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Abstract

Magnetic nanoparticles (NPs) have a huge potential in future applications such as data
storage, nano-sensors, biomedical diagnosis and therapy. However, the superparamagnetic
effect puts a threshold limit on the minimum size of the particles in terms of application. One
way to overcome this limit is attaining exchange anisotropy by coupling the ferromagnetic
(FM) particles to an antiferromagnetic (AF) medium. Depending on the strength of the
exchange coupling between FM/AF interface, superparamagnetic particles can be stabilized
to become FM. Until now, studies of exchange bias in NPs have mainly concentrated on
core-shell systems, such as FM particle cores (Co, Fe, Ni) surrounded by their native oxide
shells. This approach limits the selection of AF materials which can be studied. In the
cases studied previously, the values of the exchange bias field HEB and coercivity HC at room
temperature are very low, with corresponding superparamagnetic blocking temperature below
room temperature, hence making such systems less attractive for applications. So far, very
few groups have studied FM NPs by coupling them to metallurgically unrelated AF media
without further reactions. In this thesis work, a sample preparation system is developed
where one can independently change the type of FM and AF materials, permitting a study
of the effect in a more flexible way. Co and Ni NPs with particle sizes in the rage from
7 nm to 20 nm have been produced using plasma gas condensation technique. To study the
exchange bias effect, the FM NPs have been deposited on, or embedded in AF films. As an
AF media, Ir26Mn73 and Ni50Mn50 have been chosen due to their excellent properties such as
magnetic stability at room temperature and corrosion resistance.

X-ray photoelectron spectroscopy, scanning electron microscopy, high resolution transmis-
sion electron microscopy, atomic force microscopy and x-ray diffraction techniques were used
for elemental, structural and morphological characterizations. Using magnetic measurement
techniques such as magneto-optic Kerr effect, vibrating sample magnetometer and supercon-
ducting quantum interference device magnetometry, it is found that 20 nm Co NPs deposited
on NiMn as well as 9 nm Co NPs embedded in NiMn films show no apparentHEB, butHC and
remanent magnetization Mr increased, which is assigned to microstructural changes during
annealing and to the onset of a weak exchange coupling. In contrast, 9 nm Co NPs embedded
in IrMn films show HEB albeit smaller values than expected. Ni NPs of comparable size and
arrangement, which are superparamagnetic in as-prepared (non-embedded) state, display en-
hanced HC and HEB when coupled to IrMn (as much as 950 Oe of HC was measured at 10
K, which is 8 times larger than that of a reference sample which has not been embedded



in an AF film). Standard field cooled/zero field cooled measurements on Ni NPs embed-
ded in IrMn or SiOx reveal an increase of the blocking temperature from 210 K to 400 K.
Furthermore, it is found that the effect is stronger in smaller particles, and the extracted
exchange energy values according to the classical model are in the range of the values found
in FM/IrMn bilayer systems. The particle size dependencies of HC and HEB have been mea-
sured in detail, and a correction to the classical model is proposed to describe the observed
trends . By conducting field cooling temperature dependent measurements of exchange bias,
a correlation between the magnitude of HEB and the amount of polarized IrMn grains has
been established. Time-dependent remanent magnetizations at different temperatures were
fitted by a magnetic viscosity model which reveals a rather flat distribution of energy barriers
against relaxation.

Aiming to investigate local exchange bias interaction, magnetic imaging on Ni NPs cou-
pled to IrMn films has been carried out by x-ray dichroism based photoemission electron
microscopy (PEEM) and by scanning transmission x-ray microscopy (STXM). Fairly good
elemental contrast is obtained from both methods. However, at the current stage, PEEM
does not seem suitable for getting magnetic contrast from embedded Ni NPs. On the other
hand, STXM measurements look promising, and the first results agree well with the integral
magnetic measurements. An effective image processing method for the enhancement of the
magnetic contrast is developed. Based on the results of the present investigation, ways for
further optimization of the magnetic imaging of embedded NPs are proposed.



List of abbreviations and symbols

AF – Antiferromagnetic
AFM – Atomic force microscopy
D – Diameter
Dcr – Critical diameter for single domain to multi-domain formation
Ds – Diameter for superparamagnetic limit
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Eshape – Shape anisotropy energy
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Chapter 1

Introduction

In recent years, nanoparticles (NPs) have become one of the most important and exciting fore-
fronts in physics, chemistry, engineering and biology. They show great promise for providing
us in the near future with many breakthroughs that will change the direction of technolog-
ical advances in a wide range of applications. Nano does not only mean small scale, but
also enhanced performance, high integration and less energy consumption. These properties
are exactly what industry demands. As an example, NPs are attracting great attention due
to their potential applications in areas such as magnetic data storage [1], nano-sensors [2],
biomedical diagnoses and therapy [3–6].

1.1 Magnetic data storage

The hard disk drive (HDD), a magnetic data storage medium, is currently the dominant
form of non-volatile storage used in computers. Modern HDDs provide data storage at a
low cost per bit with relatively high data transfer rates. The history of the HDD began in
1956 [7]. From the very first hard disc to modern ones, many technological improvements
have been achieved, however, the basic concept has remained unchanged. HDDs record data
by magnetizing a magnetic material in a pattern that represents the data. They read the data
back by detecting the magnetization of the material. A typical hard disk design consists of
a spindle which holds one or more flat circular disks called platters, onto which the data are
recorded. The platters are made from a non-magnetic material, usually glass or aluminium,
and are coated with a thin layer of magnetic material [7] as shown in Figure 1.1. The
magnetic surface of each platter is divided into many small submicron-sized regions, each of
which is used to encode a single binary unit of information. In today’s hard disk system, each
of these magnetic regions is composed of many tiny magnetic grains [7]. By constant size
reduction of the magnetic region, the areal data storage density of HDDs has undergone the
fastest growth in the engineering world (almost 35 million percent increase in 50 years). A
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Figure 1.1: An example of hard disk drive with a schematic illustration showing how the

data are read and written in a cross-sectional view (modified from [8]).

recent improvement of commercial magnetic hard disk media is the perpendicular recording
medium. In conventional magnetic thin films, because of the strong shape anisotropy the
easy axis of the magnetization is always in the plane of the disk. By changing the direction
of easy axis to perpendicular, the information could be packed more densely and the signal-
to-noise ratio could be improved [7]. As of now, we are using HDDs which have areal storage
density of over 600 Gb/in2 [9]. The current perpendicular recording is expected to reach
its capacity limit in the next few years. Last year (March, 2012), Seagate demonstrated
milestone of 1 Tb/in2 storage density using heat-assisted magnetic recording [10]. However,
from the perspective path of hard disc industry shown in Figure 1.2, the increasing trend has
been slowing down in recent years. This is mainly due to a physical phenomenon, called the
superparamagnetic effect (see Section 1.1.1 for detail), which is preventing further increase in
the areal density. The problem will arise from the storage medium itself [12]. The grain size
of the magnetic storage medium cannot be scaled much below a diameter of ten nanometers
without loosing stability of information. Other problems include head-to-disk spacing, which
already reached 10 nm [13], and switching-speed limitations in the head and medium, etc [14].
Beyond that, the future of magnetic storage technology is not so clear. There are some
ongoing research on novel data storage systems to replace magnetic storage, such as flash
memory and holographic storage [7, 15]. However, the enormous success of magnetic data
storage over the last 50 years seems to continue at least for some time [16]. One of the future
trends of HDD is to use so called patterned media that promises further increase in areal
density. Figure 1.3 shows a schematic difference of a current multi-grain media HDD and the
patterned HDD. The current HDD uses small and random grains for storing information and
requires lots of grains to form a bit cell. Whereas a proposed patterned media uses regular
pattern of isolated nanomagnets (e.g. NPs), each of these nanomagnets works as a single
bit, so that packing can be much tighter [17]. We can assume squarely packed particles and
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Figure 1.2: Hard disc drive (HDD) and flash memory perspective map. Taken from [11]

with permission.

Figure 1.3: Schematic illustration of patterned magnetic media where a single particle

stores one bit of information [13].
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define storage density SD (bit/in2) as:

SD =
1

D2
, (1.1)

where D is the diameter of the particle in inch. As a result, we get a theoretical SD versus
D plot in Figure 1.4. Fabrication of such patterned media in labs has developed over the
years. In 2000, Sun et al. produced hexagonally packed NPs using self-assembled NPs with
a tunable size of 3–10 nm and a standard deviation of less than 5% [1]. Since then, several
different methods were invented as described in the review paper by Martin et al. [18].

Figure 1.4: Storage density versus particle diameter plot in an ideal patterned HDD. The

vertical dashed lines are the corresponding superparamagnetic limits for selected materials

for 10 years of stability. Calculations of the limits are based on bulk magnetic properties of

the materials.

1.1.1 Superparamagnetic limit

Regardless of which method we use in future HDDs, it is obvious that in order to get high
density recording media, the grains/NPs in the magnetic media must become smaller and
smaller. As shown in Figure 1.4, particles below 10 nm in diameter increase the areal density
above 10 Tb/in2, theoretically. However, this leads a huge challenge. When the size decreases,
magnetic anisotropy energy (which manifests itself as a coercivity HC in measurements) of
the particle undergoes drastic changes as illustrated in Figure 1.5.
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Figure 1.6: Calculated curves of Néel equation 1.3 at room temperature, using bulk KF

values (K1) of FePt, Ni and Co at their respective phases for comparison.

Langevin behavior:

M(H,T ) = µ

[
coth

(
µH

kBT

)
− kBT

µH

]
, (1.5)

where µ is the magnetic moment per particle (µ = MsV , where V is the volume of a single
particle). An M versus H curve can be fit by this model to determine the particle size [20].

Above Ds, the particle shows ferromagnetic behaviour within τt. In this state, for an
ideally spherical particle with no magneto elastic energy, the total energy may be expressed
as a sum of magneto-crystalline anisotropy energy and Zeeman energy terms:

Etot = EK + EZ, (1.6)

where the Zeeman energy is induced by an external magnetic field. In the case of an ideal
(all spins are parallel to applied field, ignoring other interactions within the particle) non-
interacting single domain particle, HC = 2KF/(µ0Ms) according to Stoner-Wohlfarth (S-W)
model [21]. The S-W model describes coherent spin rotation assuming the effective anisotropy
as uniaxial in character and represented by EK = KFV sin

2β as illustrated in Figure 1.7. β
is the angle between the moment and the easy axis (EA), a specific direction at which the
magnetization is energetically favourable. The total magnetic energy per unit volume under
an applied field H is:

EV = KFsin
2(β)− µ0HMscos(θ − β), (1.7)
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Figure 1.7: Schematic of Stoner-Wohlfarth model for a uniaxial single domain particle.

Table 1.1: Magnetic properties of Co, Fe, Ni. Except the µatom values, all the values

correspond to room temperature values, taken from [22–24]. Ds is calculated assuming

10 years of stability.

KF † Ms µatom (0 K) TC Dcr Ds

in 104 J/m3 in 106 A/m µB K nm nm

Cohcp 41 1.43 1.72 1404 14 9
Fe 4.8 1.71 2.22 1043 3.4 18
Ni -0.45 0.48 0.62 631 13 41

† Only the K1 values are shown.

where θ is the angle between applied field and the easy axes.

In the single domain region, because of the D3 dependence, total anisotropy energy of the
particle increases (so does the HC) with D until the energy reaches a critical point at Dcr as
shown in Figure 1.5. In order to minimize its energy, the single domain in the particle will
breakup to form multi-domains. Further increase in size will raise the number of domains,
as a result, HC goes down. The Dcr can be predicted for high anisotropy ferromagnets [22]
as follows:

Dcr ≈
18
√
AKF

µ0M2
s

. (1.8)

Exchange stiffness constant A, and the saturation magnetization of the FM Ms are material
dependent parameters. Calculated Ds, Dcr values for Co, Fe and Ni using bulk data are given
in Table 1.1.

Since HDDs work under ambient conditions, the only way to circumvent the superparam-
agnetic limit in small NPs is to engineer its KF. By tailoring the anisotropy KF of a given
material, we can push the limits further down, henceforth, the data storage density can reach
beyond 10 Tb/in2. In general, there are two approaches we can take. One is to select materi-
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als with high KF. Possible materials are metal alloys such as SmCo5 (KF = 1.1×107 J/m3),
CoPt (KF = 4.9×106 J/m3) [25] and FePt (KF = 7×106 J/m3) [1] (all in L10 phase). Al-
though the SmCo5 alloy has the highest KF value, it has problems in corrosion resistance
and synthesis [26]. These make CoPt and FePt more viable candidates for recording media.
However, in these alloy cases, the as-prepared NPs have fcc structure which does not have
high KF. Only after heat treatment the material transforms to fct structure of the L10 phase
which has the high KF values mentioned above. The required heat treatment for the phase
transformation of FePt (usually above 1000 K) caused agglomeration of particles, which of
course can not be used as a desired storage medium.

The second approach is to induce additional anisotropy to the NPs so that the total
anisotropy energy becomes big enough to compete with thermal energy. This can be done by
applying stress to the particles [27] which give rise to a magnetoelastic anisotropy; or inducing
shape anisotropy in nanorods [28]; or attaining additional anisotropy from the environment
around the nanoparticle by means of interface exchange coupling [29]. In the case of exchange
coupled systems, the new type of anisotropy changes the energy landscape of the particle by
adding an exchange anisotropy energy term EEB to Equation 1.6. So that the total anisotropy
energy of an exchange coupled FM particle under an applied field will be:

Etot = EK + EEB + EZ (1.9)

In this thesis work, the aim is to induce an additional anisotropy of Co and Ni NPs by
coupling them to an AF medium while assuming contributions of other type of anisotropies
(e.g. shape, magnetoelastic, surface) are negligible. Before we start, I will give a short
introduction to the exchange anisotropy.

1.2 Exchange anisotropy

1.2.1 Working principles

Also classified as an interface anisotropy, exchange anisotropy was first discovered by Meik-
lejohn and Bean in 1956 in fine Co particles covered by an AF CoO shell [30], and later also
reproduced in thin films. If a material which has a FM-AF interface is cooled from the Curie
temperature (TC) of FM through the Néel temperature (TN) of the AF with an applied field,
an anisotropy is induced in the FM [30–33]. As a results of this new anisotropy, coercivity of
FM will increase and shift to the field cooled direction, and this shifting is called exchange
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bias. As explained in Figure 1.8 at a 1D interface, in order to achieve an obvious effect,
at first the temperature has to be high enough (TC > T > TN) to make the AF material a
paramagnet, a completely random spin configuration. Then the material is cooled through
TN with an applied field, termed as field-cooling (FC) hereafter. During this process, the
spins of AF will interact with the spins of FM at the interface, which are already aligned
with the external field direction. More like a chain of interactions, the alignment of AF
spins at the very interface will decide the alignments of the spins in the interior. In other
words, this is similar to anchoring the FM spins by AF spins. The strength of the coupling
or interaction between them largely depends on the exchange interaction between AF and
FM spins. If the anisotropy of AF material KAF is too large, then the AF spin configuration
will not change with an external field that is enough to flip the FM spins. This will shift
the whole hysteresis curve to the field cooled direction. As there are two different energy
minima, rotating towards the AF interface spin direction is energetically more favorable than
the other way around. If the KAF is small, rotation of FM spins will force the AF spins to
rotate. However, rotation of FM spins will be more difficult since they drag the AF spins
behind them. This will lead to increase in coercivity but no hysteresis shift. In many cases
though, such spin coupling brings a mixture of both. Explanation of exchange anisotropy
phenomenon in a complete theoretical ground has been a formidable challenge for almost five
decades by now. This is mainly due to the fact that the system involves magnetic properties

Figure 1.8: Phenomenological model of the exchange bias in FM/AF bilayers. The spin

configuration below TN is showing an ideal fully uncompensated AF spins which are coupled

to FM. Details in the text.
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of an AF, which are difficult to access experimentally. An initial model which explains the
shift of hysteresis loop was proposed by Meiklejohn and Bean (M-B model). They took the
S-W model and added the induced interface energy term to it by assuming single domain
FM and AF thin film layers and a coherent rotation of the magnetization. Thus, the total
energy per unit area of the film surface reads:

E = −µ0HMstFcos(β) +KFtFsin
2(β)− Jexcos(β), (1.10)

where Jex (J/m2) is the interfacial exchange energy per unit area, tF is the thickness of the
FM layer. After solving the stability condition ∂2E/∂θ2 = 0 for β = 0 andπ, we get two
coercive fields, HC1 and HC2:

HC1 = −2KFtF + Jex
µ0MstF

and HC2 =
2KFtF − Jex
µ0MstF

. (1.11)

Then the HC and loop shift HEB can be calculated by:

HC =
−HC1 +HC2

2
and HEB =

HC1 +HC2

2
. (1.12)

Finally, using the expressions above, we get HC as:

HC =
2KF

µ0Ms
, (1.13)

and for HEB:

HEB =
Jex

µ0MstF
. (1.14)

In the case of spherical interface, the relation will take following form [34]:

HEB =
6Jex

µ0MsDF
, (1.15)

where DF is the diameter of the FM particle. The model also serves as a measure for the
strength of the exchange effect by establishing a relation between the areal exchange energy
density Jex and the amount of hysteresis shift HEB, which can be measured easily. HEB is
proportional to the exchange anisotropy, and inversely proportional to the FM film thickness
(or FM particle size). Although the HEB versus 1/tF relation fits with the experimental
findings [31], the predicted HEB values assuming an ideal interface (all spins at the interface
are pointing at the same direction, and the interface is atomically smooth) are more than two
orders of magnitude larger than the experimental values. Furthermore, even for completely
compensated surfaces, still an exchange bias effect was observed. In addition, Equation 1.13
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Figure 1.9: Illustration of a ferromagnetic particle deposited on an antiferromagnetic thin

film, left is the as prepared state and the right one is an ideal state where the spins of AF

are frozen after field cooling process.

states no change in HC when FM coupled to AF, which is not compatible with experiments.
Different models have been proposed to explain these discrepancies.

Example of the models are domain wall model by Mauri et al. [35, 36] and the random
field model by Malozemoff [37]. The domain wall model attributes the exchange bias to
the domain wall energy Ew of AF (Ew= 2

√
AAFKAF per unit area, AAF is exchange stiffness,

KAF is anisotropy of the AF, respectively), rather than interface exchange strength, assuming
the spins of AF at the interface are not rigid and coupled more to the FM spins than AF
neighbours. The exchange bias energy is redefined as Jex = A12/ξ, where A12 is the interfacial
exchange stiffness, and the ξ is the thickness of the interface. So the HEB will take following
forms [38]:

HEB =

{
−(A12/ξ)/(µ0MstF) for λ� 1

−2
√
AAFKAF/(µ0MstF) for λ� 1

(1.16)

where λ = Jex/(2
√
AAFKAF), reflecting the strength of the interface exchange coupling.

According to this model, even a very smooth interface will have a reduced shift in comparison
to the M-B model expectation.

The random field model on the other hand, ascribes the weak shift of the hysteresis to the
interface roughness, which reduces the number of uncompensated1 AF spins due to step edges.
Moreover, the lateral variation of exchange bias field across FM/AF interface breaks the AF to
magnetic domains for energy minimization, as illustrated in see Figure 1.10(a)). Malozemoff

1FM and AF spins pointing the same direction at the interface, see Figure 1.10(a), for example.
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Figure 1.10: (a) Schematic of a rough FM/AF interface with a vertical AF domain wall

to the interface. Red crosses are the compensated spin interfaces. (b) Macroscopic FM/AF

interface with AF domains. Each domain has local unidirectional interface energy. The

arrows are indicating macroscopic moments. Images are based on [37,38].

assumes that the interfacial energy of one domain is different from the neighbouring one, and
the difference of energy 4σ will be proportional to the HEB:

HEB =
4σ

2µ0MstF
. (1.17)

For an ideal uncompensated interface, 4σ = 2Ji/a
2, where Ji is the exchange coupling

constant across the interface, a is the lattice constant of AF. Furthermore, for an interface
which is random on atomic scale, the local unidirectional interface energy σl (σl = ±zJ/a2,
where z is a number of order unity) will be also random, and its average σ will go down
statistically as σ ≈ σl/

√
N , where N is the number of sites projected onto the interface

plane, as demonstrated in Figure 1.10(b). Thus, the effective Jex will be:

Jex ≈
Ji√
N

(1.18)

The model regards the formation and motion of such AF domain walls as the reason for
increasing coercivity upon field reversal. There are also some recent models which try to
explain complexity of different exchange bias systems, such as Domain State model [39–41],
partial domain-wall model [42, 43] and Spin-Glass like model [44, 45]. Nevertheless, all the
models do not contradict the 1/tF dependence of exchange bias. As far as the values of HEB

and the relation between HEB and HC are concerned, the experiments are not fully explained
by the established models.

1.2.2 Thin films

Although the discovery of exchange anisotropy was made so long ago, it only came more
to the focus of the intensive research when the exchange bias effect in thin films was used
in spin-valves GMR sensors [46], which brought a Nobel prize to P. Grünberg and A. Fert.
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With the increasing technological demand for higher HEB and Tb (blocking temperature of
AF material, below which the exchange bias is effective), exchange bias systems requires
better understanding of this effect. There are several review papers about the effect in thin
films [31–33, 47, 48]. Here I briefly summarize the known parameters in thin film systems
which influence the exchange bias. In general, the amount of exchange bias increases with
decreasing FM thickness, and with increasing AF thickness [49], but becomes independent
of AF thickness above ∼20 nm. The effect also depends on the orientation of AF and
FM [50,51], since it is related to spin structure, which is considered as the main factor of this
effect. It has been shown that FM/AF layers in which both FM and AF spins are of in plane
orientations have higher HEB [50]. Microstructure and growth related factors also play a role,
e.g. that the HEB goes down with roughness [50, 52], with decreasing texture [53–55], with
reduced AF grain size [56–58] and with impurity layers at the interface [59]. It is difficult
however, to confirm such trends as there are some contradicting findings. Distinguishing or
separating microstructure effects from each other is difficult in practice as one parameter may
influence other parameters which in turn also effects the HEB. Among others, anisotropy of
AF, KAF is a main factor. Theories agree that the HEB will be higher for larger KAF since
it is proportional to Jex. Tb is also influenced by the amount of exchange coupling effect.
In thin film systems, thickness and grain size of the AF film are known to be proportional
to the KAF. As mentioned earlier, exchange anisotropy brings also an increase of coercivity.
However, there are few systematic studies on this relation. Mauri et al. also showed inverse
FM thickness dependence of HC as in the case of HEB [35]. Effect of the strength of cooling
field during field cooling process has been studied. However, it hardly affects the HEB, as
long as the field is strong enough to saturate the FM layer. Last but not least, there is the so
called training effect [60,61], which reduces the HEB after consecutive hysteresis loops. This
effect is related to partial reorientation of AF spins as they try to find energetically favorable
configuration in each repeated cycle.

1.2.3 Exchange anisotropy in nanoparticles

In 2003, V. Skumryev et al. [29] suggested and demonstrated using the exchange bias effect to
overcome the superparamagnetic limit in FM NPs. Another group showed that the effect can
be used to enhance the energy product of hard magnets in powder form [62]. In 2005, Weiss et
al. reported self-assembled Co particles on Au with areal density of 26 Tera particles/in2 [63].
Their macroscopically ordered NPs had a narrow magnetic anisotropy energy distribution,
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and magnetic interactions among them were negligible. As expected, their particles were
superparamagnetic at ambient temperature, which otherwise promise 26 Tb/in2 storage den-
sity. These articles, accompanied by the advances in synthesis of NPs techniques, brought
the research focus back to the particle systems at which the exchange anisotropy effect was
originally discovered. Since then, there have been many publications about core-shell type
exchange coupled particles, mostly transition metals with their native oxide shells, or parti-
cles embedded in oxide matrices [64–72]. Initial works on embedded particles are summarized
in a work by Nogués et al. [73]. However, having exchange bias effect far below room tem-
perature, because of their AF shell’s low TN and Tb, these core-shell type NPs (e.g. Co/CoO,
Ni/NiO, Fe/FeO) proved not so attractive for applications. Moreover, the preparation tech-
niques used so far for such systems are mostly precipitant and wet-chemical methods, where
the type and the formation of AF depend on the surface oxidation of the core FM, or the
interface diffusion of two materials. Such dependence hence limits our material selection and
makes it difficult to study the effect at a broader level with more details. Very few groups
so far have tried depositing/embedding particles on/in metallic AF media where there is no
growth relation between FM and AF materials. Therefore, it appears attractive to study
systems where we can tune each component (FM versus AF) independently. In addition, we
can use materials which have reasonable intrinsic properties for applications, e.g. higher Tb
and better corrosion resistance such as NiMn and IrMn.



