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1 Introduction: Self Assembly of particles at templated surfaces

Why do different materials feature so different properties? Why do metals conduct heat and current so
easily? Why does magnetite have such remarkable magnetic properties? To answer these questions,
one has to delve into the very fundamental building blocks of matter, atoms, and their quantum
interactions. The physics will seem to behave in a very surprising way, far away from classical
intuition. Now a question arises: how do we connect those two worlds? Starting from the atom,
if one wants to build larger and larger systems, an intermediate world will emerge, where macroscopic
properties start to emerge while being still deeply affected by microscopic behavior. The quantum
size induces effects that are opening the way to a lot of applications. Among those systems, magnetic
Nanoparticles (NPs) are attracting a lot of attention. But even more interesting properties can emerge
when NPs are collectively organized. Such Nanoparticle self-assemblies rely on well-known interactions
and evolve in a limited number of time and length scales. This allows them to be used in numerous
applications: for example to create plasmonic devices [1], to maintain a cell alive [2], or to store data
[3].

The nano-organization of NPs can be achieved using different techniques that can be separated
into two categories. On the one hand, "top-down" approaches such as lithography create nanoscale
systems by shaping a much larger starting material. This allows great control of the structure but
it becomes fastidious for a large system. On the other hand, a "bottom-up" approach based on
self-assemblies provides a cost-effective way to produce complex and large-scale systems. In self-
assemblies, non-covalent interactions between NPs are driving the construction of complex architec-
tures. A first approach to control the result of self-assembly is thus to tune those interactions by
tailoring the NPs’ properties (e.g. size, shape, or composition). In particular, magnetic NPs interact-
ing via dipolar interactions can be used to produce a lot of various self-assemblies [4, 5, 6]. Several
parameters can be used to obtain the different architectures. Changing the constitution of the NPs,
of the medium, or applying an external magnetic field are some ways to control the result of the
self-assembly. Using mixtures of NPs of different natures can also allow to access interesting config-
urations. Among the different self-assembled structures are the layers at an interface that presents
numerous applications in biology, spintronics, data storage, microfluidics, or optics [7].

A promising approach to creating layered self-assemblies at an interface is the use of a magnetic
template. The principle is to order the NPs along with magnetic domains present in the template.
The interaction happens between the magnetic dipole of the NPs and the magnetic field produced by
the template. This idea has been investigated by A. Saini et. al. [7]. In this experiment, non-magnetic
NPs are placed in a ferrofluid and thus exhibit an effective magnetic moment. The NPs solution was
placed on top of a Terbium-Cobalt thin film that features magnetic domains with an out-of-plane
magnetization. They observed the self-assembly of NPs in a layer strongly bound to the template and
probably pinning of NPs to the domain walls of the template.

In the present work, I will report the experimental investigation of Tb-Co thin film. The goal is
to identify how the thickness and the composition of the film influence the structure of its magnetic
domains.
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2 Magnetism and Tb-Co Alloy

2.1 Ferromagnetism and Ferrimagnetism

In this section, I will first introduce the microscopic description of magnetism in ferromagnetic, anti-
ferromagnetic, and ferrimagnetic materials. This will allows us to get an understanding of the magnetic
properties in Tb-Co films.

Applying an external magnetic field to a ferromagnetic material results in a magnetic moment that
will remain even after removing the external field. When measuring the magnetization while varying
the external field, this behavior results in a hysteresis as pictured in the figure 1. This curve provides
a measurement of the magnetization MR remaining at zero external fields called remanence and of
the external field HC necessary to demagnetize the material called the coercivity. Additionally, when
the applied magnetic field Hext becomes very large, the magnetization reaches a plateau at a value
called saturation magnetization.

To understand the origin of those macroscopic properties, it is necessary to consider the microscopic
constitution of the material. The atoms of a ferromagnetic material possess a magnetic moment due
to the unbalanced spins of unpaired electrons. For example, the 4d electronic shell of Cobalt contains 7
electrons and thus 3 unpaired ones. To Minimize the exchange energy, the spins of these 3 electrons are
aligned leading to a non-zero magnetic moment per atom. In addition to this spin-induced magnetic
moment, the orbital motion can have a significant contribution to the global magnetic moment. This
contribution depends on the interaction between the orbitals and the surrounding. A useful simple
picture for a ferromagnetic material is thus to model it by an array of magnetic dipoles interacting
with each other. In a ferromagnetic material, the exchange interaction between the dipoles has an
energy minimum when the dipoles are aligned. Thus, the dipoles will form domains where they are
aligned in the same direction. When an external field is applied, all the dipoles will align with the
magnetic field leading to a single domain state where all the dipoles are aligned. Stabilized by the
exchange interaction, this state will remain even after removing the magnetic field thus leading to a
remanence. Indeed, it costs energy to rotate the moments into a non-aligned state. Another kind
of magnetic material is formed by anti-ferromagnetic materials. In these materials, the exchange
interaction between the moments has the lowest energy when the moments are anti-aligned as shown
in the figure 2. Thus, the resulting total magnetization is equal to zero. A more complete description
of ferromagnetism can be found for example in [8].

Figure 1: Schematic of a typical hysteresis
curve of a ferromagnetic material.

