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Abstract

Magnetic nanostructures are used both in applications for pa�erned media and

sensors as well as for fundamental research in, for example, magnonics. Fabrica-

tion of magnetic nanostructures by a focused ion beam (FIB) presents an alternative

to the commonly used lithography. Metastable �lms are a promising system for FIB-

induced pa�erning in the micrometer and sub-micrometer scale for the use in, e.g.,

magnon crystals and waveguides.

An example of the metastable �lms are the iron-nickel thin �lms because they can

grow epitaxially in the face-centered-cubic (fcc) structure and are paramagnetic (PM).

�e metastable �lms undergo a structural (fcc→ body-centered-cubic) and magnetic

(PM→ ferromagnetic) transformation upon ion-beam irradiation. �e growth of the

metastable Fe78Ni22 �lms has already been shown on Cu(100) single crystals. We

show in this work that the ion-beam-induced transformation makes it possible to

tune not only the magnetic saturation, but also the anisotropy of the Fe78Ni22/Cu(100)

with the focused ion beam (FIB).

�e applications call for a cheaper substrate and fundamental research would be-

ne�t from growing the metastable �lms on an insulating or a transparent substrate.

�ere are multiple alternative substrates that have suitable properties to support the

epitaxial growth of the metastable �lms, of which we chose three: Si(100), C(100),

and SrTiO3(100).

Si(100) is a material commonly used in the electronics industry, and therefore its

preparation is well known. To avoid a signi�cant la�ice mismatch between Si(100)

and Fe78Ni22, it is possible to grow a Cu(100) epitaxial bu�er layer on a hydrogen-

terminated Si(100) [H-Si(100)] surface. H-Si(100) can be prepared not only by the

conventional HF etching but also in Ultrahigh vacuum (UHV) by �ashing (brief heat-

ing to 1200 °C) and a consequent hydrogen termination. For this purpose a source for

atomic hydrogen and a heating stage for the Si-�ashing were built, which facilitated

the UHV method of H-Si preparation. �e growth and transformation of metastable

thin �lms of Fe78Ni22/Cu/Si(100) are presented.

C(100) is non-conductive, transparent and it has a similar la�ice mismatch to

Fe78Ni22 as Cu(100), and the growth of epitaxial fcc Fe �lms with an average thickness

of 4 monolayers has already been shown on it. We show that it is possible to clean
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the C(100) in UHV a�er deposition of the metastable �lms by spu�ering and etching

in atomic hydrogen and that it is possible to grow and transform the metastable �lms

on C(100). �ese �lms are not continuous, however, but consist of separate islands.

Auger electron spectroscopy and low-energy electron di�raction characterized the

composition and structure of the substrates and of the as-deposited Fe78Ni22 �lms on

Cu(100), Cu/Si(100) and C(100). �e Fe78Ni22 �lms on C(100) were also investigated

by scanning tunnelling microscopy. We investigated the properties of the Fe78Ni22

�lms by magneto-optical Kerr e�ect both prior and a�er the ion-beam irradiation

and we show the dependence of the magnetization on the ion dose.

Similarly to H-Si, the growth of a continuous Cu(100) bu�er layer by pulsed laser

deposition has already been reported on the SrTiO3(100), which is a prototype per-

ovskite oxide with a cubic la�ice at room temperature. It was not possible, however,

to obtain a Cu(100) bu�er layer on which the metastable Fe78Ni22 �lms would grow.

�e possibility to use a standard substrate such as the Si(100) is an essential step

towards applications in rapid prototyping of magnetic metamaterials (by using FIB)

and in suitability for mass production (e.g., by ion irradiation through a mask). �e

growth of the metastable �lms on diamond enables the use of new techniques (e.g.

magnetic transmission x-ray microscopy) for the characterization of the magnetic

nanostructures.



Kurzfassung

Magnetische Nanostrukturen werden sowohl in Anwendungen für strukturierte

Speichermedien und Sensoren als auch für die Grundlagenforschung eingesetzt, bei-

spielsweise in der Magnonik. Die Herstellung magnetischer Nanostrukturen durch

einen fokussierten Ionenstrahl (FIB) stellt eine Alternative zur üblicherweise verwen-

deten Lithographie dar. Metastabile Schichten sind ein vielversprechendes System

für die FIB-induzierte Strukturierung im Mikrometer- und Submikrometerbereich zur

Verwendung in, e.g., Magnonenkristallen und Wellenleitern.

Ein Beispiel für die metastabilen Schichten sind dünne Filme aus Eisen und Nickel,

da sie in der kubisch-�ächenzentrierten Struktur (fcc) epitaktisch wachsen können

und paramagnetisch (PM) sind. Die metastabilen Filme durchlaufen bei Ionenbe-

strahlung eine strukturelle (fcc→ kubisch-raumzentriert) und magnetische (PM→

ferromagnetisch) Transformation. Das Wachstum der metastabilen Fe78Ni22-Filme

wurde bereits auf Cu(100)-Einkristallen gezeigt. In dieser Arbeit wird gezeigt, dass

es möglich ist, mithilfe eines fokussierten Ionenstrahls nicht nur die magnetische

Sä�igung sondern auch die Anisotropie der Fe78Ni22/Cu(100) Schichten zu bestim-

men.

Die industrielle Anwendung erfordert ein kostengünstigeres Substrat im Vergleich

zu den Cu(100)-Einkristallen und die Grundlagenforschung würde von metastabilen

Schichten auf einem isolierenden oder einem transparenten Substrat pro�tieren. Es

gibt mehrere alternative Substrate mit geeigneten Eigenscha�en, die das epitaktische

Wachstum der metastabilen Filme unterstützen. Wir haben folgende drei Substrate

ausgewählt: Si(100), C(100) und SrTiO3(100).

Si(100) wird üblicherweise in der Elektronikindustrie verwendet, und daher ist die

Präparation dieser Ober�äche gut bekannt. Um die Gi�erfehlanpassung zwischen

Si(100) und Fe78Ni22 zu vermeiden, ist es möglich, eine Cu(100)-Epitaxieschicht auf ei-

ner Wassersto�-terminierten Si(100) [H-Si(100)] Ober�äche aufzuwachsen. H-Si(100)

kann nicht nur durch konventionelles HF-Ätzen hergestellt werden, sondern auch

in Ultrahochvakuum (UHV) durch kurzes Heizen auf 1200 °C und darauf folgende

Bedeckung mit Wassersto�. Zu diesem Zweck wurden eine �elle für atomaren Was-

sersto� und eine Heizstation für Si gebaut. Dadurch wurde die Präparation der H-Si

Ober�äche in UHV ermöglicht. Das Wachstum und die Umwandlung von metastabi-
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len dünnen Filmen aus Fe78Ni22/Cu/Si(100) werden beschrieben.

C(100) ist nicht leitend, es ist transparent und hat nahezu die selbe Gi�erkonstan-

te wie fcc Fe78Ni22(100). Das Wachstum von epitaktischen fcc-Fe-Filmen mit einer

durchschni�lichen Dicke von 4 Monolagen auf C(100) wurde bereits beschrieben.

Diese Arbeit beschriebt das Wachstum dicker fcc Fe78Ni22(100)-Schichten auf C(100)

und ihre Umwandlung zu ferromagnetischen bcc-Strukturen durch Ionenbeschuss.

Diese Filme sind jedoch nicht kontinuierlich, sondern bestehen aus separaten Inseln.

Wir zeigen auch, dass es möglich ist, die C(100) Ober�äche in UHV nach Abtragen

der Fe78Ni22 Filme durch Zerstäuben und Ätzen in atomarem Wassersto� zu reinigen.

Auger-Elektronenspektroskopie und Niedrigenergie-Elektronenbeugung charakte-

risierten die Zusammensetzung und Struktur der Substrate und der abgeschiedenen

Fe78Ni22-Filme auf Cu(100), Cu/Si(100) und C(100). Die Fe78Ni22-Filme auf C(100) wur-

den auch durch Rastertunnelmikroskopie untersucht. Wir haben die Eigenscha�en

der Fe78Ni22-Filme durch den magnetooptischen Kerr-E�ekt sowohl vor als auch nach

der Ionenstrahlbestrahlung untersucht und zeigen die Abhängigkeit der Magnetisie-

rung von der Ionendosis.

Ähnlich wie bei H-Si wurde das Wachstum einer kontinuierlichen Cu(100)-Pu�er-

schicht durch gepulste Laserabscheidung auf SrTiO3(100) in der Literatur beschrieben.

SrTiO3 ist ein Prototyp eines Perowskitoxids mit einem kubischen Gi�er bei Raum

Temperatur. Es war jedoch nicht möglich, eine geordnete Cu(100)-Pu�erschicht zu

erhalten.

Die Möglichkeit, ein Standardsubstrat wie Si(100) zu verwenden, ist ein wesentli-

cher Schri� für Anwendungen beim Rapid-Prototyping von magnetischen Metama-

terialien (unter Verwendung von FIB) und für die Massenproduktion (z. B. durch

Ionenbestrahlung durch eine Maske). Das Wachstum der metastabilen Filme auf

C(100) ermöglicht die Verwendung neuer Techniken (z. B. magnetische Transmis-

sionsröntgenmikroskopie) zur Charakterisierung der magnetischen Nanostrukturen.
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Chapter 1

Introduction

�e technological advances in the 20th century allowed the study of processes at

the surfaces on the atomic scale in ultra high vacuum (UHV) and thus gave rise to

surface science. �in �lms are a technologically signi�cant area of surface science

because of their importance in the fabrication of magnetic recording media (e.g. hard-

disc drives) and semiconductor devices (e.g. light emi�ing diodes). �e decrease in

the dimensions from bulk-like materials to thin �lms gives rise to new phenomena

in the properties of the materials. For example, the shi� in volume/surface ratio

changes the energy, which in turn varies the chemical reactivity, thermodynamic and

structural properties [1, 2]. In the 20th century, the understanding and improvements

in the growth of thin �lms in UHV enabled defect-free growth by, e.g., molecular

beam epitaxy (MBE). �e purpose of MBE is to deposit epitaxial thin �lms by the

transfer of atoms from a heated evaporation material to the substrate. Epitaxy (in-

troduced by L. Royer in 1928) is a connection of two Greek words epi (resting upon)

and taxis (arrangement), and it describes thin �lms in which the la�ice of the grown

�lm is crystalline and has a similar la�ice parameter like the underlying crystalline

substrate [1]. �e substrate plays this role because its proximity imposes an energetic

barrier to the relaxation of the thin �lm. UHV also allows employing measurement

techniques which use electrons for structural and chemical analysis because of their

large mean free path in the UHV, for example, low-energy electron di�raction (LEED)
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and Auger electron spectroscopy (AES). �e development of scanning probe micro-

scopies (SPM) revolutionized nanoscale investigations and allowed for measurements

of the surfaces with atomic resolution. A model case for MBE thin �lm growth and

SPM characterization is Fe on Cu(100), where the SPM allowed the measurement of

details with an atomic resolution which led to the realization that needle-shaped bcc

crystallites are responsible for the ferromagnetism (FM) of thin �lms [3–5]. It was

thought previously that fcc Fe might be FM [6, 7]. �e thin �lms of Fe/Cu(100) are

the starting point for our investigations.

Magnetic properties of materials fascinated humanity since the discovery of �rst

permanent magnets [8]. Magnetic materials can be divided into hard and so� magnets.

�e memory storage in nanodomains used in the hard-disc drives (HDDs) requires

high magnetic saturation and coercive �eld to avoid loss of information and thus

requires alloys described as hard magnets. �e so�-magnetic materials have a small

coercive �eld and enable the operation of �ux guides and magnetic logic elements,

which require fast switching rates at a low energy cost. Both categories require

improvement of existing and invention of new materials with the downscaling of the

magnetic elements and fabrication of magnetic nanopa�erns.

As the scienti�c understanding of magnetism evolved, many interesting e�ects

were discovered. In 1831, Michael Faraday for the �rst time experimentally veri�ed

the interaction of the photons with magnetic material [9]. He showed that polariza-

tion plane of light rotates when light is transmi�ed through a glass rod in a magnetic

�eld. A similar e�ect has been discovered in re�ection of the light from a polished

piece of magnetic material by John Kerr [10]. In the 20th century, it was possible to

describe, predict and experimentally verify magnetism of thin �lms mainly thanks

to the Faraday and Kerr e�ects as they proved to be very versatile tool to study

magnetism in thin �lms.
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1.1 Applications of magnetic thin films

�e control of the thin-�lm growth combined with a local change of the magnetic

properties enabled improvements in the microelectronics industry, of which the most

important are the HDDs and sensors. �ere also many approaches to magnetic nano-

pa�erning, such as ion-induced intermixing, ion-milling or the most commonly used

lithography. Ion-beam nanofabrication can either lead to the removal of FM material

on a paramagnetic (PM) substrate, a FM→PM or PM→FM transition, or to a change

of the coercive �eld or magnetic saturation [11].

An example of the applications of so�-magnetic nanopa�erns in thin �lms is the

fabrication of in-plane nanomagnetic logic (i-NML) [12]. �e i-NML consists of nano-

magnets and the change of the magnetization state of the nanomagnets represents the

binary information. Nanomagnetic logic in the i-NML requires a local tuning of mag-

netic anisotropy of the thin �lms, which is currently supplied by shape-dependent

in-plane anisotropy in Permalloy. Another option for the control of anisotropy is the

use of the magneto-crystalline anisotropy through the modi�cation of the atomic lat-

tice in the thin �lms. So�-magnetic nanostructures with tunable magneto-crystalline

anisotropy fabricated via ion beam irradiation are a good candidate for the use in

i-NML. �e reason is that such nanostructures can reduce the switching power while

their fabrication is technologically less demanding in contrast to, e.g. lithography.

A second example of the applications of so�-magnetic nanostructures with tunable

magneto-crystalline anisotropy fabricated via ion beam is the utilization of the wave-

like excitations of an array of electron spins. �e spin wave (SW) was (indirectly)

described already in 1929 by Bloch [13], and the quantum of SW oscillation has been

named magnon [14]. In other words, the SW is a propagating re-ordering of both

orbital and spin moments of atoms and is also de�ned as transport of magnons or

a spin current. Magnonics is an area of science describing transport and processing

of information by utilizing the wave-like properties (both amplitude and phase) of

the magnons [12, 15]. SWs have similar behavior as electromagnetic or acoustic

waves, and the magnon carries the information in spin angular momentum. �e
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wave nature of SWs moreover allows more e�cient data processing than the conven-

tional electronics because it allows for operations with clusters of information rather

than with single bits [16]. Magnonic crystals consist of volumes with periodically

alternating magnetic properties, where either magnetic saturation or anisotropy are

locally modi�ed to form a metamaterial. �e periodic arrangement then allows only

speci�c frequency ranges of the SWs to pass through and thus forms a band gap.

�e requirements for nanopa�erns forming a magnonic crystal are high saturation

magnetization, high Curie temperature (TC) and low magnetic damping. For actual

applications it is required that the magnonic circuits should be easy to prepare at

large scales. �e major drawback for magnonics with today’s magnetic materials are

usually the high energy losses prohibiting magnon transport over large distances.

�e major energy loss channels are usually magnon-magnon and magnon-phonon

sca�ering and eddy currents.

Magnonic circuits proved to be a viable candidate for processing of information

with a great extrinsic tunability of the logical elements [15]. Possible advantages

of all-magnon logic are that �rstly, the magnons have a low power consumption

because their propagation does not involve the movement of real particles as is the

case in electronics, where the electron transport leads to Joule losses. Secondly,

the magnon frequency can reach the range from THz to MHz with corresponding

wavelength range from nm to µm, and they transport information over macroscopic

distances. However, as mentioned previously, there is a demand for new materials

because the materials employed in magnon circuitry nowadays have rather high

losses which limit the spin-wave propagation down to a few micrometres. �is leads

to the development of new materials with lower magnetic damping and improving the

precision and speed of pa�erning, which are readily available by the �lms investigated

in this thesis. �e most commonly used materials in magnonics at the moment are

Y�rium Iron Garnet (YIG), Permalloy (Py) and Co-Fe alloys. YIG has low damping,

small magnetization and an insulating character [17]. Py is a so� magnetic alloy

of Ni and Fe optimized for low magneto-elastic coe�cients, with approx. twice the
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damping of YIG [18]. �e Co-Fe alloys have a similar SW damping to Py [19].

