentration prepared
by thermal deposition of Ni and Mn on CuzAu(001) is published to the au-
thor ’s best knowledge. Although this system may be of reasonable interest in
implementations, it is assumed that the investigation would lead to a deeper
understanding of the fundamental interactions at FM/AFM interfaces, about
pinned magnetic moments within the volume/bulk of the AFM and it’s con-
tribution to the EB effect. Thus it is possible to consider Co/Ni,Mnjgy_, as a
model system compared to systems prepared through sputter deposition tech-
niques because epitaxially grown films allow accurate control of the interface
properties down to the atomic scale. Furthermore, the absence of structural
imperfections such as grain boundaries and misfit dislocations (which undoubt-
edly affect the magnetic properties of sputter-deposited systems) reduces the
complexity of the magnetic interaction at the AFM/FM interface or within
the bulk of AFM considerably.

1.5 Previous studies on Ni,Mny_,

As affirmed beforehand, amongst all Mn-based AFM alloys NiMn shows the
highest Tx of 1070 K, and in polycrystalline form, it has the highest H., as well
as Ty. Due to the minimal amount of lattice mismatch between the Ni,Mnjgo_,
film and the substrate CuzAu(001), it gives well-defined growth and shows
similar ¢(2x2) structure like pristine CugAu(001) [70-77]. At the interface of
thin films, the magnetic properties are governed by the spin structure. Which
is well recognised for NizMngy_, in thin film form as well as in bulk form,
in the former case the spin structure is mostly concentration-dependent (for
lower Ni concentration it is collinear and non-collinear close to the equiatomic
case) in contrast, while in the latter case, the NiMnjgy_, spin structure is
in-plane (IP) collinear.

NiMn in the form of bulk down to ultrathin films has been extensively
studied on various seed layers or single crystalline substrates since the last
two decades, to find out their correlation between structure and magnetism.
Being one of the most encouraging AFM systems, NisoMnso depicts an fct L1y
structure. The corresponding lattice constants of the fct structure are a = b

10
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—374Aandc=3524A [78,79]. Tn of chemically ordered NisoMnso with the
L1y structure was reported as high as 1070 K. It consists of alternating atomic
sheets of Mn and Ni along the c-axis, with a contraction perpendicular to the
planes [68],80-82|. Synthesis of NisgMnjq films having LIy chemical order is
crucial. Typically, this needs time consuming post-deposition heat treatment
to persuade chemical ordering, action that may end in strong intermixing at the
FM/AFM interface. For samples prepared by magnetron-sputtering, heating
up to several hours at 300 °C is required to persuade chemical order [54./57./67,
83.,84]. Since EB is considered as an interface phenomenon, the study based on
synthesized FM /AFM layers with ordered L1, NiMn films achieved by epitaxial
growth is of great concern. Various investigations show that NisgMng, films
can be grown epitaxially on Cu(100) and Cu(111) [69,85-87]. On Cu(111),
chemical order was obtained just by heating up to 250 °C in the presence of
an applied magnetic field of 250 Oe for a few hours. Tieg et al., suggested an
c(2x2) bulk-like L1y crystal structure for NisoMnsg, which shows growth along
the a-axis on Cu(001) [86].

The EB dependency on various crystallographic directions of the AFM
is an open issue. Various groups have shown that MnPd (001) with simi-
lar L1, structure can be grown epitaxially with direction either parallel or
perpendicular to the surface normal, depending on the substrate, deposition
temperature, or morphology of the surface [88,/89]. In the case of L1, NiMn,
growth on CugAu(001) substrates leads to c-axis direction growth and has a
smaller mismatch with NiMn, compared to the Cu(001) substrate [90]. Such
a tactic allowed for studying the effect of different crystallographic directions
on the coupling at the FM/AFM interface for the Ni;Mnjgy_, system. When
prepared by the magnetron-sputtering method, NiMn has been studied widely
in its polycrystalline form. Ni/NiMn/Cu(111) required heating in a magnetic
field and showed a complex temperature-dependent EB effect for a thickness
of 35 A. Tieg et al., showed antiferromagnetism of NisoMns, in the Co /NiMn
bilayer system on Cu(001) [86]. An increase in Co coercivity has been as-
signed to the interfacial magnetic coupling as NiMn above 8 ML thickness has
shown AFM behavior at room temperature. Reinhardt et al., afterwards re-
produced these results and found stronger magnetic coupling in Co/NizsMngs
bilayers on Cu(001) compared to Co/NisoMnso bilayers [87]. In a common
theoretical and experimental finding, Gao et al., have revealed, with the help
of spin-polarized scanning tunneling microscopy (SP-STM), that the surface
spin density of NiMn thin films on Cu(001) is non-collinear, which was out of
expectations at that time |69]. This was linked to the broken symmetry at the
surface and explained further by the help of LEED images [69]. Only a few
thicknesses and temperature-dependent MOKE measurements of Co/NiMn
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[P-magnetized bilayers have been performed on Cu(001) and CuzAu(001).

The different crystal structure has been shown related to different com-
positions of NiMn in its bulk form. NiMn has an fct crystal structure for
NisoMnsg concentration with c¢/a < 1. Its crystal structure is susceptible to
the Ni content. Cubic fcc lattice undertakes a tetragonal phase ¢/a < 1 or an
orthorhombic phase c/a > 1, at lower temperatures. Bulk NissMn7, depicts a
non-collinear three-dimensional spin structure |71,/73]. Mitsumata et al., [91]
theoretically calculated comparable results for lower concentrations of Ni in
NiMn, where thinner AFM films are needed for the commencement of EB for
the 3Q (three dimensional) spin structure compared to the 1Q (collinear ones),
due to differences in domain-wall width for both cases [28|. Mitsumata et al.,
have generalized that the AFM domain wall width could be remarkably smaller
than the FM domain wall width. Hereafter, the AFM layer thickness manda-
tory to introduce EB could be approximately 1/4/3 less for any AFM owing a
3Q spin structure compared to the ones with 1Q [28|. Interestingly, Khan et
al. have shown some detailed work in the form of ultrathin Ni,Mnjo_, films
on single crystal CugAu(001) probed with FM Ni. They have experimentally
obtained similar results as in the bulk for equiatomic concentration, which
shows a fct structure. Khan et al. found that Ni,Mnjg_, can couple to IP
as well as OoP magnetized FM Ni layer, the latter can be tuned by deposi-
tion of a thin Co layer at the bottom or top of the Ni layer. Their results
further recommend that for smaller Ni concentration, the non-collinear (3D)
spin structure of Ni,zMngy_, deviates from a more-OoP to a more-IP arrange-
ment. Which is driven by composition-dependent strain, with an associated
increment in magnetic anisotropic energy to create EB at reduced Ni,Mnygg_,
thicknesses. The work of Hagelschuer et al., supports these results |70,[72H77].

1.6 Aim of the thesis

With the help of this well established and well known NizMngg_, single-
crystalline system, we want to know whether it is possible to clarify the origin
of exchange bias in this system if it is solely due to interfaces or could be also
from the bulk contribution of the AFM. This work aimed to investigate the
magnetic properties of the NizMnpy_, in contact with an adjoining FM Co,
the magnetic easy axis of which is in IP direction. We also wanted to know if
instead of the chemically disordered alloy Ni,Mnjgo_, (for x # 50), we could
prepare artificial NiMn multilayer structures to see the difference in structural
and magnetic properties. Last but not the least we prepared pure Mn films
in form of bilayers and trilayers with Co as an FM on the same substrate, to
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see the structural and magnetic properties. It might be an ideal AFM system
to be employed at elevated temperatures in existing devices like read heads
(which are based on GMR or TMR sensors) where Ni,Mnjg_, as an AFM
could pin the magnetization of an adjoining FM layer through the EB effect.

1.6.1 Outline of the thesis

This thesis is composed of six chapters. The next three contain an introduc-
tion, literature review and the experimental techniques (where the basics will
be discussed), followed by chapter four, in which bilayers of Co/Ni,Mnjgg_,
on CugAu (001) will be under discussion. Then come the last two chapters,
chapter five will mainly contain work about Ni,Mn_, artificial layers on
CuzAu(001) with Co as an FM on top and finally in chapter six we will dis-
cuss bilayers and trilayers of Mn on CuzAu(001), probing with Co(/Ni) as an
FM1 at the bottom and as an FM2 on the top. All results will be summarized
at the end of the thesis.
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2

Fundamentals of exchange
bias

2.1 Exchange bias

The exchange anisotropy or Exchange-bias was first introduced by Meiklejohn
and Bean while studying Co FM particles implanted in their native AFM oxide
CoO [92H94]. The discovery of this spectacular effect has triggered enormous
interest in investigating the EB effect. As a result of the exchange interaction
between the Co core and the CoO shell at the interface, the hysteresis loop
shift along the magnetic field axis by the EB-field after cooling in an applied
field through the Néel temperature of CoO (291 K) to 77 K. Figl2.1] shows
hysteresis loops of Co/CoO nanoparticles from Meiklejohn and Bean [92]. The
particles were cooled from 300 K to 4.2 K, with either zero-field cooling (ZFC)
or merely field cooled (FC) in 10 kOe.

Instead of the symmetric ZFC loop (dotted curve), the FC loop (solid
curve) shifted along the field axis. The shift in the FC loop is known as the
EB effect. The EB effect has been observed in various systems since this discov-
ery, including granular systems, thin films, nanoparticles, and other magnetic
nanostructures. Reference [95] comprehensively reviews prominent systems
which exhibit EB effect. Meiklejohn and Bean also noticed significant rota-
tional hysteresis in torque magnetometry of their Co/CoO nanoparticles [9293]
(see Figl2.1[(b)). Rotational hysteresis is the integrated displacement of torque
curves measured by rotating the field in clockwise and counterclockwise direc-
tions in the sample plane. As shown in Fig[2.1|(b), the clockwise and counter-
clockwise torques measured for Co/CoO nanoparticles are different. The pres-
ence of rotational hysteresis has been attributed to some irreversible changes in
the magnetic state of the AFM defined after the initial FC process [48}|95.96].
It has to be noticed that the system did not display any rotational hysteresis
when it is ZFC from a demagnetized state of the FM. The coupling between
the CoO shell and the magnetized Co core plays a vital role in setting the EB
effect and its related properties.
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Figure 2.1: “(a) Hysteresis loops at 77 K of partially oxidized Co par-
ticles. Curve (1) shows the loop after field cooling in 10 kOe (the loop
shift is 1600 Oe). Curve (2) shows the loop when cooled in zero field.
(b) Torque curves on partially oxidized Co particles cooled in a mag-
netic field to 77 K. 6 is the angle between the cooling field axis and the
direction of the measuring field. Curves (a) and (b) in Figl2.1(b) are
for counterclockwise and clockwise rotations, respectively”. Adopted
from Ref. [92]

The EB effect discovery has motivated extensive research in nanoparticles
during the last decades [48}95,96]. However, the bulk of work has focused
mainly on thin-film systems [48/96]. There are many reasons for this preference
[50]:

e (i). Experimentally these techniques allow the precise control and charac-

terization of the interface [96-98].

e (ii). Many practical devices which are based on EB properties, are designed
in the thin-film form [99}/100];.

e (iii). Thin films are most suitable candidtaes to carry out the investigation
of specific features, such as the role of interface roughness or structure
[101], interfacial coupling [102|, the EB enhancement [97], cooling field
dependence [103,104], coercivity enhancement |105]/106].

2.2 Basic phenomenology

As discussed above, EB refers to the shift of the hysteresis loop by H, along
the magnetic field axis after field-cooling an FM/AFM system from above Ty
of the AFM (and below T¢ of the FM) to below T [48,96|. Physically, EB
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originates due to the interface exchange coupling between the antiferromag-
netic and ferromagnetic spins. To understand the basic phenomenology of EB,
we consider a system with a well-defined interface, i.e., an FM/AFM bilayer.
At temperatures well above Ty but below T, the FM’s hysteresis loop is
centered at zero magnetic field, i.e., unaffected by the AFM (see Fig[2.2] (1)).

When an external field of sufficiently large magnitude is applied, it will
align the FM spins, while the AFM spins (localized at the atomic sites) will re-
main random (since T > Ty ). The hysteresis curve of the FM has centered at
zero magnetic field, i.e., unaffected by the AFM. When cooling in the external
field’s presence, the AFM spins align with those of the FM (assuming ferro-
magnetic interaction). The other atomic spin planes in the AFM will follow
the AFM order to produce zero net magnetization (see Fig[2.2)). There will
be a finite uncompensated interfacial AFM magnetization if the AFM spins
are uncompensated. For simplicity, we assume single domain states for both
the FM and the AFM during the magnetization reversal process. Under this
assumption, if the external field has reversed, the FM spins start to rotate
in-plane in the opposite direction. However, the AFM spins remain unchanged
for sufficiently large AFM anisotropy (see Fig2.2(3)). In other means, to keep
them in their original position (ferromagnetically aligned at the interface), the
AFM spins exert a microscopic torque on the FM spins. Therefore, the FM
spins have one stable arrangement, i.e., the anisotropy is unidirectional. Thus,
the field needed to reverse an FM layer in contact with an AFM layer ulti-
mately will be larger than the He of the FM layer, because an extra field is
required to overcome the microscopic torque (see Fig[2.2](2)). Contrarily, when
the external magnetic field has returned to the positive values, the FM spins
will rotate at a smaller field due to the exchange interaction with the AFM
spins Figl2.2) (5). Therefore, the coercivity on the positive axis will reduce.
The net effect in the aftermath will shift the hysteresis loop by an amount
H,, along the magnetic field axis. The material acts as if there were an extra
(internal) biasing field; therefore, the FM hysteresis loop is shifted along the
field axis [92]. It has to be noticed that the AFM spins are supposed to be
rigid and fixed to the field-cooling direction during the entire rotation process
of the magnetic field. It is also clear that EB can also occur upon depositing

the FM/AFM bilayer in a magnetic field [96].

2.3 Theoretical models

Although the simple phenomenological model described in section provides
a useful, intuitive picture, it lacks in quantitative understanding of the phe-
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Figure 2.2: “Phenomenological model describing the shift of the hys-
teresis loop of an FM/AFM bilayer. Panel 1): The initial state show-
ing the spin configuration at a temperature higher than the Ty of
the AFM but lower than the Curie temperature T¢ of the FM. The
AFM layer is in a paramagnetic state while the FM layer is ordered.
The magnetization curve of the bilayer (top-center) is centered at zero
applied field. Panel 2): The spin configuration of the FM/AFM bi-
layer obtained after field cooling below T . The FM layer is coupled
to the AFM layer. Panel 4): Saturated state of the FM/AFM bi-
layer at negative field. Panel 3) and 5): The spin configuration in the
FM/AFM bilayer during the reversal process, assuming that this takes
place through in-plane rotations of the FM spins. The magnetization
curve is displaced towards negative values of the applied field by the
exchange bias field H;”. Adopted from Ref. [107].

nomenon. To reach a clear picture of the effect at microscopic level, one needs
to consider various factors affecting EB in systems, such as anisotropy, mag-
netic and structural roughness, bulk, and interface spin configuration of the
AFM, crystallinity, interfacial and bulk magnetic defects [48, 50,95, 96,/107].
The EB’s physical origin is generally accepted as the interface’s exchange cou-
pling between the Antiferromagnet and a ferromagnet. However, the exact
microscopic mechanism by which this exchange coupling restates into H,, is
still under debate. Several attempts have been made to model the EB phe-
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nomenon. However, no single model could provide a complete explanation
of the effect. In the following section, we describe some significant theoreti-
cal models of EB. As is usual, the Meiklejohn—Bean approach [92}93] will be
discussed before some more sophisticated models.

2.4 Meiklejohn—Bean approach

The phenomenological description of EB for the model system of section
could be extended to a more quantitative description of the coupling [92}93].
If the coupling at the FM/AFM interface of Fig. is taken as Jppg, then for
coherent rotation of the FM layer magnetization, the system’s energy per unit
area can be written as [92}93];

E = _,UOHMFMtFM COS(G - B) + KFMtFM SiHQB -+ KAFMtAFM Sin2 (0%

(2.1)
— Jrpcos(f — a),
where H is the applied field making an angle 6 with the AFM and FM
anisotropy axes denoted by their respective anisotropy constants K apj; and
Kpy. Mpy is the saturation magnetization, tgys, and ¢4y are the thick-
nesses of the FM layer and AFM layer, respectively. J;y7 is the interface cou-
pling constant. Angles a and [ represent the angles between the AFM (sub-
lattice) and FM magnetizations concerning their respective anisotropy axes
(see Fig. . For simplicity, we assume single-domain FM and AFM such
that their anisotropy axes are parallel to each other along the cooling field
direction. The first term in equation 2.1 represents the Zeeman interaction
energy of the ferromagnetic layer with the field, i.e., the work which has to be
carried out to rotate the spins in the FM along the external field. The second
and third terms are the magnetocrystalline anisotropy energy terms of the fer-
romagnetic and antiferromagnetic layers. Finally, the fourth term represents
the FM-AFM interface exchange coupling. For simplicity we assume that H
is applied along the FM easy axis (Kgy/), i.e., @ — 0. Equation 2.1 can now
be used to describe two limiting cases.

e Case-1;

Karn tary » Jeg, i.e. the AFM anisotropy is large such that AFM spins do
not rotate with H, i.e. they keep aligned along the AFM easy axis so that «
~ 0. In this case Equation 2.1 reduces to

FE = _,UDHMFMtFM COS(ﬂ) + KFMtFM sin2 5— JEB COS(B) (22)
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KAFM ’ KFM

Figure 2.3: Vector diagram showing the net magnetization of antifer-
romagnet, MAFM, the magnetization of the ferromagnet, Mgy, and
the applied field H. The vectors M arps, Mpas and H are making the
angles a, f and 6 with respect to easy axis of ferro- (antiferro-) magnet
represented by their respective anisotropy constants Krys (Kapar)-

E = —,U,()MFM[H — JEB/MFMtFM] COS(B) + KFMtFM sin2ﬁ (23)

Setting, He s y=H-Jgp/Mpptpa will make Equation 2.3 identical to the en-
ergy equation of a single-domain non-interacting ferromagnetic particle layer,
the latter is given by [10§],

E = —uoH cos(B) + Kpy Ve sin® 3, (2.4)

where V), represents the volume of the FM particle. Clearly, in the
present case the exchange coupling with the AFM results in a shift of the
hysteresis loop of the FM by an amount

Heyy = H — Jpp/Mputru (2.5)
Equation 2.5 gives Meiklejohn and Bean’s expression of He,. It gives the

expected characteristics of the hysteresis loop for an ideal case assumed in
section 2.2.
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e Case-2;

Karmtary « Jep, i.e. the AFM anisotropy is small. In this case it
is energetically more favorable that the spins in the FM and the AFM rotate
together during a hysteresis loop. As a result, a &~  and equation 2.2 becomes

E = _ﬁLOHMFMtFM COS(B) + (KFMtAFM + KAFMtFM) sin2 a— JEB (26)

A comparison with equation 2.4 reveals that in this case there will be no loop
shift. However, the value of Hes will be enhanced, since the overall magnetic
anisotropy is modified due to the coupling. Hence the condition: Ksppytarns
» Jep is necessary for EB.