Chapter 2

Experimental Methods

2.1 Sample preparation techniques

To study exchange anisotropy between FM NPs and AF film, we have to use two different
methods for the synthesis of NPs and the thin films. In this work, thin film preparation
includes an AF thin film, an adhesion layer and a protective layer. We have used different
types of physical vapor deposition techniques: Magnetron sputtering for both adhesion layer
(e.g. Tantalum) and AF layer (e.g. NiMn, IrMn); thermal evaporation is used to deposit the
protective cap layer (mostly SiOx). Common ways to produce NPs are inert-gas condensation
, sol-gel and self-assembly methods. In our case, we use magnetron sputtering inert gas
condensation for NP synthesis. In the following, I give a short description for each method.

2.1.1 Thin film deposition by magnetron sputtering

A typical type of physical vapour depositions — magnetron sputtering technique is one of
the widely used thin film deposition techniques in industry. Being robust, easy to use, and
able to produce high quality films are the advantages of this method. More information
can be found in the literature [74]. A modern version of this method typically consists of a
cylindrical ring shape permanent magnet (complete piece or small pieces arranged in circular
geometry) and a cylindrical counter center magnet attached to a copper block, which acts as
an electrode as well as cooling unit (see the schematic illustration in Figure 2.1). A target
material with a suitable diameter is placed on top of the copper block, and usually a thermal
paste (TP-832, MeiVac, Inc.) is applied in between for better heat conduction. Most of the
target materials are bonded to a thin (∼ 1mm thick) copper plate, to prevent target damage
(i.e. due to inhomogeneous heat induced stress) and also to dissipate the heat produced by the
sputtering process to the heat sink (water cooled copper block). We used EPO-TEK R© H27D
(Epoxy Technology Inc.) for bonding, and applied the standard curing condition of 150 ◦C
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Figure 2.2: Simplified sketch of the magnetron sputtering cluster deposition chamber

which we used in this thesis work. Constant gas flow is fed through a mass flow controller

(MFC) and pumped via a small aperture to achieve differential pumping. Lg is the aggre-

gation length.

technique. Generally, an inorganic material is vaporized inside a vacuum chamber into which
an inert gas (typically Ar or He) is filled without pumping [77] or, as shown in Figure 2.2,
the gas is fed via a mass-flow controller at a constant rate while pumping through a narrow
aperture, resulting in a constant pressure inside the chamber [78]. The source of vapor can
be an evaporation boat, a sputtering target, or a laser-ablation target. Once the atoms
vaporize, they quickly lose their energy by colliding with the inert gas atoms. The atoms
then form dimers first, and after more collisions, dimers will aggregate to clusters within a
supersaturated region ( within aggregation length Lg in Figure 2.2), with sizes in the range
of 2 to 100 nm. More details of the cluster formation process are given by P. Jensen [79],
and a topical review is given recently by K. Wegner [80].

Using magnetron sputtering as an atom vapour source for cluster formation was first
realized by a Japanese group, and published in 1986 [81]. In their work, they successfully
produced tungsten NPs. Afterwards, the experimental techniques were improved by other
groups, and the relation between particle size and process parameters, e.g. sputter power,
current, pressure and aggregation length Lg were studied [78, 82–85]. In this method, the
particles formed tend to agglomerate and increase their size, and random collisions of clusters
form a broad size distribution at the end. However, this problem was solved by adding
mass/size selector parts [86–88]. When no mass selector is used during particle collection,
such prepared particles have log-normal size distribution:

f(D,Dmean, σ) =
1√

2πσD
exp

[
−(ln[D/Dmean])2

2σ2

]
(2.1)
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where D is the particle size, Dmean is the mean particle volume, σ is a standard deviation.

In this technique, the shape of the particles does not change significantly upon deposition.
This is especially true in our sample preparation. Concerning the room temperature depo-
sition of the NPs and the relatively low Ar acceleration energy used in the synthesis, we do
not expect particle shape change or an embedding of particles in the film during deposition,
comparing to the literature study on the shape change of the energetic particles upon de-
position . We could roughly estimate that the energy of clusters upon deposition should be
less than 0.1 eV per atom according to works of Haberland et al. [89]. In other words, the
deposition of our Co/Ni clusters/particles belongs to “soft landing” regime.

2.1.3 Thermal deposition

An alternative method of thin film deposition is directly heating the inorganic material inside
ultra high vacuum (UHV) by applying a current through a boat or a basket (usually made of
Tungsten or Tantalum) wherein the material is loaded. The vapor pressure of the material
increases with temperature and displays Arrhenius character:

lnP ' −4He

RT
+ I (2.2)

where I is a constant, 4 He is the molar heat of evaporation and R is the ideal gas con-
stant. Curves for different elements are given in the literature [74]. Compared to magnetron
sputtering, vapours will have much less energy in thermal evaporation. Depending on the
deposition conditions, it is often recommended to use hot substrates to couple the energy
to the atoms arriving at the surface of the substrate, so that the atoms will diffuse on the
surface, and enhance their adhesion.

2.2 Characterization Methods

Since the aim of this thesis is to find out exchange bias effect between FM NPs and AF thin
films, it is necessary to determine some material properties which are relevant to exchange
bias field as I mention in the previous section. They are the size of the particles, elemental
composition and the crystal structure of both particles and thin films. Size measurement is
done by atomic force microscopy (AFM) and scanning electron microscopy. X-ray photoelec-
tron spectroscopy (XPS) and energy dispersive x-ray spectroscopy (EDX) are used to study
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chemical states and elemental composition of the samples. High resolution transmission elec-
tron microscopy (HR-TEM), x-ray diffraction (XRD) and x-ray reflectivity (XRR) are used to
investigate the sample’s crystal structure and the thickness. Magnetic properties are mainly
investigated by magneto-optic Kerr effect (MOKE), vibrating-sample magnetometer (VSM)
and superconducting quantum interference device (SQUID). Following subsections will give
a short description for each technique. The description only focuses on one of the working
modes which we used in our experiments.

2.2.1 X-ray diffraction

X-ray diffraction (XRD) is a tool for the investigation of the microscopic structure of matter.
Nowadays, XRD is used for many purposes such as the determination of crystal structure,
chemical analysis, stress calculation, determination of particle size and grain size, estimation
of dislocation density, crystallographic orientation, thickness and roughness of the thin films
etc [90].

The basic principle of XRD in the case of single crystal is that, if a collimated x-ray beam
incident upon the material, it will produce scattered beams. When they land on a piece of
film or other detector, these beams make a diffraction pattern of spots; the strengths and
angles of these beams are depend mainly on certain crystallographic direction of the material.
Relation among the wavelength of the x-ray λ, incident angle θ, and the diffracting planar
distance d is given by Bragg’s law:

2dsinθ = nλ. (2.3)

Here, n is an integer number starting from 1 and corresponds to diffraction orders. XRD
peaks in real samples contains more informations, especially in the case of poly-crystalline
materials. One of the important features of the peak analysis we use in this work is grain
size determination of our poly-crystalline specimens. If the grain sizes are in the nano scale
range, we can put the FWHM of the measured XRD peaks to the Scherrer formula to achieve
average grain size:

τ =
Kλ

βcosθ
, (2.4)

where K is the shape factor, usually takes the value of about 0.9. λ is the x-ray wavelength,
β is the line broadening at FWHM in radians, θ is the Bragg angle and τ is the mean size of
the ordered (crystalline) domains, i.e. mean grain size.
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X-ray reflectometry

X-ray reflectometry (XRR) is a special case of the XRD which is mostly used for thin film
characterizations. In XRR, the x-ray beam is striking a thin film sample with a grazing
incident, by recording the specular intensity with the angle, we can get informations about
the roughness of surface or the interfaces, thickness of a thin film or each layer thickness of
multilayers and density or density gradients. The physics behind the x-ray reflectivity is given
in the literature [91]. As shown in the Figure 2.3, at a grazing incident geometry, above a

Figure 2.3: Example of an XRR plot. The sample is a bilayer consists of 7 nm SiOx and

100 nm Si3N4, supported by 300 micron Si substrate. Corresponding Kiessig fringes are

shown, periodicity of the fringes is inversely proportional to the film thickness.

critical angle θcr, reflected beams at each interface interfere with each other, form oscillation
patterns called Kiessig fringes. The periodicity of the fringes is inversely proportional to the
layer thickness. Maximum of θ can be approximated as:

θ2 − θ2cr = m2(
λ

2d
)2, (2.5)

m order of interference maximum. Below θcr, total reflection happens, θcr becomes a measure
of the electron density of the material. In practise, we use a software which simulates reflec-
tivity using Parratt’s formulation [92], by tuning thickness, roughness and density values of
the layers. The best fit gives us thickness values of the thin films. In this work, we have used
Siemens D5005 model to measure a thickness of thin film and sizes of the grains within the
film.
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2.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a technique which can image atoms in sub-
Ångström range. The basic structure of TEM is shown in Figure 2.4. The electrons are
generated by thermionic or field emission and accelerated by means of electric field and
guided (in vacuum) to the sample by series of magnetic lenses. Then these parallel beam of
electrons are scattered and absorbed after passing through a thin sample (typically of the
order of 5 to 100 nm for 100 keV beam depending on the sample [93]). These interactions will
vary the transmitted electron intensity distribution which is imaged onto a detector behind
the specimen.

Figure 2.4: Schematic illustration of the

electron ray path of a transmission electron

microscopy, which includes an x-ray detec-

tor and an electron energy loss spectroscopy

(EELS). Image is adopted from [93].

In general, there are two working modes:
diffraction mode and imaging mode. A diffrac-
tion pattern is produced by inserting a selective
area aperture and tuning the lenses so that the
back focal plane of the objective lens acts as the
object plane of the intermediate lens. This mode
can reveal whether a specimen is single-crystal,
polycrystalline or amorphous. By inserting an
objective aperture and tuning the lenses, diffrac-
tion mode can be changed to imaging mode.
There are three basic contrast mechanisms for
imaging: Atomic contrast (mass-thickness con-
trast), diffraction contrast (bright field and dark
field) and phase contrast [94]. Phase contrast
is produced by the phase modulation of the in-
cident electron wave which transmits through a
crystal potential. Fourier transformation is used
for converting the phase map of the electrons to
an atomic lattice image. This type of contrast is
sensitive to the atomic distribution in the sample
and is the basis of high-resolution (HRTEM) [95].

Most of the commercial TEMs includes more
detectors for complementary analysis. As shown
in Figure 2.4, by combining an electron energy filter with a CCD camera, one can achieve
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an electron energy loss spectroscopy (EELS) and an energy filtered TEM (EFTEM) images.
The EELS counts the electrons with respect to their energy after electron beam-sample
interactions. In a typical EELS, according to the electron energy, there are three different
types of signals: elastically scattered electrons (without energy loss, so-called zero-loss),
plasmons (collective excitation of valence electrons) and the core-loss which is the inelastically
scattered electrons with inner shell electrons. The core-loss electrons carry the element
specific information. TEM measurements in this thesis were carried out at the Electron
Microscopy center in Ulm University. A Cs-corrected FEI’s Titan 80-300 model was used for
HRTEM. The model is also equipped with a Gatan Quantum detector for EELS/EFTEM
measurements.

2.2.3 Scanning electron microscopy

The scanning electron microscope (SEM) is a type of electron microscope capable of producing
high-resolution images of a sample surface. The SEM was pioneered by Manfred von Ardenne
in the 1930s [96]. Due to the manner in which the image is created, SEM images have a
characteristic three-dimensional appearance and are useful for judging the surface morphology
of the sample. In SEM, the electron beam, which typically has an energy ranging from a few
hundred eV to 100 keV, is focused by one or two condenser lenses into a beam with very fine
focus. The beam is scanned over the surface of the sample (see Figure 2.5). When the primary
electron beam interacts with the sample, the electrons loose energy by repeated scattering

Figure 2.5: The electron-sample interaction volume (left) and schematic SEM electron

optics (right).
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and absorption within the interaction volume, as shown in Figure 2.5, which extends from
few nm to around few µm into the surface [96]. The size of the interaction volume depends on
the electrons’ energy, the elements in the specimen and the specimen’s density. The energy
exchange between the electron beam and the sample results in the emission of electrons and
electromagnetic radiation, which can be detected to produce an image. Sample requirement
for SEM is that it must be conductive. Usually, scanning has to be carried out in a UHV
condition.

There are mainly three types of images produced in the SEM: secondary electron images,
backscattered electron images, and elemental x-ray maps [97]. Secondary and backscattered
electrons are conventionally separated according to their energies. When the energy of the
emitted electron is less than ∼50 eV, by convention it is referred to as a secondary electron
(SE). Most of the emitted SEs are produced within the first few nm of the surface, therefore
it generates high resolution surface topography. Backscattered electrons (BSEs) are the elec-
trons that exit the specimen with an energy almost the same as primary electrons. The higher
the atomic number of a material, the more likely it is that backscattering will occur. Thus as
a beam passes from a low-Z (atomic number) to a high-Z area, image brightness will increase
and provide a contrast caused by elemental differences. Elemental x-ray maps/spectra can
be achieved by an energy dispersive x-ray spectroscopy (EDX or EDS), normally installed
in an electron microscopy. In the interaction volume, the energetic incident beam ionizes
the inner shell electrons, then the excited electrons relaxes to the inner shells. This process
emits a characteristic x-rays belonging to specific elements. Thus, a quantitative elemental
information can be acquired from the probed area. We use a LEO 1550 SEM with an Oxford
INCA energy dispersive spectrometer throughout this work.

2.2.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was developed during the period 1954-1970 by
K. Siegbahn and his research group [98]. The XPS technique is highly surface sensitive
due to the short range (normally smaller than 8 nm from the surface) of the photoelectrons
that are excited from the solid. And the main use of XPS in materials analysis is to determine
the chemical binding of atoms in the surface region of a solid. The kinetic energy Ek of the
electrons ejected from a solid is determined by the frequency of the incoming light hν,

Ek = hν − EB − Φ, (2.6)
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Figure 2.6: Schematic illustration of an XPS setup. Characteristic x-rays ionize the

sample, the generated electrons analyzed by an electron energy analyzer. The channeltron

detector counts the electrons with respect to their energy.

where ν is the frequency of photon, EB is the binding energy(or ionization energy), and Φ is
the work function. This process is schematically described in Figure 2.7. The binding energy,
which is the energy required to release an electron from the shells, reflects the strength of
interaction between electrons and the nuclear charge.

A simple illustration of an XPS setup is shown in Figure 2.6. The x-ray source generates
a photon flux with characteristic x-rays, e.g. Al-Kα1, Mg-Kα1. The photons hit the sample,
and photoelectron process occurs. Only photoelectrons which escape from the sample surface
are collected and counted with respect to their energy. Hence a spectrum can be recorded by
plotting the number of counted electrons versus EB or Ek. Such plot is shown in Figure 2.7
as an example. Measurement is mostly carried out in UHV conditions. The exact binding
energy for an electron in a given atom depends on the chemical environment of that atom. If
we consider a core level, the energy of an electron in this core state is mainly determined by
the Coulomb interaction with the other electrons and the attractive potential of the nucleus.
Any change in the chemical environment of the element will involve a spatial redistribution
of the valence electron, creating a different potential as seen by a core electron. This results
in a change in the binding energies, called chemical shift.

For any electron in orbits with orbital angular momentum, coupling between spin (s)
and angular momentum (l) occurs. The coupled total angular momentum is expressed as
~j = ~l+~s. The s orbits have no angular momentum, the total momentum is 1/2 thus s orbits
are singlet in XPS. However p, d, f . . . orbitals have coupled momentum which gives two
possible configuration, either parallel or anti-parallel of spin and orbital angular momentum
vectors and leads to two different energy state j− and j+ respectively, thus show doublets
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satellite structure. A point intensity of an element in a matrix, I, can be written like this:

I = σD(E)LJ(xy)sec(δ)TN(xyz)e−z/λ(E)cosϑ, (2.7)

where σ is material specific ionization cross-section, D(E) is the spectrometer detection
efficiency, L is the angular asymmetry of the intensity of the photoelectron, J(xy) is the flux
of the x-ray characteristic line per unit area at point (x, y) on the sample, T is the analyser
transmission function, N(xyz) is the atomic density of atom A at (xyz), z is the thickness
measured from the surface and the λ(E) is the electron attenuation length. The angle δ
is the x-ray incident angle from the surface normal and the θ is the electron take-off angle
from the surface normal. The peak areas can be used (with appropriate sensitivity factors)
to determine the relative concentration of atoms on surface. For any sample which contains
elements A and B, the ratio of their respective atomic fraction nA and nB is simplified1 as

nA
nB

=
IAσBλByBTB
IBσAλAyATA

, (2.8)

where IA/IB is the intensity ratio. The transmission efficiency TA, B is a function for the Ek of
the electron. The influence of secondary structure will decrease the intensity of the primary
photoelectron peak which is described by the detection efficiency y. It can vary over values
of 0.7–0.8 for free atoms and has a strong dependence on the chemical environment [100].
This model assumes that the sample is flat and homogeneous, the photoelectrons are emitted
isotropically, and the sample surface is clean.

2.2.5 Atomic force microscopy

The atomic force microscope (AFM) is a type of scanning probe microscope with very high
resolution. A typical AFM consists of a cantilever (probe) with a sharp tip at its end which
is used to scan the specimen surface (Figure 2.8). The probe is generally silicon or silicon
nitride with a tip radius of curvature on the order of nanometers. When the tip is brought
into close proximity of the sample surface, atomic forces (e.g. Coulomb, ionic, Van der Waals,
magnetic, etc.) between the tip and the sample lead to a deflection of the cantilever according
to Hooke’s law. Typically, the deflection is measured using a laser beam reflected from the
top of the cantilever into a photo-detector. The deflection of cantilever along z direction shifts
the position of the laser beam on the detector, which results in a change in voltage signal.
Feedback electronic system is employed to adjust the tip-to-sample distance. Generally, the

1Derivation of this equation is given in [98].
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Figure 2.9: A simplified Kerr effect in a longitudinal geometry where the plane of incident

light is parallel to the external field. The light is linearly polarized by the polarizer, then

shed on the sample surface. Light interacts with the sample, and its field vector rotates by

θ, the amount of rotation is proportional to the magnetization of the sample.

wave serves as information depth, which is usually a few tens of nanometeres from the
surface. The interaction happens between incident electromagnetic wave (linearly polarized
light beam) and the refractive index of the material, n. The dielectric permittivity tensor ε
which describes the interaction takes a complicated form as given in [101]. In terms of Kerr
effect, the dielectric law can be simplified as:

D = ε(E + iQm× E). (2.9)

Where Q is a material constant describing the magneto-optical rotation of the plane of
polarization of the light. m is the magnetization vector.

In Kerr effect, according to the above relations, light will interact differently along different
directions. Thus, it is possible to make different modes of measurement configuration, and
each configuration provides complementary informations, based on the nature of interaction.
According to the arrangement of the external field direction, magnetization vectors of the
sample and the incident plane, there are three working modes, namely longetudinal mode,
transverse mode and polar mode. In longitudinal mode, the magnetization vector m is in
plane and parallel to the incident light plane. The linearly polarized will become elliptically
polarized and it has two E field vectors, the Fresnel amplitude coefficient of reflection r and
the Kerr coefficient k, the latter being much smaller. The longitudinal effect is proportional
to sinθ0. The configuration where the in-plane magnetization vector is perpendicular to the
plane of incidence, called transverse mode. In this case, the reflectivity is measured, and the
reflected light intensity is proportional to the |r± k|2, + and - sign means whether the m is
pointing to the right or to the left when viewed from the light source.
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2.2.7 Vibrating-sample magnetometer

First realized in 1955 by S. Foner [102], vibrating sample magnetometer (VSM) is one of
the versatile and sensitive instruments to measure magnetic moments quantitatively. In a
typical VSM as shown in Figure 2.10, a magnetic sample is vibrated with certain frequency
ω inside a uniform magnetic field, and such motion periodically changes the field (or flux
around the sample). By putting a pick-up coil in to that space, due to changing flux, there
will be voltage V generated in the coil, which is directly proportional to the magnetization
of the sample:

V = gµAωcosωt, (2.10)

where g is a geometric factor, µ is the magnetic moment of the sample, A is the amplitude of
the sample vibration. Measuring the magnetization by moving the sample easily eliminates
background errors by a lock-in amplifier, which takes the vibration frequency as a reference
and discriminates it against the signal. Thus, it can measure magnetic moments as small
as 5×104 Am2 (5×10−5 emu). More details about this technique is given in [103]. We used
LakeShore 735 VSM controller which consists of a paired pickup coils, a Hall probe for the
field measurement, a lock-in amplifier, a driver for vibrating the sample and a data acquisition
system. Temperature dependent magnetization measurements were carried out by adding a
furnace (Lakeshore model 73034).

Figure 2.10: Working principles of a VSM. A sample is attached to a rod which vibrates

normal to the uniform magnetic field. Variation of the flux induces an emf in the nearby

detection coils, which is proportional to the magnetic moment.
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2.2.8 SQUID

Superconducting quantum interference device (SQUID) are the extremely sensitive mag-
netometer which provides ultimate in resolution for field measurements. It combines flux
quantization and the Josephson effect. In the early 60’s, it was experimentally observed that
the magnetic flux can be quantized, φ0 = h/2e ≈ 2.07×10−15 Wb (h is Planck’s constant,
e is electrical charge), when passing through a superconducting ring. It is not possible to
put more flux to this ring, however, if the ring includes a “weak link” (Josephson junction),
a small insulator in between two superconductors as drawn in the Figure 2.11, then it is
possible to add more flux to the ring stepwise by increasing the field, each step is one flux
quanta. Each quantum jump of the flux induces a voltage pulse across the two terminals of
the ring, and this pulse can be used to measure the field. Such a device can detect a flux
change as small as a quanta, hence sensitive to extremely small magnetic field changes. The
resolution can be at the order of 10−14 T [104]. The flux density in the ring φ and the flux
of applied field φa is related as [23]:

φ = φa − LIcsin(2πφ/φ0), (2.11)

where L is the inductance of the ring, the critical current Ic is related to the properties of the
weak link. This is the basic relation governing the flux change in SQUID. There are different
designs of SQUIDs which have different modes of detecting such changes. Commonly, the

Figure 2.11: Simple sketch of a superconducting ring with a “weak link” (brown color).

When there is an external field, the flux can be threaded into the ring via the “weak link”

stepwise, each step being one flux quanta. Each entry of the flux generates a voltage pulse,

which acts as a measure for the induced field.
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ring is linked to a coil to measure the flux from a sample, thus the sample magnetization.
A comprehensive description about SQUID from fundamentals to the applications is written
by Clarke et al. [105]. In this thesis work, a SQUID (Quantum Design, with an RSO option)
were used for the measurements.