�e characterization of materials allowing the study of spin waves also places a

huge demand on the experimental techniques; an overview of the experimental tech-

niques can be found in [16]. A technique commonly used for SW measurement is

Brillouin light sca�ering microscopy, which uses the Stokes/anti-Stokes transitions

in the ferromagnetic material to measure the SWs [20]. Another example is ferro-

magnetic resonance (FMR), which is a robust method which measures the magneto-

dynamic properties of bulk-like ferromagnetic materials [21]. Magneto-optical Kerr

e�ect (MOKE) spectrometry uses the Kerr e�ect to measure the change in the magnet-

ization of a sample. In the scope of this thesis, we are going to measure the magnetic

properties of our thin �lms mainly by MOKE, because it has been implemented in

our UHV setup and therefore allows for in-situ measurements of our thin �lms [22].

1.2 Metastable iron films on Cu(100)

Epitaxial thin �lms of Fe on Cu(100) proved to be an exciting system to study the

in�uence of �lm thickness on structure and magnetism. �e TC of bulk Fe is around

770 °C, and above this temperature, Fe is paramagnetic (PM). At 911 °C, Fe undergoes a

martensitic phase transition and forms a γ -Fe, which is fcc and PM [23]. It is possible,

however, to stabilize γ -Fe at room temperature (RT) by depositing Fe on Cu(100),

because Cu has a very low la�ice mismatch to the γ -Fe and therefore promotes its

epitaxial growth up to a critical thickness of ≈ 10 monolayers (ML) [24]. �e thin

�lms (thickness ≤10 ML) of Fe/Cu(100) have a plethora of magnetic and structural

properties depending from the �lm’s thickness, which were investigated since the

very discovery of the epitaxial growth. �e connection between the magnetism

and structure was �nally resolved by Biedermann et al. in 2001 by STM analysis of

intermediate states of Fe thin �lms [3, 4].

�e growth of fcc Fe leads to three main Fe phases (portrayed in Figure 1.1), which

change with the thickness of the thin �lms. �e �rst 2 ML intermix with Cu because
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(a) (b) (c)

Figure 1.1 Fe growth regimes on Cu(100) exhibit three main structural and magnetic
properties. (a) below 4 ML, Fe has a bcc-like nanomartensitic structure, with out-of-plane
magnetization. (b) above 4 ML and below the critical thickness of 10 ML, the �lms are
epitaxial, fcc metastable and paramagnetic. (c) above 10 ML, the �lms spontaneously
transform into relaxed bcc stable ferromagnetic alpha-Fe phase. Adapted from [22].

100×100 nm2

15°

75°

[011]

[011]

fcc(100)bcc(110)

Figure 1.2 Scanning tunneling microscopy of an epitaxial 7-ML (1.3 nm) Fe/Cu(100) �lm.
�e overview image shows Fe with 3-ML high islands of random shapes. Green arrows
point to elongated protrusions in the as-deposited epitaxial �lm. �e detail with atomic
resolution portrays one of the elongated protrusions and con�rms that the elongated
protrusion is a strained bcc(110) needle embedded in the epitaxial fcc(100) Fe. �e rows
of atoms of the bcc (110) are rotated by 15 ° with respect to the rows of atoms of the fcc
(100). Adapted from [3].
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of the lower surface energy of Cu. Between 2 and 4 ML, the Fe is ferromagnetic (FM)

with out-of-plane magnetization; it has a nanomartensitic structure [25].

�e Fe �lms with the thickness between 5 and 10 ML are fcc Fe, which is PM. Above

4 ML, these �lms are metastable because the epitaxial growth forms a local energy

minimum in the energetic landscape of the Fe-Fe distance [24]. Such �lms exhibit

surface ferromagnetism with a bcc-like reconstruction [5]. At 9.5 ML, cooling leads

to a transformation into the more stable bcc phase [22].

Figure 1.2 portrays a 7-ML-thick fcc Fe �lm on Cu(100) measured by STM, with

three spontaneously created bcc “needles”. An image with atomic resolution on one

of these “needles” shows that the Fe organizes into a bcc(110) structure, which has

the rows of atoms rotated by 15° with respect to the fcc (100). �ere are four di�erent

crystallographic directions, in which the bcc unit cell can orient.

�e 5-10 ML thick Fe/Cu(100) are metastable and it is therefore possible to induce

their transformation into the more stable bcc state by the ion beam irradiation. �e

ion-beam irradiation has been successfully employed to the pa�erning of the thin

�lms and showed experimentally for 8-ML-thick Fe/Cu(100) [22, 26]. �e fabrication

of the ferromagnetic nanostructures in the metastable �lms does not lead to a signi-

�cant change in the topography or doping of the �lms; also, it involves only one step

in comparison to the multi-step lithography.

In the ion-beam-induced fcc-to-bcc transformation, the incoming ions create a

molten volume upon collision with the atoms of the thin �lm, which can recrystallize

into the more stable bcc structure [26]. According to the STM investigation of Shah

Zaman, the creation of a bcc nuclei is a rare process, with 2 × 10−6 bcc nuclei per

impinging ion [27]. Once the bcc nuclei has formed, it is a defect in the fcc la�ice of

the metastable �lm. �e bcc areas then serve as nuclei for the fcc-to-bcc structural and

magnetic transformation during the next thermal spike in their proximity. �us, an

ion beam can change the structural properties of the thin �lm (fcc to bcc), and, hence

its magnetic properties (PM to FM). Employing a focused ion beam (FIB) allows ion-

beam-induced magnetic nanopa�erning, for example, for the fabrication of i-NML or
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magnonic crystals.

Finally, the �lms with thickness above the critical thickness (10 ML) spontaneously

transform into the more stable bcc phase, because the energetical barrier imposed by

the substrate is overcome by the energetically more favourable bcc Fe phase.

It has been shown that the γ -Fe can be stabilized up to 22 ML by depositing in

carbon monoxide (CO) atmosphere [27, 28]. CO dissociates at the surface of Fe and

carbon is buried in the growing γ -Fe �lm, and oxygen �oats at the surface and serves

as a surfactant, promoting the layer-by-layer growth [28]. �e interstitial carbon

stabilizes the γ -Fe phase; this e�ect is in metallurgy called a ”γ -loop opener” [29].

�e critical thickness for the growth in CO atmosphere is 22 ML because, at this

thickness, the surface gets saturated by oxygen, and the CO dissociation cannot take

place anymore [27, 30]. Ion-beam-induced nanopa�erning has also been shown for

these CO-stabilized Fe/Cu(100) �lms [30, 31].

1.3 Metastable iron-nickel films on Cu(100)

�e metastable �lms of Fe/Cu(100) are not useful for applications, because they

have a small magnetic �eld and surface oxidation of the less-than-10-ML-thick �lms

leads to a change in their magnetic properties (e.g. spin-wave damping). �e min-

imum thickness useful for applications in magnonics is from our experience approx.

10 nm (50 ML). We showed that it is possible to remove the thickness limit by alloying

Fe with 22% Ni [30, 32, 33] and con�rmed the epitaxial growth of Fe78Ni22 up to the

thickness of 130 ML.

Ni is one of theγ -loop opener metals; it is fcc and has similar atomic size and la�ice

parameter as Fe and thus supports the formation of γ -Fe. Figure 1.3(a) describes the

evolution of the TC and the magnetic moment for di�erent concentrations of Ni in

the FexNi1−x alloy [34]. �e �gure shows a rapid decrease ofTC for Ni concentrations

below 50%, while the alloy remains fcc. TC is above the data range shown (1040 K)

for the bcc α-FexNi1−x . �e magnetic moment rapidly decreases in the region of the
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Figure 1.3 (a) Curie temperature and magnetic moment as a function of the Ni concen-
tration in an Fe-Ni alloy. �e bcc Fe is ferromagnetic with a high magnetic moment (µ)
andTC of 1040 K. �e magnetic moment andTC decreases when moving from the fcc side
to the transition region (around 25% Ni). Adapted from [34]. (b) Experimentally determ-
ined phase diagram showing the dependence of the structural and magnetic properties
of a Fe-Ni alloy on the residual gas pressure and the Ni concentration. �e Fe-Ni alloy
was grown by MBE on Cu(100). Adapted from [32].

fcc-to-bcc transition.

Figure 1.3(b) summarizes the experimental results from depositions of FexNi1−x
with a low Ni concentration at di�erent chamber backpressures in a phase diagram.

�ere are four regions in the phase diagram. For Ni concentration above 27%, the

Fe-Ni alloy has the fcc structure and is FM, irrespective of the residual gas pressure

(backpressure during deposition). At low Ni concentration and low backpressure, the

Fe-Ni alloy does not have enough stabilizing agents for the fcc phase and it therefore

grows as stable bcc α-Fe, which is FM. If, on the other hand, both the backpressure and

the Ni concentration are higher, the Fe-Ni alloy grows as stable fcc, which is PM and

it is not possible to induce the fcc-to-bcc transformation by the ion beam. In between

these two regions is the metastable region (dashed red line). We de�ne as metastable

thin Fe-Ni �lms, which can be transformed via ion beam from fcc to bcc, i.e. from PM

to FM. �e backpressure during deposition of these thin �lms mainly consisted of CO,

which is produced in the evaporator, which was also con�rmed by quadrupole mass

spectrometer. We can see that the metastable region is somewhat delicate to achieve.

At the same time, it does not de�ne the metastable region completely because further
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α-Fe

stable bcc

ferromagnetic

epitaxial γ-Fe
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paramagnetic 

Cu(100)

fcc

fcc

Fe75Ni25

bcc

Cu(100)
fcc

Fe75Ni25
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Figure 1.4 Ion-beam-induced transformation of the metastable fcc �lms. Results of total-
energy calculations for Fe75Ni25 show that the fcc structure is a metastable state separated
by an activation barrier with the bcc structure. �e scheme on the right portrays the
epitaxially-grown fcc Fe75Ni25 �lm which transforms into bcc (le�) a�er su�cient energy
is supplied by the ion beam. �e energy di�erence between the two structures is of the
order of 1.5 (mRy)/atom. Note that the volume of the bcc structure is larger than the fcc
structure. �e arrow symbolizes the ion-beam-induced transition.

investigations revealed that the e�ect of CO decreases with increasing Ni content

[33].

Figure 1.4(b) shows a calculation of the dependence of the energy in a Fe3Ni alloy

on c/a, which corresponds to the Bain path [34]. According to this calculation, the

fcc structure is at a local minimum and the bcc structure is the global minimum. In

case that the Fe3Ni grows in the local minimum [fcc - Figure 1.4(c)], it is possible

to induce a transformation from the local minimum to the global minimum [bcc -

Figure 1.4(a)] by supplying the energy necessary to overcome the activation barrier.

Ion beam can supply the energy to overcome the potential barrier, as was already

discussed in section 1.2. As a result, the �lm is transformed from the metastable fcc

to the stable bcc.

1.4 Substitution of the Cu(100)

A�er shi�ing the thickness limit for metastable �lms to higher values (as required

by many applications), the next limiting factor for the applications is the Cu(100)

single-crystalline substrate. In this thesis we study the growth of the metastable �lms
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on new substrates, which are relevant for research and industrial applications. �ese

are SrTiO3(100), Si(100) and C(100).

It has been shown that it is possible to grow an epitaxial Cu(100) �lm on both

SrTiO3 [35] and Si(100) [36–38], which could then potentially serve as substrates for

the epitaxial growth of the metastable �lms. SrTiO3 is a prototype perovskite oxide,

which is (in contrast to many other perovskites) cubic at RT and single crystals can

be purchased at moderate cost. �e crystallographic orientation might enable the

growth of an epitaxial Cu(100) bu�er layer. Si(100) is a commonly used substrate in

the microelectronics industry, and growth of the metastable �lms on this substrate

would be a signi�cant step towards applications.

Diamond as a substrate for the growth of the metastable �lms is interesting for elec-

tronics because of its high thermal conductivity, the lack of electrical conductivity and

chemical inertness for use in sensors. Fe creates chemical bonds to C and can, there-

fore, serve as a bu�er layer for electrical contacts of Cu on diamond. Also, diamond

is a transparent substrate for visible light, thus enabling the study of the metastable

�lms by light transmission, if desired. C(100) can be prepared as thin free-standing

nanomembranes, which can be used for the analysis of magnetic metamaterials by

magnetic transmission X-ray microscopy measurements [39].

�e thesis is going to start with the description of the experimental methods and

follow with the description of the experimental setups used in the investigations

of the growth of the metastable �lms on di�erent substrates. �e preparation of

Si(100) for the growth of the metastable �lms required us to design and manufacture

new apparatuses. We made a direct-current-heating stage with a sample plate and

a hydrogen cracker. �e hydrogen cracker was used for the dissociation of H2 into

a collimated stream of atomic H. We used the atomic H for hydrogen termination

of Si(100) and for the cleaning of C(100). �e direct-current-heating stage was used

for cleaning of Si(100). �e sample plate had to be adapted to �t the needs for direct-

current heating. For more details, please refer to Appendix C. �e calibration of the H-



12 Introduction

cracker is included in the experimental section; a more detailed technical description

of the equipment, along with technical drawings is in Appendix B.

�e fourth chapter describes the growth of the metastable �lms on the Cu(100)

surface. We show and discuss the ideal parameters for the growth of the metastable

�lms and we then elaborate on their magnetic and structural properties a�er depos-

ition and a�er ion-beam induced transformation. �is chapter concludes the works

we previously published [32, 33]. In this chapter, we also describe the tuning of the

structure and magnetic anisotropy of the metastable �lms by the focused ion beam,

which was published in [40].

�e ��h chapter covers the research done on the growth of the metastable �lms on

Si(100) with an epitaxial Cu bu�er layer, which was published in [41]. We start with

the comparison of two approaches to the preparation of the hydrogen-terminated

Si(100) for the growth of the Cu bu�er layer. Firstly, it is done by etching in hy-

dro�uoric acid (HF) and secondly by a direct-current heating in the UHV, with a

consequent H-termination. We then describe the properties of the Cu bu�er layer

grown on both, chemically and UHV-treated substrates. �e metastable �lms grown

on Si(100) with a Cu bu�er layer have properties similar to metastable �lms on a Cu

single crystal. We con�rmed the applicability of the metastable �lms on Si(100) by

large-area ion-beam-induced transformation and by fabrication of magnetic nanopat-

terns by FIB.

We describe the growth of the metastable �lms on diamond in the sixth chapter. We

show that it is possible to clean the diamond with atomic hydrogen and thus remove

any graphitic contamination, which was not previously possible by chemical etching.

�e clean diamond substrate then serves as a substrate for growing metastable �lms

at an increased temperature. Similar to the previous chapter, we con�rm that it is

possible to transform these �lms with an ion beam.

In the seventh chapter, we brie�y describe an a�empt to grow the metastable �lms

on SrTiO3(100) with a copper bu�er layer. We show, that we were not able to prepare

an epitaxial bu�er layer and discuss the reasons for it.



Chapter 2

Experimental Methods

In this chapter, we brie�y discuss relevant experimental techniques and their the-

oretical concepts.

2.1 Auger Electron Spectroscopy

We measured the chemical composition (stoichiometry and impurity levels) of our

samples by Auger electron spectroscopy (AES). In AES, the samples are bombarded by

electrons with an energy between 2 and 10 keV. We used 3 keV for Cu(100), STO(100)

and Si(100); in case of diamond, the electron energy was decreased to 2 keV to reduce

charging e�ects. Figure 2.1 shows the schematic view of how the Auger electrons

are emi�ed. Collision of the incoming electrons with the surface atoms results in

excitations which decay by emi�ing secondary electrons and Auger electrons. �e

energy of the Auger electrons is characteristic for each element and it is independent

of the energy of the incident electrons and can be expressed as:

EAuдer = E1 − E2 − E3 − Φ (2.1)

where

• EAuger is the kinetic energy of an Auger electron,
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Figure 2.1 Schematic view of energy levels inside an atom, the creation of a core hole
by an incoming electron and of the Auger electron’s emission process.

• E1 is the binding energy of an electron that is emi�ed from the core of the atom,

• E2 is the binding energy of the �lling electron, which substitutes the electron

emi�ed from the core,

• E3 is the binding energy of the Auger electron,

• Φ is the work function of the material.

Figure 2.1 shows that the process begins with the incident electron, which removes

a core electron. �e atom is therefore given a well-speci�ed energy E1, which is then

consumed by the consequent electron transition (E1-E2) and Auger electron emission

(EAuger).

�e AES spectra were measured by a cylindrical mirror analyser with a concentric

electron gun. �e source of primary electrons was a tungsten cathode focused to a

beam of approx. 0.5 mm diameter. �e beam had a perpendicular incidence to the

surface.