Figure 2: Schematic representation of the spin
configuration in ferromagnetic, antiferromag-
netic, and ferrimagnetic materials.
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A third kind of magnetism can be identified called ferrimagnetism. It is for example observed
in magnetic oxides (ferrites) and rare-earth-transition metals. The Tb-Co alloy belongs to this last
category and thus exhibits a ferrimagnetic behavior. The macroscopic properties of a ferrimagnetic
material are similar to the one of a ferromagnetic material. It features a hysteresis curve with a
non-zero remanence. However, the microscopic configuration is similar to an antiferromagnetic ma-
terial: magnetic moments of each specie tend to be in an opposite direction. The difference with
antiferromagnetic materials is that those magnetic moments have a different magnitude leading to
a non-zero magnetization even in this anti-aligned state. There is a finite temperature at which the
magnetizations of the two constituents cancel each other, this is called the magnetic compensation
point. By changing the proportions of the elements constituting the ferrimagnetic material, one can
tune this behavior. In the case of the Tb-Co alloy, terbium atoms feature 5 unpaired electrons com-
pared to 3 for the cobalt. Furthermore, terbium’s electrons have a higher angular momentum (l = 3).
Thus terbium atoms have a stronger magnetic moment. The antiferromagnetic-like interactions are
due to a negative exchange coupling between Tb 5d electrons and 3d Co electrons [9]. The system
feature a compensation point at room temperature when the alloy contains 22% of terbium atoms
[10].

2.2 Magnetic Anisotropy in Thin Tb-Co Films

Magnetic anisotropy is defined by one or several directions in which the magnetization is energetically
favorable. A lot of different phenomena can be responsible for an easy axis of magnetization. For
example, in a crystalline material, some crystallographic axes can direct the magnetization in their
direction [11]. This magneto-crystalline anisotropy is however not possible in an amorphous material
as is the case of Tb-Co alloys. In the case of a thin deposited film, other processes can generate
magnetic anisotropy. First, the symmetry loss at the interfaces results in a surface energy contribution
in favor of an in-plane magnetization [12]. The second main origin for magnetic anisotropy is the
planar stress due to the constraints of the surface. In Tb-Co films, an out-of-plane anisotropy has
been measured in addition to the in-plane anisotropy induced by the confinement. The contribution of
the substrate constraints has been singled out and appears to be only responsible for a small fraction
of the out-of-plane anisotropy [13]. In fact, it appears that the origin of the out-of-plane anisotropy
lies in the growth process of the film.

A consistent explanation for the main origin of the out-of-plane magnetic anisotropy in Tb-Fe
thin films has been brought by V.G. Harris and T. Pokhil in 2001 after three decades of investigation
[14, 15]. The use of extended X-ray absorption fine structure allowed Harris et al. to measure an
anisotropy in the atom distribution [16]. They observed excess of Tb-Tb and Fe-Fe near-neighbor
in the film plane compared to the growth direction. On the other hand, Tb-Fe neighbors were
in excess in the growth direction. This anisotropic atomic environment generates an anisotropic
electrostatic field that will act on Tb and Co electronic cloud. As shown by the first-principles
band structure calculations conducted by R. Coehoorn [17], for rare earth-transition metal systems,
the main contribution to anisotropy comes from the interaction between the aspherical electrostatic
potential at the Tb atom and its aspherical 4f shell charge density. Indeed, the anisotropic neighbor
environment of Tb generates aspherical valence charge densities. These aspherical charge densities
induce an aspherical electrostatic field. The interaction between the electrostatic field, and the 4f
shell, which is also aspherical, features a minimum when the 4f charge density is aligned in the out-
of-plane direction. Due to the spin-orbit coupling, the spin-induced magnetic moment of the 4f shell
will also feature this out-of-plane easy-axis.

The reason for the direction dependency of neighbor atoms lies in the growth process. Indeed,
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amorphous Tb-Co films are grown using the sputtering deposition method. The method consists of
the ejection of atoms from a "target" to a substrate on which they are deposited. The ejection, also
called sputtering, is performed using a plasma of ions (typically Ar+) that are accelerated to the target
using a high voltage between the target and the substrate. In practice, it is also possible for ions to
be reflected from the target retaining its kinetic energy. In this case, the ion can reach the substrate
and eject an atom already deposited on the substrate. This phenomenon is called resputtering. To
resputter an atom, the ion needs sufficient energy to break the binding to the surface. This energy
threshold depends on the resputtered atom and on the atoms to which it is bounded. Harris et al.
computed the threshold energy of the possible configuration in Tb18.6Fe81.4 [15]. It appears that
there is a range of energy providing a selective resputtering of Fe atoms as depicted in the figure 3.
Only the Co atoms are likely to be resputtered if the ions have an energy below the threshold energy.

Thus for a certain ion energy range, Co-Co bounds will be selectively destroyed with a higher
frequency leading to an excess of Tb-Co neighbors in the growth direction. The anisotropy in the
atom’s neighborhood and thus the magnetic anisotropy is thus highly dependent on the sputtering
conditions. In particular, the bias voltage and the gas pressure need to be controlled to obtain a high
anisotropy.

Figure 3: Schematic of the resputtering process (on the top) and the different qualitatively ordered
by resputtering energy.