2.2.9 X-ray magnetic circular dichroism

X-ray magnetic circular dichroism (XMCD) is based on x-ray absorption spectroscopy (XAS)
using circular polarized light. The difference in XAS spectrum between right and left cir-
cular polarized light is called magnetic circular dichroism (MCD). Because of their different
properties, right circular polarized photons mainly interacts with spin-down(−~) electrons
and left circular polarized photons with spin-up(+~) electrons. The difference in absorption
arises from the imbalance of spin-up and spin-down electrons in the investigated material
in an applied magnetic field, which leads to different cross sections and finally to different
absorption coefficient for each polarized light. By closely analysing the XMCD spectrum,
information can be obtained about the magnetic properties of the atom, such as its total, spin
and orbital magnetic moment. This is illustrated in Figure 2.12 taking one-electron model as
an example. In Figure 2.12(a), the transitions occur from the spin-orbit split 2p core shell to
empty conduction band states. In conventional x-ray absorption the total transition intensity
of the two peaks is proportional to the number of d holes (first sum rule). By use of circularly
polarized x-rays the spin moment (b) and orbital moment (c) can be determined from linear
combinations of the dichroic difference intensities A and B, according to other sum rules [106].
The technique is first realized by Schütz et al. in late 80’s [107], and has undergone rapid
advancement since then. More details of XMCD technique is given by Stöhr [108]. When
such effect combined by conventional electron/x-ray microscopies, like photoemission electron
microscopy (PEEM) or scanning transmission x-ray microscopy (STXM), magnetic domains
can be visualized. In the XMCD contrast, the intensity is proportional to the magnetization
vector ~M of the domains in the material under study by the following relation [109]:

IXMCD ≈ ~L ~M ∝< M > cosα, (2.12)

where ~L is the polarization vector of the circular x-ray, α is the angle between vectors ~M

and ~L.

In the case of transition metals such as Fe, Co, and Ni, the absorption spectra for XMCD
are usually measured at the L-edge. In the case of Ni, a 2p electron is excited to a 3d state
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Figure 2.12: Electronic transitions in conventional L-edge x-ray absorption, illustrated in

a one-electron model.

by x-ray of about 852.7 eV. Because the 3d electron states are the origin of the magnetic
properties of the elements, the spectra contain information about the magnetic properties.
The method to extract spin and orbital magnetic moments from XMCD spectra for Fe and
Co are given in the literature [110,111].
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2.3 Constructing a UHV system with XPS, AES and ion

etching features

Magnetic properties of Co, Ni NPs and NiMn, IrMn thin films will change drastically if the
preparation involves oxidation or contamination of any components. CoO, NiO are known
antiferromagnets, and in case of NiMn and IrMn, phase segregation might happen due to
preferential oxidation of Mn atoms. Elemental compositions of NiMn and IrMn are also
deciding factors of their antiferromagnetic performance. Therefore, building an instrument
which is capable of checking both chemical states and elemental composition of samples in
as-prepared state inside UHV was an essential part of this thesis work. For this reason,
we have built an XPS system along with Auger electron spectroscopy (AES) connected to
sample preparation chamber by a UHV transfer system. So that we have the advantage
of measuring the samples in as-prepared state inside UHV. A depth profiling feature was
realized by adding a scanning ion gun. Schematic diagram of the completed characterization
instrument chamber is given in Figure 2.13, a photo is given in Appendix A.2. The energy
analyser hung on top and joined vertically to the multiport spherical chamber (stainless steel,
11 ports with different sizes, from Kurt J. Lesker Company Ltd), supported by a static frame
altogether. The sources are placed to the upper ports, focused to the center with 45◦ angle
with respect to the vertical axes of the chamber. The x-ray source has linear motion (axial
towards the chamber center) of 100 mm scale. Sample holder and transfer mechanism is
designed by ourselves, which fits to the original sample transfer of the preparation chamber
(Blueprints are given in the Appendix). Holders are made of stainless steel, aluminium or
copper, for different purposes. Sample can be screwed to the end of the rod, which has two
lower arms reserved for placing additional sample holders. The rod is connected to the sample
manipulator below; which consists of an XYZ motion stage (±12.5 mm x, y and 100 mm z

motion, from PSP Vacuum Technology Ltd.) and a rotary feedthrough (with a position lock
and a scalebar, from Hositrad), enabling more freedom for sample position manipulation
during our investigation. The transfer stick on the right hand side can also be used as a
sample stage while holding the sample holder at the center of the chamber, allowing an angle
dependent XPS or AES, a very useful feature for a thin overlayer (1–2 nm) measurement or
a thickness calibration for thin bilayers. This can be done alternatively by adding a wedge
shape to the sample holder when using the normal stage.

The (electron/ion) energy analyser is from VSW, model number HA100. It has a 10 cm
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around 0.8 eV at FWHM, tested on a gold sample. The energy selected electrons either by
FRR or FAT mode, reach the other end of the analyser at which a single end channeltron
is located. The trumpet shape channeltron has a glass body with metal coating on its
inner surface. Applying high tension to the two ends of the channeltron, a single electron
arriving will be accelerated inside coated surface and generates large number of secondary
electrons, amplifying the signal by the order of 4×108 at the maximum tension (high tension
is tunable by a potentiometer). The amplified charges are fed to the charge sensitive amplifier
and converted to voltage signal. The signal then goes to the ratemeter electronic unit, which
has built-in circuit for different integration time windows (micro seconds to 100 second).
There are selection knobs for different signal intensity ranges, all has counts per second unit.
Signal outputs are analog and pulse type. For better performance, we used a 16 bit analog
and digital I/O board (PCI-DAS 1602/16, from Measurement ComputingTM) to automate
the data acquisition. The board has two buffered output terminals with update rates of
100 kHz, and 8 differential or 16 single ended input terminals with the sampling rates upto
200 kHz. We connected the analog signal output from the ratemeter to one of the input
terminal, connected one of the output terminals to the external scan input of the analyser
controller. After installing the board to a computer, we have installed the necessary drivers for
programming. I wrote a Labview program as shown in Appendix A.2) which reads the signal,
drives the control circuit and records the signal (two columns, ASCII format) and displays
counted signal (counts/second) versus scanned energy (eV). The program allows changing the
scan rate, the excitation source, number of scans, and the scan range.The analyzer energy
scale should be calibrated carefully after each time of opening the chamber. The standard
calibration procedure is done by measuring pieces of polished Cu, Ag, Au together in full
energy scale, and at different pass energies. Details of this method are explained in the works
of D. Briggs et al. [98]. After the calibration, one should still use noble metals (Au coated
sample holder for instance) during measurement if possible. This will be very helpful since
any charging effect or other factors might shift the energy scale, often linearly, and in rare
occasions, nonlinearly. Adventitious carbon can be also used as a calibration position, but
care should be taken due to complexity of carbon compounds. A turbo molecular pump with
a prepump is used for evacuating of the chamber. In current state, pressure goes down as
low as 1×10−9 mbar when measured between the main chamber and the electron analyser
unit. Operation limit for running the analyzer is around 10−8 mbar.
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2.3.1 X-ray photoelectron spectroscopy setup

The x-ray gun is a reconditioned dual beam source (model TX400/2) from PSP Vacuum
Technology Ltd, and uses a Spellman SL series high voltage unit. Among x-ray anode mate-
rials, aluminum and magnesium are the most suitable ones, since they give fair compromise
from the energy amount and energy spread of their photons. Figure 2.14 illustrates the x-ray
tube and its working principle. Each side of the anodes were coated with a layer of respective
materials. When the electrons from glowing filament take the energy of high voltage and
accelerate towards the material on the selected anode face. Then, the energetic electrons
excites characteristic x-ray photons (Al-Kα1: 1486.5 eV and Mg-Kα1: 1256.2 eV). The en-
ergetic photons can go out through a small hole covered with a thin (few micron) aluminum
window. The penetration depth of such a beam in a solid is in the range of 1–10 µm [112].
Producing such a beam generates heat inside the tube, which is caused by energetic electron
impact on the anode surface. Such accumulated heat reduces the life time of the anode ma-
terial or even makes damage to the tube. In our gun, it is effectively cooled via water cooling
system. The minimum water flow should be around 2.3 liter/min, a clean water with suitable
ion concentration is recommended. Leakage current through cooling water should not exceed
5 mA during operation for safety reasons. When using a closed loop water cooling, ion con-
centration of the water can be easily tuned by adding some salts. The safety interlocks are
provided, it switches off the high tension when the water flow goes down from the threshold

Figure 2.14: Dual source x-ray tube main parts and working principle. Electrons from

selected heated filament accelerates towards anode face by an applied high voltage and

generates characteristic photons of the material. The photons then goes out from the Al

window.
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value via a flow sensor. In present state, we are using external water cooling with controlled
flow rate. For future development, I recommend to use closed water cooling system with
distilled water, which would be better for both the safety and the gun life (carbonated water
might block the cooling lines inside the tube in the long run, leading to a reduction of the
heat dissipation). The x-ray tube to sample distance can be changed between 0 and 100 mm
by a scaled linear motion unit. We have used 25 or 30 mm distance during operation. We
retracted the gun more than 50 mm away during sputtering a sample by ion gun, to avoid
sputter deposition on the Al filter window. Recommended settings of the x-ray tube are:
15 mA emission current with 10 keV (max. 15 keV) HT, 2.5 A filament current. Ramping
the HT, filament and emission currents should be slow. Best photoelectron emission yield
is achieved when the angle between x-ray beam incident and the detection is at 54◦ angle
(so called magic angle). However, photoelectron intensity does not vary much if the angle is
slightly off from that angle [113], in our chamber, this angle is 45◦. At operation, the x-rays
illuminate most of the 23 by 23 mm2 sample holder, intensity is lesser at off-center areas.
When there is a need for local spectra from a smaller spot, a thin mask (e.g. Al, Ag or Au,
can be chosen according to the investigation purpose) or masked coating method (coating
the unwanted probe area) can be used to suppress elemental signals from unwanted regions.

Figure 2.15: An example spectra of our XPS, showing the survey signal of Co NPs. We

have learnt that our freshly prepared Co NPs are in metallic state. The presence of O and

C peaks are possibly due to sample holder and the long measurement time.
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As one of our first spectra, Figure 2.15 shows XPS of Co NPs sample without exposure to
the ambient. All corresponding peak positions are accordance with literature values, proving
all the work of the instrumentations, automatizations and the calibrations are successful.
The presence of oxygen and carbon peaks are possibly due to the sample holder and also to
the more than one hour measurement time at 1E-9 mbar chamber. To determine the valance
status of the elements, it is important to know the exact positions of the peak positions and
peak shapes. This is done by well-developed peak fitting procedure for XPS spectra. We
use Shirley or Shirley plus linear background model to remove the “loss electron” background
of the spectra. Then we use pseudo-Voigt or Doniach-Sunjic model for peak fitting. Both
models take the intrinsic peak asymmetry (data available in [114]) and the convolution of
the instrumental broadening into account. Open source softwares like Fityk, wxEWA, or
commercial ones like casaXPS, Unifit and several others can be used for peak fittings. We
compare the results from the fit with the reference values of online XPS database [115] and
XPS handbooks [98,112].

2.3.2 Ion etching

XPS and AES are powerful tools for achieving chemical and elemental informations of the
material surface. Since the information depth is less than 10 nm, this limits that “power”
when we need chemical and elemental informations beyond that thickness. In this thesis
work, particles are larger than 8 nm, and sometimes embedded inside a few tens of nm thick
film. Question arises when we heat treat such sample in ambient condition: what is the
chemical states of surface atoms and the atoms sitting deep inside? Is there any composition
change or phase segregation? or is there any unfavored foreign atoms diffusion? To address
these questions, we installed an ion gun which can etch/erode away the surface atoms so that
we can get informations about the deeper lying atoms by utilizing our XPS or AES.

Two important issues in ion depth profiling are etching rate, i.e. an eroded depth at a
time, ż = dz/dt ,and the resolution of the depth-profiling. The etching rate (or sputtering
rate) is determined by

ż =
MSjp
ρNAe

, (2.13)

where M is the mole mass of material, ρ is the material density, NA is Avogadro number, e
is electron charge, and jp is the primary ion current density. The sputtering yield S, is the
amount of material removed per time, and it depends on parameters like energy, mass, angle
of incidence of the ions, etc. jp can not be read in our ion beam electronics, one can use
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Faraday cup to measure its value. In our case, we produced a calibration sample (sputter
deposited sample with known thickness, by cross-checking with XRR) to get the etching rate.
Since the etching rate is tunable for a wide range by changing the size of sputtered area or
the energy of ions for instance, the depth resolution of the measurement is mainly defined by
the “effective” photoelectron escape depth perpendicular to the surface. And we could easily
change the “effective” escape depth in our setup via varying the take-off angle ϑ. This would
mean that the resolution could be as high as ∼1 nm [116] or even better, according to the
following relation:

∆ = λ(Z,E)cosϑ. (2.14)

Where the λ is the inelastic mean free path (IMFP for short) of the element of Z at energy
E, typical range is 0.4 to 4 nm [98]. When detected at the sample surface normal (ϑ = 0),
depth profiling resolution ≈ ∆ = λ. IMFP of selected elements are given in the Appendix B,
which are simulation results by a software from [117].

We used a scanning ion gun from Prevac (model: IS40E). The power source of the gun
is fully programmable, with the maximum scan size of 10×10 mm2 at the working distance
of 23 mm. Insertion depth is 163 mm (flange to chamber center distance is 187.5 mm), and
the working distance range is 23 to 100 mm (installed working distance is 24.5 mm when
the sample is at the very center of the chamber; the value can be changed by XY stage
manipulator, or by sample holder geometry). Its filament is Y2O3 coated Ir, which gives less
contamination and better stability compared to conventional filaments. Even the gases like
O2, H2 can be used, but with shorter life time. Differential pumping design allows working
under UHV, down to 10−8 mbar. The ion gun can be operated with primary energy of
150 eV to 5 keV. Filament emission range is 0.01 to 10 mA. The user interface also allows
various type of controls: scan rate, total scan time (internal timer), scan time per spot (also
time per dot, 20 µs to 30 ms), etc. Working pressure of > 10−4 mbar at the filament side
is not recommended. During operation, highest pressure we have used in the filament side
was 5×10−4 mbar, which proved extremely fast (close to a mm deep in an hour at smallest
scan area) etching, while the main pressure chamber was stable around 3×10−7 mbar. Turbo
pump should be at stand-by mode whenever ion gun is at operation. With maximum scan
size with a slightly defocused scan option, we have achieved 0.7 to 1 nm/min etch rate. Scan
rate also depends on the angle between the ion beam and the sample surface.

After adjustments, we were able to etch the samples by optimizing the beam focus by
using coated luminescent material (e.g. YAG:Ce). By low energy ions, the gun can play an
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Figure 2.16: Results from an XPS depth profiling experiment on a 200 nm IrMn layer

with embedded Ni NPs, which was exposed to ambient prior to the experiment. At the

top of the sample, we see rich Mn concentration, at the bottom of the layer, we see high

concentration of Ir, and the Ni signal is more at the center, as we embedded the particles

inside the IrMn layer. The results serve as a proof of phase segregation due to preferential

oxidation of Mn in IrMn alloy when subjected to ambient condition.

ion flood role for sample surface cleaning for XPS and AES measurements. An example of
depth profiling using XPS is given in Figure 2.16. Simultaneous probing is not suitable when
using XPS for depth profiling measurements, due to the generation of secondary electrons
during the ion bombardment. Therefore, in the case of depth-profiling by XPS, we use
stepwise probing. At first we take an XPS spectrum of an as-prepared sample as a starting
point. Then we apply the ion beam to the sample with the knowledge of the beam location
in advance. We etch the sample for a time at which we roughly know how much material
is removed, from our etching rate calibration measurements we have done before. Then we
immediately take series of XPS spectra, survey and local spectra at lines of interest. We
repeat the cycle for several times till the desired depth is reached. More intervals are better
for statistics, though takes more time when we deal with smaller intensities (probing smaller
region or detecting relatively smaller concentration of atoms).
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2.4 Experimental setup

Figure 2.17 is a schematic top view from completed set-up. Whole block is a UHV system
which has a cluster deposition chamber, XPS/AES characterization chamber plus an ion
etching unit and a load-lock for sample transfer and heat treatment (thermal annealing
with or without plasma, or with gases). The set-up is designed in this way to suit in situ
particle/thin film deposition, and characterizing the samples without exposing to ambient.
Three deposition sources were installed inside the cluster deposition chamber, namely two
magnetron sputter guns, of which, one was used for thin film deposition and the other (from
MAKTM) used for nanoparticle synthesis. The third is a thermal deposition unit which
uses Ta basket heater (from Lesker, Kurt. J.) for heating loaded materials, a quartz crystal
is located at its top for film thickness monitoring. Such construction makes it possible to
produce samples with different geometries and it is quite flexible. The mass spectroscopy at
the top-right (e-Vision by MKS) can be used to measure residual gas components and the
quality of UHV condition. Since true composition as well as oxidation behaviour of samples
during preparation and after exposing to air have significant importance in our study. We
have added a powerful surface characterization and modification unit, namely XPS/AES
with a depth profiling feature by in situ ion-etching, details of the instruments given in the

Figure 2.17: Schematic diagram of UHV setup showing a top view of the sample prepa-

ration chambers and the characterization chamber.
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previous sections. Combined hot cathode-pirani and cold cathode-pirani full range (10−14 to
1 bar) pressure gauges were installed for pressure readings, and located at the far ends from
pumps. Details of each sample preparation steps and parameters are given at the relevant
sections.



Chapter 3

Results and Discussions

3.1 Particle size determination

Precise control of the prepared NPs’ size is of extreme importance, due to the fact that
the magnetic properties of such particles are size dependent. Hence, an accurate method
of measuring particle size is required. Initially, SEM and AFM were used to determine
the particle size. However, there are limitations for particle size determination using such
techniques. In the SEM case, due to scattered electrons, measurements give apparent larger
sizes than actual. In the case of AFM, the contribution of cover layer to the measured height
of particles makes the method unfavourable. Although height measurements of bare particles
are closer to actual size, the cover layer was proved to be necessary for our particles, because
they do not really stick to the substrate. Thus the AFM tip randomly takes up particles
and causes wrong information. Such problems in both SEM and AFM cases become more
prominent when the particle size becomes as small as few nm, so the errors get much larger.

To improve the size measurement accuracy for small particles, we have used SEM in
transmission mode (TSEM) by using a special sample holder as shown in the Figure (3.1).
Images obtained by this method look similar as the bright field mode of TEM. Ni particles
were deposited on TEM grids (copper grid with holy carbon, from Plano) and then the grid
was placed at the top of the sample holder. Electron beam penetrates through the sample
and the transmitted beam illuminates a gold covered (∼100 nm thick) surface, where it
generates secondary electrons. The Everhart-Thornley detector (ET or SE detector) collects
the secondary electrons which give an elemental contrast. Scanned images were then edited
by an image analysis software (e.g.: ImageJ) to get an histogram of particle size distribution
as depicted in Figure 3.2(a).

The size and shape of the NPs synthesized by inert gas aggregation cluster sources mainly
depends on the gas aggregation length, sputter power (current and voltage), gas pressure,
type of the gas and the geometry of the whole deposition chamber. We kept all the parameters
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Figure 3.1: Schematic illustration of the scanning electron microscopy in transmission

mode.

the same for all the sample preparation, to guarantee that we have the similar size particles
in all cases. The extracted average Ni NPs diameter from TSEM is 8.4 nm and follows log-
normal distribution with σ = 0.2. The room temperature M -H curve of the Ni NPs@SiOx

displayed superparamagnetic behavior, this is expected from 8.4 nm Ni NPs according to
Arrhenius-Néel law as in Equation 1.3. Using bulk values of Ni in Equation 1.4, we can
get Ds as 40 nm, for 10 years stability and 35 nm for 100 seconds stability. According to
these values, 8.4 nm Ni NPs should not have hysteresis, and the M -H curve can be fitted by
Langevin function. Since the particles have a log-normal size distribution f(D,Dmean, σ) as
in Equation 2.1, it should be included into Equation 1.5. Thus, magnetization of the particles
can be described by a weighted Langevin function by integrating over all the sizes:

M(H,T ) = N

∫ ∞
0

µ(D)

[
coth

(
µ(D)H

kBT

)
− kBT

µ(D)H

]
f(D,Dmean, σ)dµ (3.1)

where N is the number density of the particles. The Ni NP size value of the sample extracted
from weighted Langevin fit is 8.5 nm, the fit is shown in Figure 3.2(b). The particle size
results from two different experimental methods proved the reproducibility of our cluster
source. Therefore, it is assumed that the embedded Ni NPs in IrMn have the same size as
the measured samples above.

A set of samples was produced using longer agglomeration length which are expected to
have larger size. We checked the size of particles again by TSEM. As expected, the average
size of particles was 15.4 nm, which is bigger compared to the previous set. In order to check
reliability of the measurements, the same batch of sample was measured by TEM and the
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Figure 3.2: AnM -H curve of the Ni NPs@SiOx at RT. Fitted curve by weighted Langevin

function (line) is also shown. The size of the particle extracted from this fit is 8.5 nm.

results were compared with the TSEM results. Figure 3.3 shows both histograms of particle
distribution measured by TSEM and TEM. We show that the mean particle sizes are close
to each other, again proving the reliability of measurement.

Additionally, to show the difference between TSEM versus in-lens mode SEM, a couple of
measurements were carried out. Results are shown in Figure (3.4), left side of each images
were taken using transmission mode (ET detector), and the right side of each images were
taken using standard mode (In-lens detector) simultaneously scanning the same area. As
indicated on the images, the size of the particles in standard mode apparently larger than
the transmission mode.

Another method used for the particle size determination is EDX line spectra. This method
is more suitable for measuring embedded particles inside a solid matrix. In the measurement,
a hollow sample holder was prepared which only supports standard TEM holey carbon grid,
so that much of the incident electron beam interacts with the thin grid. Hence, generated
x-rays are mostly coming from the materials on that grid. Thin film and the NPs were
deposited on the TEM grid for simulating a real sample geometry I will discuss in the next
section. As shown in Figure 3.5, the size of the particle in EDX Co line spectra is 19 nm
(at FWHM), which is at least three times smaller than the size from the corresponding SEM
image. It does not depend on focusing of the beam, and the estimated size agrees with AFM
measurements. More importantly, the measurements are from the particles buried inside the
IrMn film, we can do elemental mapping of each component. Disadvantages of this method
are the lack of good statistics; The drift of particles during measurements requires limited
scan time, which in turn, reduces signal counting statistics. Nevertheless, integration of
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Figure 3.3: Plots in the bottom are particle size histograms from TSEM measurements

(a) and standard SEM measurements (b). Examples of selected original images placed on

top. (a) and (c) are from TSEM and TEM (same scale), respectively. (b) is a normal SE

image of the same sample with the SEM image. Samples were deposited on holy carbon

grid and covered by a 7 nm thick protective layer of SiOx. In particle size analysis, we did

not count the agglomerated particles, log-normal function is used for fitting (lines on each

histogram).

Figure 3.4: Image difference using transmission (left image) and SE modes (right image)

of scanning electron microscopy. In the normal SE mode, particles appear lot bigger, some

cases 2 times bigger than TSE mode. Some of the particles which looks like touching each

other in the SE image appear separated in the TSE image.
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Figure 3.5: EDX line scan of the Co NPs embedded in an IrMn film; bottom left is a cor-

responding SE image showing the position of the scan line. Plots (a,b,c) are corresponding

x-ray elemental line spectra of Co, Ir and Mn, respectively.

multiple scans by drift correction might solve the problem.
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3.2 Co nanoparticles coupled to antiferromagnetic media

Co has the highest magnetic anisotropy energy among ferromagnetic elements. This is the
property which makes it more suitable for data storage applications compared to Fe and
Ni. As given in introduction, most of the research on exchange bias of Co NPs to date is
concentrated on Co NPs in oxide AF matrices [29,70,118,119] or NPs of Co-core, oxide-shell.
Studied systems also include 1.8 nm diameter Co NPs embedded in Mn matrices [71, 120].
In all cases, the exchange bias effect is observed at low temperatures, due to low blocking
temperture (<300 K) of AF materials used. Furthermore, there is a high degree of alloying
in the Co/Mn case. These are the limiting factors for the studied systems to be used in
applications at ambient condition. Using AF materials which have higher anisotropy energy
and higher blocking temperature (preferably higher than ambient temperature) might turn
out better results. Based on this hypothesis, we have constructed the experimental setup as
explained in Section 2.4 which enables us to embed average sized FM NPs in metallic AF
films or depositing them on metallic AF films. In this chapter, I will first show the results
from 20 nm mean diameter of Co NPs deposited on NiMn thin film. I will then continue
with a report on 9 nm mean diameter Co NPs embedded in NiMn or IrMn.