Because Auger electrons are emi�ed essentially from the �rst few ML (up to 10 ML

for high energies) [42], AES is a surface sensitive method. In this thesis, AES was

used to check the cleanliness of the substrates and the composition of the �lms. AES

can be used for a rough quantitative analysis (the error can be up to the factor of 2) of

the elements present on the surface of the sample, when we assume a homogeneous
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distribution of all atoms over the surface. �e AES spectra shown in the scope of

this thesis have been normalized to the average peak-to-peak height (APPH) of the

dominant peak. Concentration values of the surface of Cu, C, Si or Fe78Ni22 thin �lms

were obtained using relative elemental sensitivity factors [43], because the probab-

ility of the emission of the Auger electrons varies with elements. �e concentration

was then estimated from the Equation 2.2, where x stands for an element, whose

concentration we aim to calculate and i encompasses all of the elements that have

some signal in a measured Auger spectrum. I is the measured APPH and S is the

sensitivity factor of an element.

Cx =

Ix
Sx∑ Ii

Si

(2.2)

2.2 Low-Energy Electron Di�raction

Low-energy electron di�raction (LEED) is a technique for the measurement of

surface structure in a reciprocal space. �e structure of the surfaces in this thesis was

determined mainly by LEED. �e LEED images presented here were post-processed

with a dark-�eld subtraction, �at-�eld normalization and inverted [44].

Davisson and Germer observed in the 1920s di�raction e�ects of electrons back-

scattered from a single crystal of Ni [45], which developed to a typical surface science

method [2]. �e electrons in LEED have energies in the range 50–500 eV, which cor-

respond to de-Broglie wavelengths of 0.5–2.7 Å. �ese wavelengths are comparable

to atomic distances, hence the di�raction condition must be satis�ed in crystal lat-

tices. �e mean free path of electrons with these energies is only a few ML, which

makes LEED a highly surface-sensitive technique. We use the reciprocal space to

describe the behavior of di�racted electrons and the creation of a di�raction pa�ern.

�e energy of the incident electron beam is:

E =
~2k2

0
2m (2.3)
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Figure 2.2 Schematic view in reciprocal space for an electron beam incident normal to
the surface - Ewald sphere construction. Here ®k0 is the incident wave vector, ®k ′ is the
sca�ered wave vector, θ is the di�raction angle and ψ is the exit angle to the surface
normal. Adapted from [33].

where | ®k0 | = 2π/λ is the wavenumber of the incoming electron beam and λ corres-

ponds to its wavelength. �e condition for constructive interference in the reciprocal

space can be determined by applying the law of conservation of momentum:

(
®k0 − ®k

′
)
| |
=| ®G | (2.4)

where ®k′ is the sca�ered wave vector and ®G is a vector of the reciprocal la�ice. As

sca�ering is elastic, | ®k0 | = | ®k
′|.

�e Ewald sphere construction shown in Figure 2.2 expresses the conservation of

momentum from Equation 2.4 in geometrical terms. Vector ®k0 with its tip pointing

towards the origin of the reciprocal space, (000), represents the wavevector of the

incident electron beam. A circle with radius | ®k0 |, centred at the origin of the vector is

a projection of the Ewald sphere. Its signi�cance is that it maps the magnitude of ®k0

onto the reciprocal la�ice. No di�raction events can occur outside this sphere. If any

of the reciprocal la�ice ”rods” are intersected by the Ewald sphere, then the elastic

sca�ering condition from Equation 2.4 is satis�ed, thus giving rise to the sca�ered
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beam with a wavevector ®k′. �is means that there is a change in momentum of the

incident beam, but not its energy. �e points of intersection in the reciprocal space

will then show as bright spots on the �uorescent screen of the LEED.

2.3 Surface Magneto-Optical Kerr E�ect

Magneto-optics describe the e�ect of a magnetic material on an electro-magnetic

wave [46]. �e reason for the e�ect of the magnetization on the incident light is spin-

orbit coupling. Because of spin-orbit coupling, a change of the electron spin due to an

external magnetic �eld leads to a change in the dielectric tensor. As a consequence, the

magnetic material has di�erent refraction indices for le� and right polarized light. A

linearly-polarized light is a superposition of two circularly polarized light-waves (with

an opposite direction). Linearly-polarized light therefore changes into elliptically-

polarized upon re�ection from or transmission through a magnetic material due to a

phase shi� and di�erent absorption rate of the two circularly polarized light-waves.

�is change can be expressed in the terms of the Kerr rotation and ellipticity (see

Figure 2.3).

In case of transmission of the incident light, the magneto-optical e�ects are called

Faraday (or Voigt) e�ect and in case of re�ection, the Kerr e�ect. Both e�ects can be

described by the complex angle ΦK or ΦF, which is proportional to the magnetization
®M of the sample. �is angle consists of two parts; the real θ , which expresses the

direction and magnitude of rotation and imaginary ϵ , which describes the ellipticity.

Both variables are shown in Figure 2.3.

�e SMOKE setup in PINUP (see Section 3.1) measures either in the in-plane (longit-

udinal) or out-of-plane (polar) mode. �e magnetic �eld is induced by electromagnets

consisting of ex-situ coils and of yokes reaching into the vacuum chamber. �e max-

imum magnetic �eld in a 3-cm-wide gap is approx. 100 mT. �e measurement of the

change of the Kerr ellipticity is performed by a photodiode on a photoelastically-

modulated He-Ne-laser light, which has laser spot diameter of approx. 1 mm. �e
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Figure 2.3 Schematic view of the angle of rotation θ and the ellipticity ϵ , which de�ne
the complex number Φ of the Kerr e�ect. Adapted from [22].

longitudinal and polar geometry have the angle of incidence 60° or 30°, respectively.

For more experimental details, please refer to [22]. In the case of Si(100), C(100) and

SrTiO3, the plane of incidence and the direction of the magnetic �eld were parallel

to the (010) plane.

In the ex-situ experiments for the measurement of magnetic microstructures, we

used a home-built micro-Kerr magnetometer MIRANDA [47] and a wide-�eld Kerr

microscope (Evico magnetics). �e Kerr magnetometer/microscope MIRANDA is

capable of quantitative measurement of all three orthogonal components of the Voigt

vector (which is proportional to magnetization, i.e. Kerr e�ect). �e measurement

of the Voigt vector is allowed by tilting the microscope objective from the apparatus

symmetry axis, which allows to select the k-vector of the illuminating laser beam.

�e setup allows to measure Kerr angles with a precision of ≤ 5 × 10−7 radians and

with the spatial resolution of 600 nm. �e wide-�eld Kerr microscope from Evico

magnetics was used for simultaneous measurement of the magneto-optical e�ect of

an array of microstructures.
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2.4 Scanning Tunneling Microsopy

Scanning tunneling microsopy (STM) [48] is an important tool for a real-space ana-

lysis at the atomic level. In STM, the tunneling probabilityT between two conductors

separated by an insulating layer is proportional to the intensity of the wave function:

T ∝| ψ (z) |2

where the wave function is a solution of the time-separated 1D Schrödinger equa-

tion. �e electron wave function exponentially decreases with the thickness of the

insulating layer

ψ (z) ∝ exp
(
−z

√
2mϕ
~2

)
Here, ϕ describes the potential in the rectangular barrier ϕ = V − E, where V is the

potential barrier height and E is the electron energy. We consider only electrons close

to the Fermi level; the potential in the rectangular barrier ϕ is, therefore, the work

function.

As a consequence, the tunnelling current I (directly proportional to the transmis-

sion probabilityT ) depends exponentially on the sample-tip distance. �e exponential

decrease of the tunnelling current leads to a very sensitive response to a change of

the sample-tip distance (z). For example, a change of z = 1 Å for work function

ϕ = 3...5 eV leads to a change in the tunnelling current I by a factor 5 to 10. �e STM

signal (tunnelling current) arises from the convolution of the signal obtained from

the tip and from the sample. In this way, sharp transitions on the surface (e.g. step

bunches) are going to ”image” the shape of the tip.

2.5 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is a growth process of an evaporated material whose

structure is determined by a substrate [1, 2, 49].
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Figure 2.4 �e main growth modes during MBE. (a) shows the layer-by-layer growth,
(b) the layer-and-island growth and (c) the island growth. Adapted from [30].

�e growth during MBE can be described by the surface energy of the substrate

(γS ), �lm (γF ) and interface energy between the substrate and �lm (γSF ). �e surface

energy is de�ned as the free energy (per unit area) necessary to create an additional

surface area. Alternatively, γ is also force per unit length and thus the following

equation must be satis�ed during the MBE growth in the UHV (with an exceptioni),

where ϕ is the contact angle between the tangent to the surface and the �lm [1, 2,

49]:

γS = γSF + γF cosϕ (2.5)

Under near-equilibrium conditions, we distinguish three main growth modes of

�lms thicker than one monolayer (ML), which can be described by the formula 2.5 [1,

2, 49]:

Firstly, the layer-by-layer growth is characterized by growth of consecutive full

layers. �e reason for this is that there is a stronger interaction between the substrate

and the atoms of the layer than between the atoms in a layer. �is growth is also

known as the Frank-van der Merwe growth and it is shown in Figure 2.4(a). It takes

place, when γS ≥ γSF + γF and ϕ = 0. One of the systems described in this thesis,

Fe78Ni22/Cu(100), is known to grow in this way.

Secondly, layer-and-island growth [see Figure 2.4(b)] is de�ned by growth of islands

iIn case that the γS > γF and γSF ≈ 0, the equation 2.5 cannot be ful�lled, because cosϕ would have
to be > 1. In this case, the system follows the Frank-van der Merwe growth.
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on one or a few completed layers of the �lm material. �is mode is observed either

when the la�ice parameter of the �lm is di�erent from that of the substrate, or when

the symmetry (orientation) of the �lm is not energetically favorable with respect to

the crystal la�ice of the substrate. For the �rst layer(s), the same equation as for

Frank-van der Merwe (layer-by-layer) growth must be valid. Only for thicker �lms

with the bulk structure of the �lm material, γSF becomes unfavorable. In other words,

a�er deposition of several layers the strain in the �lm becomes too large, the layer-

by-layer growth is then destroyed and small islands are formed. �is mode is also

called the Stranski-Krastanov mode [50]. It takes place, when γS < γSF +γF and ϕ ≥ 0,

and there is a strain build-up during the growth, which later leads to breaking of the

�lm.

Finally, there is the island growth mode, in which the evaporated material grows

in islands with no initial full layers formed, because the interaction between the

deposited atoms is stronger than between the atoms and the substrate. It is also

known as the Volmer-Weber growth mode and is shown in Figure 2.4(c). It takes

place, when γS < γSF +γF , which leads to ϕ > 0. Fe78Ni22 grows in this way on C(100)

and also Cu on Si(100) and Cu on SrTiO3(100).

In MBE, the deposited material is heated to a temperature where it starts to sublime

from the solid phase or evaporate from the liquid phase. �e heating can be performed

via e-beam bombardment, or indirectly via heating of a crucible (Knudsen e�usion

cell).

2.6 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) is one of the techniques allowing a well-de�ned

growth of thin-�lms. Figure 2.5 shows a schematic of the PLD process. In this method,

a pulsed UV-laser is focused onto the target material inside a vacuum chamber. When

the laser light supplies su�cient energy, the target material evaporates and forms

a plume, which condenses on the substrate surface [51, 52]. �e energy of the ab-
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Adapted from [51].

lated atoms is of the order of 10 to 100 eV per particle (much larger than 0.1 eV in

thermal deposition) and can be moderated by interaction with an ambient gas in the

system. �us, the pressure of the ambient gas is an extra variable in the growth of

the thin �lms by PLD [53]. PLD provides extremely high instantaneous �ux while

keeping comparable time-averaged growth rates as MBE [52]. A typical duration

of PLD �ux pulses is 50 µs with a deposition �ux of 0.05 ML/pulse (20 pulses/ML).

�e typical instantaneous �ux in PLD therefore is 1000 ML/s, whereas a typical MBE

deposition speed is 1 ML/min = 0.017 ML/s. �e growth regime is dominated by this

high instantaneous �ux, which favours the layer-by-layer growth. In the case of

homoepitaxial growth, the landing atoms will have to travel shorter paths to reach

island edges where they can descend, see Chapter 8 in [52]. In the case studied in this

thesis (growth of a metal on an oxide), however, the Frank-van der Merwe growth is

thermodynamically favored. As a result, the higher density of island nuclei should



Re�ection High-Energy Electron Di�raction 23

make the coalescence of island nuclei more likely [54].

2.7 Reflection High-Energy Electron Di�raction

Ewald
sphere

incident

substrate
direct beam

specular
beam

e-beam

reciprocal surface 
trunca�on rods

Figure 2.6 Schematic description of RHEED, adapted from [55].

Re�ection high-energy electron di�raction (RHEED) is UHV method for the meas-

urement of the structure of a surface in the reciprocal space. Figure 2.6 shows the

setup of RHEED in which the incident beam approaches the substrate at grazing in-

cidence. �e grazing incidence enables simultaneous RHEED analysis of the growing

thin �lm. �e typical electron energies in RHEED are in the of range 10–50 keV. �e

di�raction pa�ern appears on the phosphor screen when electrons sca�er elastically

from a crystal. �e sca�ered waves lie on the Ewald sphere described in Section

2.2. �e intersection of this sphere with the surface truncation rods of the sample

surface determines where the Bragg condition is ful�lled and the projection of these

intersections shows as di�raction spots on the RHEED screen.

�e intensity of specular spot on the phosphor screen is maximized when the

electrons elastically sca�ered from neighbouring terraces on the substrate interfere

constructively. In this setup, the highest intensity of the specular spot can be expected

for an perfectly �at surface. At the same time, during deposition, a decrease in the
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intensity of the specular spot would mean that the material deposited on the surface

leads to sca�ering of the electrons. In case of layer-by-layer growth, however, the

intensity of the specular spot would return to its previous intensity a�er a completion

of each monolayer. Kikuchi lines running through the bulk-derived spots in the

RHEED pa�ern indicate a �at surface with a high order of crystallinity, i.e. they

correspond to a �at, well-de�ned crystalline surface [52].

2.8 Ion-beam treatment

We used the raster ion spu�er gun and the focused ion beam for the irradiation of

the metastable �lms. When the ions hit the surface of a �lm, they penetrate into a

depth depending on their mass, energy and on the material. �e particular case of

the metastable �lms irradiated by Ar+ and Ga+ is going to be discussed in Section 4.4.

On their way through the �lm, the ions lose their energy due to elastic and inelastic

collisions with the target atoms and electronic energy loss interactions [56]. Elastic

collisions cause energy loss of the ions because the energy is transferred to target

atoms (nuclear energy loss interactions). �e electronic energy losses are due to

interaction with the electrons of the target atoms. �e ions and the energetic target

atoms form collision cascades in the target material. �e collision cascade consists

of atoms/ions with a large energy (of the order of tens of eV to keV, dependent upon

the energy of the incident ion). �e high energy of the atoms a�er the collision

cascade has happened can be described on the base of a thermal spike model [57].

In the thermal spike model, the impact of a single ion deposits enough energy to a

small volume in the target material so that it melts. �e temperature then within

picoseconds decreases because of the heat exchange with the surroundings and the

melt therefore recrystallizes. �e recrystallization should usually be pseudomorphic

with the surroundings. However, there are multiple mechanisms, which give rise to

crystallographic defects during the recrystallization [30].

Firstly, in case that the collision cascade deposits high energy more than one place,
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the recrystallization front might not be spherical and the quenching of the molten

volume might result in a sheared structure, which might be a nucleus of a bcc crys-

tallite [26, 27]. A second example is when the thermal spike occurs at the surface of

the target, where the �uid can �ow out of the original melt. A rapid cooling on the

surface does not allow the volume at the surface to move back to the original melt

and to recrystallize in its original position. �us, as the melt cools from outside to

the centre, a vacancy defect forms in the centre of the previously molten volume [30].

Finally, when the thermal spike occurs at the interface of two di�erent materials, it

leads to their intermixing, thus creating a new phase in the system. �e radius of the

molten volume can then give an estimate to how large is the intermixed phase at the

interface of the thin �lm and the substrate. �e size of the molten volume Vmelt can

be estimated from:

Vmelt = Vatom × Nmelt (2.6)

with Nmelt being the number of atoms in the Vmelt [57]:

Nmelt ≈
Enucl

14kBTmelt
(2.7)

where Vmelt is the molten volume, Vatom is the atomic volume, kB is the Boltzmann

constant,Tmelt is the melting temperature of the target atom and Nmelt is the number

of atoms in the molten volume. Enucl is the energy transferred to the target atom in

the nuclear collision, which we calculated using the computer code ”Stopping and

Range of Ions in Ma�er” (SRIM) [58].