2.3 Domains

In ferrimagnetic material, like in ferromagnetic material, the magnetization can be explained at the
microscopic level in terms of domains. Within one domain the magnetization is uniform, the moments
of one atom specie are all aligned in one direction while the moments of the other specie are antialigned.
The domains are delimited by domain walls to which correspond a certain cost of exchange energy.
This wall energy competes with the magneto-static energy leading to an equilibrium that defines
the domain structure. In the case of a magnetic thin film, the material can usually be studied as a
two-dimension object divided into 2D domains. We expect the equilibrium to be influenced by the
properties of the film such as its thickness, its composition, or even the mechanism leading to the
formation of the domains. More information about the domain theory can be found for example in
[18].
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3 Thin Films of Tb-Co

In this section, the experimental details concerning the creation of the samples will be presented.
Also, the characterization of the thickness, structure, and composition of every sample is detailed.

3.1 Introduction

The choice of Tb-Co alloy to produce magnetic domains is motivated by the observations of Andreas
Frisk et al. [19]. They highlighted the tunability of Tb-Co magnetic properties by varying the com-
position. Furthermore, the repercussion of the composition on the elongated magnetic domains has
been observed. The size of the domains shows a dependency on the composition and their orientation
can be controlled using a growth field or a composition gradient. Regarding these results, we are
expecting to observe elongated domains for compositions at least for 500 Å thick films containing
8.5% to 13% atoms of terbium.

3.2 Growth of the Samples

To produce Tb-Co films with controlled composition, it is necessary to calibrate the atom flux of
the sputtering machine for terbium and cobalt. This calibration is performed by producing films of
pure cobalt and films of pure terbium using several sputtering powers. Then, the thicknesses of the
films are measured using X-ray reflectivity (XRR). The treatment of XRR data will be discussed in
a following section. Using tabulated lattice parameters for the Co and Tb crystals, we can compute
the surface density of atoms that have been deposited and then the flux. The results are presented in
the figure 4. For both Tb and Co, the flux of atoms appears to follow a linear relationship. A linear
fit of the data provides a linear relation to computing the power providing the desired flux of atoms.

The tabulated lattice parameters used to compute the flux of atoms might be different from the
actual properties of the grown material introducing an error in the flux calculation. Furthermore, we
can expect the sputtering system to behave differently when both targets are open. For example,
the accommodation of the atoms on the growing sample might be affected by the nature of the
sample, whether it is a pure crystalline structure or an amorphous alloy. Thus I proceeded to a finer
calibration by measuring the composition and thickness of two Tb-Co alloy films. Using the result
of the coarse calibration, one film with a predicted thickness of 300 Å , a predicted composition
of 10% Tb, and one of 12% Tb were fabricated. The thicknesses were measured with XRR to be
respectively 310 Å and 300Å. This measurement is in good agreement with our calibration-based
prediction despite the assumptions made. Indeed, to estimate the density of atoms in amorphous
Tb-Co, I used the density of each pure crystal weighted by the percentage of atoms. This is of
course a coarse approximation. The compositions of the two samples were measured using Rutherford
backscattering spectroscopy (RBS) at the Tandem Laboratory at Uppsala University. The treatment
of RBS data will be discussed in a following section. Unlike the thickness, the composition has been
measured to be very different from the one expected with the calibration. Indeed, the first sample
features 8.5% of terbium instead of 10% and the second one 13.5% instead of 12%. The power
dependency of Co appears to have a nonlinear behavior, the line crossing the two points doesn’t cross
(0, 0). I will use the measurement on these two alloy samples to choose the sputtering powers of the
next samples.

To investigate the influence of the composition and the thickness on the magnetic properties of
Tb-Co films, 10 samples have been produced with the compositions and thicknesses described in the
table of the table 1. 9 of the 10 samples are produced with compositions that correspond to the
one which produced interesting domains in the work of Andreas Frisk et al. [19], namely 8.5%, 11%,
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Figure 4: Measured atomic flux (triangle and circle) and associated linear regression (dashed-line and
line) for the terbium and cobalt.

Composition 8.5% 11% 13.5% 22%
PTb 10W 12W 16W 24W
PCo 90W 85W 88W 73W

Thicknesses
150 Å 150 Å 150 Å
300 Å 300 Å 300 Å 300Å
600 Å 600 Å 600Å

Table 1: Sputtering powers used for the 10 samples
fabricated.

Figure 5: Representation of the structure of the
samples. The width d of the Tb-Co layer and
its composition is the only difference between the
samples.

and 13.5% of terbium. In addition, one sample was grown with 22% of terbium, the composition
corresponding to the compensation point at room temperature. The samples with 8.5% and 13.5%
of terbium are grown using the same sputtering powers as the two calibration samples. The suitable
powers necessary to produce the other compositions are extrapolated by assuming an affine relation
between the sputtering flux and the power. The structure of the samples is presented in the figure
5. The alloy films are deposited using the magnetron sputtering technique on a silicon wafer that
features a thin oxidation layer on top. A palladium layer of 30-60 Å thickness is deposited on top to
prevent the alloy from oxidizing.
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3.3 Sample Characterization

The X-ray reflectivity at small angles has been measured for every sample. The intensity of a Cu Kα

X-ray beam reflected on the sample is measured in a 2θ configuration. This means that the angle
θ between the source and the sample plane is the same as the angle between the detector and the
sample plane as depicted in the figure 6. These measurements are performed for 2θ varying from 0◦

to 10◦. More details about the XRR technique can be found for example in [20].