The simple description of the Meiklejohn—Bean model delivers an excellent
fundamental argument of EB. However, there is, in general, no quantitative
agreement between this model and experimental results. This model foresees
hysteresis loop shift which is usually several rankings of magnitude bigger than
experimentally measured in most thin-film based systems [50}95|96,101,{107],
although in some cases better agreement is reported [97}/109].

2.5 Random field model — Malozemoft

Malozemoff |110] explained the EB as originating from a random exchange
field, which he ascribed to interface roughness. The rough FM/AFM compen-
sated and uncompensated interfaces, as illustrated in Fig(a), give rise to
randomness in the exchange interactions. When the system is cooled through
Ty, the AFM experiences a random field. To minimize the exchange energy
the AFM breaks up into domains (Imray- Ma domains) [111},[112] with domain
walls orthogonal to the interface (Fig2.4[(b) and (c)) and sizes approximately
provided by m(Asrar/Karar)'/?, where A 4py is the exchange stiffness of the
AFM. The statistical asymmetry of AFM moments at these domains’ surfaces
generates uncompensated moments at the interface that couple to the FM,
resulting in EB. Despite its success in obtaining the right order of magnitude
for the H,,, this model has a critical deficiency: it imperatively depends on a
defect concentration at the FM/AFM interface, which is not compatible with
experimental observations. This model also lacks information about the ther-
mal relaxation effect on the antiferromagnetic spin structure. Furthermore, the
expense of energy for establishing domain walls orthogonal to the AFM/FM
interface was not addressed in detail [50].
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Figure 2.4: (a) “AFM rough interface with frustrated interactions
marked by full dots. The dashed line shows the boundary between
the FM and the AFM. From Ref. [50|. (b) Schematic perspective view
of AFM domains (dashed lines) stabilized by a net (locally averaged)
interface field surrounded by regions of net oppositely directed inter-
face field.” Arrows indicate macroscopic FM and AFM moments. (c)
Enlarged view of a sole domain shown in (b). (b) and (c) are taken

from the original paper of Malozemoff |110].

2.6 Domain state model

Nowak, Beckmann, Miltényi, and Misra et al., [113-117| used the bilayer
FM/AFM system at some finite temperatures and did Monte Carlo simula-
tions considering defects inside the AFM and not indeed at the FM/AFM
interface. They assumed that the origin of the exchange bias effect is the for-
mation of the domains inside AFM. Because these AFM bulk domains, which
are orthogonal to the AFM/FM interface, are responsible for the uncompen-
sated moments at the interface. They also proposed that introducing more
defects or disorders increases the possibility of AFM domains within certain
limits, which leads to larger exchange-bias |113-117]. This model is now called
as “the domain state model.” The basis of this model relies on the magnetic
disorder (see Fig.. One can call the domain state model as “microscopic
model.” By microscopic, I mean that it considers the spin configuration of
every atom or group of atoms inside the system’s volume. In this model, to
clarify the surface and bulk contribution towards EB, the disorder is intro-
duced via magnetic dilution at the AFM/FM interface and in the bulk of the
AFM layer. The foundation of the domain state model consists of an AFM
layer carrying the properties of a “diluted Ising antiferromagnet (DAFF).” This
DAFF should have a phase diagram like the one depicted in Figl2.6] At the
dilution dependent Néel temperature (in zero field), the system goes through a
magnetic phase transition, from paramagnet to AFM transition. The antifer-
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romagnetic phase is stable in three dimensions in the low-temperature range
for small fields. The diluted AFM acquires a DS phase with spin-glass behavior
when the external magnetic field is enhanced at low temperatures. In the finite
zone of the DAFF, the statistical imbalance of two antiferromagnetic sublat-
tices’ impurities causes the development of the antiferromagnetic domains in
the DS phase Fig[2.6] Because of this imbalance, the change in the system
leads us to a net magnetization that couples to the external magnetic field. A
spin-flip of the region, or in easy words, the creation of a domain, can relax
the system’s energy. At a minimum cost of exchange energy, the development
of a domain wall can be precisely controlled if the domain wall moves through
non-magnetic defects.
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Figure 2.5: “Sketch of the domain state model with one ferromagnetic
layer and three diluted antiferromagnetic layers. The dots represent
defects”. From Ref. [113].

In domain state model, as the AFM is modeled in a way that it must act
magnetically as an diluted Ising system. The easy axis of which is same as of
the FM used. Thus the Hamiltonian of their system is given as

H=—Jru Y SiSj— Y (d:SL+dyS}, + pomHS;)

(i,9)eF M ieF'M
— Jarm E €i€;0;,0; — E pomH . €;0; (2.7)
(i.)eAFM ieAFM

— Jint E €¢0i5jz7

(ieAF M, jeF M)

“where €;; are parameters used to describe fractions of sites carrying (¢; =
0) or not carrying (¢; = 1) a magnetic moment m, the S; and o; represent
classical spin vectors at the ith site of the FM and AFM, respectively. The
first line describes the contribution of the FM with the z-axis as its easy axis
with an anisotropy constant d,>0, and the x-axis as its hard axis with an
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anisotropy constant d,<0. The second line describes the diluted AFM and
the third line includes the exchange coupling across the interface between FM
and AFM, where it is assumed that the Ising spins in the topmost layer of
the AFM interact with the z component of the Heisenberg spins of the FM.
For the nearest-neighbor exchange constant Japy; of the AFM, which mainly
determines its Néel temperature, it is assumed that Jappy = -(Jpar)/2. For
simplicity, Nowak et al., [113] assumed the same absolute value for the coupling
constant (Jynyr== Japn). Nowak et al. [113] also assumed that the values of
the magnetic moments of FM and AFM are identical (u). Eq. suggests
a simple ground-state argument for the strength of the bias field. Assuming
that all spins in the FM remain parallel during field reversal and that some

net magnetization of the interface layer of the AFM remains constant during
the reversal of the FM. [113]”

It was experimentally shown that “the EB depends of the bulk properties
of the diluted AFM, but also on the concentration of the dilution impurities.
It appears that at zero dilution, the DS gives vanishing exchange bias. The
exchange bias is missing at low dilutions because the domains in the AFM
cannot be formed as they would cost too much energy to break the AFM
bonds. Overall, it is believed that strong support for the DS model is given by
experimental observations where nonmagnetic impurities are added to the AF
layer in a systematic and controlled way [115[118+120]”. Also, a reasonable
agreement lies within the experimental work by Ali et al. [121], where the
reliance of the exchange bias on the temperature and antiferromagnetic layer
thickness for IrMn/Co bilayers has shown.

magnetic field B

Ty

temperature T

Figure 2.6: Schematic phase diagram of a three-dimensional diluted
antiferromagnet. From Ref. [113].

As shown experimentally by Miltényi et al., [115], the EB depends also on
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the bulk properties of the DAFF layer. There, the dilution via non-magnetic
defects was introduced only in the bulk of the AFM layer far away from the
interface. Dependent on the Mg impurities concentration, the EB evolves as:

e ‘“at zero dilution the exchange bias has finite values

e by increasing the Mg concentration, the EB field increases first, showing a
broad peak-like behavior, and then, when the dilution is further increased
the EB field decreases again.

Simulations used for the DS model showed an overall good qualitative
agreement with the experimental work [115]. The peak-like behavior of the
EB as a function of the dilution, as described in the work by Miltényi et al.,
is clearly obtained in the simulations, too. However, it appears that at no
inclusion of defects, the DS gives vanishing EB while finite values are observed
experimentally. The EB is missing at low dilutions in the DS model because
the domains in the AFM cannot be formed as they would cost too much energy
to split the AFM bonds. This discrepancy [113| is thought to be explained by
other imperfections such as e.g., grain boundaries in the twinned AFM layer,
which is similar to dilution and which can also reduce the domain-wall energy,
thus leading to domain formation and EB even without dilution of the AFM
bulk.

Within the DS model, the blocking temperature can be realized by ex-
amining the DAFF phase diagram shown in Fig[2.6] The frozen domain state
of the AFM occurs, following by cooling in the field below the irreversibility
temperature Tj;;). Within this study, the blocking temperature matches to
Tj@), where in an EB system the purpose of the cooling field is complemented
or substituted by the interface exchange field of the FM. Since T < Ty, the
blocking temperature should be at least somewhat below the Néel tempera-
ture and should be reliant on the strength of the interface exchange field. The
simulations within the DS model reveal that EB is linearly dependent on tem-
perature, as perceived experimentally in Co/CoQO systems, but no cause for
this behavior is provided [113].

Overall, it is concluded that considerable support for the DS model is pro-
vided by experimental investigations where nonmagnetic impurities are added
to the AFM layer in a precise and controlled fashion |115}[118-120,122]. Also,
it seems that a good agreement is perceived with the experiments shown in
Ref. [121]. The asymmetry of the magnetization reversal modes is shown to
be reliant on the angle between the easy axis of the DAFF layers and the
FM [114]. It was observed that either the same or different FM reversal mech-
anisms (coherent rotation or domain wall movement) could occur as the cor-
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responding orientation between the anisotropy axis of the AFM and FM is
changed” [113/115].

2.7 Role of spin configuration and pinned un-

compensated moments in Ni,Mnyq_,

2.7.1 Spin configuration and anisotropy

One of the important and basic ingredients to get exchange-bias is magnetic
anisotropy energy (MAE) of the AFM, which should be greater than the inter-
facial exchange energy, in principle. In the early models, based on theoretical
work [92,94,96,/110] reporting the exchange-bias effect, the key assumption is a
“collinear spin configuration” of an AFM at the FM/AFM interface. However,
in reality, there are several systems in which the AFM has shown non-collinear
spin structure e.g., FeMn [123-125], NissMnz, [126], and Ni, Mnjgo—, [7375L76].
Nogués et al., [101] also support the fact that the spin structure at the inter-
face of FM/AFM has strong dependency to EB. They highlighted more the
role of the angle between an FM magnetization and the AFM spins for the EB.
For a realistic EB model, both interdependent parameters, i.e., the AFM spin
direction and magnetic anisotropy should be taken into account, especially at
the interface of FM/AFM.

For AFM material (in the form of an alloy) the concentration can play
a vital role in changing AFM anisotropy and its spin structure. One can
play around to control the AFM anisotropy and its spin structure,one way
is if the AFM is sandwiched between two FM layers. One of such specific
example which could relate to our present work was presented recently by
Khan et al., |73]. Based on the 3Q spin structure shown by the bilayer sys-
tem NizMnjgy_,/Ni/(/Co) on CuzAu(001), they proposed an intuitive model
(shown in Fig. . In this model it is proposed that the 3Q) spin structure de-
viates, driven by compositional-dependent strain i.e,. from more out-of-plane
(OoP) to more in-plane (IP) and vice versa. It is further added that with the
decrease in Ni concentration from 50% to 20% the magnetic anisotropy of an-
tiferromagnetic Ni,Mnjgo_, alloy increases and spin structure from more OoP
switches to more IP. Fig[2.7] “shows a schematic representation of the feasible
3Q spin structure of NizMnjg9_,. The IP component of the surface atom spins
in elongated flat (001) terraces is compensated, while the OoP spin component
is not. In the upper (lower) terrace of Fig[2.7|(a), all surface spins are facing
upward (downward), creating a layer-wise uncompensated spin component in
the OoP direction. Fig[2.7(b) represents a possible (001) surface spin config-
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Figure 2.7: (a) “Schematic drawing of the non-collinear three-
dimensional (3Q-like) spin structure of NizMnjgo—,. The different
colours of the arrows representing spins only show their the four dif-
ferent sublattices. The tetrahedron connected by dark lines and filled
yellow connects the atoms that constitute the magnetic unit cell of
NizMnjgp—,. Within one (001) layer, all the IP spin components are
compensated, but not the OoP components. (b) Top view of the spin
structure at the (001) surface: the dashed ellipses show the uncompen-
sated IP spin components at step edges. (c¢) The proposed change of
the non-collinear spin structure of NizMnjgg_, from the more-OoP to
the more-IP direction upon decreasing the Ni concentration from 50
to 20 percent in a schematic cross-sectional view. The dark grey (light
grey) balls represent the top (second from top) layer atoms”. From

Ref. .

uration of the AFM layer in a 3Q spin structure at step edges observed from
the top. Light and dark coloured areas shows the next-level atomic interface
planes. Ellipses at the step edges depicted by dashed lines represents areas in
which the IP components of the antiferromagnetic spins do not cancel. De-
pending upon the concentration of Ni in NizMnigg_,, the spins could be along
more-OoP or more-IP directions. Fig[2.7(c) is the basis of their suggested
model. It shows the situation when the spins are tilted towards the more-IP
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direction on decreasing the Ni concentration from 50% to 20%” [73].
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Figure 2.8: (a) “Fabrication steps of FM1/AFM/FM2 trilayers with
in-plane/ out-of-plane (I) and in-plane/ in-plane (II) configurations.

(b) Temperature dependence of the exchange bias field of the bottom
Ni layer, FM1, at two fabrication steps”. From Ref. |76}/127].

2.7.2 Pinned uncompensated moments (PUM)

In this section, which is related in many aspects to the DS model (described
in detail in the previous section), we will discuss more specifically the role of
pinned uncompensated moments in single crystalline Ni,Mngo_, films. Re-
cently some groups have concluded that EB is not solely an interfacial phe-
nomenon rather there is also some considerable contribution to the effect from
the volume/bulk of the AFM layer in form of pinned uncompensated mo-
ments [75,/76,/127-130]. But the questions now are: Do the pinned uncom-
pensated moments reside on the surface or could be found in the bulk? From
where do they originate? Do the bulk spins or moments play any major role?
Previously it was always thought and assumed that EB is completely an inter-
facial effect, where pinned uncompensated moments in the bulk only provide
the support role in terms of pinning matrix. However, the experiments done by
our and many other groups in recent times show evidence that AFM spins and
pinned moments play an active role in establishing EB features |75,76,(127-H130].
We will present a brief summary of some recent work done on single crystalline
Ni,Mnigo_,, which is described by help of some intuitive model and implies
that bulk pinned uncompensated moments play a major role in EB.

Figl2.8 is from a recent experiment with FM1/AFM/FM2, i.e., (Co/) Ni
/ NiMn / Ni(/Co) trilayers which combine IP and OoP anisotropies |76|. Here
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two different ferromagnets were exploited to probe the role of bulk AFM spins.
Fig[2.§(a) depicts the sample synthesis steps. In-situ L-MOKE /P-MOKE mea-
surements were performed at each step. Figl2.8(b) shows the temperature (T)
versus exchange bias (H) field graph for the same ferromagnetic layer (bot-
tom Ni, FM1) at two fabrication steps. The EB of FM1 (always in-plane)
is changed by switching the FM2 magnetization from OoP to IP. Red circles
in Fig[2.§|a) correspond to the EB of FM1 as the FM2 magnetization points
OoP. An ultra-thin Co layer of 2-5 monolayers tilts the FM2 magnetization
from OoP to IP, and as a result, the EB of FM1 is substantially reduced (blue
triangles). This reduction corresponds to the presence of pinned uncompen-
sated moments in the AFM bulk, which magnetically connects both FM layers
through exchange paths in the AFM. Or in other words, largely independent
pinning centres exist for the pinning of OoP and IP directions.“
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Experimental techniques

3.1 Sample growth

3.1.1 Substrate preparation

All the experiments have been conducted under ultrahigh-vacuum (UHV) con-
ditions at a base pressure of 2x1071% mbar. The UHV chamber, in which the
experiments were carried out, is equipped with the necessary instruments for
sample synthesis and surface characterization. The layout of the chamber is
depicted in Fig. (side view) and Fig. (top view). A single crystal
CuzgAu(001) of circular shape (having a diameter of 8 mm and height 2 mm)
provided by Material Technologie and Kristalle (MaTecK) GmbH was em-
ployed as a non-magnetic substrate with miscut <0.1°. The sputtering tech-
nique in an Ar environment was used to get the clean substrate. The pressure
used during sputtering was in the range of 2 x107° mbar. The bombardment
of Ar ions in the range of 1000-1200 eV led to regular sample currents of about
2.4-3.0 pA. “Auger electron spectroscopy (AES) was used to inspect the clean-
liness of the substrate prior to annealing at a temperature of about 830 K for 30
minutes. Temperatures were measured by a thermocouple of the N type that
was firmly connected to the sample, mounted on the holder. After sputtering,
annealing was done to restore a smooth and defect-free surface. Low-energy
electron diffraction (LEED) was used to check sample surface long-range crys-
talline order. To confirm the excellent surface quality of the substrate, multiple
sputtering—annealing cycles were performed” [148].