2.8.1 Focused Ion Beam

FIB is a tool for laterally well-speci�ed irradiation of materials by the ions. Fo-

cused ion beams are used for preparation of samples for transmission electron mi-

croscopy, manufacturing the nano-sized elements, imaging of the surface via either

the sca�ered ions, or the secondary electrons, etc. [11]. Direct writing by FIB can

combine a series of techniques such as milling, implantation, ion-induced deposition,
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ion-assisted etching and energy transfer associated with structural (phase) change.

In the current work, the la�er method was used; we varied the irradiation dose and

scanning sequence between individual areas.

2.9 Scanning Electron Microscope

SEM uses electrons for imaging of the surface and it can be considered a substitute

for optical microscopy at the nanoscale because of the lower wavelength of electrons

compared to photons. �e SEM signal results from interactions of the e-beam with

the atoms of the thin �lm at various depths. �e most commonly measured signals in

SEM are the secondary electrons (SE) and the back sca�ered electrons (BSE). �e SE

are emi�ed from the topmost few nanometres of the thin �lm and their signal depends

on the work function of the material. �e work function is the energy necessary to

remove an electron from a solid to vacuum. BSE are beam electrons re�ected from

the thin �lm by elastic sca�ering and can emerge from down to 10 nm deep in the

thin �lm. An e�ect observable on single crystals is channelling and the formation of

Kikuchi lines. Channelling occurs when electrons penetrate deeper under particular

angles, which correspond to the low-order index directions of the crystal [59]. We

could observe a contrast in the SE thanks to the channelling of the electrons on the

system of the metastable �lms on Cu(100) [40].



Chapter 3

Vacuum systems

In this chapter, we describe four vacuum systems in which we performed the

experiments.

3.1 The PINUP system

�e ultra-high vacuum (UHV) system PINUP (Projekt Ionenneutralisation und

Ultraviole�-Photoelektronenspektroskopie) is a µ-metal UHV chamber for both pre-

paration and analysis of samples; its scheme is shown in Figure 3.1. �e chamber was

pumped with a Pfei�er-Balzers turbomolecular pump (TMP),which was in October

2018 replaced by Pfei�er HiPace 700 TMP. With the help of a titanium sublimation

pump (TSP), the chamber has a base pressure of 5 × 10−11 mbar. �e samples are

inserted via loadlock which is separated from the main chamber by a manually op-

erated gate valve. Before transferring new samples to the preparation chamber, the

loadlock has to be baked for at least 5 hours and cooled down for 2 hours to preserve

a low pressure in the main chamber during the transfer. A magnetically-coupled

manipulator with linear and rotary motion is used for transfer between the loadlock

and the main chamber.

�e main chamber of PINUP (Figure 3.1) is equipped in the �rst level with a raster

ion spu�er gun (SPECSTM IQE 12/38) with a Wien �lter (we used a magnet for the
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Figure 3.1 Scheme of the PINUP chamber, which consists of two UHV vessels.

separation of lighter elements), a broad-beam Ar+ ion gun for spu�ering (Leybold

Heraeus). �e raster spu�er gun was used for large-area irradiation throughout the

in-situ experiments and it can also be used in combination with the Low Energy

Ion Sca�ering (LEIS). For deposition, there are two electron-beam evaporators EFM3

(Focus) and EFM3T (Focus), and a Knudsen e�usion cell (CreaTec). Deposition rates

were calibrated with a quartz crystal microbalance (QCM), which can be moved to

the position of the substrate, and the deposition was done at room temperature (RT)

unless mentioned otherwise.

Cu was evaporated from crucibles in two sources, the e-beam evaporator EFM3,

and the Knudsen e�usion cell. �e material of the e�usion cell crucible contained a

small amount of Ca contamination. Due to the thermal radiation, the temperature

of the sample increased by 10 K during the deposition from the e�usion cell. �e

pressure during the Cu deposition from both Cu sources was 10−10 mbar (with the

help of a liquid-nitrogen-cooled cryopanel and the TSP). �e deposition rate of both
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Cu evaporators was 0.06 Ås−1 (approx. 5.8 h for 130 nm).

�e Fe78Ni22 layers were evaporated by the e-beam evaporator EFM3T (Focus) from

a rod with a 2 mm diameter (MaTecK). A repelling voltage of +1.5 kV was applied

to a cylindrical electrode (�ux monitor) in the ori�ce of the evaporator to suppress

high-energy ions, which may modify the growth mode of the �lms [60]. �e base

pressure during the deposition was 8 × 10−11 mbar, which was on purpose increased

to 5 × 10−10 mbar of carbon monoxide (CO) to stabilize the fcc phase in line with

previous observations [32]. �e deposition rate of Fe78Ni22 was 0.02 Ås−1 (approx. 1 h

for 8 nm). �e deposition was interrupted in 5-minute intervals at which we measured

the ion �ux and thereby veri�ed that the deposition rate is constant.

In the second level are the analytical techniques, low-energy electron di�raction

(LEED) (erLEED 1000-D) and Auger electron spectroscopy (AES) (Perkin-Elmer).

Below these (third level) is the sample storage and a wobblestick for transfer of the

samples from the loadlock.

In the fourth level are devices which were built as a part of this thesis: a hydrogen

cracker and a direct-current (DC) heating stage. For more details on the H cracker,

please refer to Section 3.1.1 and for technical drawings to Appendix B. We designed

and assembled the home-built heating stage for DC heating of Si samples; for technical

drawings please see Appendix C.

A home-built surface magneto-optical Kerr e�ect (SMOKE) setup described in

Section 2.3 and in [22] is in the ��h level.

�e chambers are equipped with several leak valves to dose controlled amounts

of CO, Ar, H2, and O2. �e composition of the residual gas can be checked with

a quadrupole mass spectrometer (QMS Pfei�er Prisma Plus 220). �e manipulator

can be cooled down to 100 K by �owing cooled, gaseous N2 through it. By counter-

heating, the temperature of the manipulator can be stabilized between 100 K and

room temperature. �e maximum temperature reached by the e-beam heating of the

target is 1100 K, when the copper cooling block is disconnected from the manipulator.

Target holders for the DC heating were made of Mo; their design was similar to
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that of a commercially available (Omicron) sample plates for the DC heating and

can be found in Appendix D. �e temperatures during experiments were checked by

a thermocouple on the manipulator and by a pyrometer (IMPAC IGA 140/23). For

details on the sample treatment, please refer to sections 4.2, 5.2, 6.2 and 7.2, and for

an overview of the samples used, please refer to Appendix A.

3.1.1 Source of Atomic Hydrogen

Figure 3.2 A 3D view of the home-built H-cracker.

Atomic hydrogen is commonly applied in modern technologies in, for example,

synthetic diamond production, aluminium etching or cleaning of semiconductors be-

cause of its high reactivity in comparison to H2 [61]. We designed and built a source

of atomic hydrogen, or H-cracker, which we then used for experiments on diamond

and silicon. Its design was adapted from the design of Bischler [62] and it is shown in

Figure 3.2. Molecular H2 is introduced by a variable leak valve into a tungsten capil-

lary (0.6 mm inner diameter), which is heated by 1 keV electron bombardment from

a tungsten �lament to approx. 2000 K. For a detailed technical description, please

refer to Appendix B. �e end of the capillary was approx. 3 cm from the sample.

A liquid-nitrogen-cooled Cu plate between the W tube and the sample limits the

sample heating to approx. 1 K/min. �e temperature of the capillary was measured
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H on the QMS. Measurements at 10−7 mbar (orange line) and 10−6 mbar (black line).

by a disappearing �lament pyrometer and its dependence on the emission current

is plo�ed in Figure 3.3(a). A temperature of 1800 °C should lead to a complete dis-

sociation of H2 at a 10−6 mbar H2 pressure and a well-collimated stream of atomic

H should leave the capillary [61]. It should be noted, that the temperature of the

tube decreased with increasing pressure, approximately by 100 K when going from

10−7 mbar to 10−6 mbar.

�e e�ciency of the H-cracker was measured by placing the quadrupole mass

spectrometer (QMS) in direct line of sight of the tungsten capillary. �e measure-

ment con�rmed an increase in the atomic-H signal upon opening the shu�er on the

H-cracker. �e hydrogen pumping speed and compression ratio of the 30-years-old

Pfei�er-Balzers turbo-molecular pump (TMP) was extremely low and we therefore

had to perform measurements in large background pressure, which did not allow for

a sound quanti�cation of the data. According to Figure 3.3(b), the H-cracker was

the most e�cient when running at 25 mA for 10−7 mbar and at 35 mA for 10−6 mbar

pressure in the UHV chamber. We measured the temperature of the cooling shroud

by a K-type thermocouple for di�erent emission currents. At 30 mA, the temperat-
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ure se�led at ≈520 °C and at 35 mA, this was ≈600 °C when cooling by water. �e

temperatures were ≈40 °C lower when cooling with liquid nitrogen. We were care-

ful in avoiding any ”shortcut” in the cooling line. We a�ribute the extremely high

temperature of the cooling shroud to a very low contact area between the cooling

rod (stainless steel feedthrough) and the copper blocks (cooling body). �is can be

improved by using, for example, a tin or silver paste to increase the contact area

between the cooling rod and the copper blocks.

We want to estimate the amount of atomic hydrogen produced by the H cracker to

know the dose necessary for H termination of Si (Chapter 5) and cleaning of diamond

(Chapter 6). For this, we use the following assumptions

• the H2 molecules form an ideal gas in a molecular �ow regime, and completely

dissociate into atomic H

• the e�ective pumping speed of H2 (including the e�ects of �nite compression

by the pump) is SH2 ≈ 100Ls−1

• the base pressure of the PINUP chamber is neglected, because it is four orders

of magnitude lower than the H2 pressure

• the amount of H bound in the reactions is neglected, because the expected re-

activity with diamond and silicon is negligible in comparison to the H2 pressure

�e pumping speed of the vacuum pump is:

S =
dV

dt
, (3.1)

whereV is the volume of the chamber and t is time. �e equation of state for an ideal

H2 gas yields

pV =
1
2NH2kBT

/
∂

∂t

����
p,T

(3.2)

wherep is the chamber pressurep = 1×10−6 mbar, NH2 is the number of H atoms, kB is

the Boltzmann constant andT is the temperature. We can re-write this equation from
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the partial derivation into a derivative, while keeping the pressure in the chamber

and its temperature constant.

∂pV

∂t

����
p

=
∂NH2kBT

∂t

����
T

(3.3)

p
dV

dt
= kBT

dNH2

dt
, (3.4)

where dNH2
dt is the number of H2 emanating from the tube per second. �e TMP

only pumps away the H2 because any H will recombine at the chamber walls. By

combining 3.1 and 3.4, we obtain

S =
dV

dt
=
kBT

p

dNH2

dt
, (3.5)

�e number of H atoms leaving the capillary (assuming a 100% dissociation e�ciency)

therefore is
dNH

dt
= 2 ×

dNH2

dt
=

Sp

kBT
≈ 2.4 × 1015s−1 , (3.6)

�e hydrogen �ux jH is de�ned as:

jH =
1
A

dNH

dt
, (3.7)

where A is the area over which are the H-atoms spread out on the target.

�e result in 3.6 gives an approximate number of atoms leaving the ori�ce of the

tungsten capillary. In reality, however, we expect the e�ective number of atoms

leaving the H-cracker to be lower. �e reason for this is that the cooling shroud

blocks some of the atomic H because the capillary is not perfectly aligned with the

aperture of the cooling shroud. More thorough approaches to the calibration of the

atomic hydrogen dose and the fraction of dissociated H2 were elaborated elsewhere

[61–63].

To determine the real amount of atomic H deposited on the substrate, we calibrated

the dose experimentally by deposition on Si(100). �is approach was used by Oura [64,
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Figure 3.4 �e dependence of the coverage of Si(100) by atomic H on the H2 dose. �e
inset portrays a detail from the plot for a very low exposure to show the linear increase
in coverage. Adapted from [65].

65]. Figure 3.4 summarizes the results of measurements of the H-coverage on Si(100).

�e deposition of H2 was performed by �lling the chamber with H2 and placing a

tungsten �lament in front of the Si(100) sample. �is approach leads to cracking of

H2, which then �ies in all directions and some of it falls onto the Si(100) surface. �is

approach is therefore not as e�ective as ours, where we have a collimated H-beam,

but still shows the relation of the H-coverage on the H2 dose. In other words, it shows

the dependence of the sticking coe�cient s on the H-coverage of the Si(100).

In the Figure 3.4, we can observe a linear increase of the H-coverage with the H2-

dose up to approximately 20 L of H2; we assume that the sticking coe�cient in this

regime is s ≈ 1. Above the 20 L dose, the sticking coe�cient decreases with increasing

coverage, as can be clearly seen from Figure 3.4. �e dose required for the saturation

of the Si(100) surface was approximately 1000 L. We must note that we used LEED to

estimate the coverage by looking at the disappearance of the (2 × 1)reconstruction,

which is not a very precise quantitative measurement. When we assume a similar

behaviour for the change of the sticking coe�cient also for our home-built H cracker,

we can compare the dose necessary for the H saturation for our system and from this

calculate the e�ective dose of our H cracker on the Si(100). �e surface of Si(100) is

in our case saturated a�er depositing ≈30 L in 10−6 mbar H2, i.e. ≈ 30 L of H2 leads to

2 ML H coverage. �is means that we need ≈1.3 L H for a 0.75 ML coverage, which is
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at the limit of the linear increase of the coverage s . �e 0.75 ML coverage corresponds

to 5 × 1014 cm−2, and if we recalculate the coverage back to our dose at 10−6 mbar H2,

we deposit with our H-cracker approximately 4 × 1014 cm−2s−1. If we further assume

that the area A over which our well-collimated H beam [61] spreads out from the

capillary at the distance of the sample (3 cm) is approx. 3 cm2, the number of H atoms

leaving the capillary is (according to Equation 3.7) 1/2 of the speed calculated in

Equation 3.6.

In this section, we showed that we successfully built and calibrated a H-cracker,

which will be used in this thesis. We showed experimentally by QMS that we use

the H-cracker at its highest e�ciency and the power required for dissociating the

H2 molecules increases with the pressure in agreement with [61]. �e theoretical

prediction of the H-dose is twice larger than the H-dose measured experimentally

on a Si(100). For the experiments on diamond and silicon in chapters 5 and 6, we are

going to use the dose experimentally veri�ed on Si(100).

3.2 The RT-STM system

�e scanning tunneling microscopy (STM) measurements were performed in a

room-temperature scanning tunneling microscopy (RT-STM) UHV system, which

comprises a preparation and an analysis chamber shown in Figure 3.5. �e chambers

are connected by a transfer line with a magnetic transfer arm and separated by a

gate valve. �e preparation chamber is equipped with the e-beam EFM3T and EFM3

(Focus) evaporators, an In�con QCM, QMS (Hiden HAL) and a spu�er gun (VG EX05

with a scanning unit). �e preparation chamber is pumped by a Pfei�er HiPace 700

TMP backed by a rotary vane pump to achieve a base pressure below 10−10 mbar as

measured by a Penning gauge. �e analysis chamber is equipped with STM (Omicron

µ-STM), LEED (VSI erLEED), x-ray photoelectron spectroscopy (XPS, Al and Mg

anode X-ray source VG XR3E2 and SPECS Phoibos 100 electron analyzer), LEIS (Specs

IQE 12/38 ion source, same analyzer as XPS), AES (Perkin Elmer) and QMS (Balzers
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QMG 125). �e vacuum in the analysis chamber is maintained by an ion pump

and a LN2-cooled TSP and the base pressure (without cooling and TSP operation)

is 7 × 10−11 mbar, as measured by a Bayard-Alpert ion gauge. �e samples within

the analysis chamber are transferred by a wobblestick. Samples are mounted on an

Omicron sample plate and can be inserted by a magnetic transfer arm via a loadlock

pumped initially by the rotary vane pump and then by a LN2-cooled cryogenic pump

(cryocan). More details on the RT-STM system can be found in [66].