Figure 6: Picture of the XRR machine used for the measurements. The system is in the "2θ"
configuration in the picture.

Typical results of an XRR measurement are presented in the figure 7. Below the critical angle, the
reflection is supposed to be total. However, not the entire X-ray beam touches the sample because
of the sample’s finite size. This is why we observe an increase in reflectivity at very small angles.
Then, when the incident angle becomes superior to the critical angle, we observe a decrease in the
reflectivity following a θ−4 law. The decrease is also influenced by the roughness of the surface. This
decrease is modulated by oscillations due to the interference of X-ray waves reflected by the different
interfaces. The shape of these oscillations will thus depend on the thickness and electron density of the
layers. Furthermore, the roughness of the surface also affects the amplitudes of the fringes. In all the
curves measured, we identify two oscillation frequencies, one of low angular frequency and one of high
angular frequency. The frequency is linked to the thickness between two interfaces, and in particular
to the thickness between interfaces and the surface. We can thus associate the long oscillation with
the Pd/Tb-Co interface (≈ 50 Å deep) and short oscillation with the Tb-Co/Si interface (≈ 150 Å to
600 Å deep). By modeling the sample with an electron density profile with those parameters, it is
possible to model the resulting XRR curve. Thus, it is possible to fit the model to the experimental
data and obtain the value of the different parameters. This process has been done using the software
GenX [21].
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Figure 7: XRR data from a sample with a
600 Å thick Tb-Co layer and one with a
150 Å thick Tb-Co layer (multiplied by 103 for
clarity). The red lines correspond to the result of
the GenX model.

CTb

d
150 Å 300 Å 600 Å

Tb: 8.5% 157 Å 290 Å 608 Å

Tb: 11% 141 Å 269 Å 554Å

Tb: 13.5% 156 Å 308 Å 602Å

Tb: 22% 319 Å

Table 2: Thickness of the Tb-Co layer mea-
sured by XRR compared to the predicted val-
ues.

In GenX, the model used takes three fitting parameters for each layer: the thickness, the roughness,
and the electron density. The characteristics of the X-ray beam and the sample are known from the
experiment except for the intensity of the beam that is tuned thanks to the beginning of the curve.
Two examples of the modeled curve are shown in the figure 7. For the curve on the top, the model is
in good agreement with the experimental data only for 2θ < 5◦. It hasn’t been possible to obtain a
better agreement by varying the parameters of the model. This deviation between the model and the
measurement could come from a gradient of composition within the alloy layer or a non-homogeneity.
For example at the interface between Si and Tb-Co, the two species could have been deposited
in an island-like structure before blending in an alloy. Such particularities are not included in the
model which thus can’t correctly describe the experimental data. However, the frequency of the
fast oscillations still fits very well which allows a high degree of confidence in the thickness of the
Tb-Co layer. On the bottom curve, the alloy layer is 4 times thicker than in the previous example.
Thus, the amplitude of the fast oscillations is much lower. In this case, the difficulty to fit the slow
oscillations prevents the program from fitting correctly the Tb-Co layer’s thickness. The estimation
of the thickness was thus less reliable in those cases. The thicknesses of the Tb-Co layers measured
on all 10 samples are presented in the table 2. We observe some important deviations from the
predictions. In particular, if we look at the samples with the same concentration, we don’t obtain a
factor two and four as expected between the thicknesses. The only difference between these samples
is the duration of the growth. This observation suggests that the growth rate isn’t constant. During
the growth, the power supplies of the Cobalt target showed an increase in voltage during the growth
(while the power was kept constant). This could induce a fluctuating flux of atoms. For the purpose
of our research, these deviations between the expected and measured thicknesses are not a problem
since very precise thicknesses are not necessary as long as they are monitored.

Additionally, grazing incidence diffraction has been performed. This measurement is done with
the same setup but in a different configuration. The source is static, forming an incident angle of
2◦ with the sample. The choice of the incident angle allows to control the depth of penetration of
the beam inside the sample and thus control which layer will be scanned. With the angle of 2◦, the
X-rays penetrate deep enough to scan at least the properties of the palladium and Tb-Co layers. The
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detector is moved to scan the intensity for a reflection angle going up to 90◦. The measurement has
been performed on one sample to verify the amorphous nature of the Tb-Co deposition. The result
is presented in the figure 8. The curve reveals no sharp peaks that would indicate the presence of a
crystalline structure. We only observe a very broad peak around θ = 40◦ which is characteristic of an
amorphous material.

Figure 8: XRR measurement in the grazing configuration for the sample with 308 Å thickness and
13.3% terbium. The incident angle was 2◦.