3.1.2 Film deposition

“Each metal was evaporated from a separate source utilizing electron-beam-
assisted heating of high purity rods (Ni, Co: 99.99 % ), while Mn was evap-
orated from a tantalum crucible filled with pure Mn flakes: (99.99%)” |148§].
During evaporation, the substrate was kept at room temperature. A com-
prehensive description of the evaporator is illustrated in Ref. [131]. “In this
evaporation technique, electrons emitted from a heated tungsten filament are
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Figure 3.1: Schematic layout of the preparation and characterization
chamber: The electron gun of the AES system and the fluorescent
screen of the LEED system are utilized for MEED.

accelerated in a concentric electrostatic field to the tip of the crucible or rod,
which is kept at positive potential (1 kV). The heating power, which was
typically used between 8-25 W, can be adjusted by the few parameters, e.g.,
filament current, the rod potential, and the tip-to-filament (/crucible) distance
7 . An integrated flux meter (within the Oxford Applied Research mini
e-beam EGN4 evaporator with slight modifications), senses the ionised atoms
in the vapour state and provides a direct measure of the evaporation rate.
The flux measurement in this way is very helpful, in case, if no medium-energy
electron diffraction (MEED) oscillations could be achieved for thickness control
and calibration. Reproducible and stable deposition rates can be accomplished
if regular evaporating parameters and a uniform geometry of tip-to-filament
are preserved. The layer thickness was monitored by looking at the MEED
oscillations of Co, Ni and Mn on a CuzAu(001) substrate.
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Figure 3.2: Top-view of the preparation and characterization cham-
ber

3.2 Sample characterization techniques

3.2.1 Auger electron spectroscopy

The substrate, before doing a new experiment, was cleaned by Ar ions with
an energy of 1-1.2 keV, followed by AES scans to check the cleanliness. AES
requires ultrahigh-vacuum conditions, and is one of the most commonly used
surface sensitive techniques for determining the composition of the surface
layers of a sample. It uses the emission of electrons in the Auger process.
During relaxation of the core level holes, Auger electrons are emitted from the
atoms, the energy of these electrons are determined by the critical parameter,
i.e., the electronic structure of the elements. As the electronic structure of an
atom of each element is unique, “the Auger electrons also give the fingerprints
of all the elements, except H and He [132]”. The AES system comprises an
integral electron gun, with an acceleration of 3-5 keV to focus and accelerate
electrons towards the sample. The sample is positioned at the focal point of the
Auger gun. The emitted electrons are deflected by an AES component named
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Figure 3.3: Auger spectrum from clean CuzAu(001). The number
in the subscript along with the element name represents the relevant
AES peak energy in electron volts (eV).

“cylindrical mirror analyzer” (CMA). “CMA collects the favourable energetic
electrons into the detection unit, multiplies the signal and send as a voltage
signal to the lock-in-amplifier. From there the voltage signal is then locked
to the CMA sweeping power supply as a reference frequency. The sweeping
power supply is used to tune the electric field on the CMA and to collect
Auger electrons as a function of their electron energy” [138]. When the sample
is bombarded with accelerated electrons, holes in the core level are produced
which are immediately filled by an upper-level electron, releasing the extra
energy in the form of x-ray fluorescence, or this energy can be transmitted to
any other electron. By exploiting the kinetic energies of emitted electrons, one
can recognize different elements, as each of them has characteristic peaks at
some specific energies in the Auger spectrum. From those peaks, one can get
qualitative as well as quantitive information regarding the surface of the film,
in some limits. A characteristic spectrum taken from the clean CugAu(001)
substrate is shown in Fig. [3.3] From this figure, “the three prominent peaks
of the LMM Auger transitions at 776 eV, 848 eV, and 920 eV can be identified
for copper. For gold, the most noticeable peak is at an energy of 69 eV. The
presence of surface contamination is beneath the detection limit of the Auger
system” [138], less than 3% of a monolayer.
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3.2.2 Low-energy electron diffraction

The result of an accident in the laboratory of Davisson and Germer in 1925
[133] not only marks a historic step in the development of quantum mechanics
but also gave birth to the most powerful tool for the structural analysis in
the field of surface science, namely low-energy electron diffraction (LEED).
LEED provides qualitative as well as quantitative structural information about
crystalline sample surfaces. This well-established diffraction technique has
nowadays reached a grade of sophistication, allowing the retrieval of surface
structures with a precision as low as 0.01 A. A comprehensive overview can be
found in Refs. [134H136]. LEED probes the long-range structural order within
the surface-near region (5-10 A) by employing low energy electrons that have
de Broglie wavelengths in the order of inter-atomic distances. In a LEED
system, the sample is at normal incidence to a finely focused electron beam
(spot size< 1 mm) at energies in the range of 50-500 eV. A fluorescent screen
is used in conjunction with a multiple-grid retarding field analyzer to map
the intensity distribution of elastically back-scattered electrons that emerge
from the sample surface. The intensity of elastically back-scattered electrons,
even at peak maxima, is of the order of only 1% of the incident beam current
(1#A). The energy-dependent diffraction pattern, especially spot position, spot
profile, spot intensity and intensity distribution, contains information on the
size and shape of the surface unit cell, on the nature and number of defects as
well as on the atomic arrangements, not only of ordered but also for disordered
structures. In a kinematic description, the diffraction amplitude is given by the
Fourier transform of the electron charge distribution. Therefore, the diffraction
pattern is a direct representation of the reciprocal lattice of the surface. A
diffraction spot occurs on the screen if the diffraction condition is fulfilled, i.e.,
at the intersection of the Ewald sphere, whose radius is defined by the wave
vector of the incoming electrons, with an integer reciprocal lattice vector. Fig.
3.3| shows the reciprocal lattice for the real space corresponding to the c¢(2x2)
structure of the CuzAu(001) substrate.

Instrumental limitations, which are caused by the finite spatial and tem-
poral coherence of the electron beam, give rise to a finite size of the LEED
spots even in the case of a perfectly periodic structure. This inherent prop-
erty is characterized by the term “transfer width”, which has a typical value of
about 100 A. Unlike x-ray diffraction, where the Born approximation is valid,
the calculation of LEED intensities demands a dynamical theory which takes
the high probability of multiple scattering events into account. In this work,
a LEED system [131] with a three-grid retarding field analyzer was used.

As already described, the peak positions yield only information on the
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Figure 3.4: Simulated LEED pattern of the clean fec CugAu(001)
substrate in real space (on the left), in reciprocal space (in the mid-
dle), and on the right is the LEED image for 117 eV electron en-
ergy. CuszAu(001) alloy substrate depicts p(1x1) symmetry (brown
and white spheres in real and reciprocal space, respectively) and a
clear ¢(2x2) superstructure (grey and brinjal spheres in real and re-
ciprocal space, respectively). The brown and white arrows in real and
reciprocal space are the basis vectors for p(1x1) while black and brin-
jal arrows in real and reciprocal space are the basis vectors for c¢(2x2)
superstructures.

size and shape of the surface unit cell. The actual structural information,
i.e., the atomic arrangement within the unit cell, is hidden in the spot in-
tensities. The atomic positions can be obtained from the evaluation of the
intensity-versus-voltage dependence of LEED spots. The voltage sweeps in
these so-called LEED I(V) measurements (shown in Fig. are equivalent to
a variation of the momentum transfer vector along the surface truncation rods
in reciprocal space [138]|. Although sophisticated dynamical theories have to
be applied to extract precise structural data, the great advantage of a LEED
[(V) measurement is its relatively low experimental effort compared to surface
x-ray diffraction techniques. A kinematic evaluation of LEED I(V) curves of
the specular spot is already capable of retrieving the inter-atomic layer spac-
ing along the surface normal with reasonable accuracy. Due to the vanishing
in-plane momentum transfer vector, the (0 0) spot intensity does not contain
information about the lateral atomic positions. The peak maxima and minima
in the LEED I(V) curves originate from constructive or destructive interference
of the electron waves which are scattered from atomic planes. Besides primary
Bragg reflections also secondary peaks from multiple scattering events may be
present in the intensity curves. In the kinematic approximation, the interlayer
spacing is obtained from the energetic positions of a set of Bragg peaks. Using
Bragg’s law (2d cos @ = n\) and de Broglie’s relation, which links via p = h/A
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Figure 3.5: Room-temperature LEED I(V) curve for the clean or-
dered CuzAu(001) substrate.
. from the material

the momentum p with the wavelength A of a quantum particle, the interlayer
spacing d is given by;
nh

d= ;
(2cos a/2me(E(n) — V;y))

(3.1)

where “a, m, and h denote the angle between sample normal and incident
electron beam, electron mass, and Planck’s constant, respectively. E(n) refers
to the energy of an intensity maximum which corresponds to a Bragg peak of
the order of n. V;, describes the real part of the complex inner potential. That
is the energy difference (V;., < 0) between the vacuum level and the plateau
of the muffin-tin potential. This correction value takes into account that the
electrons gain energy when they enter the solid from the vacuum. The actual
value of d is retrieved from a linear regression of E(n) versus n*” [138]. The
slope of these curves is related to d, and the intersection with the energy axis
at E < 0 equals V.. It has to be stressed that this analysis yields a value for
d which has to be interpreted as an average interlayer spacing of the first few
monolayers (Fig. . This kinematic approach has been successfully applied
to thin films of 3d transition metals and their alloy films like NiMn /Cuz Au(001)
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Figure 3.6: Electron beam energy dependence on n? for the LEED
(0,0) spot of CuzAu(001) substrate. The vertical interlayer distance d
is extracted from the slope of the linear fit.

[71], Mn/CuzAu(001) [137], NiMn/Ni(/Co)/CuzgAu(001) |73,{138], Ni/Cu(001)
[139], Fe/Cu(001) [140], FeMn/Cu(001) [141], to name only a few examples.
The LEED I(V) curves presented in this work were obtained by recording the
spot intensities on the fluorescent screen with a high-resolution CCD camera

(EE2010).

3.2.3 Medium-energy electron diffraction

Medium-energy electron diffraction (MEED) was employed for monitoring and
characterizing the film growth. The principle of this technique is similar to
reflection high-energy electron diffraction (RHEED), which is the standard
in-situ technique in molecular beam epitaxy for the growth of semiconductor
films [142]. The principle of MEED is illustrated in Fig. 3.7 An electron
beam of energy between 2-5 keV strikes the sample at grazing incidence. The
interaction with a crystalline sample gives rise to a diffraction pattern that
is monitored on a fluorescent screen opposite to the electron gun. In short,
the changing diffraction properties of the surface during growth give rise to a
variation of the intensity of the diffraction spots. The intensity depends on
the interference conditions between electron waves scattered from a uniform
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Figure 3.7: The electron gun of the AES system and the fluorescent
screen of the LEED system are utilized for MEED. The orange dotted
line indicates the electron trajectory.

surface and one which is populated by monolayer thick islands. In case of
Frank-van-der-Merwe growth mode, intensities of the spots oscillate with a
periodicity which matches the periodicity of the surface morphology during
layer-wise growth. Although a phase shift between the intensity maxima and
the completion of a full monolayer might be present, the oscillations are di-
rectly related to the number of deposited monolayers. Thus, the coverage of
an adsorbate growing in layer-by-layer fashion can be readily determined by
MEED. The thickness accuracy is typically in the range of a tenth of a mono-
layer. As an example, Fig. [3.8 shows the MEED intensity, i.e., the intensity
of the (0, 0) spot and that of the (1/2 , 1/2) spot, during the deposition
of 15 ML NizzMng; alloy film, at a rate of 2 minutes per monolayer on a
CuzAu(001) single crystal held at T = 300 K. The diffraction pattern of the
pristine CugAu(001) is shown in the inset. The symmetry of the pattern proves
that the substrate’s [001] in-plane direction lies within the plane of incidence.

e Composition and thickness of Ni in Ni,Mny_,
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Figure 3.8: MEED intensity versus time during the growth of 15
ML of NigsMng7 alloy on CugAu(001) at room temperature. The inset
shows the diffraction pattern of the pristine substrate in which the
(0,0) spot is indicated in a red square while a blue square indicates
the (1/2,1/2) spot. The pronounced intensity drop at the point where
the evaporator’s shutter was opened (indicated by an arrow on the
left-hand side) marks the beginning of the growth. In the same way,
the point at which intensity started to become constant where the
evaporator’s shutter was closed (indicated by an arrow on the right-
hand side) marks the end of the growth. The presence of MEED
oscillations indicates a layer-by-layer growth mode.

It is evident from the equidistant maxima and minima in Fig. [3.8] that
the evaporation conditions in the Ni and Mn sources can be stabilized for a
sufficiently long deposition time. Having a controllable and stable flux of mate-
rials are of utmost importance for the preparation of ordered or disordered alloy
films with the desired composition employing individual or co-evaporation.

The previous section tried to convey the message that from the oscillations
in the MEED intensity, it is possible to determine the evaporation rate of NiMn
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(Eninm) deposited on a substrate (CugAu(001)) during the simultaneous co-
evaporation of Ni and Mn. It also holds for the evaporation of only Ni or
only Mn on to the substrate to determine their evaporation rates. In alloy
formation or synthesis, one determine the rate of the second material if the
first one is known already. For example, if Ni is evaporated at the same rate
for the deposition of the Ni film and the Ni,Mnjg_, film, one can compare Ey;
and En;ym as determined by MEED. In this way, one can already calculate
the composition in the Ni,Mn 199_, film, since x is obtained by the ratio of
En; and Eniam,.

AES provides a complementary method to double-check the alloy con-
centration. In the general case of a film (F) growing on a substrate (S) in
a layer-by-layer mode, the Auger intensities of the substrate and the film of
thickness dy can be written as

Ig = Iy % Sg * exp @/As (3.2)

Ip = Iy % Sp* (1 — exp 9r/Ar) (3.3)

respectively, with the approximation that the attenuation of the Auger elec-
trons within a material is determined by the mean distance the electrons can
travel before an inelastic scattering event occurs. The subscripts S and F de-
note the substrate and the film, respectively. The quantities S; (i = S, F) are
the sensitivities of the Auger transition. The effective attenuation lengths A;
= \;/ cos « are correlated to the attenuation length \; of the Auger electrons
from the materials i via the detection angle o of the Auger electron spectrom-
eter. Finally, Iy represents the intensity of the primary beam. From an Auger
spectrum, one can measure Ig and Ir and determine the thickness of the film
once the parameters S; and \; are known. In the case of a binary alloy, the
situation is more complicated, since now both the constituents of the alloy
reduce the Auger signal from the substrate. Sometime an additional compli-
cation arises from the energetic overlapping of some of the prominent peaks of
the different materials. In Fig. an Auger spectrum of a 9 ML NisoMnsq
film grown on CugAu(001) is shown. MEED determined thickness and concen-
tration. As one can see, from each of the three materials, i.e., Mn, Ni, and Cu,
there is at least one Auger peak not overlapping with others (though in Mn
case we have 3 choices 545, 592, and 638 €V). We used 592 eV peak for Mn, 716
for the Ni and 920 for the Cu. The corresponding Auger electron intensities
are defined as Iy, Iy;, and I¢,. Experimentally one can, therefore, obtain the
ratio between the Cu and Mn (Ni) Auger intensities as Ry, = Iow/Tam (R
= Iow/Ini) as a function of the thickness and the concentration of the alloy
film.
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Figure 3.9: Auger spectrum from 9 ML NizgMnsg film grown on
CuzAu(001) at T=300 K. The number in the subscript along with
the element name represents the relevant AES peak energy in electron
volts (eV).
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Figure 3.10: The use of Eq. (rising lines), and Eq. (falling
lines) for different values of Ry, and Ryy;.
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In the case of NizMnjgy_, growing on CuzAu(001), the ratio between
equations [3.2| and can be written for Mn and Ni, respectively, as

Scy * exp~ ¥ Aou

Ram =
M G % (1 — ) % (1 — exp=d/Aam)

(3.4)

B Sou * exp_d/ACu
"~ Syixxx (1 — exp=d/Ani)

Rpi (3.5)

where now d is the total film thickness and x, the Ni concentration. To
determine d and x from equations and , the quantities S; (i = Mn, Ni,
and Cu) and A; are needed and are taken from the work of Ref. [143|. Nor-
mally, these can be obtained by graphically adjusting the theoretical curves
and [3.5/in a way to match the experimental values of Ry, and Ry;, whose
corresponding thickness and concentration should be determined beforehand
from MEED oscillations. The result of this procedure is shown in Fig. [3.10]
For each point, an observed value of Ry, and Ry;, as measured by AES, is
given. Of course, for pure Mn (Ni), just the parameter Ry, (Ry;) is mea-
sured. Therefore, “using equations and [3.5] the values of thickness (d) and
Ni concentration (x) can be determined. In a plot of d versus x, the solu-
tion of these two equations form lines that are monotonically rising or
falling , as shown in Fig. [3.10, The crossing of these two lines for Ry;
and Ry, yields d and x. For NiMn films of thickness smaller than 15 ML
and grown on CuzAu(001)” [143], Auger is quite useful to calculate the thick-
ness and concentration in this way with an error of 0.5 ML thickness and 4%
concentration.