3.3 The SPECS system

�e SPECS system consists of four UHV chambers: preparation, analysis, transfer

and PLD chamber and its setup is shown in Figure 3.6. �e preparation chamber is

equipped with an Ar+ gun, electron beam annealing, QCM, leak valves for gas dosing,

metal evaporators, and a load lock. �e evaporators are EFM 3 (FOCUS GmbH) and

an e�usion cell (LTC-40-10-284-WK-SHM, CreaTec Fischer & Co. GmbH). �e base
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Figure 3.6 Schematic view of the SPECS setup. �e position of the PLD chamber is
horizontally �ipped around the transfer chamber.

pressure of the preparation chamber was below 4 × 10−10 mbar.

�e analysis chamber is equipped with LEED (Omicron SPECTALEED), LEIS (SPECS

IQE 12/38 ion source with Wien �lter), QMS (SRS100), a SPECS Aarhus 150 STM op-

erated at room temperature and an XPS. �e XPS is a commercial setup with an X-ray

source (Omicron DAR400) with dual anode to produce Al and Mg Kα radiation (300 W,

15 keV), and a hemispherical energy analyzer (HSA; SPECS Phoibos100). �e base

pressure of the analysis chamber was below 10−10 mbar.

�e PLD chamber with a base pressure below 4 × 10−10 mbar is connected via a

transfer chamber (base pressure below 10−10 mbar) to the surface analysis system de-

scribed above. Pulsed UV laser light (248 nm laser COMPexPro 205F from Coherent)

is passing through an a�enuator module (Coherent MicroLas), which allows se�ing

the UV pulse energy. �e samples in the PLD chamber were annealed by shining an

infra-red laser (DILAS compact evolution; wavelength 980 nm, 50 W for ≈ 1000°C)

through the hole in the sample plate onto the backside of the sample and the temper-
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ature was monitored by an IR pyrometer from the front side. �e PLD chamber is

equipped with a di�erentially pumped RHEED system from Staib Instruments GmbH

(TorrRHEEDTM), which allows monitoring RHEED oscillations in up to 1 mbar oxy-

gen pressure. �e RHEED pa�ern and the intensity of the specular spot are recorded

from a phosphor screen with a kSA400 acquisition system (camera integration time

16 ms). �ere is a sample-storage system in the transfer chamber and the transfer

between the chambers is done via magnetically coupled transfer rods. For technical

details of the deposition in the PLD chamber, please refer to Section 7.2, Table 7.1

and [51].

3.4 Focused Ion Beam and Scanning Electron

Microscope

�e nanofabrication and a preliminary nanocharacterization of the metastable

�lms was performed on LYRA3 system (Tescan), which is a combined focused ion

beam and scanning electron microscope (FIB/SEM) system. �e pressure during the

measurement and the ion bombardment was 10−7 mbar. �e typical parameters for

the nanopa�erning by the Ga+ FIB were 30 keV electron energy with a spot size of

20 nm and a beam current of 40 pA.

In the current work, we varied the irradiation dose and scanning sequence between

individual areas and then measured the resulting pa�erns by the SEM, the Kerr mi-

croscope and the micro-Kerr magnetometer (the la�er two are brie�y described in

Section 2.3).



Chapter 4

Metastable Films on Copper

�is chapter describes the deposition and transformation of the metastable �lms on

Cu(100) single crystal. We published the results from the growth of Fe78Ni22/Cu(100)

in Appl. Phys. Le�. 103, 262405 (2013) [32]. �e transformation by FIB was published

in APL Materials 6, 060701 (2018) [40].

4.1 Introduction

�e growth of the metastable �lms on Cu(100) single crystals is a model system for

the investigation of the metastable �lms, and it is a starting point for the investigation

of the growth on Si(100) and C(100) in chapters 5 and 6, respectively. It was shown

in Section 1.3 that it is possible to grow metastable Fe �lms by alloying with Ni,

while depositing at a well-de�ned background pressure [27, 30, 32, 33, 40]. �e

experimental results from depositions of FexNi1−x with a low Ni concentration at

di�erent chamber backpressures were summarized in Figure 1.1(b). �e chamber

backpressure during these experiments consisted mainly of CO, which is produced in

the evaporator, as con�rmed by QMS. We can see that the metastable region [dashed

red line in Figure 1.1(b)] is somewhat delicate to achieve and well-de�ned deposition

parameters are necessary for reproducible preparation of the metastable Fe78Ni22

�lms.



40 Metastable Films on Copper

W. Rupp [22, 26] and S. Shah Zaman [30, 31] studied applications of the pure Fe

metastable �lms. �ey transformed the 8-ML-thick (1.4 nm) Fe/Cu(100) and showed

that it is possible to fabricate ferromagnetic (FM) nanostructures by irradiation with

an ion beam. �e fabrication of the FM nanostructures in the metastable Fe78Ni22/

Cu(100) has been only brie�y addressed in [33]. �e e�ect of the irradiation therefore

remains open and it is intriguing to investigate the fabrication of the FM nanostruc-

tures by the FIB. Similarly, the e�ect of ion type and energy has not yet been addressed

for the Ni-stabilized metastable �lms.

Based on the phase diagrams in Figure 1.1(b) and additional experiments in the

Master thesis [33], we performed a series of depositions of an Fe78Ni22 alloy in

5 × 10−10 mbar CO backpressure on multiple Cu(100) substrates by which we con-

�rmed the reproducibility in the preparation of the metastable �lms. From now on,

we are going to describe the Fe78Ni22 �lms deposited at a well-de�ned partial pres-

sure of CO as the metastable �lms, and we show in this chapter that it is possible

to tune their magnetic saturation and magneto-crystalline anisotropy by the FIB. Fi-

nally, we compare the di�erent ion types and energies used for the ion-beam-induced

transformation and discuss their e�ect on the transformation e�ciency.

4.2 Preparation of the Cu(100) surface

We used spu�er-anneal cycles for the crystal preparation. For removing a previ-

ously deposited layer, the �rst spu�ering (2 keV at ≈ 1013Ar+ cm−2s−1) took approx.

40 minutes, until the whole 8-nm-thick layer was spu�ered o�, and it was followed by

twice 10-min spu�ering. �e annealing (T=520 °C) took 10 min a�er each spu�ering

and a resulting surface was clean of any contamination (red line in Figure 4.1) and

had the fcc(100) di�raction pa�ern. An out-of-the-box Cu crystal usually required a

few spu�er-anneal cycles. A summary of the samples used in the experiments in this

chapter is in Appendix A.1.

Some of the Cu crystals did not have the 99.999% purity claimed by the producer
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and they were heavily contaminated by sulphur, which segregates from the bulk Cu at

480 °C. Sulphur then forms small islands and leads to step-pinning and bunching. We

observed in scanning electron microscope (SEM) a�er focused ion beam irradiation

(FIB) that such defects lead to an easier fcc-to-bcc transformation, i.e., bcc nuclei occur

preferentially at the S-islands. �is was the reason why the sulphur-contaminated

crystals Cu#7 and Cu#8 do not appear in Table A.1 and were replaced by Cu#9 and

Cu#10.

4.3 Growth of the metastable films

As already mentioned in the introduction, we �xed the deposition parameters

to have reproducible and well-de�ned growth conditions. �e typical deposition

parameters were 44 ML (8 nm) Fe78Ni22 in 5 × 10−10 mbar CO on Cu(100) and the de-

positions were performed by an e-beam evaporator EMF3T in PINUP. �e cryopanel

in PINUP was kept full of liquid nitrogen during deposition and the pressure before

deposition was 7 × 10−11 mbar. For more details on the experimental setup, please

refer to Section 2.5.

4.3.1 Results

Figure 4.1 shows AES results of a clean Cu(100) and 8 nm Fe78Ni22/Cu(100). �e

prepared Cu crystal does not have any contamination, and the as-deposited Fe78Ni22

has both Fe and Ni peaks along with the C and O peaks arising from the dissociation

of CO on the Fe. �e typical concentrations calculated from sensitivity factors [43]

of the elements in the topmost layers of the metastable �lms measured by AES were

74at% Fe, 14at% Ni, 7.5at% C, and 4.5at% O.

�e structure and magnetic properties of the as-deposited and irradiated �lms

were investigated by LEED and SMOKE, respectively; the data is shown in Fig-

ure 4.2. �e as-deposited �lms were paramagnetic [longitudinal SMOKE measure-

ment marked by blue line in Figure 4.2(a)], and a�er irradiation by 4 keV Ar+with
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Figure 4.1 AES before and a�er Fe78Ni22 deposition on Cu(100)#13. �e black line corres-
ponds to Cu(100) before deposition. �e orange line was measured on 8 nm Fe78Ni22/Cu
deposited in 5 × 10−10 mbar of CO.

a dose of 2.0 × 1015 cm−2, they were partially transformed (violet line). �e Fe78Ni22

�lms were completely transformed into the ferromagnetic phase a�er an ion dose of

3.5 × 1015 cm−2 (orange line). �e polar SMOKE measurement did not show any mag-

netization. �e LEED of the as-deposited �lms in Figure 4.2(b) portrays well-de�ned

fcc (100) di�raction spots with a c(2×2). A�er irradiation, the spots correspond to

elongated, di�used bcc (110) and we could observe a complete removal of the c(2×2)

reconstruction.

4.3.2 Discussion

�e AES in Figure 4.1 shows that the near-surface composition according to the

APPH sensitivity factors (excluding the e�ect of CO) of the as-deposited Fe-Ni alloy

is ≈Fe81Ni19, i.e., not precisely Fe78Ni22. We a�ribute this error in stoichiometry to

the low precision of the AES measurement. According to the vapour pressure, Fe

evaporates faster than Ni at a given temperature [see Figure 4.3]. �is should cause

the Ni content in the evaporation rod to rise so that in equilibrium the ratio of the

atoms leaving the evaporator corresponds to the concentration of the evaporation

material (Fe78Ni22 evaporation rod). We also observed that the speed of the deposition

will a�ect the amount of CO dissociated; the slower the deposition, the higher the C
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Figure 4.2 Analysis of as-deposited and irradiated Fe78Ni22/Cu(100). (a) �e blue line
in SMOKE shows signal from a paramagnetic as-deposited �lm. �e line is not perfectly
straight because of an artefact of the measurement. �e �lm is partially transformed
a�er irradiation by 4 keV Ar+with an ion dose of 2.0 × 1015 cm−2 (violet line) and the
orange line shows a hysteresis loop of a �lm completely transformed by an ion dose
of 3.5 × 1015 cm−2. �is experiment was performed on Cu(100)#17. (b) �e LEED at
130 eV of the as-deposited �lms shows the fcc(100) structure (blue sqare) with a c(2×2)
reconstruction (green square). (c) �e di�raction spots (LEED at 120 eV) on a completely
transformed �lm are blurred and consist of four bcc(110) domains. One of these is shown
by the orange rectangle. �e LEED images are from experiments on Cu(100)#3.
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and O contents because of a longer exposure.

�e SMOKE measurement in Figure 4.2(a) served only to con�rm that the �lms

are transformable and it will be discussed in more detail in the following section. We

performed a low-temperature experiment on the as-deposited metastable �lms, in

which we observed a hysteresis loop appearing below ≈140 K. We a�ribute this to

the pinning of small bcc ferromagnetic domains, which can grow spontaneously on

defective sites of the Cu(100) substrate.

�e fcc spots in LEED of the as-deposited �lm [Figure 4.2(b)] are sharp, because the

electrons undergo di�raction on a �at �lm, whereas the bcc spots [Figure 4.2(c)] are

blurred because the �lm consists of multiple, randomly oriented bcc needles [32]. �e

bcc needles are randomly oriented in both the azimuthal and polar directions. �e

di�raction spots measured on the transformed �lm correspond to the four bcc(110)

domains, which means that the randomly oriented bcc needles measured by STM in

[32] consist of four bcc domains rotated by ≈ 10◦. In the following section we will see

that FIB allows for control of the bcc needles’ atomic ordering and thus the tuning of

the easy axis of the transformed areas.

�e metastable region is not perfectly de�ned by the dashed red line in Figure 1.1(b)

because further investigations revealed that the stabilizing e�ect of CO decreases with

an increasing Ni content. Experiments with varied CO backpressure and O-poisoning

in [33] showed that the e�ect of CO decreases with increasing Ni content. In particular,
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Figure 4.3 Vapour pressure of Fe
and Ni. �e Fe vapour pressure
is approx. 5× higher than the va-
pour pressure of Ni, which leads to
a higher deposition speed at a con-
stant concentration and temperat-
ure.
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CO could completely stabilize a �lm deposited from a Fe85Ni15 evaporation rod, but

the e�ect on stabilization of the �lm was lower for a �lm deposited from a Fe78Ni22

evaporation rod. �e change in the stability of the metastable �lms resulted in a

lower magnetic saturation and higher coercive �eld at the same irradiation dose for

the more stable �lms (i.e. for �lms deposited in higher CO pressure and with higher

Ni concentration), as shown in [33].

4.4 Ion-beam induced transformation

In this section, we show and discuss results from the article by Urbanek et al.

[40] with an emphasis on the easy axis modi�cation, which is de�ned by the atomic

structure a�er ion-beam-induced transformation. We further connect the ion type

and energy with the transformation e�ciency.

We describe here two sets of measurements. �e �rst one is a dose test on 6×14 µm2

rectangles fabricated by either a single high-dose scan or 100 low-dose scans. �e

second set of measurements was performed on circles with a 10 µm diameter with

a varying FIB-scanning angle with a 10° step. �e ion dose was set to the dose

necessary for a complete transformation in a single scan. �e pa�erning and SEM

characterization were performed by the FIB-SEM setup LYRA3, and the MOKE easy-

axis measurement was performed by home-built MIRANDA Kerr microscope; these

techniques are described in Section 3.4.

4.4.1 Nanopa�erning and anisotropy modification

Figure 4.4 shows the results of the two di�erent dose tests. �e �rst one is the irradi-

ation with 100 low-dose scans, where the red curve in Figure 4.4(a) marks the change

in Kerr ellipticity with the ion dose. Figure 4.4(b) contains SEM of the irradiated areas

corresponding to doses I, II and III in (a).

�e Kerr ellipticity in (a) shows a small increase in the magnetization up to a

dose of 4 × 1015 cm−2, above which the ion beam transforms the �lm very e�ciently
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Figure 4.4 MOKE and SEM analysis of 8 nm Fe78Ni22/Cu(100)#10 upon irradiation by
30 keV Ga+ ions. (a) Dependence of the normalized saturation magnetization on the
ion dose of two FIB scanning strategies: a single scan (blue) and 100 scans (red) with
the same total irradiation dose. �e inset shows the initial part of the transformation
indicating an almost constant transformation e�ciency with respect to the ion dose. (b)
Evolution of the transformation in rectangles irradiated by multiple scans. (c) Evolution
of the transformation in rectangles irradiated by a single scan. �e numbers I, II, and III
in (b) and (c) represent the corresponding points on the curves shown in plot (a). �e
contrast in (b) and (c) changed from grey (as-deposited �lm) to light-grey (irradiated but
untransformed �lm) and �nally to dark-grey (transformed �lm). �e experiments were
performed by L. Flajsman and V. Krizakova at CEITEC [40, 67].

with an approximate transformation e�ciency of 3 atoms per incoming Ga+ ion [see

inset in Figure 4.4(a)]. Above a dose 1016 cm−2, the Kerr ellipticity starts to decrease

because of spu�ering and intermixing with the Cu substrate of the Fe78Ni22 �lm. �is

approach to ion-beam induced transformation is similar to the one we used in the

in-situ experiments, where we scanned the metastable �lms with 4 keV Ar+ from

the SPECS ion gun. Figure 4.4(b) in the �rst rectangle (I) shows an irradiated �lm

(light-grey) with some transformed areas (dark-grey dots) surrounded by (grey) fcc

metastable �lm. Increase in ion dose leads to an increase in the size of the dark bcc

areas (II). �e �lm is then in III completely transformed. We can see that the fcc-to-

bcc transformation a�er the 100 low-dose scans exhibits a stochastic transformation

process, because the complete transformation in (b) occurs randomly over the whole

irradiated area.
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Figure 4.5 Easy-axis direction change of completely transformed 8 nm Fe78Ni22/Cu(100)
by FIB. (a) LEED at 120 eV of a metastable �lm completely transformed by an ion beam.
(b) �e LEED pa�ern consists of four bcc domains, of which the �rst is rotated by 35 ° with
respect to the fcc[011]. (c) �e easy-axis direction of the magnetic anisotropy changes as
a function of the FIB scanning direction. �e �gure was adapted from [40].