The composition of each sample has been measured using Rutherford Back-Scattering Spec-
troscopy (RBS) at the Tandem laboratory. The He4 ions beam was sent to the target with an energy
of 2Mev and an incident angle of 5◦. The detector is placed at an angle of 170◦. Finally, the samples
were wiggled up to 2◦ during the measurement to prevent channeling effects. The samples studied
are composed of four elements with very distinct mass. This allows distinguishing clearly the four
elements on the RBS spectrum as sown in the figure 9. An element present in a thin layer will produce
a sharp peak in the ions’ count. Ions back-scattered by heavier elements have larger energy, we can
thus identify the peaks corresponding to each element by ordering them by mass. The Si substrate is
very thick compared to the other layers. Thus, ions can penetrate deeply into this layer and lose their
energy to the electrons before eventually being back-scattered. This loss of energy is called electronic
stopping and, for the thick layer of Silicium, results in a wide band at low energy. This effect is weak
for atoms that are back-scattered by the thin layers because they don’t go through a lot of matter
and thus don’t interact with a lot of electrons.

I used the software SIMNRA [22] to simulate the spectrum given the experiment parameters.
Calibration of the energy axis is necessary to make the experimental data correspond to the simulation.
An affine function is applied to the energy axis. To tune the calibration, we can use the position of
the sharp peaks since they are well identified. The position, width, and height of the peaks and
the Si band are depending on the atom density of the element. I tuned the atom densities of each
element until obtaining the closest match between the experimental curve and the simulated curve.
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Figure 9: RBS spectrum measured (in red) for the
sample with an alloy layer 150 Å thick containing
8.5% terbium. The simulation (in blue) has been
realized using Simnra.

CTb

d
150 Å 300Å 600 Å

Tb: 8.5% 9.2% 8.1% 9%

Tb: 11% 11.1% 11.3% 11.1%

Tb: 13.5% 13.9% 13.3% 13.8%

Tb: 22% 21.8%

Table 3: Proportion of terbium atoms mea-
sured by RBS compared to the predicted val-
ues.

As depicted in the figure 9, it is possible to achieve a very good agreement between the simulation
and the experimental data. The results of the terbium composition of every sample are presented
in the table of the table 3. The uncertainty on the concentration of terbium is 2%. The measured
compositions are very close to the predicted values.

Since the simulation of SIMNRA is using the atom density, it is also possible to evaluate the
thickness of each layer using the data of the RBS experiment. We clearly observe an increase by a
factor of 2 of the atom density between 150 Å samples and 300 Å samples and between 300 Å samples
and 600 Å samples. However, the uncertainty is too important to compare samples of the same
predicted thickness.
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4 Investigation of the Tb-Co Thin Films Magnetic Properties

In this section, I will present the result of the experimental investigation of Tb-Co magnetic properties.
The hysteresis curves have been obtained using Moke and SQUID measurements. Finally, MFM images
of the magnetic domains will be presented.

4.1 Magnetic Hysteresis Curves

The magnetic hysteresis curves have been measured with two different methods. First, some measure-
ments of the out-of-plane magnetization have been performed using the magneto-optic Kerr effect
(MOKE) method. In addition, Peter Svedlindh performed some measurement of the out-of-plane
and in-plane magnetization using a magnetic properties measurement system (MPMS) which rely
on a SQUID (superconducting quantum interference device). An important difference between the
two measurement methods is that MPMS provides quantitative values for the magnetization while
MOKE doesn’t (it could but it requires a long calibration process). However, the numerical values
of the magnetization are not of interest here. All the magnetic hysteresis curves presented here are
normalized by the saturation magnetization MS.

Figure 10: Comparison between the magnetic
hysteresis curves measured with MOKE and
SQUID. The alloy layer was 308 Å thick and
contained 13.5% of terbium.

Figure 11: Comparison between the magnetic
hysteresis curves measured with MOKE and
SQUID. The alloy layer was 554 Å thick and
contained 13.5% of terbium.

The data from the two measurement methods have mainly been used in complement but some
hysteresis curves corresponding to the sample have been measured by the two methods. The com-
parison of the analogs curves reveals some interesting differences. For example, the figure 10 shows
the two measurements performed on a sample with an alloy layer 308 Å thick containing 13.5% of
terbium. The coercitive magnetic field appears higher when measured by MOKE (≈ 43mT) compared
to the SQUID measurement (≈ 25mT). This difference can be explained by the local nature of the
MOKE measurement. Indeed, the MOKE measurement relies on the interaction between a laser beam
and the surface. Thus, the magnetic properties measured are only the ones from the surface that is
illuminated which corresponds to only about 1mm2. This is not the case for the SQUID measurement
which concerns the global magnetization of the sample. For materials with high coercivity, as is the
case here, the exchange energy is important so the spins will be arranged in large magnetic domains.
If the size of these domains is of the same order of magnitude as the width of the MOKE laser, the
MOKE will measure a magnetization that corresponds only to the domain it illuminates and not to
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the whole material. In the case presented in the figure 10, the laser was illuminating an area that
stays magnetized at a higher field than on average on the whole sample. The figure 11 shows a
similar comparison on the sample with an alloy layer 554 Å thick containing 13.5% of terbium. For
this thicker sample, we observe a smaller hysteresis indicating that the film is less ferromagnetic and
should thus feature smaller domains. This observation is coherent with the comparison between the
MOKE and SQUID measurements. Indeed, the difference is much smaller for this thicker sample.
The domains being smaller, the magnetization is averaged even for the MOKE measurement. The
domains are probably much smaller than the laser beam size.