3.2.4 Scanning tunneling microscopy (STM)

STM is a technique that allows imaging a conducting surface and its local
electronic structure at the atomic scale. It was developed in 1981 by two IBM
scientists, Gerd Binnig and Heinrich Rohrer, and because of this milestone
invention, they won the Nobel Prize in 1986.

Principles of Scanning Tunneling Microscopy

An STM uses “a sharp needle, referred to as ‘tip,” to scan the topography of the
surface without touching it. A sketch for the primary mechanism of an STM
setup is shown in Fig. [3.11} A voltage is applied between the metallic tip and
the conducting sample within a distance of few A. The STM operates in the
regime of minimal distances between the tip and the surface of only 0.5 to 1.0
nm, i.e., 2 to 4 atomic diameters. Within these small distances, by applying
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Figure 3.11: A sketch of the operating mechanism of STM. A small
bias voltage is applied between the tip and the sample. Inside the
circle, a tunneling process between the tip apex and the sample surface
is sketched. Image was re-drawn and modified following .

an external electric field, the electrons can tunnel from the tip to the surface
or vice versa across the vacuum barrier, hence the name of this microscope—
tunneling microscope. At positive bias voltages, electrons tunnel from tip to
sample, and vice versa for negative voltages. The surface topography can be
measured by combining the tip with a piezoelectric drive system and a feedback
loop. STM can be a challenging technique, as it requires clean and stable
surfaces, sharp tips, excellent vibration control, and sophisticated electronics.

A simple schematic of the STM chamber (Omicron) is shown in Fig. [3.12]
It consists of two main portions: the preparation chamber and the STM cham-
ber, separated by a gate valve. The sample can be prepared in the preparation
chamber using two separate four-pocket evaporators filled with the Ni, Mn,
Co, etc., where co-evaporation is also possible. After preparation, the sample
is then transferred to the STM chamber with the help of a wobble stick to a
transfer rod, then from the transfer rod to the STM stage by another wobble
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Figure 3.12: Sketch of the top cross section view of the STM cham-
ber.

stick shown in Fig. [3.12] The STM stage is suspended by four springs and
magnetically damped in vacuum during the measurement to reduce noise while
scanning. The turbo pump is also switched off for the same purpose. An ultra-
high vacuum with a pressure of lower than 9x107° mbar can be maintained
with the help of ion-getter pumps in both parts of the chambers” [13§].

Fig. (a) shows an STM image of pristine CuzAu(001). Fig. (b)
shows a line profile taken along the solid line in image Fig. (a). This
topographic image of the CugAu(001) substrate is obtained using an Fe ring.
The tip was prepared from Fe wire by an electrochemical etching method. The
line scan profile in Fig. (b) shows the presence of monolayer steps.

Advantages of STM Compared with Other Techniques;

Each of the techniques introduced earlier has particular strengths and limi-
tations. For example, LEED relies on large-scale order and can at best give
average information about local and defect structure. The higher vertical res-
olution of STM relative to other microscopes also offers advantages concerning
a qualitative analysis of surface roughness on a nanometer scale. The other
unique feature of the STM is it’s genuinely local interaction on the atomic
scale rather than the averaged properties of the bulk phase or of a large sur-
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Figure 3.13: Constant-current STM topography image (U = 1 V| I

= 0.48 nA): (a) pristine CuzAu(001) substrate. (b) Line profile along
the white line in image (a).

face area, which allows the study of individual surface defects, and surface
reconstructions at unprecedented resolution.

3.2.5 Magneto-optical Kerr effect

The magneto-optical Kerr effect (MOKE) was exploited for measuring mag-
netic hysteresis loops. The effect was discovered by J. Kerr in 1877 and was
first adapted for studies in the field of surface magnetism in the late 1985
by Moog and Bader |145]. A modern review can be found in reference [146].
The magneto-optical Kerr effect “relies on the response of optical properties
on the magnetic state of a sample. The magneto-optical interaction causes a
polarization change upon reflection of polarized light from a magnetic surface.
The reflection of linearly polarized light impinging on the sample leads to a
rotation of the polarization axis and to the appearance of a small fraction of
elliptically polarized light in the reflected beam. The former effect is quanti-
fied by the so-called Kerr angle and the latter by the Kerr ellipticity. Both
quantities are proportional to the magnetization within the probing volume
but do also depend on wavelength and material. The probing depth is given
by the penetration depth of light, which is of the order of a few hundred A.

There exist different MOKE geometries, depending on the orientation of
the magnetization vector M relative to the incidence plane. In the polar geom-
etry, as illustrated in Fig. [3.2] the polarized light beam hits the surface close
to normal incidence. This geometry is sensitive to an out-of-plane magnetiza-
tion. In the longitudinal geometry Fig. [3.2] the magnetization lies within the
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surface plane and also within the plane of incidence” [138]. And in the trans-
verse geometry (not shown), the magnetization lies within the surface plane
but orthogonal to the plane of incidence.

UHV-compatible MOKE setup

In this work a MOKE system was set up that is based on a polarization mod-
ulation technique. A scheme is sketched in Fig. [3.2] “An intensity stabilized 5
mW laser diode emitting partially polarized light at a wavelength of A = 632
nm acts as a light source. The key element of this setup is a photo elastic
modulator which consists of a transparent piezo-driven birefringent crystal.
The modulation axis is set to 45° relative to the polarizer. The electric field
component of the light pointing along the modulation axis receives a periodic
retardation at the modulation frequency f (50 kHz) with an amplitude of \/4.
Thus, the polarization state of the modulated light is changed periodically ac-
cording to the following sequence: linear, right-circular, linear and left-circular,
whereas it is elliptically polarized in between. The linear component experi-
ences a Kerr rotation upon reflection by the sample. Eventually, the reflected
light passes an analyzer and a 632 nm interference filter before being detected
by a photodiode. The pre-amplified output signal from the photodiode as well
as a reference signal from the modulator are fed into a lock-in amplifier. It can
be shown that the Kerr rotation yields an AC signal at twice the modulation
frequency [147]. This 2f signal is recorded and normalized to the DC-signal,
while computer-controlled two bipolar power supplies sweep the current of the
magnet coils. Those two coils provide a maximum field of about 150 mT at
the sample position. The illustration in Fig. shows the layout for the po-
lar geometry. The longitudinal geometry was achieved by a setup where the
light from a second laser diode was used. In this case the sample normal is
oriented perpendicular to the magnetic field ” [138]. The same analyzer and
photo-diode are used for both MOKE geometries.
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Bulk and interfacial effects in
Co/Ni;Mny,_, exchange bias
system due to creation of
defects by Ar™ sputtering

4.1 Growth and structure of Ni,Mnjy,_, on Cus-
Au(001) and Co on Ni,Mnjy_,.

In this work [[] the detailed mechanism leading to EB in single-crystalline thin
film systems with NiMn binary alloys and Mn as the antiferromagnetic layers
and Co as FM layer is investigated. The approach is to influence both the
interface coupling between an FM and an AFM material as well as the pinning
sites inside the AFM material by the controlled insertion of disorder at defined
depths of the layered system. This is achieved via deliberately sputtering by
Ar™ either at the surface of the AFM layer or at a certain depth between
two deposition steps. To create defects inside the AFM layer, we stopped the
deposition shortly to expose the surface for 40 seconds to Ar ions of 1 keV
energy, using an Ar pressure of 2 x107° mbar. These exposure conditions
have been optimized in a way not to lose any measurable part of a monolayer,
as detected by Auger electron spectroscopy (AES). By placing a mechanical
shutter in front of the substrate, this can be applied to one half of the sample,
while the other is unaffected. Comparison of the magnetic properties measured
at the two parts of the sample then allows a precise determination of the
influence of the additional step during the sample preparation, since all other
parameters such as film thicknesses and precise composition of the alloy are
identical. The influence of this disorder on the EB is then monitored as a
function of the position of this defect layer. If disorder within the AFM layer

!This chapter contains parts from Ref. |148], published in Physica Status Solidi Rapid
Research Letters."
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plays a role in the pinning, a clear influence on the EB effect should be observed
by comparing the two sides, defected and undefected, of the sample. This
would help to verify or falsify different models of EB discussed in chapter 2.
The antiferromagnetic systems under study are Ni,Mngy_, including pure Mn

on CuzAu(001).

4.2 Results

The growth of AFM NizMnjgo_, on CuzAu(001) at T=300 K was monitored
by means of MEED for the concentration range from pure Mn to equiatomic
NiMn.

Ni,Mn, y,_/Cu;Au(001)

(0,0) spot intensity (arb.units)

— NiysMny;s
— Niy,Mng,
. i . . .
0 10 20 30

thickness t (ML)

Figure 4.1: MEED curves of the (0 0) spot recorded during the
deposition of NizMnjgo—, films on CuzAu(001) at 300 K for various
values of x. All NizMnjgg_, samples are 30 monolayers thick and
on top 5 monolayers cobalt are deposited. The red vertical dashed
bars represent the thickness at which one sample was sputtered or
sandwiched defects are introduced. The shutter was opened at 0 ML
and closed at the dashed bars, then after creating defects it was opened
at the dashed bars and closed at the end, i.e, at 30 ML.

Figure [4.1] shows the reflected MEED intensity as a function of deposition
time for increasing Ni content (x) from top to bottom. The curves are normal-
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Figure 4.2: Normalized AES spectra of unsputtered and sputtered
(dotted lines) part of the samples for different concentrations of Ni in
the NipzMnjgg_. alloy. All samples are|~ 8-10 ML’s thick. AES spectra
for both unsputtered and sputtered parts of the sample, approximately
look the same and roughly gives the same Ni concentration, too.

ized to the initial MEED intensity at the time before opening the shutters, i.e.,
at t=0 ML, and shifted vertically for clarity. The deposition time was converted
into a monolayer thickness scale under the assumption that a maximum in the
MEED intensity corresponds to a filled integer monolayer, neglecting a pos-
sible phase shift. This conversion allows a convenient presentation of MEED
curves obtained from films deposited at different growth rates in a single fig-
ure. An oscillating MEED intensity, which is a fingerprint of a layer-by-layer
growth mode, was found for all Ni,Mngy_, films, including x=0. The MEED
oscillations of the NiMn alloy on CugAu(001) exhibit improved layer-by-layer
growth in comparison to NiMn alloy on Cu(001), which only shows fifteen
pronounced maxima [86]. The reason may lie in the differences in lattice mis-
match with the different substrates. NiMn has less mismatch with CugAu(001)
in comparison to Cu(001) substrate. The growth axis of NiMn alloy on both
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Figure 4.3: LEED patterns of ~10 monolayers thick NizMnigg_g
films grown on CuzAu(001) at T=300 K: unsputtered and sputtered
(a,b) Mn (c,d) NijsMngs and (e,f) NisopMnsg. The spot positions are
highlighted in (c¢) and (d) which show ¢(2x2) structure, not to be
confused with artifacts in the LEED system we used. (a) and (e) show
how the line profile analysis is perfomed using a line through three

spots, in a similar way for both sputtered and unsputtered part of the

samples.

substrates also shows differences [70}86,[87,/138,(148|. The stronger reduction
in the amplitude of oscillation indicates the onset of simultaneous growth of
several layers, which is named three-dimensional growth mode.

amplitude is reduced after sputtering.

Figure shows the spectra of the unsputtered and sputtered parts of
the sample for five samples of different concentrations. As stated above, the
film thickness is calibrated by means of oscillations in the MEED intensity

o2

Oscillation


~

Results 4.2

Ni,Mn,,./Cu;Au(001)
Non-sputtered —— Sputtered -
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(129 eV) Mn
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Pixel

Figure 4.4: Intensity profiles (line scans) from the LEED patterns for
NizMnjgp—, films on CuzgAu(001). The dotted and straight lines for
each sample show the comparison of the sputtered and the unsputtered
part of the same samples. Equal values of electron energy (mentioned
to the left side of each line scans) are considered for the same sample
and nearly equal values for all samples except for NijsMngs, where
higher energies are required to see the difference between both parts

of the sample.

recorded during evaporation but afterward also crosschecked by AES. AES
helps in finding out the precise composition i.e., the Ni concentration in the
Ni,Mnjgo_, alloy; it also helps to check the aspect of erasing or varying the
Ni concentration after exposing one part of the sample for a short time of 40

seconds to the Ar ions.

Figure shows the LEED patterns of Ni,Mnjgy_, films on CugAu(001)
at 300 K. Since the main purpose of the present study is the comparison of
the magnetic properties of the sputtered and unsputtered parts of the same
sample, it is important to show that the crystalline structure of both parts
is very similar. LEED was performed directly after sputtering one part of
the sample. As CuzAu(001) has fec structure, the LEED pattern shows the
surface of a bee structure. The only difference the LEED patterns show is that
producing controlled defects leads to a slight change in the intensity, as is clear
from Fig. 4.3 and is further supported by Fig. [£.4] which shows the line scans
for these LEED patterns. So, for nearly the same electron energies of ~125 eV,
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Figure 4.5: (a, c, e) Constant-current STM topography images (U
=1V, I= 048 nA): (a) pristine CuzAu(001) substrate, (c) room-
temperature deposited nonsputtered, and (e) sputtered 4 ML Mn on
CuzAu(001). (b, d, f) Line profiles along the white lines in images (a,
¢, e), repectively.

the structure of both parts of the sample is taken in form of LEED images and
compared side by side. A clear difference is observed for each sample. This
suggests that after producing defects the surface becomes a bit rough, and the
spots show less intensity as compared to the unsputtered part.

This is due to the roughness of the surface at the sputtered part, which
is caused by the induced defects. The consistent peak positions with respect
to the substrate, indicate the coherent growth throughout the investigated
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Figure 4.6: Normalized hysteresis loops for the sample of 10 ML Co/
30 ML Mn/ CugAu(001) for the (a) unsputtered and (b) sputtered
part of the sample, measured with longitudinal MOKE at different

temperatures. The inset (sketches) show the two parts of the same

sample, unsputtered and sputtered, respectively.

thickness of |~10 ML region. The unsputtered part of Ni,Mnjqg_, films exhibits

sharp LEED spots and a high ratio of peak intensity to background depicted
in Fig. [£.4] In contrast, the sputtered part of the Ni,Mn;go_, films exhibits a
bit dimmer spots in which the peak intensity decreases.

Figure[4.5] (a) shows STM images of pristine CuzAu(001), (c) nonsputtered
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Figure 4.7: Temperature dependence of H. (a) and Hep, (b) for equal
thicknesses of O ML NizMnjgg_, in 5 ML CoO ML NizMnigg_z
bilayers on CuzAu(001). The sketch in the inset shows how defects
are introduced at nearly same depth of ~10 ML in one part of each
sample.

4 ML Mn/Cu3Au(001), and (e) sputtered 4 ML/Cu3Au(001) films. Figure [4.5]
(b, d, f) show line profiles taken along the solid lines in images Fig. 4.5 (a, c,
e), rspectively. Figure (c, e), shows Mn films with atomically flat surfaces
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Figure 4.8: Temperature dependence of H. (a) and He, (b) for equal
thicknesses of ~30 ML of Mn in 10 ML Co/~30 ML Mn bilayers for
both parts (sputtered and unsputtered) of the samples on CuzAu(001).
The inset (sketch) shows how defects are inserted at different depths
in one part of all three samples. The frame color of each box in the
inset corresponds to the respectively colored data points in the main
figure. The filled symbols are for the unsputtered parts and the open
symbols for the sputtered parts of the samples.
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Figure 4.9: Ni concentration-dependent H. and EB field in
NizMnigg—, alloys at 80 K for equal thicknesses of samples |~30 ML in
5 ML Co/30 ML Ni,Mnjgo—_, bilayers on CuzgAu(001).
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with small 2D islands of single atomic height on top, which have feature sizes
of several nanometers. This observation is consistent with the layer-by-layer
growth concluded from the MEED oscillations. Furthermore, a clear well-
ordered surface is observed for the nonsputtered 4 ML Mn film, whereas a
somewhat enhanced roughness can be seen on the surface of sputtered 4 ML
Mn/CuzAu(001). These results are in accordance with Fig. and [4.4] The
separation between Mn atomic planes is obtained from the line scans.

Hysteresis loops are measured with longitudinal MOKE at different tem-
peratures after field cooling with +2 mT from above the Néel temperature
(Tn) of Mn and below the Curie temperature (T¢) of the Co layer i.e., ~480
K, which provided an EB shift along the negative field direction. Figure
shows an example of temperature-dependent hysteresis loops for IP magne-
tization of Co/NizMnjgy_, bilayers. Here the sample is 10 ML Co/30 ML
Mn/CuzAu(001) in Fig. (a) and 10 ML Co/20 ML Mn/sputtered/10 ML
Mn/CuzAu(001) in Fig. (b).