�e Kerr ellipticity evolves in a similar fashion in the single-scan experiment up to

a dose of 3 × 1015 cm−2 [blue line in Figure 4.4(a)]. �is is a threshold, above which

the partially transformed �lm transforms almost completely into bcc, shown by the

abrupt increase of the Kerr ellipticity. Similar to the low-dose experiment, the Kerr

ellipticity then starts to decrease with ion dose above 8 × 1015 cm−2. �e data in (c)

show that the bcc areas in the single scan grow from the bcc nuclei fabricated by the

ion beam as it scans over the surface. However, for a steady migration of the bcc

transformation, a critical dose is necessary. �e critical ion dose of 4 × 1015 cm−2 is

therefore needed for a steady migration of the bcc transformation front. �e steady-

state bcc boundary migration makes the single-scan transformation more e�cient

and leads to fabrication of magnetic pa�erns with a low number of bcc domains.

In the second set of experiments portrayed in Figure 4.5, we measured the change

of the easy axis direction with respect to the FIB-scanning direction in the single-scan

approach. �e LEED pa�ern in Figure 4.5(a) shows that there are four bcc domains in

a Fe78Ni22 �lm transformed by a broad Ar+ ion beam [see Figure 4.2(c)], which corres-

pond to four orientations of the bcc unit cell with respect to the fcc substrate/epitaxial

�lm. �ese domains are rotated by approx. ±10◦ with respect to the [001] and [01̄0]

crystallographic directions of the fcc substrate, as shown in Figure 4.5(b). Finally, (c)
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shows the easy-axis-orientation dependence on the FIB scanning direction. We can

see that there is a preferential orientation of the easy axis orientation depending on

the FIB scanning direction and the easy axis jumps at 90◦, 180◦ and 270◦. �e change

of easy axis is connected to the change in the crystallographic orientation of the bcc

domains. �e experimental data (blue triangles) �t to the model (red line) where FIB

scanning preferentially forms bcc domains which have [001] direction parallel to the

scanning direction. �e domain formation shown in Figure 4.4 therefore enables the

growth of large bcc grains with a well-de�ned two-fold (uniaxial) magneto-crystalline

anisotropy.

We could not observe this behavior in the in-situ experiments performed with the

broad Ar+ ion beam. �e irradiation by the broad Ar+ ion beam corresponds to the

red curve in Figure 4.4, i.e., the result of the irradiation by the broad beam are many

small bcc domains with no measurable magneto-crystalline anisotropy. Magneto-

crystalline tuning of the easy axis is, therefore, not possible when we irradiate the

metastable �lm multiple times over the whole area.

4.4.2 Comparison of ion type and energy

When we compare the transformation by the broad Ar+ ion beam and the 100 low-

dose scans of the Ga+ FIB, the transformation performed by 4 keV Ar+ in Figure 4.2(a)

qualitatively shows the same behavior as the transformation by 30 keV Ga+ ions in

Figure 4.4. However, the ion dose necessary for a complete transformation is higher

for the Ga+ ions (see Table 4.1). We compared our measurements with the transform-

ation of Fe78Ni22/Cu(100) by 2 keV Ar+ in [32] and on CO-stabilized Fe/Cu(100) in

[30]. �e summary of the data is in Table 4.1.

To understand the change of the transformation dose with ion type and energy,

we have performed Monte Carlo simulations using the stopping and range of ions in

ma�er (SRIM) [58]. Calculations for the Ar+ and Ga+ ions used for the transformation

are shown in Figures 4.6 and 4.7.

�e magenta lines in Figure 4.6(a-c) show that 100% of the 2 keV Ar+ , 98% of the
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Figure 4.7 SRIM calculations of the number and type of atoms in the molten volume
(y-axis on the le�) and the radius of the molten volume (y-axis on the right) in 8 nm
Fe78Ni22/Cu. (a) dependence on the energy of Ar+ ions shows that there is not a signi�cant
amount of Cu atoms in the molten volume below 6 keV. (b) �e intermixing with Cu starts
in the case of Ga+ ions above 10 keV.

sample thickness ion type ion energy ion dose
nm keV 1015 cm−2

CO-stabilized Fe[30] 4 Ar 1 0.9
CO-stabilized Fe[30] 4 Ar 2 0.6
CO-stabilized Fe[30] 4 Ar 4 0.9

Fe78Ni22[32] 8 Ar 2 6.0
Fe78Ni22 8 Ar 4 3.5
Fe78Ni22 8 Ga 30 9.0

Table 4.1 Comparison of ion dose, type and energy used for the complete transformation
of the metastable �lms on Cu(100).
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4 keV Ar+ and 38% of the 30 keV Ga+ ions remain in the 8 nm Fe78Ni22. However,

when we consider the energy deposited in the metastable �lm, the Ar+ deposits 2 and

4 keV/ion [integral of the black line in Figure 4.6 (a) and (b) respectively], but 30 keV

Ga+ deposits 20 keV/ion [integral of the black line in Figure 4.6(c)] in the Fe78Ni22

�lm, and the rest in the Cu below. �e combination of the plots in Figure 4.6(a-c)

shown in (d) describes the energy distribution per thickness in the Fe78Ni22 �lm. �e

2 keV Ar+ ions deposit most of the energy in the topmost 1/4 of the �lm (black line),

whereas the 4 keV Ar+ ions spread the energy down to 1/2 of the �lm (yellow line).

�e 30 keV Ga+with larger mass and energy penetrate deep into the substrate of the

metastable �lm but they still deposit considerably more energy into the �lm than the

low-energy and lighter Ar+, which do not even penetrate through the whole �lm.

�e Ga+ ions, however, deposit a signi�cant amount of the energy at the Fe78Ni22-Cu

interface.

Figure 4.7 describes the size of the molten volume along with the number of atoms

in the molten volume for Ar+ and Ga+ ions at di�erent energies. In this calculation, we

assumed that the molten volume is a sphere, even though it is probably statistically

distributed at the core of the collision cascade. �e intermixing of the metastable

�lms with Cu can stabilize the fcc phase because of the fcc nature of Cu. �e black

line in (a) shows that the number of Cu atoms in the molten volume is negligible

until the Ar+ energy exceeds 6 keV. At this energy, the radius of the molten volume

is around 20 Å, which corresponds to approx. 1/4 of the metastable �lm’s height. We

can see that in the case of the 2 and 4 keV, which we used for the broad-beam in-situ

transformation, the intermixing at the FeNi-Cu interface is negligible.

�e behaviour at low energies is similar in the case of Ga+ irradiation, but for

the 30 keV Ga+ energy we used in the FIB experiments, the Cu atoms a�ribute to

approximately 1/3 of the molten volume [black line in �gure 4.7(b)]. �e radius of

the molten volume at 30 keV [magenta line in �gure 4.7(b)] is 33 Å, which means that

nearly a half of the metastable layer might be intermixed with the underlying Cu

bu�er layer. We assume that this then leads to a decrease in the magnetic saturation
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of the transformed �lms.

Based on Figures 4.6 and 4.7, we assume that the ion type and energy determine

the e�ciency of the ion-beam induced transformation by de�ning where and how

much energy is deposited in the target material. In other words, the di�erence in the

ion dose necessary for the transformation of the metastable �lms is connected to the

higher cross section for creation of recoils with su�cient energy to locally melt the

metastable �lm. �e consequences can be illustrated on the system of CO-stabilized

Fe/Cu(100) summarized in the Table 4.1. In case that the energy deposited in the

metastable �lm is too low, the transformation has lower e�ciency and therefore a

larger ion dose is necessary for the ion-beam induced transformation. �is is the

case for 1 keV Ar+ irradiation of the 4-nm thick CO-stabilized Fe/Cu(100) and for

2 keV Ar+ irradiation of the 8-nm Fe78Ni22/Cu(100). In case that the ions deposit more

energy at the Fe-Cu interface, the ions causing the intermixing at the interface do

not contribute to the transformation of the �lm and the ion dose necessary for the

transformation is higher. �is is the case for 4 keV Ar+ irradiation of the 4-nm thick

CO-stabilized Fe/Cu(100) and for 30 keV Ga+ irradiation of the 8-nm Fe78Ni22/Cu(100).

�e ideal case appears to be when the ions deposit most of their energy in the centre

of the metastable �lm, which is the case for the remaining two �lms in Table 4.1.

4.5 Conclusion

We presented an experimental road to obtaining the Ni-and-CO-stabilized, meta-

stable, paramagnetic fccγ -Fe �lms transformable to the ferromagnetic bcc α-Fe phase

by ion-beam irradiation. We de�ned the deposition parameters for a reproducible

preparation of the �lms and showed how di�erent ion energies, types, and scanning

procedures change the properties of the irradiated areas. We showed that it is possible

to tune the magneto-crystalline anisotropy of the ferromagnetic nanostructures by

the direction of the FIB scanning. �e dependence of the easy-axis orientation of the

ferromagnetic nanostructures warrants further investigations. Possible explanation
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might lie in the strain induced by ion implantation and defects (e.g. Ga interstitials).

�e SRIM analysis of the energy deposited by the ion-beam leads to the conclusion

that using a lower energy for the FIB transformation by Ga+ ions (e.g. 20 keV instead

of 30 keV) should lead to a higher transformation e�ciency.

In outlook, the tuning of the deposition parameters seems to be essential for the

stabilization of the metastable �lms, and the possibility to tune the magnetic satur-

ation. �e change of the deposition parameters might also a�ect the possibility of

tuning the magneto-crystalline anisotropy in the metastable �lms by FIB. It would,

therefore, be interesting to try depositions of Fe78Ni22 in di�erent CO pressures and

then transform them by FIB. �e di�erent CO pressure might allow/prohibit the tun-

ing of the magneto-crystalline anisotropy by FIB. Similarly, it might be possible that

there is a dependence of the anisotropy on the Ni content. �e reason for this is that

both the C and Ni might block the propagation of the bcc needles and therefore too

much of both can destroy the possibility to tune the magneto-crystalline anisotropy

before disabling the transformation.

Applications of the metastable �lms might require their use at higher temperatures.

It would therefore be intriguing to measure the e�ect of heating on the intermixing at

the Fe78Ni22-Cu interface or on the decrease of magnetic saturation and anisotropy.

It might as well be possible to use the SPECS spu�er source in PINUP to induce

the growth in the preferential direction, as in FIB. To do this, one would have to tune

the dose to be su�ciently large and rotate the crystal (or the scanning direction) to

be aligned in the correct direction. However, the e�ect of the larger beam size of

the SPECS ion gun would have to be checked by de-focusing the FIB. When com-

bined with low-energy electron microscope at CEITEC, observing di�raction on the

di�erent bcc domains would allow a be�er understanding of the direction-speci�c

transformation.





Chapter 5

Metastable Films on Silicon

In this chapter, we show that it is possible to substitute the Cu(100) single crystal

by a more technologically interesting substrate, silicon, and it is based on an article

published in Applied Surface Science 469 (2019) 747–752 [41], and contains additional

information not available in the publication.

5.1 Introduction

Silicon has been the most commonly used material in the semiconductor industry

and scienti�c research for decades, not only for its electronic properties but also

because processes for the preparation of very well de�ned substrates with almost

perfect crystallographic properties have been established. Our experiments described

below indicate that the Fe does not grow epitaxially on Si(100) but it is possible to

grow a Cu(100) bu�er layer on Si(100) as a seed for the growth of the metastable �lms

[36–38]. �e Cu bu�er layer grows in the desired (100) crystallographic orientation

when the Si(100) surface is unreconstructed, hydrogen-terminated (H-Si), which is

most commonly achieved by etching in hydro�uoric acid (HF) [36–38, 68–70]. Mul-

tiple studies reported the epitaxial growth of metals on H-Si with a Cu bu�er layer

[36, 69, 71–73], where the H-Si is degreased and etched in 10% HF. �e la�ice con-

stants of Cu and unreconstructed Si lead to a la�ice mismatch of -40% but change to
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-6% for 45° azimuthal rotation between the la�ices [with Cu(010) parallel to Si(011)].

�e �rst experimental observation of the epitaxial growth of Cu(100)/H-Si(100) was

reported by Chang [36, 68, 74]. Further investigations described the evolution of the

microstructure on the Cu-Si interface [75], and AES indicated the presence of Si in the

Cu layer up to 10 nm [37]. A scanning tunnelling microscopy (STM) study con�rmed

that Cu grows on Si(100) in island mode and also described the initial stages of growth,

the formation of grains and silicides on the Cu-Si interface [76]. �e silicides induce

strain on the epitaxial �lm and thus support the grainy morphology/island growth

of the fcc (100) Cu �lms [37, 69, 75–78]. �e morphology of the �lm improves [i.e.,

the islands coalesce into relaxed mounds with a (100) texture] with increasing thick-

ness [37] and, e.g., a 130-nm thick �lms consist of approx. 20-nm-wide well-de�ned

crystallites which have sub-grain boundaries [37, 78, 79].

Even though the most common way of preparation of the H-Si is by etching in

the HF, it is also possible to prepare the H-Si by annealing at 1200 °C followed by the

deposition of the atomic hydrogen [80, 81]. Baker in 2005 described the initial stages

of the Cu growth measured by STM [82]. Apart from this work, we could not �nd

any evidence that it is possible to grow the epitaxial Cu bu�er layer on H-Si prepared

in the UHV.

It might, therefore, be possible to grow the metastable �lms on an epitaxial Cu buf-

fer layer on both chemically and UHV-prepared H-Si(100). Multiple studies showed

that it is possible to grow epitaxial layers of various materials on Cu/Si(100). For

example, Vaz et al. showed that it is possible to use the corrugation of the underlying

Cu bu�er layer for magnetic modulation of a Co �lm [71–73, 83]. However, these

�lms have not yet been used for the fabrication of ferromagnetic nanostructures in

paramagnetic layers, as might be possible on the metastable �lms on the Cu/Si(100).

We describe in this chapter the growth of the metastable fcc Fe78Ni22 �lms on

the 130 nm thick Cu(100) bu�er layer grown on the H-Si substrates prepared both

in the UHV and chemically. As already shown in Section 1.2 and Chapter 4, the

metastable Fe78Ni22/Cu(100) is an excellent system for a one-step fabrication of mag-
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netic nanostructures and we performed the transformation to the bcc phase both,

in-situ by a weakly focused ion beam and ex-situ by FIB. Measurement of the mag-

netic properties of transformed thin �lms and nanostructures performed by the Kerr

magnetometry show that the Fe78Ni22/Cu(100)/H-Si(100) is a viable alternative to the

systems prepared on the Cu(100) single-crystal substrates. �is chapter will start with

the description of the preparation of the H-Si(100), then the deposition of the Cu-

bu�er layer and the metastable �lms. Finally, we are going to present the fabrication

of the ferromagnetic nanostructures in a paramagnetic matrix.

5.2 Preparation of the H-terminated Si(100) surface

�e experiments were performed on B-doped (p-type) Si(100) substrates with a

resistivity of 5-20 Ωcm. �e dimensions of the samples were 3 × 12 × 0.4 mm3; the

sample numbers and experiments performed are summarized in Appendix A.4. Two

di�erent methods were applied for obtaining a H-terminated surface: a chemical

and UHV procedures. Only three samples prepared by the chemical procedure are

included in Appendix A.4. On the other hand, almost all of the samples treated by the

UHV procedure are included in the appendix because most of the results presented

here were performed on these samples.

For the chemical method, Si was etched for 2.5 minutes in 10% HF to remove the

native oxide and to terminate the Si with hydrogen [70], then rinsed for 1 minute

in high-purity (Merck Milli-Q) water, dried with argon gas and transferred into the

loadlock connected to the UHV chamber PINUP within 10 minutes a�er the etching.

�e H-Si should be inert to the ambient atmosphere for such a period [70]. �en, the

sample was outgassed in the UHV chamber at 100 °C for 30 minutes.

In the UHV method, we avoided any ex-situ preparation. We designed and as-

sembled a home-built heating stage for direct current (DC) heating of Si samples (for

technical drawings and a description, please refer to Appendix C). Target holders for

the DC heating were made of Mo; their design was similar to that of a commercially
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available (Omicron) sample plates for the DC heating and can be found in Appendix D.

A�er introducing the sample into the UHV, we outgassed the sample and the sample

holder by e-beam heating in the manipulator to 600 °C for approx. 20 h. �e sample

was then heated by DC in the Si heating stage also to 600 °C for approx. 20 h until the

base pressure in the chamber was restored. A�er the outgassing phase, we annealed

the samples repeatedly at 1200 °C by DC for 5 seconds with a 5-second ramp from

the outgassing temperature. �e highest pressure during the last annealing step was

below 5 × 10−10 mbar. With this approach, we were able to completely remove both,

the native SiO2 and any organic impurities. �e temperatures were checked by the

thermocouple on the manipulator and by the pyrometer described in Section 3.1.