As we have seen previously, the confinement of the alloy in a thin film introduces an easy mag-
netization in the plane. This means that the thinner the film, the easier it will be to align the spins
in a direction within the plane. The in-plane magnetization of the sample with 13.5% terbium has
been measured with a SQUID. Three alloy layer thicknesses were available: 156Å, 308Å, and 602Å.
The hysteresis curves are presented in the figure 12. The striking information given by this plot is the
reduction of the saturation field when the sample is getting thinner. This observation is in agreement
with the prediction: the confinement of the alloy induces an easy magnetization in the plane. This
provides us with a way to tune the in-plane magnetization.

The influence of the thickness on the out-of-plane magnetization has also been investigated. A
comparison of the hysteresis curves for different thicknesses for the samples with 13.5% terbium and
11% terbium are respectively plotted in the figures 13 and 14. Unlike in the in-plane measurement,
the out-of-plane magnetization seems to be easier in thick samples. For the samples with 13.5%
terbium, the 602 Å and 308 Å thick samples feature a very similar hysteresis curve but the curve
of the 156 Å thick sample is very different. If we compare the evolution of the in-plane and the
out-of-plane magnetization, it appears that the saturation fields of the two become comparable when
the layer thickness decreases to 156Å. For the samples with 11% terbium, the effect of the thickness
is already present when comparing the 554 Å and 269 Å thick samples. In this case, comparing the
out-of-plane to the in-plane observations (see annex figures 26 and 27) reveals that the saturation field
is already comparable for the 269 Å thick sample. Considering these observations, the out-of-plane
magnetization’s dependency on the thickness is probably due to the competition with the in-plane
easy magnetization. As the thickness decreases, the out-of-plane anisotropy decreases.

In the figure 15, the comparison of the hysteresis curves of the out-of-plane magnetization for
Tb-Co layers of the same thickness (≈ 300Å) reveals an important influence of the composition on
the magnetic properties. In particular, the out-of-plane anisotropy becomes less and less important as
the proportion of terbium atoms decreases. This could indicate that the selective resputtering process
is dependent on the amount of terbium.
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Figure 12: Comparison of the hysteresis
curves of the in-plane magnetization for sam-
ples containing an alloy with 13.5% terbium.
All three curves have been measured using
SQUID.

Figure 13: Comparison of the hysteresis
curves of the out-of-plane magnetization for
samples containing an alloy with 13.5% ter-
bium. The curve corresponding to a layer
of thickness 156 Å has been measured with
SQUID, the other two with MOKE.

Figure 14: Comparison of the hysteresis
curves of the out-of-plane magnetization for
samples containing an alloy with 11% ter-
bium. The curve corresponding to a layer
of thickness 140 Å has been measured with
SQUID, the other two with MOKE.

Figure 15: Comparison of the hysteresis
curves of the out-of-plane magnetization for
Tb-Co layer of around 300Å. The curve corre-
sponding to 8.1% terbium has been measured
with SQUID, the other two with MOKE.
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The resputtering process that is responsible for the anisotropy is at first sight not directly in-
fluenced by the proportion of terbium atoms. To get a qualitative understanding of the reason for
this dependency I developed a very rough model that will be presented here. Let’s suppose that
the resputtering is only possible for the three configurations schematized in the figure 16. At first
order on the resputtering probability pR, the probability of replacing the Co atom with a Tb atom
is proportional to pRηTb with ηTb the proportion of Tb atoms. Furthermore, we can write for each
replacement the number ∆n of Tb-Co bounds created in the out-of-plane direction. By considering
that the anisotropy constant will be proportional to the number of extra Tb-Co bounds created in the
out-of-plane direction follows the equation:

K ∝ pR · ηTb ·
∑
config

∆n · pconfig, (1)

where we sum the bounds created over the considered configuration weighed by the probability of
having such a configuration. This model is very limited but it provides a simple function for the
dependence of the anisotropy constant with the proportion of Tb atoms ηTb:

f (ηTb) ∝ (1− ηTb) ηTb
(
3− 5ηTb + η2Tb

)
, (2)

which is plotted in the figure 17. It appears that the function features a maximum for ηTb =≈ 0.25.
Despite the simplicity of the model, it does feature the increase of out-of-plane anisotropy that is
observed when the terbium concentration increases from 8.5% to 13.5%. According to the model, a
maximum of anisotropy can be found for a certain terbium concentration.

Figure 16: Schematic of the replacement of the
top atom of the three most frequent configurations.
In the model, each replacement is supposed to be
happening with the same probability p · pR. Each
replacement leads to a certain number ∆n of Tb-
Co bounds created.

Figure 17: Dependency of the number of
Tb-Co bounds created on the proportion
of terbium atoms ηTb.
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4.2 Magnetic Domains Structure

The ferrimagnetic nature of the Tb-Co alloy introduces a domain structure of magnetization. The
sample is locally magnetized in one direction but at a large scale, regions with different magnetiza-
tion can coexist. As we have seen, the films of Tb-Co fabricated feature an important out-of-plane
anisotropy. Thus, two kinds of regions with an out-of-plane magnetization directed upwards or down-
wards will coexist separated by domain walls. To measure the geometric properties of these domains,
it is necessary to use a measurement method with a sub-micrometric resolution. To achieve this
resolution, we used magnetic-force-microscopy (MFM).