Nearly rectangular-shaped loops for both cases are obtained, where a coer-
civity (H.) enhancement with decreasing temperature can be observed and an
exchange bias. Although the general behavior of the temperature-dependent
hysteresis loops is similar for the unsputtered and sputtered cases, the de-
tails are different (Fig. [4.6). The main differences are (i) the H.(T) for the
sputtered part is almost 1.5 times that for the unsputtered part at low temper-
atures, and the reduction of H. to lower values occurs at higher temperatures
for the sputtered part. (ii) the EB field (H,p) for the sputtered part is vanishing
at |~420 K, while it ceases for the unsputtered part below |~260 K, which means
the blocking temperature is nearly doubled. In these kind of magnetic thin
films, H, of the FM alone typically decreases about linearly with increasing
temperature. A linear decrease of H. could thus just be due to the absence
of exchange coupling between the AFM and the FM layer. In contrast, we
observe a discontinuity in the slope of H. versus temperature, which is typical
for exchanged-coupled/FM bilayer systems [91}/149,150]. The point at which
this discontinuity of the temperature-dependent H. occurs is considered as
Ty. For its estimation, we follow the procedure already used in [149] and fit a
straight line to the high-temperature side of the H.(T) data to represent the
behavior of the uncoupled FM layer. The temperature at which the measured
H. significantly diverges from this line is defined as Néel temperature Ty of
the AFM layer. The error in this method is less than 4+ 10 K. To avoid an
alloying effect of the AFM and FM materials at the interface, we did not take
measurements above 500 K.

Figure shows the temperature-dependent evaluation of H, (a) and H,
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field (b) for samples with different concentrations x but similar thickness ~30
ML Ni,Mnjgg_,, either sputtered after |~10 ML or unsputtered, in contact with
in-plane magnetized FM Co. Generally, it is reported that EB starts near the
peak of H, [96,[121], which holds true for the pure Mn samples, but this is not
the case all the time. For example, Maat et al., found that T, occurs very close
to T without any H. peak down to the minimum temperature of 10 K [151].
From Fig. (a) we can see that there is a considerable change in H,. of all the
samples and within the same sample too, i.e., between the sputtered and the
unsputtered part of same samples, especially at lower temperatures. In case
of pure Mn, the difference between he coercivity of sputtered and unsputtered
is very big.

In Fig. (b) same scenario again, a very big difference is seen in Hgy, for
sputtered and unsputtered part of pure Mn and also a considerable change
in sputtered and unsputtered parts of other four samples. For four sam-
ples (without pure Mn), there is a well defined trend: with decreasing x, T}
shifts to higher temperatures, in both parts of each sample, interestingly. At
lower temperatures especially, the difference in H, is very clear between both
parts of each sample and also among unsputtered parts of different samples.
Similar results have been presented in Ref. |70,[73| for unsputtered bilayers
NiMn/Ni/(Co)/CuzAu(001). The difference here is that while for IP magneti-
zation in Ref. [70,[73], Khan et al., used 2 ML Co first on CuzAu(001) and the
Ni is evporated on top of it before NiMn as an AFM has been deposited. We
deposited directly NiMn on the CuzAu(001) crystal, introduced some defects
within or on the surface of NiMn by Argon sputtering, and then introduced
FM Co on top.

Comparing the sputtered samples to the unsputtered ones, higher values
of H., Hy, and T}, are observed in the sputtered system.

Figure {4.8) depicts H.(T) and Hey(T) for three samples of pure Mn with
equal thicknesses. Here defects are produced at different depths in the AFM
Mn (from bottom to surface). The unsputtered parts of all three samples show
nearly the same H,., as expected. However, an increment in the sputtered parts
is observed when we go deeper with the insertion of defects (see Fig. (a)).
It shows that sputtering at a larger depth is having a larger effect on H.. In
Fig. (b) it is seen that sputtering at a larger depth is also having a larger
effect on the EB. The main effect is not so much increasing the EB at the
lowest temperatures, but shifting up T,. Similar to H., Hy, also gives similar
values for the non-sputterd parts of all samples and yields a confirmation of
the reproducibility of our samples.
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Figure [4.9| shows the values of H, and EB versus the Ni concentration at
a fixed temperature at 80 K for both part of the sample, i.e., unsputtered and
sputtered. Figure (a) shows how the H, values reduce with increasing Ni
concentration up to 35 percent and increase again for the equiatomic sample.
Figure 4.9| (b) shows how the EB values decrease with higher Ni(x) concentra-
tion, except for the pure Mn sample. Whether less or more, if we generalize the
whole Fig. for the sputtered part, H. and EB both are increased compared
to the unsputtered part of the sample.

Note that the thickness of the FM Co is 5 ML in Fig. and 10 ML in
Fig. The sample with the pure Mn layer in Fig. (black data points)
and the sample sputtered after the deposition of 10 ML Mn in Fig. (also
black data points) thus differ only by the thickness of the Co FM layer. If H,
and H, were exclusively determined by the coupling of the FM layer at the
interface to the AFM layer, they would depend inversely on the thickness of
the FM layer. Comparing the data of these two samples in Figs. and [4.8]
one can see that this is about the case, although there are subtle differences.

4.3 Discussion

We have got the following main results for the discussion :
e Successful insertion of defects

Successful insertion of defects within different depths of the AFM volume and
on the surface of AFM has been carried out (Fig. and [4.8)).

e Presence and identification of different kinds of defects

There exist three kinds of defects in our samples of the AFM Mn layers, which
are responsible for creating magnetic domains and the existence of the un-
compensated pinned moments within these domains to produce the EB effect.
These defects are:

(1) naturally occurring structural defects,
(ii) the chemical defects and
(iii) the deliberately introduced defects

We assume that chemical defects here occur by introducing Ni in the Mn
system to make AFM Ni,Mniqy_, alloy. While by the deliberately introduced
defects we mean here the defects which occured by Ar ion sputtering, either
in pure Mn or in the Ni,Mnjg_, alloy.
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The naturally occurring structural defects are unavoidable in all samples,
which is the primary source of uncompensated pinned moments within the
AFM magnetic domains and hence the EB effect.

For the unsputtered part of the samples, the chemical defects in the alloy
NiMn play a significant role: by increasing Ni to the equiatomic concentration,
the chemical defects can no longer be simple defects; instead, they provide
the alloy opportunity to get more regular AFM spin structure with decreased
anisotropy (Fig. . At Ni concentrations x=50 and x=0, the films have
nearly perfect AFM spin structure with relatively smaller magnetic anisotropy,
which results in a smaller EB field and smaller T,. Insertion of chemical
defects in Mn by adding less Ni in it produces magnetic domains in the AFM
Ni,Mn;gy_, but still with more Mn-Mn neighbors than when more Ni is added
to Mn, i.e., for NisgpMnsg. In the former case, more pinned spins can be created
to enhance the magnetic anisotropy and hence higher exchange bias field and
higher T}, compared to the latter case. This is evident from our results in
Fig. These results are similar to previously obtained results |73| and are
therefore attributed to (a) rotation of the non-collinear 3Q-like spin structure
of NizMnjgg_, from more out-of-plane to more in-plane direction for decreasing
Ni concentration x, along with an associated increased magnetic anisotropy,
and (b) a smaller domain wall width within the Ni,Mnjg_, films at smaller
x, leading to a smaller thickness required to establish exchange bias at a fixed
temperature. On the other hand, in addition to these chemical defects, the
insertion of structural defects, too, plays a significant role in the creation of
AFM domains and hence pinned spins that are responsible for exchange bias.
This is evident from the larger values of He, (T) for the sputtered part of the
Ni,Mnjgo_, compared to the unsputtered part of the sample.

e Dominant role of structural defects within pure Mn

The structural defects provided by Ar ion sputtering play a significant role in
creating magnetic domains or uncompensated pinned moments within the pure
Mn films compared to Ni,Mnjgo_,. That is why we see more change or increase
in Hep(T) for the former case than the latter (Fig. [£.7). This is clear from
the difference in the temperature-dependent H,, values for sputtered (black
open symbols) and unsputtered (black filled symbols) part of the sample. This
is because pure Mn sample obviously has a more significant number of Mn
atoms exposed for sputtering and thus has more probability for the creation of
a more significant number of uncompensated Mn pinned moments compared
to NizMnjgy_,, where along with Mn atoms Ni atoms are also present. In
pure Mn films, there exists a nearly perfect ordered structure which is when
defected, results in a more effective production of domains containing more
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pinned moments as compared to the case of Ni,Mngy_,, which cannot produce
that much number of pinned Mn on average because of the existence of Ni (Fig.

.7 and [4.8).

e Contribution of the structural defects with the depth in pure Mn

The contribution of the structural defects increases with the distance from the
FM layer (Fig. [£.8).

Stronger coupling between a pinning center and the FM layer results in
a higher torque on the pinned moment in the AFM layer upon FM layer
magnetization reversal, which could make it easier to break the pinning. In
other words, if a pinning center is too close to the FM layer, no spin spiral or
local horizontal domain wall might be accommodated, which would lead either
to domains in the FM layer [152] or to the unpinning of the uncompensated
moments to enhance the H.. Following that idea, at higher temperatures, more
distant pinning centers would thus dominate the EB, which consequently could
exist only at larger film thicknesses. This would explain the increase of Hg, and
T, with AFM layer thickness [76]. These speculations are clearly confirmed
by our results shown in Fig. 4.8 The results in Fig. are fascinating:
they show the contribution of all kinds of structural defects that occur in Mn
films (naturally occurring structural defects, deliberately introduced structural
defects at the interface and within the volume of the AFM Mn layer due to Ar
sputtering). The contribution of the naturally occurring structural defects is
evident from the unsputtered part of all the Mn films that couple with the Co
film to emerge the EB effect. The interfacial defects certainly produce the EB
effect, as is evident from the larger and smaller value of H.,(T) for the sputtered
(green open symbols) and unsputtered (green open symbols) part, respectively.
The volume defects within the Mn layer have an immense contribution to the
EB effect (open red and open black symbols). Simultaneously, the results
clearly differentiate the contribution of the bulk AFM spin structure from
that of the FM/AFM interfacial contribution. The fact that the AFM bulk
spin structure dominantly contributes to the phenomenon of exchange bias is
fairly observed here. The H.,(T) values for the bulk defects due to sputtering
are much larger (red and black symbols) than the interfacial defects (green
symbols). There is possibility that deepen defects have an effect on further
growth of the film, leading to defects also above the sputtered part.
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4.4 Conclusion

In this chapter we have shown from the experimental results obtained by
MOKE measurements on epitaxially grown Co/Ni,Mnjgp_,/CuzAu(001) sam-
ples exhibiting exchange bias (0 < x < 50), where in one part of the sample
the NizMnyq_, layer is sputtered with a small dose of Ar ions at its surface or
at different depths, that structural defects in the AFM layer introduced as a
consequence of this sputtering lead to a higher exchange bias field and larger
coercivity. It is attributed to a larger amount of magnetic pinning centers
in the AFM layer, which are unanimously considered to be the origin of EB.
These pinning centers are linked to structural or chemical defects and lead to
an increase in the blocking temperature and a concomitant increase of the ex-
change bias field. This is most pronounced for samples with Ni concentrations
of x = 0 and x = 50, which in the unsputtered state exhibit a smaller EB effect
than the ones with Ni concentrations in between. This can be discussed as the
effect of the introduced defects acting as pinning sites for EB, which in addi-
tion to the already-present defects determine the strength of the unidirectional
anisotropy. Their smaller relative contribution in films with intermediate Ni
concentrations can be attributed to the higher density of chemical defects in
the chemically disordered alloy.

Introducing defects in Co/Mn/CuzAu(001) samples, i.e., for x = 0, at
different depths in the AFM Mn layer reveals a stronger effect on the EB
for more deeply buried defects, while defecting the FM—AFM interface has a
minor effect on the magnetic properties of the sample. This, on the one hand,
confirms an assumption of the domain-state model of EB, namely that the
pinning centers lying within the volume of the AFM layer are contributing
the most to the EB effect and not the interfacial ones, on the other hand
it demonstrates a distance dependence of the location of defects from the
interface. The latter can be explained by a minimum distance required for an
effective twisting of the coupling chain between pinning centers in the AFM
layer and the FM-layer magnetization required to observe EB.

With the presented experiments, the two main ingredients responsible for
the EB effect, i.e., the presence of uncompensated pinned magnetic moments
acting as pinning centers and the location of these pinning centers within the
volume of the AFM layer, have been tested by us. We could show that by
introducing structural defects in the AFM layer at a certain distance from the
interface to the FM layer, both the exchange bias field at a given temperature
as well as the blocking temperature for EB can be significantly enhanced.
The behavior of the EB upon introducing extra defects by slight sputtering
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is compatible with a model in which local uncompensated pinned magnetic
moments in the AFM layer interact with the FM layer by a path of direct
exchange coupling within the AFM material.
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Growth, structure, and
magnetic properties of
artificially layered NiMn in
contact to ferromagnetic Co
on CusAu(001)

5.1 Growth of artificially ordered alloys of Ni
and Mn

In this work we fabricated artificially-ordered alloy films of Ni and Mn with
atomic precision, i.e. in a layer-by-layer mode on a CuzAu(001) single crys-
tal. We have chosen Ni and Mn because in disordered alloy form, NiMn is a
properly-explored single-crystalline AFM system [70-74,/76,77,86,87,138/148].
Due to tiny lattice mismatch, NizMnjgo_, shows layer-by-layer growth on
CuzAu(001) |70-74,76,/77,/138]. The repeated stacking of these different metal-
lic layers (in sizes of atomic monolayers) is referred from now on as artificially-
ordered layered films (ALF). [Ni;/Mn,,| or 1 ML Ni/m ML Mn/CuzAu(001)
multi-stacks with m ranges between 1 and 3 ML were prepared. The total
thickness of these layered films was kept as 10, 12, 15, and 20 ML (Fig. p.1]).
In parallel, for comparison, Ni,Mngo_, films of the same thicknesses and same
Ni content were prepared in disordered alloy form too, to enable and under-
stand the structural and magnetic properties in a better way for this system.
One of the intriguing concepts in the study of these ALF is the interlayer mag-
netic exchange coupling of spins in one atomic layer to those in adjacent layers
of same or different metal. The other aspect for this study would be that
since the geometric arrangements in the ALF are highly selective compared
to disordered alloys of the same elements, it is of great interest to compare
the magnetization behaviors of both forms. We are specifically interested in
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the ALF of Ni and Mn to have a model system which cannot exist naturally.
This way one may design artificial system for specific applications. There are
three basic pre requisites to grow ALF successfully along the film normal; (i)
each layer thickness should be regulated on an atomic scale, (ii) interdiffu-
sion should be sufficiently suppressed, especially at the interfaces and, (iii)
deposited materials should form a layered structure in form of layer-by-layer
growth.

Ni,Mnygo_, films are prepared by the simultaneous evaporation of Ni and
Mn on CuzAu(001) while for the preparation of ALF of Ni and Mn, a special
kind of shutter is used at the tip of the four-pocket evaporator to precisely
control the evaporation of the materials, and open one pocket at a time. In
alloy samples, the Ni concentration x was varied by optimizing the individual
deposition rates while in the ALF case we kept nearly the same evaporation
rate. The growth rate of the films is typically between 0.5 and 2 ML per
minute, and was checked by counting the oscillations in the (0, 0) spot MEED
intensity recorded during evaporation. Note that on the top of each sample,
a 10 ML FM Co film is deposited, which grows epitaxially on top of NiMn
or Mn AFM layers [70,71},|73,/76,/138], and exhibits an in-plane easy axis of
magnetization.

5.2 Results

Figure [5.1] shows schematic illustrations of the three types of ALF ultrathin
films that have been prepared on CuzAu(001) at T = 300 K, keeping the
thickness of Ni to 1 ML while changing the thickness of the Mn layers from 1
to 3 ML. For each of these three geometries of ALF, four different thicknesses
have been grown, namely 10, 12, 15 and 20 ML, by adjusting the thickness of
the last Mn layer. For comparison, films of the same thicknesses were prepared
with disordered Ni,Mnig_, alloys in the same conditions. Our aim was that
for films of the same thickness, both ALF and disordered alloy should have
nearly equal Ni content. For 20 ML of ALF, we have additionally investigated
samples in which we exchanged the deposition sequence of Ni and Mn shown
in Fig. (d-f).

The growth of ALF of Ni and Mn and disordered AFM alloy Ni,Mnigg_,
at T = 300 K was monitored by means of MEED oscillations. Fig. shows
the reflected MEED intensity as a function of deposition time for 61 ML Mn on
CuzgAu(001). The deposition time is converted into a monolayer thickness scale
under the assumption that a maximum in the MEED intensity corresponds
to a filled integer monolayer. For our work, full grip on MEED oscillations
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Figure 5.1: Schematic illustration of ALF of m ML Mn/1 ML
Ni/Cu3zAu(001) (a—c) and 1 ML Ni/m ML Mn/CugAu(O(]l) (d-f);
where m = 3 (5.1 (a) and ( m = 2 (5.1 (b) and ( m =1 (5.]]
(c) and (f)). The total thlckness of these stacks is kept as 10, 12, 15
and 20 ML. 10 ML FM Co is always evaporated on top of these films

for magnetic characterization.

with time for both Ni and Mn was one of the prerequisites. That is why
we optimized initially the growth conditions. Ni always grows in layer-by-
layer fashion on CuzAu(001) up to 20 ML [138,[153], Mn was also reported
to grow in layer-by-layer growth mode , but this was not the case for
all growth conditions [86,[137,[138}[155,[156]. The periodic oscillations of the
specular beam intensity signify layer-by-layer growth in our case. In Fig.

the oscillations persist up to the end, i.e., 61 ML, where the shutter was closed,
which has never been achieved before up to the best of our knowledge. The
possible reasons might be the pressure during deposition and different MEED
geometries: in our case, pressure was 8 x 10719 mbar during the deposition of

69



5. Growth, structure, and magnetic properties of artificially layered NiMn

I T T T I T I T I T I T I
m 61 ML Mn/Cu;Au(001)
—_
£
(=
=
=
S L
N
>
=
w2
=
Q
=t ' T T T T T T T T
8= Z[1ML Ni/1 ML Mn]y/Cu;Au(001)
5] | v 1
% - "‘S In
— ~
< 2 Ni 1\/{11 . Mn
(=) 7 ! ' ' Ni . Ni
~— =1 ! ' 1 '
] | R
k=18 : .
a ' h
m 1 1
B m
300 400 500 600 700 800 900 1000 1100
time (secs)
I T I T I T I T I T I T I
0 10 20 30 40 50 60

thickness (ML)

Figure 5.2: MEED oscillations during the deposition of 61 ML Mn
on CuzAu(001). The inset show MEED oscillations for a 6 ML Ni
and Mn ALF on CuzAu(001). The first maximum corresponds to 1
ML filling of Mn (represented by the red vertical bar) and the second
maximum corresponds to an additional 1 ML Ni (represented by the
blue vertical bar), and so forth.

the films, grazing angle (2° ) and the beam energy (2.5 keV ). In the previous
works, grazing angles of 8.6° [154] and 1° 137,155, and beam energies of 3
keV [154] and 5 keV [137,[155], respectively, have been used. These differences
may affect the MEED oscillations.