3.2.1 Co NPs on a NiMn film

Synthesis and characterization

At first, I studied Co NPs deposited on NiMn thin film. One of the reasons of choosing such
systems is that we had good expertises on Co/NiMn bilayer systems in our group. Opti-
mized field cooling process, and the annealing condition for NiMn and various structural and
magnetic characterizations were well documented ( [121] and references therein). Therefore,
the previous study would serve us as a proper reference. On the other hand, the NiMn has
high corrosion resistance, compared to FeMn. It is reported that the L10 of NiMn phase at
which Ni concentration ranges from 47 to 55.5 at.% displays higher exchange bias, probably
due to higher KAF at this concentration. A disadvantage of NiMn is that it is not a nat-
ural antiferromagnet. In as-prepared state, NiMn films have disordered fcc phase which is
paramagnetic. An annealing step is required for the films to form ordered fct (L10) phase,
only then the NiMn becomes antiferromagnetic. Phase diagram of NiMn is given below (see
Figure 3.6), the grey area is the preferred phase region–L10 phase, where along one of the
crystal axes, consecutive planes are occupied either only by Ni or only by Mn. As shown in
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process were kept the same. The concentration of NiMn was cross checked by EDX (Oxford
instruments) as well as by x-ray flourescence spectroscopy (XFS). Afterwards, the NiMn
sample was taken into the cluster deposition chamber (see Figure 2.2) where the Co NPs
deposited on the NiMn film surface.

Co NPs were produced in the cluster deposition chamber using MAKTM 2 inch magnetron
sputter gun with 99.99 at.% purity Co as a target material (from Mateck). Immediately
after depositing the particles on the NiMn coated substrate, we covered the sample by a
protective layer. A 4 inch magnetron sputter gun installed in the chamber equipped with
a 99.99 at.% purity Ta target was used for this purpose (right compartment in Figure 2.2),
and the thickness of Ta protective layer was 4 to 7 nm. We determined the Ta deposition
rate by ex situ XRR measurements, as we did for NiMn. Sample preparation parameters are
tabulated in Table 3.1. Figure 3.7 shows a photo of the final sample with SEM images taken

Table 3.1: List of the parameters for the sample preparation: including base pressure

Pbase, process or working pressure Pproc, Ar gas flow rate; current I and voltage V of the

sputter guns, total thickness of the film and the film deposition rate Rdep.

Pbase Pproc Flow rate I V Thickness Rdep

mbar mbar sccm mA V nm nm/s

NiMn 1E-8 3E-3 20 200 200 25 1
Co NPs 2E-7 0.8 20 120 160 20† –

Ta 2E-7 3E-3 20 100 261 5 0.1

† Here means particle diameter of Co NPs.

from the corresponding positions. We found that the coverage has a Gaussian like profile.
The center of the cluster beam deposited area (around 5–7 mm diameter area) has high
particle coverage with rather homogeneous distribution. The coverage decreases drastically
outside of this area; at the distance of 10 mm from the center, coverage becomes again more
or less uniform for a wider range. Here we define the particle areal coverage Ac (coverage for
short) as a fraction of the area covered with Co NPs on an SEM image relative to the full
image area:

Ac =
ANP

Atotal
=
πr2N

Atotal
, (3.2)

where r is the radius of the particle, and N is the total number of particles within the image
area.
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(a) (b) (c)

Figure 3.7: Sample photo (b) with SEM images of selected areas. Deposited NPs are all

over the sample, with a varying areal coverage as shown in SEM images (a, c).

The prepared sample was placed in a quartz furnace, which was installed inside the MOKE
setup. The quartz furnace uses BN (TekTra) as a heating element. It can be heated up to
1000◦C and it is connected to mobile pump-stand which can pump down to 10−7 mbar when
measured at the vicinity of the pump. Such setup makes it possible to do in situ MOKE
measurements upon heating under UHV. It was found that annealing the NiMn layer without
Ta cover layer at 2× 10−5mbar, and 300 ◦C for 10 minutes causes preferential Mn oxidation,
resulting a segregation of Mn to the films surface, as evidenced by XPS measurements (not
shown). Once Mn/Ni segregation happens, it will give rise to an additional ferromagnetic
signal coming from Ni, also the antiferromagnetic property will be lost. Coating by ∼5 nm
Ta protective layer solved the problem, even annealing at 360 ◦C for 15 minutes did not
produce segregated layers. Only top Ta layer was partially oxidized. XPS depth profiling
measurements were done for the sample after annealing and field cooling processes. From
the results it is evident that Mn, Ni, and Co kept their metallic state. The very surface of
Ta layer was completely oxidized, but the lower part was still metallic (see Figure 3.8).

The size of the Co NPs is determined by AFM. I found that measuring non-covered
particles by tapping mode AFM is quite difficult. The AFM tip easily picks up the particles
during scanning, which causes image artefacts. It seems that the attraction force between the
tip and the sample is enough to pick the particles from the substrate. For AFMmeasurements,
I covered the samples by a thin Ta layer (5 nm) to avoid this problem. Here, one has to
bear in mind that the roughness of the coated layer might convolute to the particle hight
measurements. Hence, an additional statistical error is added to the AFM results. However,
the uncertainty in the results will not be larger than 5%, as the roughness of coating layer is
less than 1 nm. For better statistics, different regions on the samples were measured by AFM
and all the measured heights of the particles were added to the histogram in Figure 3.9. The
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Figure 3.8: XPS of the as-prepared sample and after annealing procedure. The etching

rate is around 0.7 nm/min for NiMn. The Ni and Co particles were metallic after the

annealing procedure.

log-normal (see Equation 2.1) fit of the results gives a mean diameter of 20 nm, and σ of 0.2.
Referencing the theoretical calculations on Dcr (14 nm) and Ds (9 m) in Table 1.1, we can
assume that the Co NPs are mostly ferromagnetic, and might contain both single domain
and multi-domain particles.

Figure 3.10 shows HRTEM images of Co particles prepared under the same condition prior
to our investigation [123]. The images show that each particle consists of sub-grains with less
than 5 nm in size. The diffraction image indicates that the Co particles have fcc structure in
the as prepared state and with different sub-grain orientations. Based on the reproducibility
of the IGC prepared particles when using the same preparation condition, a similar type of
Co particle microstructure is predicted in all samples.

Magnetic characterization

Samples have to be annealed first to achieve AF NiMn phase, and then field cooled to induce
the exchange coupling between Co NPs and NiMn film. I used annealing and field cooling
parameters from the thesis work of S. Mohanan [121]. The parameters he used are the
optimized ones for the Co/NiMn bilayers, which is 350 ◦C for 10 minutes. Although the
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Figure 3.9: Size distribution of as-prepared Co NPs. The data are extracted from height

measurements of the particles in several AFM images. The solid line is a log-normal fit to

the data which gives average 20 nm in diamter with σ = 0.2.

Figure 3.10: HRTEM of Co NPs deposited by IGC method on a holey carbon covered

TEM grid, and covered by 2 nm SiOx. Diffraction image shows a pattern of fcc crystalline

structure. Both images confirm that each particle consists of smaller sub-grains [123].
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Figure 3.11: Particle coverage dependent MOKE hysteresis curves of Co NPs/NiMn sam-

ples before (a) and after the field cooling procedure (b). All the measurements did not show

any presence of exchange bias.

annealing condition was not enough for a complete fcc to fct phase transformation of the
NiMn, it was found that the temperature higher than 350◦C accelerates the diffusion of Co
into NiMn layer, as evident from the reduction of the Co magnetization signal. For the Co
NPs/NiMn system, 360 ◦C for 10 minutes is used for annealing, under an in-plane applied
field of 2 kOe. Then the sample was field cooled to room temperature.

Transverse mode MOKE measurements were conducted on the sample before and after
the field cooling process at RT. The advantage of MOKE is that the focused laser incident
spot on the sample surface is < 0.5 mm in diameter, which is rather small compared to
20×20 mm2 sample surface area as shown earlier in Figure 3.7. This enables us to carry
out coverage dependent measurements just by changing the laser spot (each 5 mm step gives
fairly different coverage). Figure 3.11(a, b) are the curves of initial results.

MOKE results are summarized in Figure 3.12. Results show that the coercivity of particles
increases by 75% after field cooling, from 400 Oe to about 700 Oe, regardless of the particle
coverage. To figure out whether the change is due to the exchange coupling or not, MOKE
measurements were carried out on a reference sample, which has no NiMn layer but just Co
NPs covered by a 5 nm thick Ta thin film. As Figure3.13(a) shows, reference Co NPs also have
increased coercivity after the same field annealing and cooling procedure. However, compared
to previous measurements of NiMn coupled particles, the increase is coverage dependent, as
demonstrated in Figure 3.13(b). The increase of HC is proportional to coverage of Co NPs,
e.g. HC changes from 335 Oe to 441 Oe in 10% coverage sample, from 387 to 574 Oe in 32%
coverage sample.
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Figure 3.12: Plot of coercivity versus particle coverage, showing both as-prepared and

field-annealed state. Regardless of coverage, HC increases by 75% after field-cooling.

Figure 3.13: (a) Hysteresis loops of the reference Co NPs sample after field cooling pro-

cedure. (b) Summary plot of coercivity values from the same sample before and after field

cooling.
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We may attribute the results to microstructural changes in the Co NPs. It is known that
the bulk equilibrium phase at RT is Co-hcp, whereas Co-fcc is a high temperature phase above
695 K. But in nano scale, structural changes of Co upon heating is different. As prepared Co
thin films were in stable hcp phase, and undergo hcp—>fcc transformation when annealed
at 573 K. The films remained in hcp phase when cooled to RT [124]. Similar study on Co
particles (prepared by IGC method) found that the structure is fcc below 30 nm (Kitakami
et al. [125]). Another group reported that the transition from fcc to hcp starts from 6 nm,
and the fraction of fcc decreases gradually with increasing particle size [126]. Kitakami et
al. [125] assigned the change to the lower surface energy of the Co-fcc phase. We know from
the HRTEM images that our Co particle contains sub-grains with fcc structure.

Upon annealing, two possible scenarios may take place. One is grain growth, and the other
is fcc to hcp transition. The hcp phase of Co has much higher anisotropy energy than fcc
phase of Co, which may explain the increase in HC. To check the former possibility, hysteresis
curves of 20 nm Co NPs were modelled using micromagnetic simulation by OOMMF public
domain program [127]. Details of the simulation is given here [128]. In his model, it is
assumed that each single particle is consisting of different numbers of sub-grains within the
particle, and a random initial magnetic orientation in each sub-grain. One should bear
in mind that twin boundaries in such particles might also alter the magnetic properties
significantly. According to density functional theory calculations, the magnetic moment of
fcc/fcc twin-like boundaries are larger than bulk fcc [129]. Moreover, it is important whether
the NPs are single domain or multidomain and how the domain will be like after annealing
or structural change. Using bulk values for Equation 1.8, we get critical size Dcr for single
domain particles in Co-hcp as 14 nm and in Co-fcc as 7 nm. Based on these numbers and the
size distribution of the particles (see Figure 3.9), we can assume that, in as prepared state,
some of the particles are single domain, some are multi-domain, and the latter being the
majority (over 99% are multidomain for fcc Co NPs). HC of high anisotropy FM is known
to be proportional to particle/grain size in 10 nm to 40 nm regime, and increases with D6,
according to Herzer [130]. This factor should be also taken into account for explaining the
increase of HC after annealing.

According to modelled results, the HC is bigger when the particle consists of only one
crystallite, compared to the particle which has 8 sub-crystallites. The decrease of HC with
the number of crystallites was found for both fcc and hcp structure. Given that the Co
NPs are fcc, simulated HC of 20 nm Co NPs will increase from 300 Oe to 540 Oe when the
particles undergo multi-domain to single domain transition. Although this 56% increase is
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lower than the experimental values which gives 76% increase of HC after heat treating the
NiMn coupled Co NPs, we find the same trend. Therefore, we think that our experimental
findings of increasing HC of Co NPs upon heat treatment both with and without NiMn
layer might be due to grain growth. This, however, can not explain the coverage dependent
increase of HC in Co NPs. We account this difference for the role of exchange bias. We
get Jex of 0.2 mJ/m2 for Co (4 different thickness)/NiMn (24 nm thick) bilayers which were
prepared in our lab [128]. Using this value for Equation 1.15, we get HEB of 330 Oe for a
20 nm Co NPs. In our samples, there is no apparent HEB. The explanation for this could
be that the interface between Co NPs and the NiMn is too small, hence greatly reduces the
influence of the interface effect. As mentioned in Introduction, the FM will get enhanced
HC or emergence of HEB depending on the anisotropy energies of FM and AF. It seems that
the total magnetic anisotropy energy of 20 nm Co NPs, V Keff is much larger than the total
anisotropy energy of coupled NiMn volume per particle, V KAF, giving NiMn spins no power
to pin the spins of Co particles, instead dragging themselves to the Co reversal, acting like a
magnetic “viscous media” for Co.

To improve the strength of exchange coupling between FM-NPs and the AF media, the
NPs were completely embedded inside an AF film; thereby a full AF surrounding for FM
is guaranteed. The particle size was also reduced to increase surface to volume ratio of the
particle as it increases the HEB according to M-B model 1.15. In the following two sections I
will present results of 9 nm in diameter Co NPs embedded in a NiMn film and an IrMn film,
respectively.

3.2.2 Co NPs embedded in NiMn films

In this section, I will demonstrate exchange bias effect of 9 nm diameter Co NPs embedded
in NiMn films. By complete surrounding of Co NPs with an AF layer, we expect stronger
exchange coupling between Co NPs and AF layers. Embedded samples were prepared in a
similar manner as in the previous section 3.2.1. The only difference is that after each Co NPs
deposition, another layer of an AF material (e.g. NiMn) was deposited. Figure 3.14 shows
an example of a sample structure which consists of 2 layers of Co NPs within 3 layers of
NiMn. The magnetic properties of the samples were measured by VSM. We were not able
to measure, within a reasonable time, the magnetic signal of the samples which have too
little amount of Co NPs by VSM. For example, when deposited on a 5×5 mm2 substrate,
a single layer of 9 nm Co NPs with an interparticle distance of 100 nm will give roughly
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Figure 3.14: (a) Simplified example of sample geometry with multilayered embedded NPs.

(b) The size distribution of the prepared particles determined by AFM measurements. Log-

normal fit yields 9 nm average size with σ = 0.6.

Ms = 1.2×10−7 emu. This is an order of magnitude lower than the resolution of the VSM.
Using multilayered samples, we increased the amount of the material, and also the signal
to noise ratio. Here we introduce volume filling fraction V FF , which is a ratio of the total
amount of particles VNP to the volume sum Vtotal of the particles and the AF film:

V FF =
VNP
Vtotal

(3.3)

We prepared different samples varying this ratio (i.e. V FF ) by changing the deposition
time of Co NPs while fixing the NiMn thickness per deposition. The sample preparation
parameters are tabulated in Table 3.2. In order to induce exchange bias, we annealed and

Table 3.2: Sample preparation parameters

Pbase Pproc Flow rate (Ar) P I V Thickness
mbar mbar sccm W mA V nm

NiMn 1E-8 3E-3 20 9 11 800 36
Co NPs 2E-7 0.8 20 50 202 245 9†
† Here means particle diameter of Co NPs.

cooled the samples under an applied field of 5 kOe. Annealing was carried out at 360◦C for
10 minutes inside the quartz furnace (base pressure: 10−7 mbar), then cooled to ambient
temperature.
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Figure 3.15: VSM hysteresis curves of 9 nm Co NPs embedded in NiMn layers with V FF

of 13.8% (a) and V FF of 1.4% (b). Results show no apparent HEB, but an increase of HC.

Figure 3.15 shows hysteresis curves of 9 nm Co particles embedded in NiMn layers, com-
paring as-prepared state with a field-cooled state. The V FF of (a) is 13.8%, whereas (b)
is 1.4%. We did not observe any apparent HEB from both samples after field cooling. The
remanent magnetization did not change for high V FF sample, but for low V FF , it increased
by 185%. The initial HC values of (a) and (b) were 235 Oe and 192 Oe, respectively. The HC

increased to 300 Oe (28% increase) and 325 Oe (69% increase) after the field annealing+field
cooling processes. The increase of HC is similar as in the case of Co NPs deposited on a NiMn
layer (Section 3.2.1). Nevertheless, there are some differences between the two cases. For the
non-embedded 20 nm in diameter Co NPs on NiMn, we observe that the average HC values
of as-prepared and after cooled states are 400 Oe and 700 Oe, respectively, with an increase
by 75%. As discussed previously, the increase of HC in 20 nm Co NPs might be due to the
grain growth within a particle. In the case of embedded 9 nm Co NPs, we do not expect
such mechanism since most of the particles may be single crystalline in as-prepared state.
Therefore, we assign the increase of HC mostly to the exchange bias effect. This assumption
is backed by the observation that the increase is significant in low V FF sample. As in the
low V FF sample, Co NPs share more NiMn volume compared to high V FF sample, hence,
we expect stronger coupling effect. Furthermore, increase of remanence in low V FF could
also be due to the exchange bias effect. Results of Co NPs deposited on or embedded in
NiMn layers are outlined in Table 3.3.

If we assume that there are exchange bias effects in both the 20 nm Co NPs deposited on
NiMn and the 9 nm Co NPs embedded in NiMn cases, there will be two major enhancement
factors: particle size change and the interface between Co NPs and the NiMn. When we
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Table 3.3: Summary of the results from Co NPs, either deposited on or embedded in

a NiMn film. D is the particle diameter, Ac is the areal particle coverage, V FF is the

volumetric filling factor of the particles in the samples. Subscripts as means the as-prepared

sample, FC means the field cooled sample.

Sample D HEB, Cal Ac/V FF † HC, as Hc, FC HC increase
nm Oe % Oe Oe %

Co NPs/NiMn 20 103
82 391 665 70
24 413 681 65

Co NPs/Ta 20 0
32 387 574 48
10 335 441 32

Co NPs@NiMn 9 228
13.8 235 300 28
1.4 192 325 69

† In the embedded sample (Co NPs@NiMn), it is V FF instead of Ac.

change the average particle size from 20 nm to 9 nm, the increase of Jex will be 2.22 according
to M-B model 1.15. Since the exchange bias effect is an interface effect, it is reasonable to
scale the amount of the effect with the actual Co NPs/NiMn interface areas. The energy
added to the system by exchange coupling should be EEB = AJex in Equation 1.6, where A
is the total FM/AF interface area. For the same particle size, deposition on the film versus
embedding in the film changes the total interface area as follows: suppose that we have a
Wulff polyhedron of Co NP with truncated 8 faces along {111} planes and 6 faces along {100}
planes. During the deposition of the Co NP on the NiMn film, only one of those faces will
form FM/AF interface at best. The interface area will be roughly 3.7% of the total particle
surface for {100} faces, or 9.7% for {111} faces. In the fully embedded cases, the interface
will be 100%. According to this, we will expect at least 90.3% increase in exchange coupling
due to the interface increase.

As a results of these factors, a clear exchange bias effect was observed in 9 nm Co NPs
embedded in NiMn, as manifested by strong increase of remanent magnetization in the low
V FF sample. However, a shift of the M -H loop was not obvious. This hints that the
AF spins of the NiMn films are too weak to pin the FM Co NPs. As a matter of fact,
polycrystalline NiMn has much less Jex. We think that our annealing condition does not
fully transform fcc NiMn to AF fct NiMn, hence, a mixture of two phases might produce a
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rather “soft” AF which has a low KAF.

In addition, when measuring at ambient condition, and if we set the measurement time
scale as 100 s, then the Ds for Co NPs will be around 7 nm. This would mean that some 14%
Co NPs in the average 9 nm Co NPs sample are not blocked. Hence, the effect of thermal
activation will play some role on the collective behaviour of Co NPs in this sample.

3.2.3 Co NPs embedded in IrMn films

We also tried IrMn as an AF layer instead of NiMn. IrMn is a natural AF material, so
it is not necessary to do additional heat treatment like in the case of NiMn. By checking
two different AF material, we could test KAF dependence of the exchange bias effect in our
nanoparticle/film systems.

Comparison of IrMn with other AF materials

To get a stable exchange bias effect at room temperature, we have to select a suitable antifer-
romagnetic material. There are few such materials one can find in literatures as listed in the
following table 3.4. Main parameters are Néel temperature TN, blocking temperature Tb and
the exchange coupling energy Jex. The material’s initial properties like chemical stability, an-
tiferromagnetic states, etc. are also important. Inducing exchange bias requires field cooling
process: the sample has to be heated to certain temperature and then has to be cooled under
an applied field, as explained in section 1.2. The process requires a temperature range within
Tb < T < TC. In addition, the room temperature applications requires TN, Tb > 300 K,
at least. There are several materials which meet this criterion: NiMn, IrMn, PtMn and
FeMn. Not all the AF materials display antiferromagnetism in as prepared state. In the
case of NiMn, regardless of synthesis method, as prepared NiMn has fcc crystal structure
which displays paramagnetic behaviour. Hence, one has to do heat treatment to transform
paramagnetic fcc phase to AF fct phase (elongated c axes, L10 state). In the NiMn based
thin film exchange bias systems, minimum annealing temperature for phase transformation
is around 633 K [121]. During heat treatment, Mn segregation could occur by preferential
oxidation of Mn atoms in NiMn. Such segregation is inevitable when the sample is exposed
to air, or annealed under insufficient vacuum (> 2E-7 mbar), leaving a Ni-rich region in the
sample. This is a serious problem not only because of lost AF property, but also it can
give rise to Ni ferromagnetic signal, which is added to the ferromagnetic signal of particles
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in magnetic measurements. This is also true in the case of Fe50Mn50, which has very low
corrosion resistance, although it is one of the best materials concerning all other parame-
ters. For our purpose, IrMn is the best option, since it is a natural AF material, no heat
treatment is required. The highest exchange bias was obtained when 20 at.% Ir was used,
and HEB was slightly higher than FeMn when using the same FM material with the same
geometry [131, 132]. Due to its relatively high KAF, it is also found that IrMn films as thin
as 5 nm already show strong HEB. 10 nm and 50 nm thick films yield the same value of HEB.
This is an advantage compared to NiO, where the exchange bias reduces when the thickness
of NiO is less than 50 nm [133]. The disadvantage of IrMn however, is being expensive. PtMn
on the other hand, shows maximum HEB at 50 at.% Pt but only after annealing (∼600 K for
3 hour) which brings ordered L10 (TN of this phase is 975 K [134]). The annealing process of
PtMn is not favourable for our system, because of the same reason as in the case of NiMn.
Detailed studies of Mn based AF alloys are given in the book edited by Buschow [135].

Table 3.4: Areal exchange energy Jex and Néel temperature TN of selected AF materials.

Poly means polycrystalline, poly-ann means polycrystalline after annealing [7, 31].