MFM is a local measurement performed by a magnetic tip that is interacting with the magnetic
field produced by the sample. The tip is oscillating at ≈ 60nm above the sample. The oscillation
is kept at a constant frequency using a PID feedback loop. If the magnetic tip is located above a
magnetized sample, it will be applied a certain force. Due to this force, the phase and amplitude of
its oscillations change. The measurement of the oscillation is thus an indirect measurement of the
magnetization of the sample. By scanning the phase of the amplitude of the tip over the sample,
it is, therefore, possible to map the magnetic domains producing the field above the surface. The
resolution is determined by the size of the tip and by the precision of the piezoelectric scanners used to
move the tip. It is estimated to be around 20 nm in the setup used. The stability of the piezoelectric
scanners also allows a scan over an area smaller than 40×40 µm. The microscope used is the Nanosurf
Mobile-S. Each scan is composed of 512×512 pixels and took between 30 minutes to 2 hours to be
measured depending on the acquisition time per line used. This is a relatively quick process that
allowed me to often search for magnetic domains in several locations, and with several resolutions.

MFM images of all samples have been performed. Magnetic domains are visible on most of
the samples and are appearing with a lot of contrast on the phase-shifting scans. The measured
phase-shifting images have been treated using the software Gwyddion. In particular, the background
noise has been removed from every image presented here. This has been done by fitting the data by a
polynomial and subtracting it. The color scale used indicates in orange the magnetization of the sample
in one direction and in blue in the opposite direction. The direction of the magnetization measured
depends on the magnetization of the tip which is unknown. Thus no quantitative information can be
extracted. However, the domains appear clearly on the maps.

In the figures 18, 19, and 20 are presented the magnetic map of samples with 13.5% terbium
respectively 150Å, 300Å, and 600 Å thick. In all of these images, some elongated domains are visible
forming a "maze-like" structure. The thickness of the domains seems homogeneous in the areas
scanned and no direction seems to feature a favored alignment. While these three structures look
qualitatively similar, the domains appear a bit thinner in the 300 Å sample. To measure quantitatively
the thickness of the domains, we can compute the 2D Fourier transform of the scanned image. The
2D Fourier transform of the image of figure 20 is presented in the inset of the figure 21 as an example.
The ring visible in the Fourier image corresponds to the presence of the domains. The radius of the
ring’s maximum is inversely proportional to twice the width of the domains. By plotting a radial
cut integrated over all the directions, we obtain a Gaussian-like curve that can be fitted to get its
maximum. This provides a method for measuring the width of the magnetic domains. This calculation
relies on statistics and is more precise if the amount of domain is larger. That’s why scans on a large
area are required. However, it is important to keep a resolution smaller than the domains so the
measurement noise doesn’t hide the Gaussian of the Fourier transform.
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Figure 18: MFM phase shifting map of the
sample just after the growth with 13.9% ter-
bium and 156 Å thick.

Figure 19: MFM phase shifting map of the
sample just after the growth with 13.3% ter-
bium and 308 Å thick.

Figure 20: MFM phase shifting map of the
sample just after the growth with 13.8% ter-
bium and 602 Å thick.

Figure 21: Radial profile of the 2D Fourier
transform (in the inset) of the MFM image
for the 13.5% terbium, 600 Å sample.
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Magnetic domains have been observed for all the samples containing 11% and 13.5% of terbium
atoms and also for the sample containing 8.5% of terbium and 300 Å thick. For the others sample, the
MFM scan only features the noise of the microscope. The widths of the domains have been measured
for all the samples presenting domains and the values are plotted in the figure 22. As we can observe in
the figure, no clear relation between the domain width and the thickness. Similarly, the width doesn’t
seem to follow a simple dependency on the composition. This suggests that the shape of the as-grown
domains depends in a complex way on the thickness and the composition. Additionally, it is not to be
excluded that the parameters of the growth can have an important influence on the formation of the
as-grown domains. For samples with the same terbium concentration, the powers used were the same
and only the time of growth was changed. Yet, since the power used was high, the voltage generator
wasn’t stable, and there were thus some differences in voltage during the growth. This introduces
a difference between the samples that is not taken into account in our thickness/composition study.
The variations of width observed on the as-grown samples are also very limited.

Surprisingly, only one of the samples with about 8.5% of terbium features domains. The MFM
image presented in the figure 23 also reveals a structure different from the ones observed in the
11.1% and 13.5% samples. The domains are much more elongated and better defined. It is not clear
what causes such a difference between the 8.5% sample of 300 Å and the two other thicknesses.
The elongation of the domain could be explained by the contribution of an in-plane magnetization.
Indeed, we’ve seen in the figure 15 that the out-of-plane anisotropy of the film diminishes when the
proportion of terbium gets lower. Thus the in-plane magnetization becomes more important which
could contribute in favor of long domains.

Figure 22: Comparison of the measured width of
every sample featuring maze-like domains. The
points are connected with dashed lines for liabil-
ity.

Figure 23: MFM phase shifting map of
the sample just after the growth with
8.1% terbium and 290 Å thick.