In the MEED curves in Fig. [5.2] we can see a clear intensity minimum
at 1.5 ML and then a rise up to 15 ML, followed by the immediate fall in
the MEED curve intensity and the reduction in the amplitude of the MEED
oscillations. Lin et al., [137,(155] have reported with the help of STM, LEED
images and LEED I(V) curves that Mn films on CuzAu(001) deposited at room
temperature undergo a sudden structural transition from fec to fct. This can
be speculated from the first transition in the intensity of our MEED oscillations
as well, which occurs between 15-20 ML and which could not be achieved in
Refs. [137,|155]. We also think that another structural transition may occur
at 30 ML (second peak in the curve), as after the first transition (at 15 ML)
the MEED intensity goes up (instead of coming down in the normal case)
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Figure 5.3: MEED oscillations for 15 and 20 MLL ALF and corre-
sponding disordered NizMnjgo—; alloy films on CuzAu(001). For ALF,
the switching of the shutter between sources of Ni and Mn evaporation
is marked with dashed vertical bars. The blue bar corresponds to 1
ML filling of Ni, while the red bar correlates to 1 ML (black curve), 2
ML (red curve), and 3 ML (blue curve) filling of Mn. For alloy films,
the amplitude of the oscillations decreases with increasing Mn content
during the deposition, while in the case of ALF, it depends on the Ni
and Mn sequence. Depositing Mn (Ni, e.g., black curve) first in ALF,
e.g., red and blue curves, the amplitude of the oscillations increases

(decreases).

and then slowly reduces, accompanied by damped oscillations. However, to
comprehend this observation of the second transition fully, it is necessary to
perform a complete structural study of Mn films with growing thickness.

The inset in Fig. [5.2] shows MEED oscillations during the deposition of a
6 ML ALF of |1 Mn/1 Ni|3 on CuzAu(001). Ni shows reduced amplitudes of
oscillation compared to Mn layers. A similar behavior has been reported for
Fe/Cu ALF (small lattice mismatch between fcc Fe and fec Cu) on Cu(001),
where Cu has a higher amplitude of oscillations than Fe [157].

An oscillating MEED intensity, which is a fingerprint of a layer-by-layer
growth mode, was found for all disordered NizMngg_, alloys and the ALF.
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Figure 5.4: LEED patterns of (a) clean CugAu(001) and of 9 ML
of (b) Mn, (¢) 3 ML Mn/1 ML Ni, (d) NigsMnys, (e) 2 ML Mn/ 1
ML Ni, (f) N133MH67, (g) 1 ML Mn/l ML Ni, and (h) Ni50Mn50. All
LEED images are taken at room temperature with a beam energy of
130 eV. The LEED patterns show a typical ¢(2x2) structure for all
images. The LEED spots are sharper in case of ALF compared to the
disordered NizMnigg_, alloy films.

Some of them are shown in Fig. [5.3, For ALF of m ML Mn/1 ML Ni or 1
ML Ni/m ML Mn, the switching of the shutter between sources of Ni and Mn
evaporation, is marked with dashed vertical bars. Blue bars correspond to 1
ML filling of Ni, while red bars correlate to the 1 ML (black curve), 2 ML
(red curve) and 3 ML (blue curve) filling of Mn. A difference in the MEED
oscillation amplitudes for Ni and Mn in the ALF were only observed in 1
ML Mn/1 ML Ni films (clearly visible from the inset of Fig. reftwo), where
Mn depicts higher amplitudes than Ni. For alloy films, the amplitude of the
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Figure 5.5: Room temperature LEED I(V) curves for a series of
different 9 ML thick disordered NizMnjgp—, (including pure Mn and
Ni) films.

oscillations decreases with film thicknes, while it increases for ALF. The reason
for this will be discussed later.

Figure shows the LEED images for the substrate, pure Mn, disordered
NiMn alloy, and ALF, of 9 ML thickness each. All the LEED images are taken
at room temperature with a beam energy of 130 ¢V. The LEED patterns of ALF
show typical ¢(2x2) superstructure with much sharper LEED spots compared
to the disordered alloy films. The additional ordered structure of ALF might
just come from a reconstruction of Mn atoms, or even be due to some Au
segregation to the very first atomic layers of these films, as already reported
for thin Mn, as well as Co-Ni alloy films grown on top of CuzAu(001) [137153],
or it could be also due to the buckling of either the Mn atoms at the surface
or in each layer [69].

The LEED I(V) curves for disordered NiMn alloy films, along with pure
Ni and Mn (9 ML thick), as deposited at room temperature, are shown in
Fig. 5.5l The (00) spot was used for obtaining the LEED I(V) curves with an
incidence angle of # = 85°. Increasing the Ni content in these films, one can
observe a clear shift of the peaks to higher energies.

Figure shows room-temperature LEED I(V) curves for 9 ML thick
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Figure 5.6: (a) Room-temperature LEED I(V) curves for 9 ML thick
disordered NizMnjgo—, and ALF of 1 ML Ni/m ML Mn/CugAu(001),
where m ranges from 1 to 3. Note the shift of the peaks to higher
energies for ALF compared to the corresponding disordered alloy films.
A shift of the peaks to higher energies is also observed with increasing
Ni content within both types of films. (b) Interlayer spacing d versus Ni
content x. The dashed lines at 1.883 and 1.76 A indicate the interlayer
distances in fec CugAu(001), as experimentally obtained here, and in
bulk L1y NiMn along the c-axis, respectively. For ALF of 1 ML Ni/1
ML Mn films, d coincides with the value of the c-axis in bulk L1y NiMn.
For pure Mn (x=0) and pure Ni (x=100) the interlayer distances were
1.92 and 1.69 A.

disordered alloy Ni,Mnjg_, together with the corresponding ALF of 1 ML
Ni/m ML Mn, deposited on CuzAu(001). One can observe a shift of the
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Figure 5.7: Normalized hysteresis loops for 10 ML Co on 15 ML
thick (a) 2 ML Mn/1 ML Ni ALF and (b) NizzMng; disordered alloy
films, measured with longitudinal MOKE at different temperatures.
The sample was field-cooled in +25 mT from 500 K, above Ty of Mn
and below the Curie temperature of the Co film.

peaks to higher energies for ALF compared to the corresponding disordered
alloy films. The shift of the peaks to higher energies is also observed with
increasing Ni content within both types of the prepared films. Fig. [5.6| (b)
shows the resulting interlayer spacing d versus Ni content x. With increasing
Ni concentration the interlayer distance decreases. It should be noted that in
two of the ALF, namely, 1 ML Ni/3 ML Mn and 1 ML Ni/1 ML Mn, we have
a bit less Ni content (2.78% and 5.5%, respectively) than in the corresponding
NigsMn7s and NisgMnsg disordered alloys because at 9 ML the growth stops
with Mn and not Ni. The size of the horizontal error bars for the Fig. [5.6
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Figure 5.8: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) of 15 ML thick films
of pure Mn, Ni25Mn75, NiggMn67,Ni50Mn50 disordered alloys and 3
ML Mn/1 ML Ni, 2 ML Mn/1 ML Ni, 1 ML Mn/1 ML Ni ALF. Note
that an additional 1 ML Mn/1 ML Ni ALF of 16 ML thickness is also
prepared for the comparison.

(b) were extracted from the uniformity of the film on the substrate. For the
vertical error bars, firstly the average of multiple scans were taken, secondly
the error was calculated from the slope of the fit which includes the error in
the selection of the exact position of the peaks.

The interlayer distances are smaller for the ALF (compared to its cor-
responding disordered alloys), which is in agreement with the Fig. |5.4, The
reason could be that the Mn sheets can develop a buckling to adopt to the
smaller lattice constant of the substrate, which then continues through the
layer, which is not possible for the disordered alloy films [69]. “The dashed
lines at 1.88 and 1.76 indicate the interlayer distance in fcc CuzAu(001), as
experimentally obtained here, and in bulk L1 NiMn along the c-axis, respec-
tively. For ALF of 1 ML Ni/1 ML Mn, d coincides with the value of the c-axis
in the bulk L1y NiMn ” [13§].
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Figure 5.9: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) of 20 ML thick films
of pure Mn, NigsMnr7s, NigzsMngr, NisgMnsg disordered alloys and 3
ML Mn/1 ML Ni, 1 ML Ni/3 ML Mn, 2 ML Mn/1 ML Ni, 1 ML
Ni/2 ML Mn, 1 ML Mn/1 ML Ni, 1 ML Ni/1 ML Mn ALF. The
arrows indicate the blocking temperature for the Hg, curves. Arrows
with solid lines represent disordered alloys, arrows with dotted lines
represent the ALF in which Ni was evaporated first, while arrows with
dashed lines represent ALF in which Mn was evaporated first.

Magnetic hysteresis loops are measured with longitudinal MOKE at dif-
ferent temperatures after field cooling with +25 mT from above the Néel tem-
perature (Tx) of Mn and below the Curie temperature (T¢) of the Co, i.e.,
from ~500 K, which provided an EB shift along the negative field direction.
Figure shows an example of temperature-dependent hysteresis loops. Here
the samples are (a) 10 ML Co/15 ML MnyNi; and (b) 10 ML Co/15 ML
NizsMng;/CugAu(001). Nearly rectangular-shaped loops for both cases are ob-
tained, in which a coercivity (H.) enhancement with decreasing temperature
can be observed. Although the general behavior of the temperature-dependent
hysteresis loops is similar for the ALF and disordered alloy cases, the details

7


~

5. Growth, structure, and magnetic properties of artificially layered NiMn

60 L] I L] I L] I L] I L)
& 4 3MLMn/1MLNi (10 ML) —5——<—3 ML Mn/ I ML Ni (12 ML)
§\1§ 0 MLNi,Mn,; B <€ 12 ML Ni,sMns
N
§\§\§ I0MLMn ® @ 12MLMn
40 -
o
£
m‘)
=
20
0
=
£
2
T 20 |
=.
1 1 1 1 1 1 1

0 100 200 300 400 500
Temperature (K)

Figure 5.10: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) of 12 ML thick films
of pure Mn, disordered NigsMnz5 alloy and an ALF of 3 ML Mn/1 ML
Ni. The arrows indicate the blocking temperature for the Hg, curves.
Downward (upward) faced arrows denote the 10 ML (12 ML) films.

are different. The main differences are (i) He(T) for the ALF is higher than
that of the disordered alloy at low temperatures, and the reduction of H. to
lower values occurs at higher temperatures for the ALF; (ii) the EB field (Hep)
for the ALF is vanishing at |[~340 K, while it ceases for the disordered alloy
below ~250 K, which means that the blocking temperature is also increased in

the ALF.

Figure shows the temperature-dependent evolution of the coercivity
(positive field axis) and exchange bias field (negative field axis) of 15 ML
thick films of pure Mn, NigssMny7s, NigsMngr, NisgMnso disordered alloys and
3 ML Mn/1 ML Ni, 2 ML Mn/1 ML Ni, 1 ML Mn/1 ML Ni ALF grown on
CuzgAu(001) in contact with in-plane magnetized FM Co. Note that in Fig.
one additional ALF 1 ML Mn/1 ML Ni film of different thickness, namely 16
ML, is shown together with the other films to see the behavior of 1 additional
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Figure 5.11: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) for different thick-
nesses of ALF of 3 ML Mn/1 ML Ni.

ML of Mn on top for this film. The coercivities of the ALF samples are higher
than those of the disordered Ni,Mnigg_, alloys, except in the equi-atomic case.
Interestingly, adding one ML of Mn to the 1 ML Mn/1 ML Ni film, making it
in total 16 ML, results in a higher coercivity, exchange bias field, and T}, than
15 ML of the same Ni concentration as well as than in the corresponding equi-
atomic disordered alloy. Again, with decreasing Ni concentration, T, shifts to
higher values in both types of films, disordered alloys and ALF.

In this kind of magnetic thin film, H. of the FM layer alone typically
decreases monotonically (with a small slope) with increasing temperature. A
monotonic decrease of H, could thus be present also in the absence of exchange
coupling between the AFM and the FM layers. However, we observe a discon-
tinuity in the slope of H. versus temperature, which is typical for exchange-
coupled AFM/FM bilayer systems [149]. The point at which this discontinuity
of the temperature-dependent H,. occurs is considered as Ty. For its estima-
tion, we follow the procedure already used in [148],149] and fit a straight line
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Figure 5.12: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) for different thick-
nesses of NigsMnzs films.

to the high-temperature side of the H.(T) data to represent the behavior of
the uncoupled FM layer. The temperature value at which the measured H,
significantly diverges from this line is defined as Néel temperature T of the
AFM layer in the bilayer. The error in this method is less than +10 K [149].
To avoid an alloying effect of the AFM and FM materials and also at the inter-
faces of Ni and Mn in ALF particularly, we did not take measurements above
500 K.

It is also important to note that the exchange bias field and T}, for the ALF
are much higher than the ones of the corresponding disordered alloy films. This
might be due to the vertical contraction of the layers caused by the buckling
of Mn atoms in these ALF layers (Fig. |5.6)), which provides stronger exchange
coupling between layers in the AFM in these kind of films and as such enlarge
the effect on the FM layer.

Figure 5.9 shows the temperature-dependent behavior of the coercivity
(positive field axis) and exchange bias field (negative field axis) of 20 ML thick
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Figure 5.13: Temperature dependence of the coercivity (positive field
axis) and exchange bias field (negative field axis) for different thick-
nesses of Mn films.

films of pure Mn, NigsMnz5, NizgzMng7, NisgMnsy disordered alloys and 3 ML
Mn/1 ML Ni, 1 ML Ni/3 ML Mn, 2 ML Mn/1 ML Ni, 1 ML Ni/2 ML Mn, 1
ML Mn/1 ML Ni, 1 ML Ni/1 ML Mn ALF grown on CuzAu(001) in contact
with in-plane magnetized FM Co. As for the 20-ML films, H,;, as well as T,
increase with decreasing Ni concentration for both, disordered alloys and ALF.
For each concentration, the ALF shows much higher H,, as well as T}, and the
same is true for the coercivity values. More specifically, the ALF when Mn is

evaporated first and then Ni on top show even higher values of H., as well as
T,.

This means that if the growth of ALF stops with a Mn layer on top rather
than a Ni layer, then it boosts H,, as well as Ty, as it was the case in 16
ML ALF of 1 ML Mn/1 ML Ni which was compared to 15 ML of the same
film (Fig. [5.8). The equi-atomic NisoMnso disordered film hardly shows any
exchange bias field, which is in agreement with the work of Khan et al. [13§],
but interestingly equi-atomic ALF, i.e., 1 ML Mn/1 ML Ni and 1 ML Ni/1
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ML Mn, both show a sizeable exchange bias effect with T, of 180 K and 220
K, respectively. Exchange bias for the equi-atomic alloy films before was only
found in 35 ML thick films [138]|. The NizzMng; disordered alloy film has a T},
of 260 K, while the ALF with nearly the same Ni content shows a T} of 340
K (2 ML Mn/1 ML Ni) and 400 K (1 ML Ni/2 ML Mn), respectively. In the
latter case we have one extra monolayer of Mn on top of the film compared to
the former case, which means 5% more Mn in one geometry than in the other.
Again, an additional top Mn layer is enlarging H,, as well as Ty, as already
discussed above. NissMny7s shows the second-highest value of the blocking
temperature (340 K) among the disordered alloy films, after pure Mn (425 K).
The ALF with nearly similar content of Ni and Mn to the NigsMn75 disordered
alloy yields even higher values of coercivity, exchange bias field, and T} of 400
K (3 ML Mn/1 ML Ni) and 425 K (1 ML Ni/3 ML Mn).

Figure m presents the temperature-dependent coercivity (positive field
axis) and exchange bias field (negative field axis) of 12 and 10 ML thick films
of pure Mn, disordered NissMnz5 alloy, and the ALF of 3 ML Mn/1 ML Ni
grown on CuzAu(001) in contact with in-plane magnetized FM Co of 10 ML
thickness. Also here, the ALF show higher values of the exchange bias field
and T}, compared to the corresponding disordered Ni,Mnjgy_, alloys.

For three selected samples, the temperature-dependence of coercivity and
the exchange bias field for different thicknesses is shown in Figs. and
It shows that at a fixed lower temperature, e.g., 70-80 K, the coercivity
and the exchange bias field increase with thickness for all three samples.