Jex (mJ/m2) TN (K)

Ni50Mn50(poly) 0.002 –
Ni50Mn50(poly-ann) 0.16-0.46 1070
Ni50Mn50(ann-111) 0.1-0.36 –
Ni25Mn75(111-ann) 0.07 –
IrxMn1−x(111) 0.01-0.19 670
Ir18Mn82 0.19 690
PtxMn1−x (poly-ann) 0.02-0.32 480-980
FeMn(50-50,poly-ann) 0.05-0.47 490
NiO 0.05-0.29 525
CoO 0.14-0.48 293

Results of Co NPs embedded in IrMn

Deposition of IrMn throughout this work was done by DC magnetron sputtering using a
Lesker sputter gun. The target was prepared by a 2 in. Mn target (99.95 at.% purity, Matek)
and Ir pieces (99.95 at.% purity, Matek) clamped to it, as shown in Figure 3.16. Tuning of
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Figure 3.16: Making of IrMn

sputter target, Ir pieces were

clamped to the Mn disk to produce

IrMn alloy during magnetron sput-

tering. The drawn purple area re-

sembles the erosion zone.

the IrMn alloy composition (best range should be 15 to 35 at.% of Ir, according to [133]) was
done by changing the number of Ir pieces and their positions on Mn target surface. Once the
desired concentration was obtained, it was kept the same for all the samples. Concentration
was determined by XPS 2.7 and EDX with STRATAgem [136] analysis. Thickness of the
IrMn layer was controlled according to the initial deposition rate measurements done by
XRR. We assumed that the deposition rate will stay constant while keeping parameters for
sputtering (power, pressure, etc.) the same. In some cases, such thickness calibration results
were compared with the results from EDX and TEM cross-section measurements. Roughness
of the deposited layers were measured by AFM. After testing that the IrMn layer worked as
an antiferromagnetic layer in bilayer samples (see App. E.1), we extended our investigation
to the Co NPs@IrMn case. We prepared the samples exactly the same way as we did for
multilayers of Co NPs@NiMn. We kept the particle size the same (9 nm in diameter) and
also the thickness of the IrMn film (18 nm per deposition), along with the sample geometry.
Again, we measured the prepared samples before and after the field annealing/field cooling
steps, using the same protocols as in the case of Co NPs@NiMn. Resultant M -H loops
measured at ambient temperature are shown in Figure 3.17.

There are significant differences of magnetic properties between embedded Co NPS in
NiMn and IrMn. In the case of NiMn, we saw only increase of HC, but no HEB. When
coupled to IrMn, we did observe exchange bias field of Co NPs, 130±5 and 30±5 Oe of HEB

in the high VFF (14.3%) and the low VFF (1.7%) samples, respectively. Furthermore, HC of
field cooled samples are less than as-prepared samples, i.e. it decreases from 475 Oe to 450
Oe in the high VFF sample; decreases from 315 Oe to 174 Oe in the low VFF sample.

Due to the size distribution of the Co NPs, there will be a wide range of TB of the FM
particles. By conducting an in situ temperature dependent coercivity measurements, we can
guess the lower limit of TB. As shown in Figure 3.18, upon heating, HC does not change till
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Figure 3.17: Hysteresis loops of 9 nm Co NPs embedded in IrMn layers with different vol-

umetric filling factors (VFF), measured at ambient temperature for the as-prepared samples

and for the field cooled samples. VFF is 14.3% in plot (a), and 1.7% in plot (b). In as-

prepared state, there is no shift in the loops. In field cooled state, results show an HEB of

130 Oe in (a), whereas it is 30 Oe in (b); HC decreases from 475 Oe to 450 Oe in (a), from

315 Oe to 174 Oe in (b), before and after field cooling the samples.

the temperature reaches 200◦C, then it decreases, and finally reduces to 30% of initial HC at
400◦C. This behaviour hints that a certain fraction of the Co NPs becomes superparamagnetic
above 200◦C. This temperature corresponds to 8.8 nm (Co hcp) in diameter Co NP if we use
Equation 1.4, taking the bulk values of hcp Co and assuming a uniaxial anisotropy. The size
is in the range with the size distribution of the Co NPs as given in Figure 3.14. Concerning
the temperature dependent HC into account, we used different field cooling processes for the
samples, e.g. field cooling from the temperatures ranging 150 to 360 ◦C to room temperature,
to check the influence of the field cooling temperature on the exchange bias effect. All the
measurements yielded the same HC (not shown).

Results from Co NPs embedded in IrMn are given in Table 3.5. Unlike Co NPs/NiMn
results 3.3, we observe clear shift of theM -H loops, but slight decrease of HC. The emergence
of HEB after field cooling in this sample means that we have rather stiff AF spins in the IrMn
which does not rotate during field reversal. In all cases, the exchange bias effect is less than
corresponding bilayer systems (see Appendix E.1). One of the causes of such difference could
be that in the case of bilayer systems, there will be a strong in-plane easy axis of the FM
which helps to polarize the AF spins. In NPs however, we expect a random distribution of
easy axis. Moreover, epitaxial relation during the growth of FM, AF layers will be stronger
in bilayer systems compared to our samples. Less epitaxy is also known to minimize the



CHAPTER 3. RESULTS AND DISCUSSIONS 65

Figure 3.18: Temperature dependence of HC behaviour from Co NPs embedded in IrMn

films, after a field cooling process.

Table 3.5: Summary of the results from Co NPs, either deposited on thin films or embedded

in a film. D is the particle diameter, Ac is the areal particle coverage, V FF is the volumetric

filling factor of the particles in the samples. Subscripts As means the as-prepared sample,

FC means the field cooled sample.

Sample D HEB, cal V FF HC, as Hc, FC HEB, FC

nm Oe % Oe Oe Oe

Co NPs@IrMn 9 228
14.3 475 450 130
1.7 315 174 30

effect. Last but not the least, the intrinsic properties of Co NPs are different from Co thin
films, e.g. 20 nm Co NPs have 400 Oe of HC, whereas 20 nm Co film has 75 Oe of HC. Thus,
the soft film will be easily influenced by AF spins, whereby, hard NP will be less influenced.

Summary of Co particles are:

• No apparent sign of interface coupling when the particles only deposited on a NiMn
layer. The increase of HC is ascribed to the microstructure change of the particles upon heat
treatment, taking the reference and simulations into account.

• Embedding the particles inside a NiMn film also did not show clear HEB. Again the
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increase of HC is consistent with the results of Co NPs on a NiMn layer. In the low V FF

sample, we observed enhanced Mr.

• By using IrMn instead of NiMn, we found a small exchange bias, but no increase of HC

suggesting higher KAF of IrMn than NiMn in the field cooled samples.

All the study we have done so far indicate that the Co NPs (mean sizes of 9 nm or 20 nm)
show exchange bias effect when coupled them to metallurgically unrelated AF materials.
However, the effect is found far less than expected. Among FM elements, bulk Ni has the
lowest cubic anisotropy constant (two orders less than that of Co, see Table 1.1). Therefore,
we decided to test Ni NPs due to its softness. If our hypotheses is correct, we should see a
clearer effect on this system. Below 40 nm, Ni NPs will show superparamagnetic behavior.
The aim is to transform them to FM by the exchange coupling effect. We used IrMn films
as AF material to examine the exchange bias effect on Ni NPs.
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3.3 Ni NPs embedded in IrMn films

3.3.1 Sample preparation and characterization

Synthesis of Ni NPs was achieved by the inert gas condensation technique 2.1.2. Ni NPs were
prepared using Ni targets (Matek, 99.95 at.% purity). During sample preparation, silicon
(〈100〉, from Si-Mat) wafers coated by a 5 nm Ta layer were used as substrate material.
The initial Ta coating acts as a diffusion barrier. Then, a layer of IrMn was deposited as
a base layer via DC magnetron sputtering, using a custom made IrMn target described in
Section 3.2.3. Subsequently, Ni NPs were deposited onto IrMn layer. Newly deposited Ni NPs
were immediately covered by a second layer of IrMn with a thickness (16 nm). In this way,
Ni NPs were sandwiched between two IrMn layers. To get a better signal to noise ratio
when doing magnetic measurements, such sandwiched layers were repeated multiple times.
Schematic geometry of such a sample is presented in the following sketch (see the right
panel in Figure 3.19), only showing first few layers for simplicity. The finished sample was
then divided into small pieces with the size of 5×5 mm2 (Standard size limit for the SQUID
magnetometer). Since the study requires homogeneous samples for simplicity, the pieces were
cut out from areas where one would expect more or less uniform V FF , e.g. regions a and b

Figure 3.19: Left panel: prepared sample photo showing the coverage profile. Dark spot

is the area where the Ni NPs have maximum coverage. Red lines are cutting lines to make

5×5 mm2 sample pieces. Sample a is high coverage sample, where b is low coverage sample,

corresponding local SEM images of a and b are included. Note that the first layer of Ni NPs

may appear bigger than that of second layer due to longer scattering path. Right panel:

simplified cross-sectional depiction of the sample geometry.
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Table 3.6: List of the preparation parameters of samples with varying Ni NPs sizes. Sample

geometry consists of multilayers, starting from top most surface: SiOx/(IrMn/Ni NPs/IrMn,

with repetitions)/Ta/Si substrate. Parameters for each material preparations are:

D † σ Lg Pbase Pwork Flow P V

nm mm mbar mbar sccm W V

Ta 4 2E-8 3E-3 20 80 261

IrMn 36 2E-8 5.4E-3 35 100 410±5

Ni NPs

7.1 0.15 37 2E-8 0.54 15 50 271±5
8.4 0.20 37 2E-8 0.78 20 50 271±5
10.5 0.26 80 2E-8 0.78 20 50 271±5
16.2 0.33 90 2E-8 0.99 30 50 271±5

SiOx 11 2E-8 10−7 to 10−8 15x103 mA, thermal deposition

† Thickness in the case of Ta, IrMn, SiOx; diameter in the case of particles.

in Figure 3.19. Preparation parameters are shown in Table 3.6. Particle sizes were confirmed
measuring the Ni NPs deposited on commercial TEM holey carbon grids using TSEM 3.1.
Particle size histograms of selected samples are given in Figure 3.20. The σ of log-normal
fit of the size histograms in Table 3.6 are indicating that the deposition of bigger particles
brings wider size distribution compared to smaller particles. This is expected since longer
aggregation length Lg will increases the chance of random collision events during clusters
formation so the size distribution, such trend is also observed from the earlier works [82].
In addition, another set of Ni NPs were prepared on a holey carbon TEM grid, using the
same preparation parameters used for the preparation of 16 nm Ni NPs@IrMn. The particles
were covered with a protective 7 nm SiOx layer inside the UHV chamber and checked with
HRTEM. The images in Figure 3.21 indicates that the particles are nanocrystalline with few
crystallites attached together, as in the case of Co particles (see Figure 3.10) which were
produced in the same way. The sizes of the particles also falls to the size distribution range
which were confirmed with TSEM measurements conducted on a different batch, as shown in
Figure 3.20(b). The HRTEM images also show twins in the particle. The simulation works
of multi-twined clusters by Marks [137] and more specific Ni cluster study by Cleveland et
al. [138], estimates that the onset of stable single crystal fcc polyhedra clusters is 17000
Ni atoms per cluster. Smaller than this but higher than 2300 atoms of clusters will form
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Figure 3.20: TSEM results from two different batches by tuning the Lg and the Ar gas

flow. The solid lines are the log-normal fits.

Mark’s decahedra, an intermediate structure between icosahedra and fcc polyhedra. This
would mean that most of our particles are fcc polyhedra, while the smallest particles with
mean size of 7.1 nm (roughly equals 17179 atoms, when using 0.352 nm Ni bulk lattice
parameter [139]) might contain certain fraction of Mark’s decahedra. Moreover, based on the
literature [140], such small structures are also becomes morphologically unstable and inclined
to phase transition upon energy change in their environment. Therefore, one has to bare in
mind that such structural transitions might also lead some magnetic property change in the
particles.

The microstructure of IrMn plays a big role on the strength of the exchange coupling.
The areal exchange energy density Jex is known to be proportional to the anisotropy of
antiferromagnet, KAF. The magnitude of KAF is material specific and it depends on the

Figure 3.21: HRTEM of Ni particles deposited on a carbon TEM grid with a thin SiOx

protective layer.
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Figure 3.22: HRTEM of 16.2 nm Ni NPs embedded in an IrMn film, at surface (right

panel) and at bottom (left panel). Some individual grains are shaded in color. The inset is

a diffractogram where textured reflections of the IrMn film are encircled.

microstructure of the given material. For this reason, the crystal structure of the deposited
IrMn layer was studied by XRD and HRTEM. As shown in Figure 3.22, high resolution image
of Ni NPs@IrMN shows polycrstalline IrMn film with an average grain size of ∼5 nm. The
TEM diffractogram given in the inset of Figure 3.22) also indicates polycrystalline structure
with some texturing of the IrMn film (encircled lattice reflections). The average grain size
calculated from the XRD peak width of IrMn layer yields 6.5±0.5 nm, and the crystal
structure is fcc (not shown). The distribution of the Ni is indicated in the EFTEM maps
in Figure 3.23(b). The particle size measured from Ni map is 16 nm, which is the expected
average particle size from this sample. EELS oxygen map shown in Figure 3.23(d) confirms
that no apparent oxygen contamination is present inside the sample. 10-12 nm of SiOx layer
seems uniform and the IrMn layer below is well protected. A very thin oxide layer is also
present between Si substrate and the Ta layer, which might be the native oxide layer of the
Si.

The prepared sample was then measured by XPS and by EDX to check its elemental
composition. In the case of XPS, the sample was measured immediately after synthesis,
inside UHV chamber, without exposing to the ambient condition. Ir4f and Mn2p edges were
scanned and by using peak-area method in Equation 2.8, 26 at.% of Ir and 74 at.% of Mn
were calculated. Since the topmost layer is 15 nm of IrMn, XPS will not detect any signal
below this layer. For the same sample, EDX analysis yields the composition of IrMn as
38 at.% Ir, and 62 at.% Mn. Details of the measurements are given in Appendix C. In this
thesis work, the composition of IrMn was kept the same for all the samples.
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Figure 3.23: Energy filtered TEM images: (a) Cross sectional zero loss filtered (elastic

scattered electrons) TEM image. (b) Ni-elemental map of the same area. We measure a

particle of 16 nm in diameter, as shown in the blue circle. Red arrows are pointing the

artefact of the illumination. (c) Mn elemental map. (d) O elemental map is showing that

there is no apparent oxygen contamination interior of the IrMn film.

Characterisation of magnetic properties of Ni NPs embedded in IrMn were based on fol-
lowing experimental protocols:

• To induce exchange bias, the as-prepared sample was kept inside the SQUID magne-
tometer at 350 K for an hour under an applied field of 50 kOe. The resulting magnetic
state is addressed as reference state hereafter. In a first set of experiments, the sample
was cooled to 10 K under 50 kOe. Subsequently, a series of magnetization versus field
(M -H) loops were recorded at several temperatures, ranging from 10 to 350 K. From
these M -H loops, HC and HEB have been evaluated.

• Magnetization M versus temperature T curves were determined based on zero field
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cooled (ZFC) and field cooled (FC) protocols. The ZFC samples were cooled from 350 K
down to 10 K without applied field. Subsequently, a small magnetic field (20 Oe) was
applied in parallel to the sample surface (in-plane geometry), and the zero field cooled
magnetization was measured during heating up to 400 K. The FC samples were cooled
from the reference state to 10 K in an applied field of 20 Oe. Afterwards, the field
cooled magnetization was measured during heating. The results of these measurements
are given in the following section.

• The long-time stability of the magnetization was characterized by FC thermo-relaxation
measurements carried out after field cooling from the reference state to a temperature
Tfc. After switching off the field, the remanent magnetization was recorded over typi-
cally 8 hours. The results are shown in Section 3.3.3.

• The above described experimental procedures are well suited for obtaining a first
overview of the magnetic properties of the Ni NPs. However, it is well known that
not only the FM particles but also the AF film shows relaxation effects [141]. This
implies that the results of the measurements may depend on details such as the mea-
surement time, and the time intervals between the individual measurements after field
cooling. For a quantitative modelling of the system of Ni-NP in IrMn films, we have
therefore performed a set of experiments using a different protocol. The sample was
field cooled from the reference state to Tfc. At Tfc, the field was switched off and the
sample was cooled further to 10 K, after which the hysteresis curve was recorded. By
following this procedure we could largely eliminate the effect of relaxation processes
after field cooling in the AF film. The results are presented in Section 3.3.4.

3.3.2 Exchange bias, coercivity and the determination of blocking

temperature

In order to find out whether our samples exhibit an exchange bias effect, the samples were
field cooled as described in the earlier section. Figure 3.24 shows FC hysteresis measured
at 10 K. The reference sample, 8.4 nm Ni NPs@SiOx has a narrow and symmetric hystere-
sis loop (HC=122±20 Oe, HEB=0) with small remanent magnetization; while the 8.4 nm
Ni NPs@IrMn exhibits strongly enhanced HC=974±20 Oe and HEB=821±20 Oe. Based on
M-B model, exchange energy density Jex can be calculated by taking the spherical interface



CHAPTER 3. RESULTS AND DISCUSSIONS 73

Figure 3.24: Hysteresis of Ni NPs@IrMn after field cooling procedure (triangles) and of

Ni NPs@SiOx (circles) after field cooling from 350 K to 10 K in 50 kOe. Both curves were

measured at 10 K in the field range of ±50 kOe.

into account [34],
Jex = µ0HEBMsDF/6. (3.4)

Jex of 0.06 mJ/m2 is calculated in this case. The Jex in IrMn coupled thin films (111 textured)
measured at RT is in the range of 0.01 to 0.19 mJ/m2 ( [7,46] and references therein) depend-
ing on the microstructure (degree of texture [142], grain size [58] [143]), the composition of
IrMn [133], etc. Grain size dependent Jex values from highly textured CoFeB/Ir22Mn78 bilay-
ers by Kohn et al. [143] agrees well with the present Ni NPs in Ir26Mn74 films. Figure 3.25(a)
and (b) show the temperature dependences ofHC andHEB of Ni NPs@IrMn and Ni NPs@SiOx

after a single field cooling process. As expected, both HC decreases with increasing tempera-
ture. A similar behaviour is found for theHEB of the Ni NPs@IrMn. TheHC of Ni NPs@IrMn
at 200 K is around 200±20 Oe, whereas for Ni NPs@SiOx, it is about 30±20. At room tem-
perature, we measure a none zero values of HC = 70±20 Oe for the Ni NPs@IrMn sample,
whereas the reference sample shows superparamagnetic behaviour. Figure 3.25(b) shows
that there is finite HEB of 50 Oe at ambient temperature. These observations prove that the
Ni NPs experience an additional exchange coupling to the IrMn film, and this coupling is
able to stabilize the magnetization of the originally superparamagnetic Ni NPs even at RT.
In an attempt to extract the anisotropy constant, and the blocking temperature of embed-
ded Ni NPs, the temperature dependent HC curves were fitted by Sharrock’s law [144]. The
relation is derived for single domain, randomly oriented, and noninteracting particles:

HC(T ) = HC0

[
1− (

T

TB
)2/3
]

(3.5)
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Figure 3.25: (a) HC versus T measurements of Ni NPs@IrMn (filled squares) after the

field cooled state plotted together with the reference measurements from the same size

Ni NPs@SiOx (triangles). The inset shows the fits according the Sharrock formula. (b)

Temperature dependence of the exchange bias field of Ni NPs@IrMn after field cooling.

Errors are within the symbols.

where the HC0 is the HC at 0 K, HC0 = 0.64Keff/(µ0Ms). We can extract TB, Keff values
from the linear fit of HC versus T 2/3 using Equation 3.5, as shown in the inset in Figure 3.25.
Results in Table 3.7 confirms the increase of Keff and the shift of TB when the Ni NPs are
subjected to exchange coupling.

The shift of TB was also confirmed by standard ZFC/FC measurements as shown in Fig-
ure 3.26. ZFC curve was measured by applying 20 Oe field after field cooled to the 10 K
at zero field. The ZFC/FC curves from the Ni NPs@SiOx reference sample starts to join
around 200±10 K, indicating a TB around this value. The broadness of ZFC curve peak is
due to the particle size distribution. On the other hand, the ZFC curve of the Ni NPs@IrMn

Table 3.7: Extracted values from the fit of HC versus T 2/3 using Sharrock’s law over a

temperature range from 10 to 300 K.

HC0 TB Keff (0 K)
Oe K ×104 J/m3

Ni NPs@IrMn 826±57 319±17 6.71±0.46
Ni NPs@SiOx 145±6 240±10 1.18±0.05
Ni (bulk) – – 5.7 (K1) [23]
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Figure 3.26: FC/ZFC curves of Ni NPs@SiOx (b) and Ni NPs@IrMn (a). ZFC were

measured by applying 20 Oe field after field cooling to 10 K at zero field. The blue arrows

indicate the maximum of the ZFC curves.

does not show the maximum in the accessible temperature range, suggesting the value of TB
around 400 K or even higher. The decreasing trend of FC curves of Ni NPs@IrMn below TB

is typical for exchange coupled NPs as found in the literature [145]. The trend is attributed
to the change of unidirectional exchange anisotropy with temperature. As a short summary,
both TB values determined from Sharrock’s law and ZFC/FC measurements confirmed that
the 8.4 nm Ni NPs@IrMn are blocked at room temperature.

3.3.3 Relaxation behaviour at different temperatures

Exponential relaxation of the magnetization is expected for a uniaxial system, which is given
by Néel equation 1.3. In reality, for most of the materials, deviations from Equation 1.3
is observed due to variations in particle/grain size, crystallographic orientation, anisotropy
(both FM and AF), magneto-static interactions of the particles. These effects will bring a
wide range of t, hence all the contributions have to be included for a proper model [146]. As
early as 1949, Street et al. proposed a flat distribution of finite width yields a magnetization
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Figure 3.27: Normalized thermo-magnetization relaxation of Ni NPs@IrMn. Sample is

annealed at 350 K for an hour and field cooled to Tfc, then field is switched off and the

magnetization is recorded with time at Tfc (numbers at the end of the curves).

that decays logarithmically in time, when t ≥ 100 s:

M(t) = M0(1− Sln(t/τ0)), (3.6)

where S is the magnetic viscosity [147]. The model is useful for understanding long-time
behaviour of magnetic systems like recording media, and used in many similar cases since
then [148,149].

To check the thermo-magneto relaxation of Ni NPs@IrMn, a series of measurements were
conducted. First, the sample was field cooled from the reference state to temperature Tfc
(numbers at the end of each line in Figure 3.27) with an applied field of 50 kOe, then the
field was switched off, the magnetization is recorded with time. Figure 3.27 shows the results
of the relaxation behaviour at each Tfc. The straight lines are the fit lines according to
Equation 3.6. According to Equation 3.6, slopes of the logarithmic decay curves should be
proportional to the S at a given Tfc. In Figure 3.28, the resulting values of S are given as
a function of temperature. In the range of 10–300 K, S is small and weakly temperature
dependent. At temperatures above 300 K, it increases significantly. These results reveal that
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Figure 3.28: The temperature dependence of the viscosity S taken from the relaxation

measurements from Figure 3.27. The line is the linear fit in the range of 10–300 K.

the magnetization of the embedded Ni NPs is relatively stable upto 300 K.

According to Kodama [150], S is associated with the energy barrier distribution n(Ē)
through the relationship:

S(T ) = n(Ē)kBT. (3.7)

The Ē is the mean energy barrier which has to be overcome to reverse the particle magne-
tization within the experimental window. As explained in [150], the experimental window
sweeps over parts of n(E) as the temperature is changed. According to Equation 3.7, a linear
S versus T curve indicates a constant barrier distribution over a range of energies [150]. Ex-
perimental results from non-embedded Co nanoparticles with mean diameter of 6.9 nm show
a curved n(Ē) within a temperature range of 80 to 150 K [151]. On the other hand, in the
case of core-shell Co/CoO nanoparticles with 6 nm diameter, a linear S versus T is observed
for over a temperature range of 8 K < T < 50 K [145]. In view of these results, we believe
that the linear S versus T curve observed for our Ni-NP@IrMn system is also related to the
additional contribution of the AF IrMn film to the anisotropy energy.