Two samples have been demagnetized using an external magnetic field with vanishing oscillations.
The MFM images of the two samples are presented in the figures 24 and 25. In both samples, a
visible evolution of the domains’ structure is visible. The domains are more elongated and their width
is different. Surprisingly, when measuring the width we observe a different evolution for the two
samples. The sample with 13.3% terbium shows an increase of the domains’ width from 0.40 µm to
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1.11 µm while the sample with 11% terbium shows a decrease of the width from 0.38 µm to 0.25 µm.
The difference in domain shape between the as-grown and the demagnetized state indicates that the
formation of the domains during the growth follows a different mechanism than in the completed film.
Indeed, during the growth, the formation of the domains starts from the first atoms deposited. The
first atoms that are deposited can form islands that will constitute a domain of the same magnetization.
Then, it is likely that the following atoms deposited will acquire a magnetization corresponding to the
atoms below. This results at the end of the deposition in a structure that is more island-like than the
one observed after demagnetization.

Figure 24: Comparison of the magnetic
domains after and before demagnetization.
The film contains 13.3% of terbium and is
308 Å thick.

Figure 25: Comparison of the magnetic
domains after and before demagnetization.
The film contains 11.1% of terbium and is
554 Å thick.

18



Preparation and Characterization of Tb-Co Magnetic Films Roméo Beignon

5 Conclusion and Prospects

In this work, thin films of Terbium-Cobalt atoms have been fabricated using the magnetron sput-
tering technique. Ten films with different thicknesses and terbium/cobalt ratios have been created to
investigate the influence of these parameters on the magnetic properties. The hysteresis curves of the
samples have been measured using MOKE and SQUID. The increase of the thickness from 150 Å to
600 Å induces an increase in the out-of-plane anisotropy compared to the in-plane anisotropy. Fur-
thermore, it appears that the amount of terbium is also a key parameter for out-of-plane anisotropy.
Indeed, a significant evolution of the out-of-plane magnetization is observed for a terbium concentra-
tion varying from 8.5% to 13.5%. This evolution is coherent with the resputtering mechanism that is
believed to be the origin of this anisotropy.

MFM images of the films have been produced to observe the shape of the magnetic domains.
Small elongated domains with a width of about 1 µm have been observed for 7 of the 10 samples.
The width of the domains is different between the samples, but no clear dependency with neither the
thickness nor the composition can be drawn. The sample containing 8.1% of terbium and 290 Å thick
features a singular domain structure with very long and contrasted domains. Two samples have been
demagnetized and reveal a different structure than the as-grown one. After demagnetization, the
width of the domains is different, and the domains are more contrasted.

In this study, only two parameters have been investigated: the thickness and the composition.
Yet, it appears that the deposition process is determinant for both the creation of the out-of-plane
anisotropy and the structure of the domains. Thus, parameters such as the sputtering power, the
deposition time, or the argon pressure could present some interesting means of controlling the domain
structure. Some experimental studies have been performed in that direction [14], but further experi-
mental work is required to understand how such parameters would influence the domain structure of
the film. Additionally, the control of the domain structure could be controlled by applying an external
magnetic field during the growth, a strain to the substrate, or even a gradient of composition as
suggested in [19]. A similar idea can also be applied to demagnetization. Indeed, we have seen that
important modifications to the domain structure can be caused by a demagnetization. Some biases
could impose a certain structure on the domains.

Experimental conditions presented in this work allow the creation of micrometric magnetic domains
in Tb-Co thin films. Such films will be produced to be used as magnetic templates for magnetic NPs
in further research.
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Appendix
In this section are presented all the experimental measurements that have been done on the samples but are
not featured in the report.

Figure 26: Comparison of the hysteresis
curves of the out-of-plane and in-plane mag-
netization for samples containing an alloy with
11% terbium and 269 Å thick.

Figure 27: Comparison of the hysteresis
curves of the out-of-plane and in-plane mag-
netization for samples containing an alloy with
11% terbium and 554 Å thick.

Figure 28: Comparison of the hysteresis
curves obtained by SQUID measurement of
the in-plane magnetization for samples con-
taining an alloy with 11% terbium with differ-
ent thicknesses.

Figure 29: Comparison of the hysteresis
curves obtained by SQUID measurement of
the out-of-plane magnetization for samples
containing an alloy with 11% terbium with dif-
ferent thicknesses.
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Figure 30: Comparison of the hysteresis
curves obtained by SQUID measurement of
the in-plane magnetization for samples con-
taining an alloy with 13% terbium with differ-
ent thicknesses.

Figure 31: Comparison of the hysteresis
curves obtained by SQUID measurement of
the out-of-plane magnetization for samples
containing an alloy with 13% terbium with dif-
ferent thicknesses.

Figure 32: Comparison of the hysteresis curves obtained by SQUID measurement of the out-of-
plane and in-plane magnetization for samples containing an alloy with 8.5% terbium with different
thicknesses.
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Figure 33: MFM image of the sample just
after the growth with 11.1% terbium and 554
Åthick.

Figure 34: MFM image of the sample just
after the growth with 11.1% terbium and 141
Å thick.

Figure 35: MFM image of the sample just
after the growth with 9.2% terbium and 157
Åthick.

Figure 36: MFM image of the sample just
after the growth with 9% terbium and 608 Å
thick.
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