5.3 Discussion

Ni and Mn layers were successfully grown layer by layer with clear MEED oscil-
lations on CuzgAu(001). Pronounced MEED oscillations for pure Mn had been
observed by Schirmer et al., for 20 ML thick films [154] and by Lin et al., for
about 8 ML [137], while others did not [86,137,(138}/155,156]. In analogy to the
results reported by Lin et al., [137,/155|, we interpret the discontinuity around
20 ML in our MEED curves as the signature of an fce-fct structural transition.
During the deposition of ALF of [Ni/Mn| in case of equal proportion of Ni
and Mn, we saw that Mn shows a high amplitude of MEED oscillations while
Ni show smaller amplitudes (Fig. . However other films with higher Mn
proportion (Fig. did not show such a behavior, which might be explained
by film relaxation with higher Mn content.

LEED patterns of the clean CuzAu(001) substrate and of different dis-
ordered NizMnjg_, alloy films (including pure Mn) reveal that the ordered
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CuzAu(001) surface is characterized by the (1/2, 1/2) spots of the ¢(2x2)
superstructure, the pattern which is also found for the disordered alloy films
(though with less intensity because of roughness) and ALF (with high intensity
and sharpness of the surfaces). The reason for the ordered structure is dis-
cussed in detail for disordered NiMn alloy on CuzAu(001) in Refs. [71,137,/155].
The sharpness of the LEED spots and high intensity in the ALF probably re-
veals the long range coherent growth which can be confirmed from LEED I(V)
curves (Fig. [5.6). The vertical interplanar distances obtained from these LEED
I(V) curves in the kinematic approximation reveal a contraction in ALF com-
pared to disordered alloy films for similar Ni content (Fig. [p.6). Our results
agree with the findings discussed in a recent review article [158]. One of the
possible reasons could be that there is no intermixing of Ni and Mn in ALF
or, if there were intermixing, then it is strictly limited to the interfaces.

Altogether the blocking temperature extends to higher temperatures with
decreasing Ni concentration in all samples (shown with the colored arrows in
Figs. 5.8 and[5.9), which confirms previous results on this system [138]. When
we consider the equiatomic case, the difference in the T, between ALF and
disordered alloy (Figs. and is much more compare to the difference
between other ALF e.g., 2 ML Mn/ 1 ML Ni and 3 ML Mn/1 ML Ni and its
corresponding alloys i.e., NigsMng; and NigsMny7s, respectively. So by reducing
Ni content the difference of T, between ALF and its disordered alloy also

decreases (Figs. and [5.9).

The important information from Fig. is that ALF [Ni/Mn| or [Mn/Ni|
show a higher coercivity and exchange bias field than the corresponding dis-
ordered NizMngo_, alloys. Furthermore, in ALF [Ni/Mn| in which Mn is
evaporated first, the blocking temperature, exchange bias field and coerciv-
ities are higher for the same thicknesses compared to the ALF where Ni is
evaporated first. There could be many reasons for that, among them; for few
films in ALF case when we start with evaporating Mn first, we end up with
Mn again. This results in a bit more Mn than Ni compared to the [Mn/Nij]
case when Ni is evaporated first (see Fig. [p.1). And thus more Mn means a
large number of unpaired electrons than in other geometry of ALF (having few
percent less Ni) of the same thickness and hence enhanced H.,, T}, and H..
For a reference we can also take a look to pure Mn in the same graph (Fig.
as well as in Figs. and , which shows higher values of H,, than
any other Ni,Mnjgy_, alloy films for 20 ML thickness.

All in all, the interlayer exchange coupling is much stronger in ALF of
NiMn compared to the disordered alloys (as seen from Figs. , , and 5.10)),

as these films show some reconstruction or buckling of the atoms in every sheet
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which leads to the sharpness of the LEED spots and contraction in vertical
interplanar spacing. From Figs. [5.8] and it is clear that T} increases
to higher temperatures with (i) thickness and (ii) reduced Ni concentration
for both, ALF and disordered alloys (more clearer from Figs. , , and
. The investigations of these films was limited to a maximum thickness of
20 ML. The reason was that films thicker than this show mixing of the Ni and
Mn layers while going beyond T 4zp; of NiMn for field-cooling the samples for
magnetic measurements.

5.4 Conclusion

We have investigated the growth and structural properties of ALF single-
crystalline ultrathin [Ni/Mn| samples and compared with the corresponding
disordered Ni,Mnjgy_, alloy films on CuzAu(001). For all samples our results
revealed good epitaxial, layer-by-layer growth at a substrate temperature of
300 K. A weak c(2x2) superstructure was observed at the surface of the dis-
ordered NizMnjgy_, alloy films, while it is sharper at the surface of ALF of
[Ni/Mn]|. The average perpendicular interlayer spacing of ALF is less than the
one in corresponding disordered alloys, possibly caused by the buckling of the
Mn and Ni atoms at the surface as well as in every grown layer. The ALF also
shows stronger antiferromagnetism than corresponding disordered alloys.

We found that the structural properties are well connected to the magnetic
ones and the decrease in interlayer spacing, which is attributed to long-range
coherent growth of the ALF, strengthens the interlayer exchange coupling and
causes enhanced exchange-bias field and coercivity in these films compared to
the corresponding disordered alloy films.
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Magnetic properties of
bilayers and trilayers of
NixMﬂmO_lﬂ (X — O, 25) n
contact to ferromagnetic
(Ni/) Co on CuzAu(001)

The appearance of perpendicular magnetization of an FM layer induced by
adjacent AFM layers has drawn significant research interest in the area of
magnetism especially in thin films. The reasons are its applicability to per-
pendicular magnetization-based logical devices [159-162] and the physics asso-
ciated with the fundamental magnetic interactions in the bilayer and trilayer
systems [163-169]. The crucial properties of perpendicular magnetic films,
such as the corresponding coercivity and the magnitude of perpendicular mag-
netization, can be regulated by changing the relative thickness of FM or AFM
layers [164},/170]. There is now a much more flexible means to control the
perpendicular magnetic anisotropy (PMA) of magnetic thin films in magnetic
devices desired for the modern magnetic recording industry [161,[171,/172]. In
this chapter, with the help of MOKE measurements, we will unveil the AFM
(Mn) nature that induces the perpendicular magnetization of an adjacent FM
(Ni/Co) layer, irrespective of the growth temperature. A cover of Mn films
that exhibit contracted fct-|[vertical-to-in-plane lattice constant ratio (c/a) =
0.95] and expanded fct-like (c/a = 1.05) structures at different thickness levels
induces in-plane magnetic anisotropy and PMA in Co/Ni films, respectively,
confirming that the interlayer distance is a crucial parameter for establishing
perpendicular magnetization. This finding presents the revitalized functional-
ity of the AFM layer that has fundamentally been known for the coercivity
enhancement and the occurrence of exchange bias phenomena for a long time.
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6.1 Growth and structure of Mn on (Ni)/Co/Cu;
Au(001)

A number of MEED curves was recorded during Ni deposition, using either
CuzAu(001) or Co/CuzAu(001) as substrates. Details have already been shown
by Khan et al. [73[138]. Analysis of MEED curves has shown that the growth
mode of Ni/Co/CuzAu(001) is similar to that of Ni on CuzAu(001) |73}/13§].
For nearly the same thickness, namely 12 ML of Ni on CuzAu(001) and Ni on
Co/Cu3zAu(001), both show exactly the same interlayer distances and a very
similar structure [73,/138|. In this study, we investigated specifically the struc-
tural effects of ultrathin AFM films on the corresponding PMA they induce
by comparing the crystalline structure and magnetic behaviors of epitaxially
grown fet-like NipzMnjgp_,/Ni/Co/CuzAu(001) films. We observed a substan-
tial modulation on the effect of the induced PMA, which occurred concurrently
as the interlayer distance of the Mn films was changed and the thickness of the
Mn films was varied. The findings provide clear experimental evidence that
the interlayer distance of AFM films, which regulates the magnetic interac-
tion between interfacial moments and moments within the volume, is a crucial
parameter responsible for the induced PMA in AFM/FM films.

6.2 Results

The growth of AFM Mn on (Ni)/Co/CuzAu(001) at T=300 K or at 100 K
was monitored by means of MEED. Figures and show selected LEED-
specular spot I(V) curves and vertical interlayer distance (d,), respectively, for
the n ML Mn/5 ML Ni/5 ML Co films grown on CuzAu(001). Mn films grown
on Co/Ni bilayers, the d, value of thin Mn films (thickness of Mn films t,, < 6
ML) is 1.89 A, similar for both RT and LT cases. Then, the d, value of the Mn
films changes to approximately 1.71 A, when tyy, is > 12 ML. The crystalline
structure of the Mn films can be conventionally classified on the basis of the
ratio of the vertical and in-plane lattice constants (i.e., the c/a ratio). In
the present study, Mn film c/a ratios close to either 0.95 or 1.05 indicate the
presence of c-fct or e-fct structures. The presence of two metastable fcc-like
phases on Mn films is consistent with the findings of previous experimental
studies [137}/168].

All the hysteresis loops are measured by longitudinal and polar MOKE
for IP and OoP magnetized bilayers and trilayers, respectively. In this chapter
from now on, mostly the lower and the upper FM layers will be called as
FM1 and FM2, respectively. In some cases, like shown in Fig. (c), two
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Figure 6.1: LEED-specular spot [(V) curves for various Mn films on
the 5 ML Ni/5 ML Co/CuzAu(001) films, grown and measured at 300
K (RT) and 100 K (LT). The red dashed bars label to each curve for
for the 5th kinematic scattering peak.

different FM layers have been deposited one after the other (as FM1), making
the total number of layers more than three. Despite this, we shall call our
system ‘trilayer’. A spin reorientation transition (SRT) has a key role in the
magnetization direction of an FM and it mainly depends on the thickness of the
FM layer. In previous works of Khan et al., Ni has always OoP magnetization
whether grown on CuzAu(001) with thicknesses of 12-13 ML (FM1) below
or on top of NizMnjg_, with thickness of 21-25 ML (FM2) at the upper
interface [73|[138]. To have the Ni magnetization in-plane (as FM1 or FM2) in
the above-mentioned thickness regimes, 2-3 ML Co had been deposited either
under the FM1 or on top of the FM2 Ni layer ,. In our case the scenario
is a bit different for the magnetization direction of 5 ML Ni on top of 5 ML
Co on CuzAu(001) and will be discussed in this chapter.

6.2.1 Bilayers

For a comparative study of IP versus OoP coupling in trilayers of type 2
samples shown in Fig. 6.3 (c), different FM films on top have been deposited
on the two sides of the substrate, one side has shown an IP magnetization (10
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Figure 6.2: Average interlayer distance d;, of various films calculated
according to the kinematic peaks in the I(V) curves at RT and LT,
respectively. d,, of the Mn films changes from approximately 1.89 (e-
fct Mn/Ni/Co/CuzAu(001)) to 1.71 A (c-fet Mn/Ni/Co/CuzAu(001))
for thicknesses greater than 12 ML in both, the RT and LT case.
The dashed line at 1.883 A indicate the interlayer distance in fec
CuzgAu(001).
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Figure 6.3: Schematic illustration of three types of samples of
(FM2)/AFM/FM1 bilayer and trilayer systems that have been pre-
pared.

ML Co/44 ML Mn/5 ML Ni/5 ML Co/Cu3Au(001)) while the other side has
an OoP magnetization (10 ML Ni/44 ML Mn/5 ML Ni/CuzAu(001)).

All the MOKE-measurements are done while * increasing the temperature
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Figure 6.4: Normalized hysteresis loops for a 30 ML NigsMny5/10 ML
Co/CugAu(001) bilayer measured with longitudinal MOKE at different
temperatures, deposited at room temperature.

from lower to higher values (not the other way around). All the samples un-
der study in this chapter were field-cooled (FC) from 520 K (unless otherwise
stated) in the FM layer magnetization direction of the respective probed in-
terface. Samples were FC in the presence of a positive external magnetic field
to get parallel alignment of the two FM layers. Due to the limited external
magnetic field and the large H., the loop in the OoP configuration could only
be observed above a certain temperature. That is why OoP measurements are
started from higher temperatures compared to IP ones. The accuracy for the
thickness measurement of Mn is within the error of around +1 ML, for that of
Ni is sub-ML and, for concentration of Ni(Mn) in Ni,Mngo_,, it is less than

+2 %7 [138].

Figure [6.4] shows an example of temperature-dependent hysteresis loops
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Figure 6.5: Normalized hysteresis loops for an as-prepared 30 ML
NigsMny75/10 ML Co/CuszAu(001) bilayer measured with longitudinal
MOKE at RT and at 140 K.

for 30 ML NiysMn75 on IP-magnetized Co, measured by longitudinal MOKE.
The sample was deposited at room temperature; this applies from now on to
all samples unless otherwise stated. One can see the temperature-dependent
behavior of H, and H,, for the IP sample. The loops are clearly shifted to the
negative side of the magnetic field axis at lower temperatures. “The exchange-
biased loops are not of rectangular shape but rather tilted. At the blocking
temperature (T}), the temperature where EB finishes (here 280 K), the tilted
shape of the hysteresis loops is changed to a more rectangular one. The reason
for the tilted shape of the exchange-biased loops could be a locally different
coupling strength at the interface of the bilayer. The higher the difference be-
tween the strength of the local uncompensated spins is, the more the loops are
tilted ” [138]. As the temperature is increased, H, decreases for the sample,
as expected. Exchange bias is observed for temperatures lower than 280 K.
This shows that the 30 ML NiysMnz;/10 ML Co bilayer under study provides
weaker exchange bias as compared to 10 ML Co/30 ML NiysMny5, where ex-
change bias is observed for temperatures up to 400 K, as shown in chapter 4
(Fig. |4.7). The other difference is that in the former case, when measuring
the as-grown bilayer before field cooling, one observes negative as well as pos-
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Figure 6.6: Normalized hysteresis loops for a 44 ML Mn/5 ML Ni/5
ML Co/CuszAu(001) bilayer measured with (a) longitudinal and (b)
polar MOKE at different temperatures, deposited at room tempera-
ture.

itive EB shift shown in Fig. [6.5] “This is because the Co layer may exhibit
domains with magnetization in different directions. This gives rise to the neg-
ative and to the positive shift simultaneously for the as-grown bilayer ” [13§],
while in latter case we do not see this behavior at all. Similar results (both
former and the latter) have been described in the work of Khan et al., for
NiMn/Ni/Co/CuzAu(001) [138].

An example of temperature-dependent hysteresis loops for both IP as well
as OoP magnetization is shown in Fig. [6.6] Here we report on the experimen-
tal observations from a systematic study of the perpendicular exchange bias in
the bilayers n ML Mn/5 ML Ni/5 ML Co on CugAu(001) and the comparison
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Figure 6.7: Temperature dependence of (a) coercivity and (b) ex-
change bias field for different thickness of IP magnetized bilayer Mn/5
ML Ni/5 ML Co/CugAu(001). These bilayer films were deposited at
room temperature.

with the corresponding longitudinal field cooling results. It is confirmed that
perpendicular exchange bias can be established in AFM/FM bilayers when
field-cooled along the surface normal direction. Such a behaviour is already
reported in FeMn/(FeNi/FeMn), [173|. Wang et al., [164-166,[168-170] also
show similar results in n ML Mn/1-3 ML Co/14 ML Ni/Cu (001). They have
shown that Co/Ni films posses a weak in-plane magnetic anisotropy (IMA) and
consequently changed to a PMA when the Mn films were further deposited, in-
dicating that Mn films can induce a PMA on Co/Ni layers [164,165/168]. These
results suggest that the PMA observed is possibly induced by the AFM Mn
films through the AFM-FM exchange coupling, and this finding is consistent
with those studies on FM/fcc-Mn and CoO/Ni bilayers [164,/167]. Slightly
tilted loops for IP and rectangularly shaped loops for OoP were obtained,
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Figure 6.8: Temperature dependence of (a) coercivity and (b) ex-
change bias field for different thickness of OoP magnetized bilayer
Mn/5 ML Ni/5 ML Co/CugAu(001). These bilayer films were de-
posited at room temperature.

where a coercivity enhancement with decreasing temperature can be observed.
Although the general behavior of the temperature-dependent hysteresis loops
is similar for the IP and OoP cases, the details are different. The main dif-
ferences between the two magnetization directions observed here are that the
coercivity H, for OoP magnetization is bigger than that for IP magnetization
at low temperatures, and that the reduction of H. to lower values occurs at
higher temperatures for OoP magnetization. Then the two possibilities in this
bilayer system could be that either we have grown Mn on type of FM1 (5 ML
Ni/5 ML Co) which is close to a spin reorientation transition or it is the effect
of the AFM (due to its thickness) on the FM, which enables to give us both
IP as well as OoP magnetization [164-166,(168-170]. Otherwise a few ML of
Co are enough to switch the Ni magnetization from OoP to IP [138].
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Figure 6.9: Normalized hysteresis loops for 44 ML Mn/5 ML Ni/5
ML Co/Cu3zAu(001) bilayer deposited at low temperature i.e., at 100
K measured with (a) longitudinal and (b) polar MOKE at different
temperatures.

Figure shows the temperature-dependent coercivity (a) and exchange
bias field (b) for different thicknesses for Mn on 5 ML Ni/5 ML Co/CuzAu(001),
obtained by longitudinal MOKE. These results reveal that the Mn thickness
affects both the coercivity and the exchange bias field significantly. Ty, Ty
and H. become smaller with thinner Mn layer. Such kind of results are also
reported in n ML Fe/m ML Mn/CuzAu(001) [137]. An other observation is
that for larger Mn thickness, T, and Ty are rather similar, while for smaller
thickness, Ty < Ty.