3.3.4 Effect of field cooling temperature on HC and HEB

As explained in the experimental section, quantitative modeling of the exchange bias can
only be done when relaxation effects in the AF film are minimized. In this section, we used
the modified protocol in which the sample was cooled to 10 K after field cooling to Tfc, and
immediately measured at 10 K. As shown in Figure 3.29(a), the HEB strongly depends on



78 CHAPTER 3. RESULTS AND DISCUSSIONS

Figure 3.29: (a) The effect of field cooling temperature, Tfc on the HC and HEB of

Ni NPs@IrMn when measured at 10 K. Error bars are within the symbols. The solid line is

a calculated curve using Equation 3.8. (b) The simulated IrMn grain volume distribution

curve of the sample. The integrated area between Vc and Vset correlates to the fraction of

grains which are exchange coupled to Ni NPs after field cooling.

Tfc: it decreases from 821±20 Oe to 120±20 Oe when the Tfc is changed from 10 K to 300 K.
Since all the measurements are done at 10 K, the intrinsic magnetic property of Ni NPs
and of IrMn should be the same for each measurement point. Only the field cooling history
at each Tfc changes how they couple to each other. It is known from the work of Ikiyama
and others [58, 152–154] that the grain size plays a big role on setting of the exchange bias
in IrMn coupled systems. The smaller grains of IrMn are not stable thermally, hence not
contributing the exchange bias. In order to understand this behaviour, the model suggested
by O’Grady et al. [58] is applied. The group studied CoFe (2.5 nm thick) thin film systems
coupled to polycrystalline IrMn with grain size range of 4.5–15 nm. Their results show
how the exchange bias depends on the grain size of the IrMn. The model is based on the
earlier work of Fulcomer and Charap [155], which considers small AF grains analogous to
the superparamagnetic particles. In other words, below certain critical grain size Vc, there is
no AF ordering in the sample. If the V gets larger, then it will have higher KAF, the grains
become difficult to set with the field cooling process, unless field cooled through TN. Hence,
each different field cooling process should be correlated to certain range of grain volumes
which can be set, Vset. The HEB can then be calculated by assuming only the contributions
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of IrMn grains in the volume range between Vc and Vset:

HEB(Tset, Hset) ∝ C(Tset, Hset)

∫ Vset(Tset)

Vc(T )

f(V )dV, (3.8)

where f(V ) is a log-normal like grain size distribution function, and C is an interfacial
coupling constant. The volume size window can be easily estimated by using Equation 1.3
by replacing τN by measurement time tmes using KIrMn:

Vc =
ln(tmes/τ0)kBTmes

KIrMn,Tmes

, Vset =
ln(tset/τ0)kBTset

KIrMn,Tset

. (3.9)

Taking KIrMn(T) values from [154], we get Vc = 207 nm3 and Vset = 320 nm3 (tmes = 100 s,
tset = 3600 s, Tset = 350 K, KIrMn as 4.4×105 j/m3 at 350 K and 5.1×105 j/m3 at 300 K,
respectively). These values correspond to spherical grain size of Dc = 7.3 nm (at RT) and
Dset = 8.5 nm. The lower the actual KIrMn, higher will be the Dc. As a results, most of
the IrMn grains will be “superparamagnetic” at RT. For the 8.4 nm Ni NPs@IrMn sample,
taking the HRTEM and XRD results into account, a log-normal IrMn grain size distribution
with 4.8 nm mean size and σ = 0.4 (similar to the one reported in the reference [154]).
Since each Tfc sets different Vc, the integrated volume range will be different for each Tfc,
as depicted in Figure 3.29(b), showing Vc positions at 100 K and 300 K. By choosing an
appropriate constant factor (Hset) (see Equation 3.8), we get the HEB (Tfc) curve shown in
Figure 3.29(b). The model curve fits to the experimental observations quite accurately. The
result concludes that the dependence of HEB on Tfc can be well described by this approach,
with is based on the assumption of individual AF grains being coupled to the FM, but not
with each other [155].

The basic characteristics of exchange bias in nanostructures are a hysteresis loop shift,
which is expressed by HEB, and a coercivity enhancement [34]. In the case of low anisotropy
energy of the AF, the coercivity enhancement can be associated with spin rotation in the
AF grains. However, when the AF has high anisotropy energy (which is perhaps closer to
the actual situation in the Ni/IrMn system), the coercivity will rather be determined by the
energy necessary to form a domain wall [22]. Large enhancements in HC have been previously
observed in exchange-coupled nanostructures [29] and attributed to an increase in the energy
barrier against rotation of the magnetization. The HC enhancement is closely related to
stabilization of the magnetization of the nanoparticles, which is the most important effect
for data storage applications. Therefore, the influence of Tfc on the HC enhancement were
also investigated.
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In Figure 3.29(a) the dependence of HC on Tfc is shown.HC is 974±20 Oe for Tfc = 10 K,
and decreases to 660±20 Oe for Tfc = 100 K. In the range of Tfc between 100 K and 300 K,
an average HC of 640 Oe is observed. Apparently, in this temperature range the contribution
of the IrMn to the energy barrier is similar regardless of the variation of the fraction of
“set” IrMn grains. The decrease of HC for Tfc between 10 to 100 K indicates that the
energy barrier also decreases. According to Equation 3.9, a Tfc of 100 K corresponds to a
critical IrMn grain size of 4.5 nm. This value is not only comparable to the mean grain
size of our IrMn films, but also similar to the exchange correlation length (which is closely
related to the domain wall thickness [34]) of IrMn, which was found to be 4 nm in bilayer
studies [156]. A possible explanation for the observed energy barrier decrease is suggested
by the random anisotropy model for nanocrystalline ferromagnetic materials [157]. In that
model, the effective anisotropy energy barrier (which determines the coercivity) is reduced by
averaging over the energy contributions of many individual, randomly oriented nanocrystals
in a volume determined by the exchange correlation length. For a Tfc of 100 K or more, the
AF spins in a significant fraction of IrMn grains will have no preferred orientation. We may
expect a similar effect of averaging over the contributions of individual IrMn grains within the
volume defined by a shell centred on the Ni NP with a thickness comparable to the exchange
correlation length. We note that this is not in contradiction to the assumption that the AF
grains are magnetically uncoupled with respect to each other, since here the averaging takes
place through the interaction of individual IrMn grains with the FM Ni NPs. On the other
hand, for a Tfc below 100 K, the grains within this shell will have their AF spins frozen in
directions determined by the external applied field, so that the averaging over different grains
leads to no significant reduction of the energy barrier.

In addition, the HC, HEB, ZF/ZFC plus relaxation measurements were repeated after
placing the sample in ambient condition for two month and 20 months, respectively. The
results are within the error compared to earlier measurements, indicating that there is no
inter-diffusion between Ni NPs and IrMn. Moreover, an XPS depth profiling was conducted
for the sample. The Ni NPs were in fully metallic state (see Appendix F). Oxidation of
Ni NPs did not take place after the sample was placed under an ambient condition for two
months.
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3.3.5 Training effect and cooling field dependence

Training effect was observed in consecutive M -H loops after an initial field cooling of the
8.4 nm Ni NPs@IrMn from the reference state to 10 K (see Figure 3.30). The effect is known
to be a property of exchange coupled systems [60]. A 15% decrease of HEB was observed
after the first loop, then it remains nearly constant. The observed behaviour is similar to
the behaviour observed in other nanostructured exchange bias systems [145]. The fit line in
Figure 3.30 is calculated according to the implicit expression given by C. Binek [61]:

HE(N + 1) = HE(N)− α[HE(N)−H∞E ]3, (3.10)

where N gives the number of cycles, α is a system dependent constant, and H∞E is the
exchange bias field in the limit of infinite number of loops.

The cooling field dependence of theHEB and theHC were investigated for 8.4 nm Ni NPs@IrMn.
M -H loops at 10 K were measured after cooling the sample in different applied fields from
350 K to 10 K, as shown in Figure 3.31. The results show that the HEB increases with
increasing cooling field up to 10 kOe, then stays constant until 50 kOe. This agrees well
with the saturation behaviour of the particles, suggesting that the cooling field dependence
of HEB is mainly due to spin orientation in the FM Ni NPs.

Figure 3.30: Change of the exchange bias HEB with increasing number of loops mea-

sured at 10 K for Ni NPs@IrMn. The line represents the calculated values according to

equation 3.10.
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Figure 3.31: Cooling field dependence of HEB and HC for Ni NPs@IrMn. The values are

extracted from M -H loops measured at 10 K after field cooling from 350 K under different

applied fields.

3.3.6 Size dependence of HEB and HC

From all the characterization of the first set of samples, it is confirmed that the Ni NPs@IrMn
system exhibits exchange bias, and the calculated value of exchange energy density is on the
order for values found in bilayer systems. To check whether the HEB of IrMn embedded
Ni NPs follow a 1/D relation in the M-B model (Equation 1.15), and more importantly, to
find out the best parameters for optimizing HC and HEB of the Ni NPs, four different sizes
of Ni NPs were prepared as listed in Table 3.6. Samples with different size distributions
were achieved mainly by changing the aggregation length Lg and Ar gas flow in each set of
synthesis. In all the samples, the thickness of IrMn thin films was kept the same. To exclude
dipolar interactions among particles, only the samples with a similar V FF were chosen, in
the range between 1.1% and 2.4%. Thus the only parameter which was changed among
samples is the mean size of Ni NPs. After structural and morphological characterizations as
described in Section 3.3.1, the samples were field cooled to 10 K after holding them at 350 K
for an hour under an applied field of 50 kOe. At 10 K, we have measured M -H loops of each
sample using an identical measurement protocol (see (a) in Figure 3.32). After offsetting the
vertical shift of the loops, we have read the HEB and HC values. The results are shown in
Figure 3.32(b).

As expected from the exchange bias theory, the smaller the particle size, the higher is the
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(a) (b)

Figure 3.32: (a) Normalized M -H loops of Ni NPs@IrMn with different particle sizes,

only the ±8 kOe range is shown for clarity, the actual measurement field range is ±50 kOe.

(b) Extracted HEB and HC values plotted against the mean size of the Ni NPs. All were

measured at 10 K after field cooling process.

HEB. Figure3.32(b) shows that the HEB decreases monotonically with increasing particle size;
it is 1348±20 Oe for 7.1 nm particles, and 90.5±10 Oe for 16.2 nm particles. To understand
the size dependence of the HEB, I started with M-B model assuming a uniform exchange bias
energy density Jex for all different sizes of particles. The modified E-B model 1.15 relates
HEB with 1/D. I have also taken the particle size distribution into account, so that the HEB

will be:

HEB =
6Jex

µ0Ms
∫
DfN(D)dD

. (3.11)

Here, fN(D) is the number weighted size distribution function calculated from log-normal fit
of actual particle size histogram. Since the SQUID signal is proportional to the volume of the
particle, the bigger particles within a distribution will have more magnetic signal although
their contribution to the HEB is less. Therefore, it is reasonable to include such an effect for
the calculation of HEB. I rewrite Equation 3.11 by replacing fN(D) with volume weighted
size distribution function fV(D):

HEB =
6Jex

µ0Ms
∫
DfV(D)dD

. (3.12)

After normalizing the HEB values using the Jex of 7.1 nm case, we have plotted the simula-
tion results in Figure 3.33. Hollow squares and filled circles are the HEB values calculated
by integrating fN(D) and fV(D) respectively. Compared to the experimental values (filled
squares in Figure 3.33), size dependencies of the simulated results are much less pronounced.
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Figure 3.33: CalculatedHEB values for size dependence using different methods are plotted

together with experimental values for comparison. The calculations are explained in the

text. The lines are the guide for the eye.

Obviously, simple HEB versus 1/D relation does not describe the experimental findings. It is
known in the exchange bias systems that the origin of exchange bias field is not merely an
interface effect, but also a volumetric one, i.e. the bulk spin structure of AF plays a big role on
HEB [158]. In the previous section we have also shown the importance of grain size of IrMn on
the fraction of the polarized IrMn spins. It is known that for IrMn based exchange bias thin
film systems, the amount of exchange bias field saturates when the IrMn thickness is above
4 nm [156, 159] or above 10 nm [133]. For simplicity, we assume a 5 nm thick IrMn shell as
an effective exchange coupled volume to the particles, regardless of the particle sizes. From
the HRTEM images we know that the IrMn is polycrystalline with random crystallographic
orientations. Hence, we assume randomly pointing AF moments among crystallites/grains.
Similar with random anisotropy model of nanocrystalline FM materials [157], localized ran-
dom anisotropy AF should reduce the effective macroscopic anisotropy1 which is coupled to
FM material. Again, we assume that there is no magnetic coupling among IrMn grains, and
each grain is only coupled to its neighbouring FM Ni NP. In bilayer exchange coupled films,
Malezemoff assumes a random Jex for AF-FM interfaces which scales with 1/

√
N , where N

is the total number of AF domains at the interface area [37], as sketched in Figure 1.10. In

1The anisotropy here refers a unidirectional anisotropy which give rise to exchange bias field.
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Figure 3.34: Schematic cross section of 7.1 nm and 16.2 nm Ni particle with 5 nm thick

IrMn shell. Arrows in the shells represent random orientation of AF spins.

our case, the N should be the the number of AF grains on the particle surface (calculated
via dividing the particle surface area 4πr2 by a single grain area on the particle surface).
Schematic of such a model is depicted in Figure 3.34. Accounting for both volumetric and
random anisotropy effects in Equation 3.12, the total HEB should take following form:

HEB =
6Jex

µ0Ms
∫
DfV(D)dD

1√
N
Sf, (3.13)

where Sf is a scaling factor. Results based on this calculation are presented as triangles in
Figure 3.33. Within the errors, the final simulation agrees very well with the experimental
data.

The HC also decreases with increasing size except for the 7.1 nm particle. As we men-
tioned earlier, this size corresponds the critical phase transition size of Ni cluster, below
which Ni clusters will form Mark’s decahedra from fcc polyhedra. It is not clear how the
magnetic properties will change upon such a phase transition. On the other hand, when
particles become smaller, the contribution of the surface anisotropy increases, perhaps it
also alters the crystalline and exchange bias induced anisotropy of the particles. A fraction
of a superparamagnetic contribution of very small particles (< 1 nm in size will be super-
paramagnetic at 10 K for 100 s measurement time) should also reduce the total coercivity
of Ni NPs. However, in our sample we can not confirm that we have such small particles.
If we assume an existence of very small particles, then in the case of 8.5 nm particles, the
fraction of superparamagnetic particles will be less, and most of the particles within the size
distribution will be single domain particles, which yields higher HC. When the particle size
increases, the fraction of particles which is larger than the single domain size limit (19 nm
at 10 K, calculated using Equation 1.8) will increase, and at the same time, the strength of
exchange coupling decreases. As a result, HC will start to decrease with increasing particle
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size. All in all, the anisotropy of the embedded Ni particles is a complicated one, and the
Keff dependence of particle size, so the HC, might result from a competition among crys-
talline anisotropy, shape anisotropy of the Ni NPs plus the exchange anisotropy due to the
AF coupling.

3.3.7 Volumetric filling factor dependence of HEB and HC

All the previous results of Ni NPs@IrMn are taken from samples where the V FF of the
Ni NPs are less than 3%, equivalent to inter-particle distance of few tens to few hundred
nanometers. In the case of data storage applications, densely packed particles are preferable
for increasing the areal data storage density. However, the discussion on size-dependent HEB

of Ni NPs is suggesting that the total IrMn volume shared by each particle also plays a big
role on the HEB as well as on the HC. Therefore, it is interesting to study how the V FF
acts on the magnetic properties of Ni NPs@IrMn. For this study, identical samples but with
different V FF were prepared. In the sample preparation, a large enough substrate, typically
10 to 25 mm2 size, is used. After depositing the materials on the substrate, small pieces
(5×5 mm2, refer Figure 3.19) were cut out, each having different V FF and a more or less
uniform V FF within itself. Such pieces were used to investigate V FF dependent magnetic
properties of Ni NPs@IrMn while safely excluding the influence of other parameters (IrMn
microstructure, thickness, the size of Ni particles, etc.) in the discussion. Two different sizes
were selected, namely 7.1 nm and 10.5 nm Ni NPs@IrMn for V FF dependent HEB and HC

inspection. Hysteresis of the samples were measured by SQUID at 10 K after field cooling
the sample from the reference state to 10 K with an applied field of 50 kOe. Extracted HEB

values are shown in Figure 3.35. As wee see from Figure 3.35, in both particle size cases, the
HEB decreases with increasing V FF . However, the decrease of the HEB starts below 0.025
in the case of 7.1 nm Ni NPs, and starts around 0.087 in the case of 10.5 Ni NPs. A simple
model is applied to explain the difference between the two cases. In the model, a shell with
certain thickness ts is supposed as an effective AF pinning volume per Ni particle, which is
assumed to be proportional to the magnitude of the HEB. If two particles come close to each
other, their shells will overlap; as a result of this, the effective pinning volume per particle
will be reduced. Thus, the decrease of the HEB can be related to the reduction of this shell
volume due to overlapping shells when V FF of the Ni NPs is increased. The reduction of
the HEB should start when the shells of the particles just begin to overlap, and the V FF
at this condition is referred as critical volumetric filling factor V FFcr. Based on the above
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Finally,

d = 2(r + ts) ≈

√
4πr3

3tIrMnV FFcr
. (3.17)

By plugging the V FFcr = 0.087 from the 10.5 nm Ni NPs, and taking tIrMn = 22.5 nm to
Equation 3.17, we get ts = 3.6±1.4 nm. Since the same effective ts is expected for different
sizes of particles, for a given ts, the V FFcr becomes a function of the r and the tIrMn. In the
case of 7.1 nm, the calculated V FFcr using the same tIrMn will be 0.041±0.012. Within the
error bar, this value comes close to the experimental value as shown in Figure 3.35(a).

Now we look back the results in Figure 3.35. The model I described above explains the
onset position, i.e. V FFcr, for the HEB reduction fairly well. It seems that the decrease of
HEB with increasing V FF is much faster in small Ni NPs. Kechrakos et al. [160] simulated
hysteresis of FM-core, AF-shell type NP arrays with respect to interparticle distance. Their
work shows that the HEB of strongly exchange coupled NP arrays decreases with increasing
V FF . The decrease was accounted for by the interplay of dipolar interactions and random
anisotropy. In a closer look, the whole AF bulk spin structure might account for exchange
bias as proved for layered systems in the literature [158]. In the following paragraph, we also
show that in our system, thicker AF layers enhance the amount ofHEB. All these factors must
be included for the interpretation of the V FF dependent HEB behaviour of Ni NPs@IrMn.

Figure 3.37 shows the relation of HC and V FF for both 7.1 nm and 10.5 nm particles.
Results show that in 7.1 nm case, HC decreases with increasing V FF , while 10.5 nm sample
does not show clear trend but stays high and fluctuates with increasing V FF . Different from
HEB, HC is much more complicated, especially in our samples. When the V FF increases,
dipolar interactions among particles come into play, which will alter the energy landscape
around the Ni NPs. This effect is quite complicated due to the random shapes of agglomer-
ates. Nevertheless, the important message for us is, in the case of 10.5 nm, the relation of
HC to V FF hints that there might be a maximum value of HC at a certain V FF , unlike
as in the case of HEB as shown in Figure3.35. Yet more experiments needs to be done to
confirm this point. The experimental [69,118] and theoretical studies [161,162] of a coverage
dependent FM(core)-AF(shell) type NPs confirm an increase of HC and shift of TB to higher
values as the coverage increases.

Based on the results, for storage applications, it can be confirmed that the particles, al-
though they were embedded inside a film, can not be packed densely, as that would reduce
the exchange coupling, resulting in superparamagnetism again. Therefore, even for AF em-
bedded particles, there should be at least a certain thickness of AF shell around each particle
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Figure 3.37: HC versus V FF , extracted from M -H loops measured at 10 K. Showing the

results from 7.1 nm and 10.5 nm Ni NPs@IrMn. The lines are guides for the eye.

to maintain magnetic stability. In the case of Ni NPs@IrMn, a 5 nm IrMn is assumed to be
sufficient. Finally, in Figure 3.38, we demonstrate what would be the storage density SD if
we pack the particles which has a 5 nm shell instead of bare particles. 10 years of stability
limit is shown as vertical dashed lines for Ni (using bulk K) and for 8.4 nm Ni NPs@IrMn
using extracted Keff in Section 3.3.2. Although the SD of the NPs with 5 nm IrMn shell
does not increase as fast as expected when the particle size D gets smaller, the values are
still promising from technological viewpoint.

3.3.8 IrMn thickness dependence

To study AF thickness dependent exchange coupling between NPs and IrMn, we prepared
two sets of samples for each particle size with the exact same geometry except IrMn thickness,
one set has a 16 nm IrMn film, another has a 33 nm IrMn film. We tried to prepare samples
with similar particle coverage so that the comparison would make sense. The samples were
then measured by SQUID magnetometer after the same field cooling process (at 350 K for an
hour with an applied field of 5 T, then field cooled to 10 K). The M -H curves are measured
at 10 K with in-plane geometry. Results are placed in Table 3.8.

The results show that the HEB of the samples is more susceptible to IrMn thickness than
HC. When the thickness of IrMn is doubled, the HEB rises by 16% for 10.5 nm particles, and
by 27% for 16.2 nm particles. Due to our limited time, we did not conduct more experiments
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Figure 3.38: Calculated curves of storage density SD versus particle diameter D (solid

line), and of SD versus (D + 5 nm IrMn shell) (dashed line). The vertical lines are the su-

perparamagnetic limits for non-embedded Ni particles (uniaxial fcc bulk Ni) and for Ni NPs

embedded in IrMn.

Table 3.8: IrMn thickness dependence of HEB and HC

Ni NPs size IrMn thickness HEB HC V FF

(nm) (nm) (Oe) (Oe) (%)

10.5
16±3 669±20 878±20 8.7±0.9
33±5 800±20 800±20 6.3±0.6

16.2
16±3 91±10 93±10 1.2±0.1
33±5 124±10 104±10 1.3±0.1

on this topic. Nevertheless, the results are support the idea that the HEB is not only the
interface effect, but also influenced by bulk AF, as found in the work of Morales et al. when
they studied trilayer exchange bias systems ( [158] and references therein).
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3.4 PEEM and STXM results

Thus far, we have studied exchange bias effect in a system of Ni NPs embedded in an
IrMn film. The SQUID results show that we are able to pin the particles by inducing the
magnetic interaction between the particles and the film. All our previous measurements
are global measurements, so they combine all sorts of statistically averaging over particle
size distribution, local particle density, (size dependent) particle shapes, etc. It would be
desirable if we could measure the magnetic properties of a single particle. This is possible by
XMCD based PEEM or STXM using synchrotron radiation. PEEM or STXM, known tools
since long, but became powerful thanks to discovery of MCD effects. Recent developments
which brought their spatial resolution down to few nanometres. The availability of brilliant
synchrotron radiation provides high degree of circular or linear polarized x-rays, has allowed
to observe both FM and AF magnetic structures [163] [164]. Elemental and chemical shift
sensitivity is an extra feature of such instruments. Therefore, it is extremely interesting to
image exchange coupled Ni NPs by using XMCD based PEEM or STXM. The aim of our
work was to get an idea of the limit of those tools for the investigation of such nano-systems.