In the last step of the UHV method, we performed the H termination of Si by a

home-built H-cracker based on the design of Bischler [62]. �e H-cracker is described

in the section 3.1 and its design is shown and discussed in Appendix B. �e Si samples

were exposed to atomic hydrogen (10−7 mbar H2 pressure in the UHV chamber) for

7 mins to achieve a complete 2-ML H termination.

5.2.1 Results

�e chemically prepared H-Si(100) samples had a (1×1) di�raction pa�ern a�er in-

troduction into the UHV and the annealing at 100 °C, which is shown by a green square

in Figure 5.1(a). �e unetched, UHV treated Si(100) showed (2 × 1)-reconstructed do-

mains a�er annealing to 1200 °C [blue rectangles in Figure 5.1] with blurred streaks

between the 1/2-order spots. �e reconstruction of the annealed Si changed into a

(1 × 1) a�er the termination with the atomic H [green square in Figure 5.1(c)]. �e

change in reconstruction con�rms that the atomic H had saturated all the Si dangling

bonds [64, 80]. �e low-index di�raction spots of the UHV-prepared H-Si are brighter

than the di�raction spots on the chemically prepared sample.

�e AES measurement shows that impurities cover the HF-etched surface a�er

annealing at 100 °C; quanti�cation of the Auger peaks indicates concentrations of

roughly 15% C and 2% O (blue lines in Figure 5.2). �e outgassed Si with a native SiO2
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(a) (b) (c)

Figure 5.1 LEED of Si(100) at 120 eV treated chemically and in UHV. (a) H-Si(100)#HF3
with its (1 × 1) unit cell prepared by HF-etching. (b) UHV-treated Si#17; blue rectangles
are the (2 × 1) reconstruction with streaks between the 1/2-order spots. (c) �e (2 × 1)
reconstruction disappears a�er the H-termination. �e Si-unit cell is a green rectangle
in all images.

is still slightly contaminated by C (black lines in Figure 5.2), and a�er the annealing,

we observe a complete removal of the native oxide and the carbon contamination

(compare the black and the red lines in Figure 5.2). Dosing atomic H to obtain an

H-terminated surface does not introduce any impurities (orange lines in Figure 5.2).

For a more detailed overview of the experiments, please refer to the summary of the

samples and experiments in Appendix A.4.

5.2.2 Discussion

�e H-Si prepared chemically and in the UHV showed the same reconstruction in

LEED (Figure 5.1), which means that both approaches are potentially suitable for the

growth of epitaxial Cu(100). �e (2 × 1) reconstruction arises from the existence of

the Si dimers. �e streaks are related to the disorder of the dimer buckling, which

would otherwise form a c(4 × 2) superstructure of alternately buckled dimers, as

shown in Figure 5.3. Figure 5.3(a) shows a detail of the �rst Brillouin zone in our

measurement, which is very similar to the one measured at 24 K by Shirasawa, et al.

a�er a 50 s electron bombardment of the c(4 × 2) Si reconstruction [Figure 5.3(b)],

which led to disordering of the dimer rows and thus streaks instead of well-de�ned

di�raction spots [85]. One real-space c(4×2) Si domain is portrayed in Figure 5.3(c),
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Figure 5.2 AES analysis of the steps in the preparation of the H-Si(100). (a) Overview
AES of the substrate on Si#23. �e details in (b),(c) and (d) portray the Si, C and O peaks,
respectively. �e UHV-treated Si was outgassed (black - Si#23), annealed (red - Si#12)
and H-terminated (orange - Si#12). �e blue line corresponds to the chemically treated
(HF-etched) H-Si#HF2. �e black line is not included in (d).

(a) (b) (c) (d)

[110]

[110]

Figure 5.3 Analysis of LEED of Si a�er �ashing (a) A detail of the �rst Brillouin zone
shown in Figure 5.1 (b) An inverted image from Shirasawa at 24 K. (c) real-space structure
corresponding to the LEED pa�ern portrayed in (d). �e open and full circles represent
dimer atoms and the grey line represents the zig-zag rows of the buckled-down Si atoms.
(d) A simulation of two c(4× 2) domains performed by LEEDpat42 [84]. (b,c) are adapted
from [85].
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along with a simulation of the reconstruction in the reciprocal space. �e zig-zag of

the buckled dimers in the neighboring rows runs in antiphase, which gives rise to

the c(4×2) superstructure.

�e low-index di�raction spots of the chemically prepared H-Si [5.1(a)] are weaker

than the ones on the UHV prepared H-Si [5.1(c)], which suggests that the chemic-

ally treated surface is not as clean as the UHV-treated one. AES con�rmed this in

Figure 5.2, where the blue line corresponding to the chemically prepared H-Si shows

both C and O signals which did not desorb during the mild annealing. Because etch-

ing in HF for 2.5 minutes completely removes the SiO2, we contribute this signal

to an imperfect H termination of Si and a contamination during transport from the

ambient atmosphere before introducing the sample into the UHV. Multiple steps of

cleaning before the last HF-etch can reduce this contamination [70, 76].

5.3 Growth of the Cu(100) bu�er layer

Cu was evaporated from two sources, the e-beam evaporator EFM3 (Focus), and

the e�usion cell (CreaTec). �e material of the e�usion cell crucible contained a small

amount of Ca contamination. Due to the thermal radiation, the temperature of the

sample increased by 10 K during the deposition from the e�usion cell. �e pressure

during the deposition was 10−10 mbar (with the help of a liquid-nitrogen-cooled cryo-

panel and the TSP). �e deposition rate of both Cu evaporators was 0.06 Ås−1 (approx.

5.8 h for 130 nm). �e deposition of the Fe78Ni22 layers is described in Section 2.5.

5.3.1 Results

We deposited Cu on both, the H-Si(100) substrates prepared chemically and in UHV.

We grew 130-nm thick �lms because at this thickness we found a good compromise

between the �lm morphology which improves with the �lm thickness [37] and keep-

ing the deposition time manageable. �e corresponding experiments are summarized

in Appendix A.4. �e deposition of Cu resulted in LEED pa�erns which con�rm that
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(b) (c) (d)(a)

Figure 5.4 LEED of 130 nm Cu/Si(100). �e green rectangles correspond to the unit cell
of the Si and the orange rectangles are the unit cell of the Cu. (a),(b) Cu bu�er layer on
the Si#13 prepared in the UHV. (c),(d) Cu bu�er layer on chemically-prepared Si#HF1.
(a) and (c) were acquired at 120 eV. Spot spli�ing is pronounced at the (1,1) di�raction
maxima in (b) and (d) at 130 eV.

the as-grown Cu �lm on the chemically treated substrate was very similar to the one

on the H-Si prepared in the UHV (see Figure 5.4). Both �lms showed a 45° rotation

of their unit cell with respect to the underlying substrate and a real-space unit cell

reduced by a factor of
√

2. In the reciprocal space, the unit cell is larger by a factor

of
√

2, marked by orange and green squares in Figure 5.4. �e fcc (100) di�raction

spots are di�use, and we could also observe their spli�ing at some energies, most

signi�cant at 130 eV, marked in Figure 5.4(b) and (d). We could also observe that the

deposition of the Cu(100) on the HF-treated Si was not perfectly reproducible, and as

a consequence, the Cu �lm grew in its more stable (111) structure (data not included,

similar to [81]). However, it was not possible to connect this observation directly

to the contamination of the chemically prepared H-Si or any parameter of the Cu

deposition.

�e 130-nm Cu bu�er layer grown with the EFM3 e-beam evaporator on the chem-

ically prepared H-Si was completely clean according to AES [violet lines in Figure 5.5],

indicating that the impurities have either desorbed or got buried by the Cu deposition.

We were not able to deposit an fcc (100) Cu bu�er layer on the UHV-prepared H-Si

by depositing pure Cu; the deposition resulted in a polycrystalline Cu(111) �lm. We

were successful, however, in growing an fcc (100) Cu bu�er layer when we used a
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Figure 5.5 (a) Overview AES a�er the consecutive deposition of Ca-contaminated Cu
(pink), pure Cu (violet) on H-Si(100)#22 and Fe78Ni22 (green) on Cu/Si(100)#17. AES in
(b) marks the details of C and Ca peaks and (c) is a detail of the O peak.

Ca-containing Mo crucible in the e�usion cell. �e surface of the 100 nm Cu �lms

deposited from the Ca-containing Mo crucible had 2% of Ca, as estimated from the

AES. A�er deposition of 100 nm Ca-contaminated Cu (pink lines in Figure 5.5) show-

ing an fcc (100) structure, we have continued with the deposition of 30 nm of pure

Cu, and the AES measurements a�er the deposition (identical with the violet lines

in Figure 5.5) revealed that the completed �lm does not have any Ca on the surface.

�e structure of the 100+30 nm Cu �lm is fcc (100), marked in Figure 5.4(a) and (b).

�ere is no trace of oxygen on both the Ca-containing Cu �lm and the as-deposited

completed Cu bu�er layer, as portrayed in Figure 5.5(c).

Deposition assisted with ion bombardment from the spu�er gun did not bring any

signi�cant di�erence in the as-grown �lms. Deposition at lower or higher temper-

atures (-20 °C, ≥50 °C) led to a growth of polycrystalline fcc (111) �lms, in line with

previous observations [78, 86]. Post-annealing did not lead to �a�ening of the �lms;

in fact, we could observe a signal from Si in AES a�er heating to 150 °C for two hours,
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Figure 5.6 Change of the AES signal of a low energy Si peak during post-annealing of
a 130 nm Cu/Si#22. �e red line represents a clean Si surface a�er annealing to 1200°C
(normalized to Si92). �e yellow line is as-deposited 130 nm Cu, which then undergoes
a brief post-annealing to 150 °C (blue), 2 h at 150 °C (green) and a brief post-annealing
to 180°C (red). A spli�ing in the Si92 peak is visible. Peaks a�er the deposition and the
post-annealing are normalized to Cu940.

in contrast to Lukaszew et al. [79]. �e 92 eV Si peak showed a spli�ing a�er the

post-annealing (Figure 5.6). �e black line corresponds to a clean Si(100) surface and

serves as a reference for the data. �e as-deposited �lm (yellow) does not have any Si

signal, which starts to appear a�er 10 minutes annealing at 150 °C. It becomes more

pronounced a�er longer post-anneal, and �nally, the spli�ing of the Si peak is visible

a�er post-anneal to 180 °C.

5.3.2 Discussion

Excessive contamination of the etched Si can prevent the growth of an epitaxial

Cu(100) bu�er layer; Cu then grows in (111) orientation [75]. �e contamination of

the chemically treated Si led to a low reproducibility of the epitaxial depositions on

chemically prepared H-Si, and it was the main reason why we performed most of

the experiments on substrates prepared by the UHV method, which enabled us to

prepare completely clean substrates reproducibly. H-Si prepared in UHV is cleaner

than the chemically treated Si [compare the orange and blue lines in Figure 5.2(a),(c)

and (d)].

�e fcc (100) di�raction spots of the Cu �lm are di�use, and we could also observe

their spli�ing at some energies, most signi�cant at 130 eV, marked in Figure 5.4. Both
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the di�use spots and the spli�ing indicate a high density of (roughly equidistant)

steps, in agreement with reports that the Cu grows as epitaxial islands with terrace

widths of only a few nm [38]. We did not a�empt to quantify the size of the terraces

and islands, because exhaustive STM studies of fcc (100) Cu grown on the chemically

prepared H-Si have been published [37, 38], and also an STM study of the initial

phases of the Cu growth on H-Si prepared in UHV is available [87]. Nevertheless, we

con�rmed the morphology of the surface by SEM and AFM (data not shown).

Contamination by Ca proved to be an essential element in the epitaxial growth of

Cu(100) on the UHV-prepared H-Si. �e Ca concentration in the AES presented in

Figure 5.5 is not necessarily the concentration in the �lms; Ca is virtually insoluble

in Cu [88] so it is likely that Ca �oats to the top during growth and only a negligible

part is incorporated. We observed disappearance of the Ca signal upon depositing 30

nm of pure Cu on the Ca-containing 100-nm thick Cu �lm, which has con�rmed the

incorporation of Ca. If we would consider that the volume close to the surface (probed

by AES) contains 2% of Ca and that this is incorporated in 165 ML (30 nm) of pure Cu,

the minimal solubility of Ca in Cu is ≥0.01 %. Further experiments showed that even

10 nm of pure Cu su�ce to incorporate the 2 % Ca, which increases the min. solubility

to ≥0.04 %. Ca has an fcc structure and a 2.8% la�ice mismatch to Si(100) and in this

case, it most probably served as a surfactant supporting the epitaxial growth. �e

lack of oxygen in the as-deposited Cu layers con�rms that the depositions were clean

and there was no CaO deposited with the Cu.

We a�empted to �a�en the �lms by post-annealing to 180 °C, as described by

Lukaszew et al., [79]. However, already upon post-annealing to 150 °C, the 92 eV

Si peak started to appear (see Figure 5.6) and showed a spli�ing which got more

pronounced with the time at 150 °C. �e spli�ing corresponds to the formation of

bulk copper silicides, i.e., hybridization between the Si 3p states and the Cu 3d states

[69]. �e hybridization either means that the Cu islands ripened so that the layer of

copper silicides at the Cu-Si interface [69] were visible to the AES, or the interdi�usion

of Cu and Si turned the whole �lm into the copper silicide.
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(a) (b) (c)

Figure 5.7 LEED at 120 eV of a H-Si(100) and an 8 nm Fe78Ni22/130 nm Cu/Si(100). (a)
the (1×1) unit cell of H-Si(100)#17 unit cell is a green rectangle in all images and orange is
the unit cell of the metastable �lm. (b) Metastable �lms on chemically prepared substrate
Si#HF1. (c) Metastable �lms on substrate prepared in UHV Si#20.

5.4 Growth of the metastable films

5.4.1 Results

We �nished the preparation of the metastable �lms by depositing 8 nm of Fe78Ni22

on the epitaxial Cu(100) bu�er layer grown on both chemically and UHV-prepared

substrates. �e di�raction spots in Figure 5.7(b),(c) are commensurate with and sim-

ilarly di�use as the ones on the Cu bu�er layer [Figure 5.4]. �e unit cell of the

di�raction marked by an orange square is rotated by 45° with respect to the unit cell

of the underlying H-Si (green rectangle in all images) and is
√

2 larger [Figure 5.7].

�e similar spot shape indicates that the metastable �lm and the bu�er layers beneath

have a similar morphology and that the structure of the metastable �lm is also fcc

(100). As the �lms were deposited with a CO background pressure, the surface of the

metastable �lms contained 8% C and 5% O, as shown by the green line in Figure 5.5(a)

and by the details of the C- and O-peaks in Figure 5.5(b) and (c), respectively. �e C

and O peaks arise from the dissociation of the CO, as described elsewhere [28]. �e

oxygen serves as a surfactant and forms a very weak c(2×2) superstructure at the

bo�om right and top le� corners of the squares in Figure 5.4(b) and (c).
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HF-etched

annealed in UHV +atomic H

+130 nm Cu +8 nm Fe78Ni22

+130 nm Cu +8 nm Fe78Ni22

(1×1) Si

(1×2) Si

(1×1) Cu

(a) (b) (c)

(e) (f)(d) (g)

Figure 5.8 Summary of the LEED images in Figures 5.1 5.4 and 5.7. Images taken at
130 eV except for (c) and (g) which were taken at 120 eV. (a) H-Si(100) with its (1× 1) unit
cell (green in all images) prepared chemically. (b) 130 nm Cu/H-Si(100) with its (1 × 1)
unit cell (orange in all images). (c) 8 nm Fe78Ni22/130 nm Cu/H-Si(100) with its (1×1) unit
cell. (d) UHV-treated Si; blue rectangles are the (2 × 1) reconstructions, which change
into the (1 × 1) a�er H-termination, shown in (e). LEED pa�erns (f) and (g) correspond
to the deposition steps (b) and (c) on the UHV-prepared substrate.

5.4.2 Discussion

�e combination of LEED (Figure 5.7) and AES (Figure 5.5) demonstrates that it

is possible to grow epitaxial �lms of Fe78Ni22(100) using a Cu(100) bu�er layer on

H-Si(100) prepared by either wet chemistry or in UHV. �e position and size of the

di�raction maxima mean that the Fe78Ni22(100) �lms are commensurate with the

underlying Cu(100) bu�er layer.