Figure shows the temperature-dependent coercivity (a) and exchange
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Figure 6.10: Temperature dependence of (a) coercivity and (b) ex-
change bias field for different thickness of IP magnetized bilayer Mn/5
ML Ni/5 ML Co/Cu3Au(001), deposited at 100 K.

bias field (b) for different thicknesses of Mn on 5 ML Ni/5 ML Co/CuzAu(001),
obtained by polar MOKE. These are the very same films shown in Fig. [6.7]
which give IP as well as OoP loops. The results are similar but differ in details.
Overall the results show that the Mn film thickness affects both the coercivity
as well as the exchange bias field. Ty, T and H. become higher with thicker
Mn layer and in comparison to the IP part, the coercivities (especially at lower
temperatures) are higher. Due to the unavailability of higher fields we were
unable to measure at lower temperatures in this case.

Just like the film (shown in sketch|6.3| (b)) discussed in the last three para-
graphs and prepared at room-temperature (RT), another film was reproduced
and grown at 100 K. For this low-temperature (LT) grown sample, examples
of temperature-dependent hysteresis loops for both IP as well as OoP magne-
tization are shown in Fig. . As a reminder, here the sample is 44 ML Mn/5
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Figure 6.11: Temperature dependence of (a) coercivity and (b) ex-

change bias field for different thickness of OoP magnetized bilayer
Mn/5 ML Ni/5 ML Co/CuszAu(001), deposited at 100 K

ML Ni/5 ML Co on CuzAu(001). Again, in analogy to the RT-grown sam-
ple, slightly tilted loops for IP and rectangularly shaped loops for OoP were
obtained, where a coercivity enhancement with decreasing temperature can
be observed, as expected. Although the general behavior of the temperature-
dependent hysteresis loops is similar for the IP and OoP cases and also alike
to the corresponding RT-grown sample, the details are different. The main
differences between the two magnetization directions observed here (like in
the RT-grown sample) are that the coercivity for OoP magnetization is bigger
than that for IP magnetization, especially at low temperatures, and that the
reduction of H. to lower values occurs at higher temperatures for OoP- as well
as IP-magnetization compared to the RT-grown sample. The overall compar-
ison of RT and LT samples shows that Ty, T, and H, are thickness- as well
as growth-temperature-dependent in these samples. It will be discussed and
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Figure 6.12: Normalized hysteresis loops for 44 ML Mn/10 ML
Co/CuzAu(001) measured with longitudinal MOKE at different tem-
peratures, deposited at room temperature.

clarified in the next two graphs.

Figure shows the temperature-dependent coercivity (a) and exchange
bias field (b) for different thicknesses of Mn on 5 ML Ni/5 ML Co/CuzAu(001),
obtained by longitudinal MOKE grown at LT. These results show that the
coercivity and the exchange bias field are film-thickness dependent. In com-
parison to the IP loops of the RT-grown sample, the behavior of the coercivity
of the LT-grown sample is very systematic and does not show any saturation
or jumps as the RT sample (for 18 and 24 ML thick Mn films in Fig. .
In this LT-grown sample, T}, Ty and H. become larger with thicker Mn layer
but all of them are smaller compared to the RT-grown sample. Such kind of
results and behavior of Mn films are also reported for RT- and LT-grown n
ML Fe/m ML Mn/CuzAu(001) samples |137].

Figure shows the temperature-dependent coercivity (a) and exchange
bias field (b) for different thicknesses of Mn on 5 ML Ni/5 ML Co/CuzAu(001),
obtained by polar MOKE. Also the LT-grown samples give IP as well as OoP
loops. The Mn film thickness affects both the coercivity and as well as the
exchange bias field. T}, Ty, and H, become higher with thicker Mn layer and in
comparison to the IP results the coercivities (especially at lower temperatures)
are higher. The coercivity, exchange bias field and Ty are smaller overall in
comparison to the RT-grown samples. For lower temperatures we were unable
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to measure OoP loops due to limitations of the field. For the coercivity we do
not see any saturation, which may occur at lower temperatures.

In parallel to the above two types of bilayer samples, also shown in Fig.
(a), and (b) (prepared at RT and LT), one more sample of similar thickness
(44 ML) of the AFM i.e. Mn, in comparison to the second and third sample
(depicted in Fig. (b) prepared at RT and as well as LT) is deposited on 10
ML Co only (shown in Fig. (d)). Fig. shows temperature-dependent
hysteresis loops for 44 ML Mn on IP magnetized Co, measured by longitudinal
MOKE. The loops are clearly shifted to the negative side of the magnetic field
axis at lower temperatures. This sample shows higher values of exchange bias
compared to the other bilayer samples and details will be shown later together
with its respective trilayer.

6.2.2 Trilayers

Figure [6.13] shows the temperature-dependent hysteresis loops for an IP-IP 10
ML Co/44 ML Mn/10 ML Co/CuzAu(001) trilayer sample. For all trilayers,
both the FM1 and FM2 are parallely magnetized. From 60 up to 340 K in Fig.
the loops do not change much except that the exchange bias decreases
with higher temperatures. Starting at 360 K, the loops split and two jumps of
the magnetization are observed in each branch. For these two-step loops, the
saturation field also increases. The reduced remanance at 460 K shows that it
is due to an anti-parallel interlayer coupling between the two FM Co layers via
the AFM Mn layer. The anti-parallel coupling slowly decreases with the rise
in temperature and ceases at about 480 K. At this temperature, the coercivity
reaches that of the individual Co layer and we define this temperature as the
antiferromagnetic ordering temperature (Ty).

The corresponding bilayers of these samples, as discussed earlier, show
magnetization in both directions, i.e. in IP as well as in OoP direction. For
the trilayers grown at RT shown in Fig. and Fig. (see appendix), two
kind of configurations are present in the two parts of the same sample, that is,
at the one part, 10 ML Ni was evaporated and shows only OoP magnetization
whereas on the other part, 10 ML Co was deposited and gives exclusively an IP
magnetization. Recently Wang et al., [174] have reported in a 12 ML Ni/2 ML
Co/Mn/Co/Cu(001) trilayer that PMA can also be induced and controlled by
varying the thickness of the bottom in-plane Co ultra-thin film. For FC, +100
mT external magnetic field was applied from 500 K. The loops are more tilted
in the IP case than for the OoP magnetization, but if we compare to their
respective bilayers, the loops are completely different in shape in case of OoP
bilayers compared to the respective trilayers. In contrast to the rectangular
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Figure 6.13: Normalized hysteresis loops for a 10 ML Co/44 ML
Mn/10 ML Co/CuzAu(001) trilayer measured with (a) longitudinal
MOKE at different temperatures, deposited at room temperature. (b)
shows the magnification of double step loops between 360 K—460 K

temperatures in (a).

shaped loops in bilayers, the corresponding trilayer shows tilted hysteresis
loops.

Similar films as presented in Fig. |6.18 and Fig. [6.19| (see appendix) were
also prepared at low temperature (100 K) shown in Fig. and Fig. [6.15]
In this sample, the loops at higher temperatures in the OoP case turn to more
square-shape above 380 K. The coercivity in both Fig. and Fig. [6.15
is smaller compared to the corresponding bilayers, more prominently at lower
temperatures. The exchange bias field decreases in the LT-deposited trilayers,
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Figure 6.16: Comparison of (a) coercivity and (b) exchange bias field
of IP-magnetized samples containing 44 ML thick Mn films deposited
at different temperatures. 30 ML NiMn bilayer is shown only for com-
pletion and its trilayer has not been measured. 10 ML Co/44 Mn/10
ML Co shows double loops just above its blocking temperature. In
this sample, the coercivity was evaluated for both minor loops and is
labeled as coercivity of the top/bottom Co layer as FM2 and FM1
layers, respectively.

compared to the one grown at RT.

Figure[6.16] compares temperature-dependent curves for H, and the exchange-
bias field of IP bilayers with their respective IP-magnetized trilayers. This 30
ML NiMn/Co bilayer is just plotted for the comparison of the three types of
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Figure 6.17: Comparison of (a) coercivity and (b) exchange bias field
of OoP-magnetized bilayers containing 44 ML thick Mn films versus
their corresponding trilayers, deposited at different temperatures.

samples discussed at the start of the chapter and the trilayer of this sample
was not measured. In Fig. for all cases the Ty changes. For the bi-
layers, the Ty occurs at slightly higher temperatures. The coercivity for all
trilayers decreases compared to their corresponding bilayers (we are consid-
ering the average coercivity in the case of the 10 ML Co/44 ML Mn/10 ML
Co trilayer). A similar trend is observed for the exchange-bias field, in all
trilayers the value is smaller than in the bilayers. The T}, comes at higher
temperatures for bilayers than in the respective trilayers. The samewas ob-
served for NiMn/(Ni)/Co/CuzAu(001) by Khan et. al |138]. So coercivity,
exchange-bias field, T and T} in this system depend on (i) the thickness of
the AFM film as shown in Figs. [6.7] [6.8] [6.10} and [6.11] (ii) whether sample

is a bilayer or a trilayer (as just discussed for the lower values in the trilayer
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case) (iii) the growth temperature (the RT samples have higher values than the
LT-evaporated sample), and finally (iv) the type (quality) of FM1 (which also
dictates the above parameters). Similar results have been reported for RT-
and LT-grown n ML Fe/m ML Mn/CuzAu(001) samples [137]. It should be
noted that although the thickness of the NigsMnz5 sample is not the same is in
the other bilayer samples, it still shows higher values of the exchange-bias field
(especially at higher temperatures) than the bilayer and trilayer sample grown
at LT. The Nigs Mny5 bilayer shows two-step loops in the as-grown samples Fig.
and will be discussed in the next section. The trilayers with pure Co as
FM1 show double-step loops (not observed in other trilayers where Ni/Co was
used as FM1). Such a two-step behaviour was shown by Hagelschuer et. al. in
Ni/NiMn/Ni/Cu(001) and by Zhang et. al. in Co/Mn/Co/Cu(001) |72,/175].
In the former case the double-step behaviour was mainly controlled with the
AFM NiMn thickness: for an odd number of NiMn atomic layers it appeared,
but not for an even number [72,|175]. In the latter case the double-step be-
havior was dictated by the FM1, a complete or integer number of monolayer
of FM1 was showing this behavior, while a single-loop behavior was present in
the case of half-filled layers of FM1 [72,/175].

Figure [6.17] shows the comparison of temperature-dependent curves for
H. and the exchange-bias field of OoP bilayers and their respective OoP-
magnetized trilayers grown at either LT or RT. In the OoP-magnetized com-
ponent, similar to the [P-magnetized part, bilayers, whether grown at LT or
RT, show a higher coercivity at lower temperatures than trilayers. The Ty of
both trilayers and the bilayer grown at RT shows same values, while for the
bilayer grown at LT shows clearly smaller value of Ty than its corresponding
trilayer. In the RT-grown sample, the trend of exchange-bias field values is
similar to the IP sample and bilayers show higher exchange-bias fields than
trilayers, while for the sample grown at LT the case is contrary. Due to the
unavailability of high magnetic fields we were unable to measure at lower tem-
peratures in OoP-magnetized bilayer samples. Again the growth temperature
of the sample plays a key role and the RT-grown sample shows higher exchange
bias field than the LT sample.

6.3 Discussion

We have got the following main results for the discussion :

e Successful growth of samples, varied by the FM1 or the AFM layer

As shown in Fig. [6.3] three different types of samples were prepared. A two-
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step magnetization reversal is observed in the as-grown IP bilayer samples of
type 1 (Fig. (a), for which the hysteresis loops are shown in Fig. when
measured along one of the two axes, because Co exhibits magnetic domains
in opposite directions [138|. Therefore, the FM-layer domains with magneti-
zation parallel (antiparallel) to the AFM layer pinned spins provide negative
(positive) loop shift due to EB. This kind of simultaneous negative and positive
shift has been also reported for a CrMn/Co bilayer [176]. Another experimen-
tal evidence for two different types of interfacial uncompensated Fe moments
in an exchange-biased Co/FeF bilayer has been reported where some moments
are pinned and coupled parallel and some antiparallel to the FM layer [177].

The second type of bilayer samples, Fig. (b), shows an unexpected
result in terms that it shows an IP as well as OoP magnetization, whether
grown at LT or RT. In contrast, the first and third type of samples (Fig. (a)
and (d)) show only IP magnetization, as expected. Normally a sub-monolayer
Co on 15 ML Ni/Cu(001) is enough to pull the magnetization to in-plane, due
to the strong shape anisotropy of Co. For not so clean vacuum, the out-of-
plane anisotropy gets stronger, then maybe 2 ML Co is required [178|. Then
possibly the reason for being somehow close to the spin reorientation transition
in the present samples could be the effect of the Mn layer, which could play a
role for the anisotropy.

The experimental curves shown in Figs. 6.8] [6.10] and clearly

demonstrate remanance in both directions, in-plane and out-of-plane. This
could mean that either it is a real canting (i.e., there is a minimum of the
free energy at a canted angle between in-plane and out-of-plane), or that local
minima of the free energy exist at both directions. In Co/FeMn on Cu(001)
it has been observed previously that an FeMn layer, when it is antiferromag-
netically ordered, changes the magnetization direction of Co from in-plane
[110] to in-plane [100] [179]. But according to previous reports [166}/180|, the
strength of perpendicular magnetocrystalline anisotropy of magnetic films is
linked to the out-of-plane my,pitqr/Mypin ratio [168|. Thus, a sizable out-of-
plane My pitar/Mspin, ratio for the uncompensated Mn moments in the n ML
Mn/5 ML Ni/5 ML Co film could suggest the establishment of a high per-
pendicular crystalline anisotropy of these moments, as already reported in
Mn/Co/Ni/Cu(001) |164-166,/168,/169,/174]. These uncompensated Mn mo-
ments at the FM/AFM interface are considered to be the origin of the PMA
established in n ML Mn/5 ML Ni/5 ML Co films [164-166,168,169,174]. An
e-fct to c-fet transition was observed in the Mn films in Mn/5 ML Ni/5 ML
Co/CuzAu(001) with changing tas,. We thus suggest that the d, of Mn films
is a crucial factor influencing the behavior of such films in inducing PMA in
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adjacent FM layers.

The third type of bilayer sample, Fig. (d), 44 ML Mn/Co/CuzAu(001)
(Fig. shows the highest Ty and T, in comparison to the IP-magnetized
bilayer films of the type 1 and 3 with identical Mn thickness Fig. [6.16] The
same film was then sandwiched between IP-magnetized Co films and shows a
temperature-induced change of the spin state of a Mn layer, Fig. [6.13] Below
the ordering temperature Ty of the AFM layer, a strong antiparallel coupling
between the two FM layers is evident from Fig. Below a certain tem-
perature, this interlayer coupling suddenly disappears. This is interpreted as
a temperature-driven spin-reorientation transition of the AFM spin structure,
which affects the magnetic coupling at the AFM /FM interface.

e LT and RT-grown samples

To understand more about the second type of samples Fig. (b-c), they
were reproduced under exactly the same conditions but at different growth
temperature (100 K). But the curiosity remained the same, these LT-prepared
samples show exactly the same IP as well as OoP magnetization direction,
simultaneously. We see definitely a slight decrease in the values of coercivity,
exchange-bias field, Ty, and T, in the LT-grown samples, as has been ob-
served also in Fe/Mn/CuzAu(001) [137] and the change in properties within
different-temperature-grown samples was related to structural and morpho-
logical changes. The roughness increases in the sample prepared at low tem-
perature, which causes them to have an earlier structural transition than the
RT-prepared samples as a function of Mn thickness [137].

6.4 Conclusion

We have observed double-shifted loops in as-prepared NigsMnz;/Co bilayers.
This double-shift loop is assumed to be due to the coexistence of positive and
negative exchange bias. We also systematically investigated the structural
and magnetic properties of AFM thin films with respect to antiferromagnet-
induced PMA in epitaxially grown fct-like Mn/Ni/Co/CuzAu(001) films. The
investigation results improve the understanding of the phenomenon of AFM-
induced PMA in AFM/FM layers and can facilitate the development of next-
generation perpendicular-based spintronic devices that exploit the crystalline
structures of ultrathin AFM layers. Significant exchange bias is observed in
RT-Mn/Ni/Co bilayers, both in IP and OoP directions simultaneously, which
increases with Mn thickness. The exchange bias coupling in LT-Mn/Ni/Co
bilayers is much weaker than that in RT-Mn/Ni/Co and drastically varies
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with Mn film thickness due to the enhanced roughness in LT-grown films.

Ultrathin AFM Mn films sandwiched between in-plane-magnetized Co lay-
ers on CuzAu(001) show a transition in the spin structure at a temperature
between the blocking temperature for exchange-bias and the antiferromagnetic
ordering temperature. The spin structure present above this transition tem-
perature leads to a significant antiparallel interlayer coupling. This is mediated
by direct exchange coupling through the AFM spin structure, which disappears
at Ty. Exploiting the transition of the spin structure could be a way of con-
trolling the magnetic properties of a multilayered magnetic system by taking
advantage of the sudden onset of interlayer coupling, the corresponding jump
in coercivity, or the change in the AFM spin structure itself.
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Figure 6.18: Normalized hysteresis loops for 10 ML Ni/44 ML Mn/5
ML Ni/5 ML Co/Cu3zAu(001) trilayer measured with polar MOKE at
different temperatures, deposited at room temperature.
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