3.4.1 PEEM

PEEM measurements are extremely sensitive to the surface, since most of the signal comes
from a few nanometres depth only. The success of the measurement therefore, very much
depends on sample preparation. A smooth and clean surface is essential. Example of single
particle PEEM studies have already been published by a group in SLS [165, 166], where
magnetic properties of a 10 nm bare Fe NPs on a substrate were successfully demonstrated.
Although Ni has the least XMCD effect among three FM transition metals [167], it would be
interesting to study superparamagnetic to ferromagnetic transition of Ni NPs by an exchange
coupling, which takes place in larger (≥ 8 nm) Ni NPs at ambient condition, as we have shown
in the previous section 3.3. Larger particles give more signal, this is explicitly important for
the PEEM measurements when the particles are embedded. Since the as-prepared samples
have high roughness, and the complete embedding requires an IrMn layer on top, we had to
modify the sample to suit it to the PEEM investigation. In the following section, we give
details of such preparation steps.
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Figure 3.39: Steps of the sample modification for the PEEM investigation. They include:

(a) as prepared state; (b) removal of the layer above Ni particles; (c) subsequent deposition

of a thin SiOx layer for protection during sample transfer. The ion beam incident angle is

around 15◦ from the sample plane.

Sample preparation and characterization

Samples were prepared in three steps as shown schematically in Figure 3.39. In the first
step, the samples were synthesized with the same method as described in Section 3.3.1. As
prepared sample is a layered stack which consists of thin films and Ni NPs, as shown in
Figure 3.39(a): (from top, thickness in brackets) SiOx(10 nm)/IrMn (16nm) /Ni NPs/ IrMn
(33nm)/Ta (5nm)/Si substrate(300 µm thick). The sample preparation parameters are the
same as in Table 3.6. We made the base IrMn layer thicker (33 nm in sample S4), to maintain
good exchange bias coupling, as we have to partially remove the top IrMn layer to expose
Ni NPs for the PEEM investigation. As shown in Figure 3.40, the interparticle distances are
larger than or comparable with the lateral resolution (∼100 nm) of the PEEM. A sample of
bare Ni NPs deposited on a Si substrate was also prepared as a reference.

As a second step, the samples were transferred from cluster deposition chamber to XPS
characterization chamber (see Section 2.4) to sputter etch the top layer with an Ar+ ion
beam at an incidence angle of around 15◦ from the sample plane. The aim of this step is to
expose the Ni NPs as well as reducing the surface roughness. The effective electron escape
depth λcosθ (θ is the electron emission angle from surface normal) in PEEM is typically



CHAPTER 3. RESULTS AND DISCUSSIONS 93

Figure 3.40: SEM images of the sample S4. The average particle size in the sample is 16.2

nm. The base IrMn layer thickness is 33 nm in S4.

5 nm, so without exposing the Ni NPs, we will not get any Ni signal. High roughness on
the other hand increases the signal to noise ratio and gives wrong information as it causes
various effective electron escape depth over the sample surface. The samples were etched for
30 minutes with 2 keV Ar+ ion beam. The etching rate was estimated by an XPS depth-
profiling on a high Ni NPs coverage sample in advance. AFM results asserted a reduction of
the roughness from RMS 1.29 nm to RMS 0.26 nm after etching (not shown). At the last
step, samples were covered by 3 to 4 nm of SiOx to protect against oxidation prior to PEEM
measurements. In order to check the influence of etching on the particle shape in case of over
sputtering, back scattered electron images were taken for the finished samples using lower
energy electron beam. As shown in Figure 3.41, particle shape did not change after etching,
indicating that there was no over sputtering of the samples.

Figure 3.41: SEM back-scattered electron images of embedded Ni NPs in an IrMn film,

before(left) and after etching (90 min with 2keV Ar+ beam). The surface morphology

changes due to etching as proven by elongated shadows of surface particle sticking out along

the incident ion bombardment direction. Particle shape does not change, which means no

over sputtering occurred. The arrow shows the direction of the ion beam during etching.
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To get an idea about the influence of the ion etching on the magnetic properties before
checking by PEEM, SQUID magnetometry measurements was carried out on the sample
with higher Ni NPs V FF of 4%, as shown in Figure 3.42. The sample was measured by
SQUID before and after etching. After etching, HC and HEB values of the field (50 kOe)
cooled (from 350 K to 10 K) sample at 10 K are 320 Oe and 207 Oe, respectively. The HC

increased 3 times, and the HEB increased 2 times after ion etching. When the sample was
field cooled from 350 K to ambient, then measured at ambient condition, we found HC of
43 Oe and HEB of 21 Oe. This confirmed that a certain fraction of Ni NPs are ferromagnetic
at ambient. However, the remanence ratio of the sample at ambient temperature is rather
small, i.e. Mr/Ms = 0.12.

Figure 3.42: Hysteresis of 16.2 nm particles embedded in IrMn, after sputter etching and

field cooling procedures. Inset showing the measurements at full scale.

PEEM investigation

The x-ray PEEMmeasurements on embedded Ni NPs were conducted at the Surface/Interface
Microscopy (SIM) beamline of the Swiss Light Source (SLS) using an Elmitec LEEM III setup
combined with an electron energy analyser [168]. The PEEM has a probing depth (electron
escape depth) of 2 to 3 nm at the L3,2 edges of transition metals [167]. One of the selected
samples (S4) was put on a custom made sample holder. The holder is equipped with a
thermo-couple for measuring the temperature, and with an electro-magnet for applying a
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magnetic field. The maximum field achieved at the 0.7 mm gap, where the sample is lo-
cated, is around 1 kOe when using 1 A current. The sample was then transferred to prep
chamber and degassed carefully via heating the sample holder by applying a current to its
electro-magnet for several hours. Before imaging by PEEM, the sample was sputter cleaned
with 500 V Ar+ ions at 45◦ incident angle. The aim was to clean the surface and remove the
3–4 nm thin SiOx protective layer. After aligning the sample to the PEEM, an XAS spectrum
was taken at the Mn L3,2 absorption edge to verify the presence and visibility of IrMn layer.
Three steps of etching as shown in Figure 3.43 resulted in an increase of Mn L3 signal (at
640.3 eV), which is a sign of stepwise reduction of the protective layer. The Ni signal was
not detected (not shown), this is possibly due to the fact that the V FF is very low (< 1%)
and the signal integration time during measurement was not long enough. After the final
step etching, PEEM measurements were carried out at ambient condition without magnetic
field. The sample surface faced to PEEM while being exposed to x-ray which has incident
angle of 16◦ to the sample surface. Elemental contrast of Ni was achieved by dividing PEEM
images successively recorded at Ni L3 absorption edge (852.7 eV) with the ones at Ni pre-edge
(845 eV), hence ensuring that the contrast originates from Ni, as shown in Figure 3.44(a, b),
where the brightest spots represent Ni particles. After optimizing the elemental contrast of
embedded Ni NPs (Figure 3.44 (b)), we tried to make an XMCD contrast image by dividing
PEEM images recorded sequentially at Ni L3 edge for each right I+ (positive helicity) and

Figure 3.43: XAS of the sample at Mn L3,2 absorption edge after etching the sample by

Ar+ ions for half an hour at each step.
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Figure 3.44: Embedded Ni NPs in IrMn, after two different sputtering processes. (a)

The first Ni elemental contrast (divided PEEM images of a Ni L3 edge by a pre-edge) after

30 minutes of ion etching. (b) The second try after additional 30 minutes of sputtering.

left I− (negative helicity) circular polarization:

IXMCD =

∑
I+∑
I−

(3.18)

The resultant XMCD images (not shown here) were quite noisy even with half an hour
integration time for each helicity. There might be several reasons for the lack of magnetic
contrast. Firstly, the signal to noise ratio (SNR) in the elemental contrast (edge to pre-edge
signal) is quite low (contrast is just about 1%). It is known that, when using 100% polarized
x-ray, an XMCD contrast will be only 30% of the corresponding elemental contrast of Ni
L3 [167]. Hence, we only get maximum of 0.3% XMCD contrast, which is very close to SNR.
Secondly, the XMCD effect also depends on the angle α between magnetiztaion M vector of
the sample and the circular x-ray polarized vector (see Equation 2.12). The x-ray incident
angle to the sample surface is 16◦ in the experimental setup. As a result of this, the IXMCD
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will take different values according to the ~M of each Ni particle, assuming randomly oriented
single domain Ni NPs. The IXMCD in this setup takes its maximum value only when the ~M

of the Ni NPs are aligned along the x-ray incidence direction. Since we degassed the sample
before the measurements, it is likely that we have random ~M of the Ni NPs due to the
relaxation effects. Furthermore, the embedding of Ni NPs also causes signal loss compared
to none-embedded case, as the escape depth λ (a material constant as a function of electron
energy E) is merely 3 nm as we mentioned earlier. We can estimate roughly, how much signal
we will loose if a particle of 15 nm in diameter is embedded as shown in Figure 3.45(a) by
using following relation [98]:

d

λ(E)cosθ
= ln(1 + C

Iover
INi

) (3.19)

and
d = R−

√
R2 − x2, 0 ≤ x ≤ R (3.20)

where d is the overlayer thickness, which is in our case the thickness of IrMn layer above
Ni NPs. The C is a constant, here we treat it as unity for simplicity. Iover and INi are the
intensities of the overlayer and the Ni, respectively. The angle θ is the electron emission
angle from the surface normal. R is the particle radius. Taking λ(E)cosθ as 3 nm, we have
calculated the ratio Iover/INi versus x axes as shown in Figure 3.45. The resultant intensity
plot and the curves are shown in Figure 3.45(b, c). Final calculation gives us that the total
reduction of Ni signal due to embedded geometry is 73%.

Lastly, perhaps being the main reason, for the lack of magnetic contrast, the particles
possibly switch during the image recording time. For this reason, we tried capturing PEEM
images under an applied field or at a remanent state, or at a low temperature where the
particles are blocked. During all measurements, the distance between the sample holder and
the PEEM front is typically less than 1 cm, over which a 20 kV tension is applied. Such high
tension under the condition generates leakage current which is extremely sensitive to any
pressure change over the sample holder. When we applied a small field, the heat produced in
the electro magnet of the sample holder was enough to put the leakage current beyond the
safety threshold limit. Even the field is off for some time, the leakage current did not allow us
to do further measurements. As a consequence, our attempts to obtain PEEM images with
an applied field and at a remanent state were not successful. As the last attempt, we tried
to cool down the sample using liquid nitrogen and measure the sample at low temperatures
(140 K). PEEM images were recorded during both cooling down and heating up cycle. How-
ever, this attempt was not successful. The problem was, the lack of temperature stability at
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Figure 3.45: Calculation of Ni signal depending on the particle surroundings. (a) Cross

sectional view of the sample geometry showing 15 nm embedded Ni particle in an IrMn

film and the same particle deposited on top of the IrMn film. (b) The calculated curves

of normalized Ni signal which can be collected and (c) The resultant intensity map viewed

from top of the sample surface.

the sample holder, e.g. the rate of the temperature change is around 0.2 to 0.3 K/min. This
fluctuation of the temperature gives rise to a small change of the distance between sample
and PEEM front due to thermal expansion, thus unfavourably influencing the focus. Up to
3 K of temperature change (happens within 5 to 7 minutes of the measurement time) does
not bring the image out of focus. Still, it was quite a challenge for our samples, as we had to
integrate a large number of images recorded over 30 minutes to get a sufficient contrast. It is
apparent that in the case of low signal samples, an accurate automatic temperature control
is needed to stabilize imaging condition.

Based on the assumption that the low elemental contrast might not be sufficient to pro-
duce visible XMCD contrast, we prepared two more sets of samples: a bare Ni NPs sample
deposited on 5 nm Ta covered Si substrates, and the same sample but covered with a thin
(2±1 nm thick) IrMn layer. Such sample geometry should generate more Ni signal as we
have shown in the density picture in Figure 3.45. We prepared the samples using the same
synthesis parameters to make similar sized Ni NPs and similar microstructure of both Ni NPs
and IrMn. The PEEM investigation of this two sample were carried out at UE49 beamlines
of BESSY II in Berlin using Elmitec PEEM III with an electron energy analyser. All the
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Figure 3.46: (a) Contrast profile along line 1 in Figure(b), which is an integrated PEEM

elemental contrast image. (c) Intensity versus x-ray energy plot of the Ni NPs (red) and

background (green) by integrating selected areas.

measurements were conducted at ambient temperature. Figure 3.46 shows PEEM elemental
contrast results of the bare Ni NPs after cleaning and reducing the sample under hydrogen
plasma for half an hour. Figure 3.46(a) is the contrast profile on line 1 in Figure 3.46(b). An
integrated intensity plot versus x-ray energy is given in Figure 3.46(c). The upper red plot
represents integrated pixels where Ni NPs reside, and the lower green plot is none Ni NPs
area pixels coming from marked locations as shown in the corresponding images. All in all,
we achieved 20–24% elemental contrast from this sample. The resultant XMCD contrasts of
the same area are shown in Figure 3.47. When recorded without applied magnetic field, there
is no apparent contrast of Ni NPs in the XMCD, see Figure 3.47(a). 170 Oe applied field
during image recording did bring a visible contrast along the x-ray illuminated area. The
pair of line profiles in Figure 3.47(c, d), corresponding the line 1 and line 2 in Figure 3.47(b),
confirmed the findings. In each pair of the images, upper plot is elemental contrast profile
along the line, lower plot is the corresponding XMCD contrast. In the same way as in Fig-
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Figure 3.47: XMCD contrast without an applied field (a) is compared with the one

recorded under an applied field of ∼170 Oe (b). Elemental PEEM contrast image of the

same area is given in (c). The intensity line profiles of the lines 1, 2 in (b) and the lines 3,

4 in (c) are given below. Each upper plot is elemental contrast profile, lower ones are the

corresponding XMCD profiles. The arrow in (a) is the x-ray illumination direction, which

has incident angle of 16◦. We observe good correlation between elemental and XMCD signal

of the Ni NPs.

ure 3.47, we obtained results from Ni NPs covered by 2 nm IrMn layer in Figure 3.48. The
elemental contrast (Figure 3.48(a)) is weaker, around 9–12%. However, the XMCD contrast
of the 170 Oe applied field is not convincing, but relatively noisy as shown in Figure 3.48(b).
The line contrast profiles are given in Figure 3.48(c, d), taken from line 1 and line 2 in
Figure 3.48(a), respectively.

Although we can not directly compare the measurements from SIM and UE49 beamlines,
the results are suggesting that the embedding film considerably reduces the Ni signal. Since
an XMCD contras is a fraction of elemental contrast, it seems very important to improve the
elemental signal in the first place. Furthermore, magnetic properties of the particles under
study also play decisive part, after all, only fixed magnetization within a measurement time
window will result in a magnetic contrast image.

To summarize the results of the PEEM experiments:
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Figure 3.48: (a) PEEM elemental contrast of partially IrMn covered Ni NPs. (b) A

corresponding XMCD contrast recorded under an applied field of ∼170 Oe. (c) and (d) are

the elemental and XMCD intensity profiles of the line 1 and 2 in (a), respectively. Each

upper plot is elemental contrast profile, lower ones are the corresponding XMCD profiles.

There is no clear correlation between elemental and XMCD signal.

• Samples in which 16.2 nm in average diameter Ni NPs embedded in IrMn film were
successfully produced. Geometry of the samples was modified by physical etching and depo-
sition methods to realize a suitable sample configuration for PEEM investigation.

• First PEEM images of elemental contrast of embedded particles were successfully achieved.
This has proved that the sample preparation was successful. However, due to the physical
limitations of collecting photo-electrons from embedded particles, the SNR is worse than
non-embedded particles. Edge to pre-edge Ni signal contrast difference is around 1%, in the
case of non-embedded Ni NPs, the value is as much as 24%.

• Because of the low elemental contrast from embedded particles plus the possibility of low
magnetic stability of the Ni NPs (some particles may switch during measurements), achiev-
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ing sufficient XMCD contrast from embedded Ni NPs proved to be difficult. Optimizing
temperature control and the electro-magnet design seem necessary for future investigations
of NPs.
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3.4.2 STXM

The PEEM results show that a practical XMCD based PEEM imaging of embedded par-
ticles is quite challenging due to the quenching of the signal by the embedding material.
Furthermore, the probe depth of PEEM is only about 3 nm, whereas the average size of the
investigated particles is 16 nm. X-rays on the other hand penetrate much deeper; the limit
of the sample thickness can be estimated by calculating the x-ray attenuation depth λx (the
depth where the intensity of x-ray decreases to 1/e of initial intensity) in the material:

λx =
1

µρ
(3.21)

where µ is the material’s mass absorption coefficient, ρ is the material density. Using the µ
values from [169], we get λx = 176 nm for Ni when using 845 eV photons. The λx of Mn
and Ir for the similar photon energy (800 eV) are 132 nm and 70 nm, respectively. Moreover,
the possibility of high magnetic field application is another plus for x-ray microscopy. To
check the feasibility of such an experiment, we prepared samples suitable for investigation
by scanning transmission x-ray microscopy (STXM) at PolLux beamline in SLS (details of
the instrument is given by Raabe [170]). We again prepared 16 nm average sized Ni NPs
embedded in an IrMn film, as we did for the PEEM investigation. Instead of depositing the
stack of IrMn(16 nm)/Ni NPs/IrMn(33 nm)/Ta(5 nm) on a Si substrate, we deposited it on
a Si3N4 (100 nm thick, 0.5×0.5 mm2 window area) membrane supported by a Si substrate.
The membrane is transparent for x-rays. To protect our samples from oxidation and contam-
ination, we deposited a 14 nm thin SiOx layer on top of our sample. A schematic sketch of
the sample geometry is shown in Figure 3.49. To make the focusing and positioning easier,
markers on the sample were made by focused ion beam cutting (FEI Quanta 3D FIB) at the
FIB-center in Ulm University. The markers are a 30 µm in diameter hole at the center of
the membrane, and an additional cross (2, 3 µm long, 1 µm wide) near to the hole. The
sample-holder arrangement and the STXM setup are shown in Figure 3.49. The sample was
glued to the sample holder with an adhesive tape and positioned inside the apparatus. Per-
manent magnets were also glued to the sample holder when a magnetic field over the sample
was required. The STXM setup includes a Fresnel Zone Plate (FZP) for focusing the x-rays,
which determines the resolution of the STXM. Diffracted x-rays then pass through an Order
Selecting Aperture (OSA), which filters out higher order diffractions. Finally the focused
beam transmits through the sample and is detected by a photodiode. The angle between the
sample plane and the x-ray beam is 60◦. Since the sample was field cooled along in-plane
direction, we arranged the external magnetic field lines also along the sample plane. In this
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Figure 3.50: (a) STXM of the overall area under investigation. (b) SEM image of the same

area, in which the squares are the positions probed locally by STXM in later experiments.

The results from numbered squares discussed in detail in the text. The FIB-cut cross (2

and 3 µm long bars with 1 µm width) and the edge of the hole with 30 µm in diameter

(bottom right corner) serve as markers for positioning the sample and for focusing.

square 1 in Figure 3.50, a zoomed in SEM image is shown in Figure 3.51 along with a pair of
STXM images. The size of the scan area was kept as 500 nm with 2.5 nm/pix, and the scan
rate is 5 milliseconds dwell time per pixel. One of the problems was drift during scanning,
which distorts the image. In order to avoid this effect, faster scan (5 ms dwell time) is used
when the drift was bigger, and slower (20 ms dwell time) is used when the image is relatively
stable. Image series recorded under the same condition were aligned and then integrated
using Fiji software package with PEEM macro (a method we have learned at SIM beamline
in SLS 3.4.1). The software calculates the drift in each image taking the initial image as a
reference, then adds all series to one single image while correcting the drift. To prove that
the contrast is really magnetic, the applied field direction was reversed for the second set of
measurements. Unfortunately, due to carbon deposition at the previous scanned position,
which was due to the residual atmosphere in the chamber, it was not possible to check exactly
the same particles. Nevertheless, a neighbouring location was probed (see Figure 3.52). In
principle, one can improve the signal by longer integration time. However, consecutively
scanned images went darker and darker because of carbon depositions. At some point (after
one to two hours of scan), we lost the contrast due to the accumulation of carbon. The
carbon deposition not only changes the average background level with time, but it is also
inhomogeneous over the scan area, i.e. thickness of the deposited layer differs from center
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Figure 3.51: (a) SEM (SE) image of the 500x500 nm2 area, taken before the experiment.

(b, c) Integrated STXM images after aligning and averaging; one is taken using positively

circular polarized x-ray (b) and the other (c) is taken using negatively circular polarized

x-ray. Note that the background intensity is also changing. Particle tails on STXM images

are due to the sample drift during scanning.

to edges, and also from bottom to top. Both time dependent drift and intensity changes
can be seen from stacked stripe profiles of selected scan series (see Figure 3.53). Since the
overall intensity change is apparent, we have to make a careful normalization procedure.
During XMCD analysis, we have assumed that the change of the background intensity of
both negative (I−ij , the index ij represents an image matrix element, i.e. coordinates of each
pixel) and positive (I+ij ) images is mainly due to the time dependent carbon deposition over
the scanned area. Therefore, we have to eliminate the change of the intensity due to extra
carbon deposition (4dcarbon) in consecutively recorded positive and negative images. Here,
we did it in the following way: we took an integrated background intensity from each image
(excluding particle area and edges of the image,

∫
I±ij, bk, + and - are the positive and negative

images, respectively). Then we divide the two to get the intensity difference due to carbon

Figure 3.52: (a) SEM (SE) image of the 500x500 nm2 area. Integrated STXM images

using positively circular polarized x-ray (b) and negatively polarized x-ray (c), after aligning

and averaging series of images.
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Figure 3.53: Stripe profile plots are taken from selected consecutive scan images (numbers

in the plot). The profile is a line integration over 20 pixels along vertical axis (see the shaded

stripe in the inset image). Note that the intensity changes and the particle position drifts

with the measurement time.

deposition: ∫
I−ij, bk
I+ij, bk

dA = C (3.22)

C ≈ e−α4dcarbon (3.23)

Note that the are of integration A in Equation3.22 does not include particles and the edges
of the image. α is the absorption coefficient of carbon. We have set the negative image as
a reference image, and we correct the positive image by multiplying the correction factor to
each of its pixels:

I+ij, corr = CI+ij (3.24)

and then the corrected positive image was divided (pixel-wise) by negative image to form
XMCD contrast image:

ContrastXMCD =
I+ij, corr
I−ij

XMCD contrast for two different applied field directions are shown in Figure 3.54. There
is a slight difference between the two images: particles in the image (a) look brighter than
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the image (b). However, due to small SNR, such XMCD contrasts from single scans do not
look so convincing. The pixel-wise contrast (I+ij, corr / I

−
ij ) is quite sensitive to sample drift.

Although the overall XMCD contrasts from Ni NPs at such a condition is noisy, we can
improve the statistics by averaging over multiple scans as well as by integrating pixels over
an area where each particle sits.

Plots in Figure 3.55 are averaged line (20 pixel) profiles from negative (-) and positive (+)
images along x axes after background correction. First we took series of - and + images,
then averaged each series. We plot the line profile by averaging 20 pixel lines vertically
(shaded area in the inset image of Figure 3.53). We normalized the background levels of line
profiles using the same method described above (Equation 3.22). From the plots, we get the
ratio of the XMCD (| I+peak − I

−
peak |) to average peak height ((I+peak + I−peak)/2) as 19.8% for

Figure 3.55(a) and 8.9% for Figure 3.55(b). As we mentioned in PEEM section, we expect
a ratio of 30% XMCD when using fully polarized light and when the magnetisation vector
of the sample is along the beam direction. In our case, the Ni NPs were field cooled along
sample plane and the angle between the beam and the sample plane is 60◦. So we should
get a ratio 15% of XMCD according to Equation 2.12. This would mean that our results are
close to the theoretical values within the error bar (∼10% background noise). It is worth
noting that the effect is higher in Figure 3.55(a) than (b). This asymmetry might be the
result of exchange bias effect which is unidirectional in nature.

At last, for a better comparative analysis, we obtained XMCD values of each particle by
integrating the pixel-wise intensities in the encircled areas in Figure 3.56 (

∫
circ, pI

±
ij dA, inte-

Figure 3.54: (a) XMCD contrast of particles in 500×500 nm2 window, obtained by a pos-

itive image divided by a negative one (one XMCD pair), after background offset correction.

Measurements are done with an applied field of ∼400 G. (b) XMCD contrast is from another

location taken after reversing the field direction.
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Figure 3.55: Line profiles (20 pixels lines average along vertical direction) from positive

and negative images. Image is recorded under an applied magnetic field (a) and under

inverse magnetic field (b). As expected, magnetization of the particles seems to follow the

external field.

Figure 3.56: STXM images showing the selected particle area and the area used as a

background reference for integration. Images in (a) and (b) are from different area and

subjected to different external field direction during measurements. Only positive images

were shown here (image-size: 500×500 nm2).

gration over a circle of 24 pix.= 60nm in diameter) for both - and + images, then subtracting
them after background normalization. The choice of particle and background for normal-
ization schematically shown in Figure 3.56 (only positive images are shown). We kept the
selection area for background correction (

∫
circ, bk I

±
ij, bkdA) at the same size as the particle area

and also close to the respective particle. Since we used a slower scan rate, carbon deposition
is inhomogeneous over the image. Therefore, choosing the background area small and right
next to the particle along scanning axis makes more sense. We normalise the background
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Figure 3.57: Summary plot showing the integrated dichroic signal. Each measurement

point corresponds to the data extracted from an individual particle, as shown in Figure 3.56.

The arrows on blue and grey backgrounds are representing the applied magnetic field (400

G) directions during measurements.

intensity by: ∫
circ, bk

I−ij, bk
I+ij, bk

dA = C, (3.26a)

Ibk, corr =

∫
circ, bk

I−ij, bkdA = C

∫
circ, bk

I+ij, bkdA, (3.26b)∫
circ, p

I+ij, corrdA = C

∫
circ, p

I+ij dA, (3.26c)

so the normalized total intensity of single particle:

µ+ =

∫
circ, p

I+ij, corrdA, (3.27a)

µ− =

∫
circ, p

I−ij dA (3.27b)

then the corrected XMCD value should be:

XMCD = µ+ − µ− (3.28)

Figure 3.57 displays corrected XMCD values (µ+ − µ−) of each particle area. We have 3
points measured under an applied field of 400 G, 3 more by changing the field direction, and
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Figure 3.58: SEM (SE) image showing the status of carbon deposition after all the mea-

surements. The carbon depositions (bright square spots) are so thick that the particles

are not clearly visible any more in the scanned areas compared to initial SEM image (Fig-

ure 3.50) taken before STXM measurements.

one without a field. None of the particles are identical, they were taken from the different
locations as marked in Figure 3.56.

From these results, we can conclude qualitatively that the magnetization of particles are
complying with the applied field. When the field direction was flipped, contrast also flips.
Our analysis convincingly show that it is worthwhile to do further experiments, as there is
still plenty of room for optimizing the SNR. For example, we could prepare out-of-plane field
cooled samples, so that we can increase the signal by 2 times more according to Equation 2.12.
Such out-of-plane measurement also enables us to use FZP of higher resolution, (In our case
we used low resolution 30 nm FZP which has longer focal distance which allow tilted sample
geometry, whereas high-resolution 15 nm FZP has small focal length which does not allow
tilted sample in front). In future experiments, we could try to reduce carbon deposition (refer
Figure 3.58) by using a cold trap or better vacuum, so that we can integrate longer without
loosing the signal at one location by carbon absorption.



3.5 Summary and Outlook

In this thesis work, different sized Co NPs and Ni NPs with a narrow size distribution have
successfully been prepared. The size distribution of as-prepared NP follows a log-normal
function. SEM in transmission mode is used to determine the particle size. In contrast to
the common method of determining the sizes from standard SEM images, the results of this
method compare well with the particle sizes obtained by TEM, AFM measurements and
Langevin fits of magnetization loops. As our AF material, NiMn and IrMn films have been
used which were prepared by magnetron sputtering.

Magnetic characterizations were first done on Co NPs of 9 nm and 20 nm in diameter.
They were either deposited on or embedded in two different AF thin films (NiMn, and IrMn).
Results of Co NPs coupled to NiMn films did not show clear HEB at ambient conditions after
field annealing/field cooling procedures. However, an increase of HC has been observed,
which is ascribed mainly to the heat treatment. Comparison between coverage dependent
measurements of Co NPs with and without NiMn film indicated the presence of a small
exchange bias effect. On the other hand, Co NPs fully embedded in IrMn films show clear
HEB but HC did not change. The study on Co NPs coupled to AF films revealed that in the
particle size range of 9 to 20 nm the effect of exchange coupling is less than expected. It
is assumed that the Co NPs are too hard magnetic to be influenced much by the AF spins,
and therefore only small effects are visible at the present particle sizes. In addition, it is
concluded that IrMn is more suitable AF material for the FM particles, since it does not
require heat treatment and yields higher Jex compared to NiMn.

To obtain larger effects, Ni NPs have been selected for the further studies, as Ni is mag-
netically softer than Co. Ni NPs of 8.4 nm average diameter embedded in a polycrystalline
IrMn film have been studied in detail. A strong exchange coupling between Ni NPs and IrMn
film is observed despite the lack of an epitaxial relation between them. At 300 K, one still
observes a stable magnetization of the Ni NPs embedded in IrMn, whereas Ni NPs embedded
in SiOx show superparamagnetic behavior at room temperature. The calculated exchange
energy density at 10 K is found similar to the values of IrMn bilayer systems in the literature.
The thermo-magnetic relaxation curves prove that the particles are magnetically stable in the
temperature range of 10 K to 300 K. By applying a field cooling protocol which suppresses
magnetic relaxation of the IrMn films, it was possible to model the strong influence of the
field cooling procedure on HEB, while its effect on HC is found to be less pronounced. The
important role of the size distribution of the IrMn grains has been discussed in detail. The
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results are in accordance with previous studies of polycrystalline bilayer systems. Cooling
field dependence of the HEB can be explained with the saturation behaviour of the Ni NPs.
This hints that the polarization or setting of AF spins is controlled by FM Ni NPs. In addi-
tion, training effect measurements have also been carried out. The training behaviour of the
8.4 nm Ni NPs@IrMn have been successfully fitted by the model of C. Binek.

By analysing the particle size dependent exchange bias effect of Ni NPs embedded in IrMn
films, a correction for the standard M-B model has been proposed. The correction relies
on the assumption that the main exchange coupling contribution of IrMn is from within a
5 nm shell surrounding the particle. Furthermore, it is proposed that the effect of IrMn is
influenced by its crystallinity, that is random orientation of grains reduces its total anisotropy.
The investigation of V FF dependence of 7.1 nm Ni NPs@IrMn and 10.5 nm Ni NPs@IrMn
shows that the HEB decreases with increasing V FF , whereas the HC decreases in 7.1 nm
and fluctuates in 10.5 nm Ni NPs with increasing V FF . The particle size dependent onset
of the HEB decrease has been modelled by an effective AF shell model. Furthermore, effects
of the IrMn thickness on the exchange bias effect of Ni NPs have been studied briefly. The
HEB increases by 16% in 10.5 nm Ni NPs, and by 27% in 16.2 nm Ni NPs, when the IrMn
thickness is doubled. However, the HC does not change significantly. These findings infer
that the exchange coupling between Ni NPs and IrMn films is not only an interface effect but
also a bulk driven effect to some part. Based on the experiments and models, a modified areal
storage density versus particle size plot is suggested. The resultant plot shows a reduction
of theoretical storage density due to required AF shell thickness which is to be used for
stabilizing the magnetization of the FM particles.

In the last part, magnetic imaging studies of embedded NPs have been presented. The
results of two different methods — PEEM and STXM were compared. At current stage,
STXM seems superior owing to the facts that the signal is stronger and the sample geometry
requirement is simple. Initial results show that it is possible to magnetically image embedded
particles as small as 15 nm in diameter.

As an outlook, it would be interesting to systematically study smaller Co NPs embedded
in IrMn, while it is expected that the smaller size gives larger exchange coupling effect.
Especially the sizes around the superparamagnetic limit would be more interesting for the
storage application. Smaller Co NPs can be achieved by modifying the current geometry
(e.g. size of the pinhole, aggregation length, etc.) of the inert gas condensation chamber
since the present settings are limited to produce smallest sizes as 9 nm for Co NPs and
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7 nm for Ni NPs. Mass selection unit can be inserted to the particle synthesis system so
that a sharp size distribution gives better resolution when we study size dependent exchange
bias. IrMn grain size influence can be studied further, which promises an effective method
for tailoring the HEB and the HC of the NPs. Grain size of IrMn can be controlled by
tempering or using different substrate, or by changing sputtering conditions. Moreover, the
initial STXM results indicate that it is possible to study the magnetization of a single particle
embedded in AF films using x-ray magnetic circular/linear dichroism measurements. Future
STXM measurements should be done under UHV condition, using Co or Fe NPs instead of
Ni. By such measurement, it is possible to image AF domains as well, which will provide a
clear mechanism how the particles are coupled and how the AF domains forms and changes
during magnetization reversal of FM particles.
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A.2 XPS setup and Labview program

A photo of the complete setup is shown in Figure A.2. The layouts of Labview program
written for control and data acquisition for XPS are given in Figure A.3 and Figure A.4.

Figure A.2: Overall setup photo, front is characterization chamber, rear side is sample

preparation chamber.

Figure A.3: Labview program designed for controlling and data acquision of XPS machine,

front panel.
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Appendix B

Data for XPS analyses

Table B.1 is a list of the data that were used for the XPS peak fitting and elemental atomic
concentration calculations of the samples in this thesis work. Figure B.1 shows simulated
practical electron attenuation curves of selected XPS peaks (only the peaks of highest inten-
sities) with respect to overlayer thickness when Al-Kα1 is used as the x-ray incident angle
to sample surface is at 45◦.

Table B.1: Values of subshell photonionization cross-section σ [114], electron binding

energies EB [112] and electron mean free path λ [117] for selected excitations of given

materials:

Element Subshell EB/eV σ ( Mg-Kα1) σ (Al-Kα1) λ(Ek)/nm

Si 2p 99 0.019 0.011 3.6
Mn 2p 639(2p3/2) 650(2p1/2) 0.3011 0.1878 1.566
Co 2p 778(2p3/2) 793(2p1/2) 0.409 0.2591 0.857
Ni 2p 853(2p3/2) 870(2p1/2) 0.4691 0.2998 1.047
Ir 4f 61(4f7/2) 64(4f5/2) 0.3438 0.2043 1.547
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Figure B.1: Simulated results of practical electron attenuation length curves with the

function of thickness for selected elements in the case of Al-Kα1 x-rays at 45◦ incident to

the sample surface. Only the excitations of highest photoelectron yield peaks are chosen.



Appendix C

STRATAgem analysis

The elemental composition of the multi-layered Ni@IrMn was determined by EDX using
standard beam energy (20 kV). However, we have to consider matrix correction since the
depth of x-ray generation depends on both element and the beam energy [96]. This correction
can be done by two different ways normally, one is using a standard bulk sample; the other is
using STRATAgem analysis. Since we did not have a standard IrMn alloy, the latter method
was applied. During the measurement, the samples was introduced in the SEM chamber
together with SiN, Mn and Ir standards for calibration. The intensities of the generated
x-rays were measured by a LEO 1550 SEM coupled to an Oxford INCA energy dispersive
spectrometer. For this analyses, series of EDX measurements were carried out at accelerating
voltages from 4 keV to 30 keV. All spectra were collected using the area mode option. The
dead time during spectrum collection was generally less than 20%. During measurements,
SEM and EDS operating conditions between standards and the sample should be identical
to minimize any effect of the statistical nature of x-ray production. This requires a fixed
position of the each specimen, and a short collection time, since the beam current changes
over time. 60 s of collection time was used for all the spectra, as the amount of Ni was very
small in our sample, such short time was not enough to detect apparent Ni signal, therefore
Ni reference was not included in this method. At each accelerating voltage, so called k-ratios
of standards and the sample were noted down, including different edges of each element.
Then the obtained values were put to the STRATAgem software to make a simulation. The
best fit as shown in Figure C.1. yields 38 at.% Ir, and 62at.% Mn, and the thickness of
284 nm. The results were compared with TEM cross-section image and the XPS result of
the same batch, as shown in Table C.1. The XRR result in Table C.1 is an estimated value
from the calibrated deposition rate. Both thickness results from XRR and the EDX are far
from the TEM cross-section value. The XRR value is smaller, here one has to consider that
the deposition rate calculation was only depend on pure IrMn layer, but the actual sample
has Ni NPs between the IrMn layers. The presence of 8 Ni NPs layers inside 9 stacks of
IrMn layer might have increased the total thickness of the sample. The deviated values of





Appendix D

Deposition of SiOx

In order to prevent sample corrosion in ambient condition as well as preventing Mn segre-
gation in IrMn top layer, thermal optimization unit was improved and loaded with SiOx.
Amorphous SiOx is one of the ideal materials for protective layer (against oxidation as well
as chemical decomposition). Since SiOx is known diamagnetic material, and its large band
gaps and negative electron affinity makes it very suitable to PEEM investigation of our mag-
netic NPs (in case of amorphous SiO2: band gap at 300 K is 8–8.9 eV [171, 172], electron
attenuation length at 1 keV is 2.2 nm [173], electron affinity 2.1 eV [174]).

Deposition of SiOx was carried in the thermal deposition chamber next to main chamber.
Deposition was achieved by electrically heating a tungsten basket heater which is loaded
by SiO pieces (99.9 at.%, MaTeck). Deposition rate and the thickness was measured by
quartz crystal which is calibrated by x-ray reflectometery, as shown in Figure D.1. Elemental
composition of SiOx was further confirmed by XPS. The XPS spectra in Figure D.2 shows a

Figure D.1: Measurements of SiOx by XRR. SiOx film deposited on a 100 nm Si3N4 coated

Si substrate. Simulations gives thickness of 7±0.5 nm SiOx layer in this case.
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Figure D.2: XPS spectra of SiOx deposited on sapphire. The peak position of the Si

matches with literature values of Si in SiO2. Red lines are the reference positions of pure

Si.

clean SiOx, the Si peak positions match with the literature values of Si in SiO2 [112]. Since
SiOx used as a protective layer, film quality is also a main concern. In order to guarantee a
deposition of a smooth and a complete coverage with no holes, AFM and XPS depth profiling
has been conducted. Root mean squared roughness values from AFM of the same sample
show average of 0.3±0.1 nm, which is fairly good for our purpose.



Appendix E

Reference measurements of bilayers

E.1 Co/IrMn

As we did not have much knowledge about IrMn/Co bilayer exchange bias systems, we
prepared such a bilayer system to figure out a suitable field cooling condition and use its
magnetic properties as a reference. Details of the IrMn film characterizations are given in
Section 3.2.3. We prepared three different samples varying only the Co layer thickness while
keeping the IrMn thickness as 33 nm. After holding the sample at 300◦C for 10 minutes under
an in-plane field of 5 kOe inside our UHV annealing furnace, we cooled the sample to the
room temperature with the applied field. Then we measured the hysteresis curves by VSM.
Here we plotted the extracted HC and HEB values from hysteresis loops of all three samples
versus inverse of Co film thickness (Figure E.1). Extracted Jex from the above experiments
is 0.05±0.01 mJ/m2. Linearly relation of HEB versus 1/thickness fits to the trend of the
M-B model, however, the values are much lower compared to similar study [175]. The low
exchange bias values might be because of the microstructure and the roughness of our sample.

E.2 Ni/IrMn bilayers

A set of IrMn/Ni bilayer thin film reference samples were measured for investigating the
exchange bias behaviour of the IrMn films, results are plotted in Figure E.2. Samples were
prepared on a bare Si substrate (with natural oxide), first a 4 nm of Ta layer were sputtered
on it, then a layer of Ni was deposited, then the sample taken out from the sputter chamber
and transferred to another chamber where IrMn were installed. Eventually a 33 nm of IrMn
were deposited using the same parameters as in particle-film sample preparation mentioned
earlier (Section 3.3.1). Several samples were prepared with varying the thickness of Ni layer.
Afterwards, room temperature hysteresis measurements were carried out on the prepared
IrMn/Ni bilayers after field cooling process (not shown). Extracted Jex from the above
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Figure E.1: HC and HEB values from VSM measurements plotted against inverse of Co

film thickness. Proving that the custom made IrMn layer as an effective AF material. The

line is a linear fit to the data.

Figure E.2: Room temperature measurements of HEB (red) and HC (black) values of

IrMn/Ni bilayers versus the reciprocal thickness of Ni after field cooling the sample in

which 5 nm Ni layer coupled to 33 nm of IrMn. The line is a linear fit to the data.

experiments is 0.0025±0.0005 mJ/m2. This is lower than the literature values from IrMn/Co
bilayers. We account this difference to the relatively rough interfaces in our samples.



Appendix F

XPS depth profiling of the samples

At the beginning it was clear from XPS results that the Mn atoms of the exposed IrMn layer
undergoes possible oxidation whereupon Mn segregates to the surface. Such behaviour is
typical for the alloys which has a noble metal component, e.g. FePt [176,177]. Since we have
stacked IrMn layers, it was not clear though, what happens to the lower layers, and especially
to the Ni particles. Since NiO is also an AF material, formation of Ni/NiO interface does
show exchange bias effect [34]. Therefore, it is important to check the chemical states of the
Ni particles, as well as the IrMn layers around them. The maximum information depth of
XPS analyses is around 8 to 10 nm, to study the chemical states of a thicker layer in our
facility, it was necessary to couple XPS with any suitable layer removal method. In this
work, ion-etching technique was used to remove layers atom by atom. After each etching
step (removal of a certain thickness), XPS was performed. Sample sizes were 5×5 mm2, and
full surface irradiation is guaranteed. The parameters for etching used in this case are: 5 kV
of acceleration voltage, 9 mA filament current, 4170 V Focus1 voltages, 24 V Focus2 voltage,
7×10 mm2 scan area, 20 µs scan speed, angel between ion beam and the sample plane:
45◦; base pressure: 2 E-9 mbar, working pressure: 4 E-7 mbar (measured at the sample
chamber, hot cathode gauge from Pfeiffer), working distance (from ion gun end to sample
surface): ∼20 to 30 mm, recommended working distance is 23 mm at which sputtered crater
should be homogeneous.

As expected, XPS from top layer did not show any trace of Ni particles since they buried
under 15 nm of IrMn layer, as shown in Figure F.1. The spectrum taken after removing
20 nm of top layer by etching shows clear Ni signal. Curve fitting of the Ni-2p region gave
doublet separation of 17.3 eV, and the peak positions of 853 eV (2p3/2) and 870.3 (2p1/2).
The numbers matches with positions of the pure metallic Ni. Corresponding positions of
Ni2+ is 854±0.5 eV and 871.8 eV with doublet separation of 17.5 eV, and that of Ni3+ (2p3/2)
is 856.5±0.5 eV [112, 115]. Since Ir is a noble metal, its position has been used as reference
in energy scale calibration of each spectra. Furthermore, for a better comparison, a DC
sputtered Ni thin film with oxidized surface layer was measured by XPS used as oxide Ni
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Figure F.2: Comparison of XPS taken from etched sample compared with reference oxi-

dized and pure metallic Ni film spectra, proving the Ni NPs in pure metallic state after all

magnetic measurements.

reference, and the XPS spectrum taken after fully removing of the Ni oxide layer used as
metallic Ni reference, see Figure F.2 for details. The average particle radius is 4 nm, so
the surface area to interior ratio is quite close and the spherical particle shape will boost
the signal which is coming from particle surface rather than particle interior, such geometric
effect will lead amplified surface signal compared to particle core [176]. In other words,
∼0.5 nm oxide shell contributes almost 60% of Ni signal. Concerning these factors with XPS
spectra analyses, one can safely say that the Ni NPs in our samples are all in metallic state,
even after multiple annealing cycles. In the case of Mn, it was clear that the Mn atoms in
all layers are partially oxidized. The fraction of oxidized Mn atoms are more in the top most
layer and less in lower layers.

Comparison of as prepared, after 4 min. etched and further 10 min. etched1 XPS results
show that Mn atoms at the topmost IrMn Layer segregated to the surface and mostly in
oxide state; inner Mn atoms are in partially oxidized state. However, it is difficult to get a
quantitative values about the oxidized fraction of Mn atoms from the depth profiled XPS
spectra, because the chemical shift from metallic Mn to Mn2+ is merely around 1 eV, and the

1Corresponds to removal of 4 nm and 14 nm thick IrMn layer. Etching rate is 1 nm/minute in this
experiment.
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Figure F.3: XPS of the etched sample, Mn region (left) and Ir region (right) with as

prepared and etched states

doublet separation change due to oxidation is almost zero [112,115]. Moreover, the resolution
of the electron energy analyzer (of XPS) is more than 1 eV (determined by FWHM of Au
and Ag), which adds more errors to the analysis. Combining the XPS of Mn with the XPS
of Ir (Figure F.3), it can be concluded that, due to preferential oxidation of Mn, Mn atoms
segregates to the surface. In lower layers though, especially after etching away 30 nm of
layer, the atomic fraction of Ir and Mn remains constant (not shown). Depending on the
results from the XPS depth-profiling, it can be concluded that the oxidation is only coming
from Mn, whereas Ni stays in pure metallic state. More importantly, the Mn of the surface
of IrMn takes oxygen gases during each interval when the deposition process changed from
IrMn to Ni NPs and back to IrMn, a process interval lasts roughly 2 to 3 minutes. Depth
profiling by XPS indicating that there is phase segregation due to oxidation of Mn, resulting
a Mn rich part in the upper part of each layer and an Ir rich part in the bottom part. After
this investigation, the UHV condition was improved by decreasing the base pressure by an
order of magnitude. Also, the samples were covered by a SiOx cap layer inside the UHV
chamber to prevent Mn phase segregation.
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Auger electron spectroscopy

Auger electron spectroscopy has some advantages over XPS, especially when it comes to
lateral resolution. This is due to the fact that it is easier to focus electron beam than x-ray
beam. Fine focused beam also brings high intensity so that it is simple to make elemental
analysis on smaller areas, line scan profile, etc. which makes AES depth-profiling faster
than XPS, and simultaneous. This is favourable when using a depth profiling with focused
ion beam. Generally, because of high signal background, AES requires lock-in technique
for data acquisition. The electronics of VSW energy analyzer were also designed for such
purpose. AES is also sensitive to the chemical shift [178]. Nevertheless, lack of database and
complicated peak shape analysis making it less popular compared to the XPS.

We used a commercial electron gun (model EG5, VSW Atomteck Ltd.) designed for
AES. Max. beam energy is 5 keV (tunable), spot size range 0.25–25 mm, working distance
(w.d.) 10–25 cm (current w.d. is 18 cm). Focus settings of the beam at different energies on

Figure G.1: The picture showing the sample holder at the center of the chamber with

a scintillator crystal (3mm thick, φ 9 mm YAG:Ce crystal, from Plano) on top, which is

illuminated by a focused electron beam from EG5. X-ray tube and ion-gun front are also

shown.
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Figure G.2: A selection of our test Auger electron spectra from a sample holder at the

carbon and oxygen region. Oxygen KLL peak is obvious, and also smaller peak at carbon

KLL, both are matching with the database. Plasma treatment reduced the carbon amount,

indicating a desorption of carbon molecules from the surface.

the sample center can be determined using a scintillator, as pictured in Figure G.1. Apart
from AES, the electron gun can also be used as charge neutraliser for XPS when measuring
insulated materials. Test on AES system was done on a bare steel sample holder. The first
spectrum was taken without any pre-treatment to the sample holder, the results were shown
in Figure G.2. Afterwards, it was treated in the preparation chamber using hydrogen plasma
for 15 minutes at 200 ◦C. Then the second spectrum is taken. Results show that the carbon
peak is disappeared after plasma treatment, indicating a desorption of carbon containing
molecules. This test proves a successful installation of AES which can be used for material
characterizations in future.
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