Figure 5.8 is a combination of the previously shown LEED (Figures 5.1, 5.4 and 5.7)

to have an overview of the LEED images for a direct comparison. We see from the

�gure that the UHV and chemical approaches give very similar results.
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Figure 5.9 Longitudinal UHV SMOKE in-situ measurements of an 8 nm Fe78Ni22 �lm/
130 nm Cu/ Si(100)#17. �e irradiation was performed by 4 keV Ar+ ions. (a) the as-
deposited �lm is weakly FM (black). �e �lm partially transforms to bcc (green) a�er
irradiation with dose of 2 × 1015 cm−2. �e magnetization reaches a maximum at an ion
dose 6 × 1015 cm−2 (red). (b) dependence of the Kerr ellipticity at magnetic saturation (MS ,
magenta) and coercivity (blue) on the ion dose. Black, green and red symbols correspond
to the measurements in (a).

5.5 Ion-beam induced transformation

5.5.1 Results

�e experiments presented in Figure 5.9 and 5.10 were performed on samples pre-

pared by the UHV treatment; the samples treated by wet chemistry showed equivalent

results. SMOKE measurements of the as-deposited �lms and mildly irradiated �lms

[ion dose 1013 cm−2 - black circles in Figure 5.9(a)] show a non-zero magnetic signal

suggesting that a small fraction of the �lm is already in the bcc ferromagnetic (FM)

phase. Irradiation with a dose of 2 × 1015 cm−2 leads to a partial magnetic transform-

ation; the hysteresis loop [green line in Figure 5.9(a)] exhibits high coercivity, and

the Kerr signal reaches approx. 50% of the maximum value measured for the fully

transformed �lm. An ion dose of 6 × 1015 cm−2 completely transforms the �lm [red

rectangles in Figure 5.9(a)]. �e magenta line in Figure 5.9(b) shows the magnetic

transformation of the metastable �lm with the increasing ion dose and includes the

black, green and red datasets from 5.9(a). We do not detect any measurable increase

up to an ion dose of 2 × 1014 cm−2. �e magnetic signal then increases with increasing

ion dose up to 6 × 1015 cm−2, where it reaches a maximum and then decreases as the
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Figure 5.10 SEM and Kerr microscope analysis of 3 × 3 µm2 squares in a 8-nm
Fe78Ni22/130 nm Cu/Si(100)#20 �lms irradiated by a 30 keV Ga+ FIB for di�erent ion doses.
(a) �e Kerr microscope shows that there is no ferromagnetic signal on the as-deposited
�lms and �lms irradiated with dose up to 1.5 × 1014 cm−2. �ese are represented by the
blue line, which corresponds to a square irradiated with an ion dose of 5 × 1013 cm−2 (blue
line). �e �lm has the maximum magnetic saturation (MS ) when irradiated by an ion
dose 2–3 × 1015 cm−2 (red line). �e surrounding fcc area does not show any hysteresis.
(b) Summary of the Kerr signal at saturation for various ion doses with the Kerr signal
from the as-deposited �lm subtracted. �e inset at the bo�om shows SEM images of the
irradiated squares for the ion doses at the abscissa (with a half-an-order step starting
at 1013 cm−2). �e nanopa�erns were made and characterized by Viola Krizakova and
Lukas Flajsman at CEITEC.

magnetic thin �lm is spu�ered away and intermixes with the Cu layer below. �e

ion dose where we reach the maximum transformation is equal to the transformation

dose for the metastable �lms grown on a Cu(100) single crystal [32]. �e maximum

Kerr ellipticity of the �lms on the Cu bu�er layer is 10% lower than for �lms depos-

ited on a Cu(100) single crystal [32]. �e coercivity [blue line in Figure 5.9(b)] starts

increasing at the same ion dose as the magnetic saturation (around 2 × 1014 cm−2)

to reach a maximum at 2 × 1015 cm−2. It then falls rapidly to its minimum, which

matches the maximum of the magnetic saturation at 6 × 1015 cm−2.

Figure 5.10 shows the results of pa�erning the metastable �lms with the FIB. �e

grey level in SEM [inset at the bo�om of Figure 5.10(b)] can be used for distinguishing

the as-deposited (grey) areas and the irradiated (darker or brighter) areas and serves as
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a valuable pre-characterization tool. �e irradiated areas become darker at a dose of

5 × 1013 cm−2 but brighten again at doses above 1016 cm−2. �e last square then shows

the signal from the Cu below a�er a complete removal of the Fe78Ni22 �lm. �e data

from Kerr magnetometry (Figure 5.10) show the onset of the magnetic transformation

at an ion dose of 1014 cm−2. �e maximum of the magnetization is achieved at ion

doses of 2–3 × 1015 cm−2. �e transformation by 30 keV Ga+ ions qualitatively shows

the same behavior as the transformation performed in-situ [see Figure 5.9(b)], but

the ion dose needed to achieve full transformation is lower for the Ga+. Figure 5.10(a)

shows the hysteresis loops of the squares irradiated by a low ion dose (black line)

and at the maximum of the magnetization (red line). �e squares irradiated by the

low ion dose do not show any FM signal, which contrasts with the measurement by

UHV SMOKE in Figure 5.9 (black line).

5.5.2 Discussion

UHV SMOKE of the as-deposited and the irradiated �lms con�rms that the �lms are

metastable, i.e. it is possible to induce a magnetic transformation from paramagnetic

to ferromagnetic phase by ion beam irradiation. �e as-deposited and the weakly

irradiated �lms already exhibit some FM signal, which contrasts with the measure-

ments by the Kerr microscope [compare black line in Figure 5.9(a) and blue line in

Figure 5.10(a)]. We assume we do not measure any signal on the as-deposited and the

weakly irradiated metastable �lms in the Kerr microscope because the UHV SMOKE

setup collects the signal from a large area, and the Kerr microscope measured none

of the minority areas already in the bcc FM phase. At the optimal ion dose, the max-

imum Kerr signal is 10% lower than that on the Cu single crystal, which we a�ribute

to the corrugation of the �lm arising from the underlying Cu bu�er layer.

From observations on the Cu(100) single-crystal substrates we know that increasing

the ion dose increases the number and size of bcc nuclei randomly dispersed in the

fcc layer. �e maximum in the coercive �eld corresponds to the nuclei reaching

the maximum size for single magnetic domains. �is property is well known from
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magnetic nanoparticle studies [89]. Further lowering of the coercive �eld is a�ributed

to multi-domain states of magnetic particles and more e�cient interaction in between

the nanoparticles through the stray �eld of individual particles.

�e coercive �eld dependence on ion dose has not been addressed for the micro-

structures presented in Figure 5.10 because we could not tune the magnetic anisotropy

in the same extent as in the case of Fe78Ni22/Cu(100), discussed in Section 4.4. We

could observe that the coercive �eld of the microstructures re�ected the shape of

the prepared structures and the number of defects found in the structures and we,

therefore, think that the coercive �eld possesses a stochastic character [67].

�e SEM measurement in Figure 5.10 shows that the irradiated areas decrease

in brightness with an increasing ion dose. �e reason for the decrease of the SEM

signal is the fcc → bcc structural change, which a�ects electron channelling and

associated secondary electron emission [40]. An ion dose above 1016 cm−2 removes

the metastable �lm entirely and thus exposes the Cu bu�er layer. �e change of the

brightness in this case might be explained by the change of the work function (Φ),

which is directly connected to the emission of the secondary electrons. Even though

the experimental value of Φ for the fcc (100) plane of Fe [ΦFe = 4.57 eV [90]] is very

similar to that of Cu [ΦCu = 4.59 eV [91]], the FeC has a slightly higher work function

[ΦFeC = 5.83 eV [92]] with respect to CuC [ΦCuC = 5.66 eV [92]]. �e change in the

contrast might therefore suggest that carbides form on both the Fe and Cu surfaces,

which is not surprising because the specimens are irradiated by an 10 keV electron

beam in 10−7 mbar.

�e transformation by 30 keV Ga+ ions qualitatively shows the same behavior as

the transformation performed by lower energy Ar+, and the ion dose needed to

achieve full transformation is lower for the Ga+ as was the case for the metastable

�lms on the Cu(100) single crystal. In the discussion of Chapter 4, Section 4.4, we

showed that the penetration depth, energy deposition and intermixing are higher

for the Ga+ ions, and the transformation is therefore more rapid with respect to the

transformation induced by Ar+ ions.
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5.6 Conclusion

We showed in this chapter that it is possible to use the hydrogen-terminated Si(100)

with an epitaxial Cu bu�er layer to grow metastable Fe78Ni22 �lms. �e �lms are

paramagnetic and an ion irradiation transforms them into the ferromagnetic (FM)

phase, and we can tune their magnetization by the ion dose. We fabricated in the

metastable �lms (paramagnetic matrix) FM microstructures via FIB. �e Kerr signal

of metastable �lms on the new Cu/Si(100) substrate is 10% lower than that on the Cu

single crystal [32, 40], which we assume is caused by its corrugation. For the ion-

beam-induced transformation, we used Ga+ and Ar+ ions, and they exhibited di�erent

transformation e�ciency, which is similar to what we observed on the metastable

�lms on Cu(100) single crystal.

We have presented two (UHV and chemical) possibilities for the preparation of

the H-Si(100) substrate of which the UHV alternative has not been used in the past

for the growth of the Cu bu�er layer. We explored the UHV method of the H-Si

preparation for the deposition of the bu�er layer, and we found that the presence of

2% Ca is necessary to stabilize the growth of the fcc (100) Cu. �e role of the Ca in

the stabilization of the epitaxial growth of Cu(100) warrants further investigations.

Post-annealing of the Cu bu�er layer led to dewe�ing, and future research should

investigate alternative ways for obtaining �at �lms.



Chapter 6

Metastable Films on Diamond

In this section, we show and discuss the results obtained from depositing and

transforming the metastable Fe78Ni22 �lms on diamond.

6.1 Introduction

Diamond is an a�ractive material for industrial applications because of its high

thermal conductivity, hardness, chemical stability, transparency to the visible light,

and to the lack of electrical conductivity [5.45 eV band gap [93]]. �e H-termination

of diamond [H-C(100)] changes the position of the Fermi level and therefore leads

to negative electron a�nity, which can be used in cold cathode devices, or carrier-

injecting electrical contacts [94]. �e undoped H-C(100) can, therefore, be used as a

surface-channel �eld e�ect transistor (MESFET or MISFET) in high-speed switches

[95]. Face-centered-cubic (fcc) Fe, or γ -Fe, grows epitaxially on the diamond because

of a small la�ice mismatch (0.1%) and Fe intermixes with C at the interface [96–

99]. �e fcc Fe can be a template for the epitaxial growth of other metals and thus

interesting for the applications in electronics because the fcc Fe enables contacting

of non-carbide-forming metals, such as Cu, to diamond.

�e metastability of the fcc Fe �lms on diamond presents a second class of ap-

plications, in which a focused ion beam (FIB) can write magnetic nanopa�erns in a
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nonmagnetic matrix, as shown in the chapters 4 and 5. Such an approach can lead

to the fabrication of magnonic crystals and bring magnonics onto a transparent and

non-conductive substrate. An option for magnon excitation in spintronics is the para-

metric pumping through a transparent substrate [100], which might be enabled by

the metastable �lms on diamond.

Fe forms a �at and polycrystalline �lm on the diamond (100) at room temperature

(RT) with a critical thickness of 5-ML (0.9 nm), at which it transforms into its stable

bcc form [98, 101]. However, when the �lms are deposited in steps (≤5 ML) and

consequently post-annealed to 350 °C, the γ -Fe grows epitaxially on diamond up to

13 ML (2.4 nm) [99]. �e step-wise deposition does not allow for the critical thickness

to induce relaxations in the form of the energetically more favourable bcc-defects,

and the post-annealing leads to the di�usion of C from the diamond surface and to

re-organization into the austenite, γ -Fe [99]. �e deposition at RT restricts the C-

di�usion, and this poses the critical thickness barrier [97]. For applications, however,

it would be suitable to increase the thickness of the fcc �lms above 13 ML, and in the

case of the fcc-to-bcc ion-beam-induced transformation, the fcc Fe should not be in a

stable austenite state which is formed because of the C interstitials. On top of that,

the diamond preparation for deposition presented in the literature requires ex-situ

treatment to remove the deposited metals, and an in-situ cleaning procedure would

simplify the preparation. �e in-situ treatment would include spu�ering of the Fe

�lm. �e spu�ering would inevitably lead to irradiation of the diamond, which would

result in an sp3 (diamond)→sp2 (graphite) transformation.

We present in this chapter that it is possible to clean the diamond in-situ by spu�er-

ing the Fe layer and then etching by atomic H in UHV. We show that it is possible to

grow metastable fcc Fe78Ni22 on diamond, when the growth is performed at 450°C in

a carbon monoxide (CO) backpressure. �e increased deposition temperature leads to

a relaxation of the as-deposited �lm into the metastable fcc state, and the CO assures

a stable, well-de�ned C-doping of the whole �lm. Finally, the Ni has a similar atomic

radius as Fe and supports the fcc-Fe phase [32]; on top of that, we showed in Chapter 4
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that it overcomes the thickness limit on Cu(100). We con�rm the metastability of

these �lms by ion-beam-induced magnetic and structural transformation.

6.2 Preparation of the C(100) surface

We prepared the diamond surface in two UHV systems (RT-STM and PINUP) de-

scribed in sections 3.2 and 3.1, respectively. �e experiments were performed on

undoped C(100) crystals type IIa from Element Six with dimensions 4.5×4.5×0.3 mm3,

with a roughness of Ra ≤ 5 nm and 3×3×0.3 mm3 with Ra ≤20 nm. �e summary of

the samples used for the experiments shown in this chapter is included in Appendix

A.3. �e samples were cleaned ex-situ in aqua regia and in boiling Piranha solution,

with sonication in ultrapure Merck (miliQ) water in between and a�erwards. A�er

introducing the samples into the UHV, we outgassed the samples at 800 °C and etched

them by atomic H. �e H-etching was performed by a home-built H-cracker; its

typical operation parameters are shown and discussed in Section 3.1.1 and the tech-

nical details are in the appendix B. �e sample was exposed at 10−6 mbar H2 pressure

and was kept at 500 °C to achieve fastest graphite etching [61, 63]. We calibrated

the atomic H dose from achieving a H-termination of Si(100), as shown in Section

3.1.1. We also inserted out-of-the-box samples and they had the same purity a�er

outgassing and cleaning with atomic H as the etched samples.

AES measured the chemical composition of the C(100) surface. We used the G-

factor to describe the purity of the diamond substrates. �ere is a di�erence between

the sp2 (graphitic) and the sp3 (diamond) AES signals and we used this to measure the

cleanliness of the diamond, as described elsewhere [102]. �e G-factor has been calcu-

lated as a ratio of the di�erence between the graphitic (sp2) and diamond (sp3) average

peak-to-peak height (APPH) and the APPH of the whole C-peak [see Figure 6.1(d)]

[102].
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6.2.1 Results

We measured no contamination in AES on an annealed C(100) and we decreased

the amount of graphite by atomic hydrogen etching. �e G-factor slightly decreased

and a�er dosing approx. 103 L [see blue data points in Figure 6.1(e)] we assumed

the crystal is clean of graphite, as shown by the blue line in Figure 6.1(d). We then

irradiated the sample with 2.3 × 1014 cm−2 Ar+ ions with 500 eV energy to induce an

sp3 → sp2 transition. �e G-factor immediately changed in favour of the graphitic

peak [red line in Figure 6.1(d)]. �e diamond exhibited a weak di�raction pa�ern

which arises from the bulk diamond [Figure 6.1(b)]. Consecutive H-etching initially

did not lead to a change in the G-factor, with a step decrease around the H-dose

of 11 × 103 L. �e G-factor was constant a�er dosing above 24 × 103 L of atomic H.

�e H-etched surface in Figure 6.3(c) corresponds to the last data point in Figure

6.3(e) and exhibits an fcc(100) di�raction pa�ern, where the spots are larger than

the ones of the as-inserted surface in Figure 6.1(a). �e G-factor of the irradiated

and H-etched diamond was like the one on the as-inserted and H-etched diamond

[compare the green and blue datapoints in Figure 6.1(e)]. We also post-annealed the

substrate treated by atomic H to 800 °C, but this did not change the G-factor.

6.2.2 Discussion

�e (2×1) reconstruction with elongated di�raction spots, portrayed in Figure 6.1(a)

arises from dimerization of the surface atoms, which are connected by both σ and

π bonds. It is possible that the spots are elongated because of the non-conductive

substrate, which becomes charged. We assume that the 500 eV Ar+ ions transformed

only the top layers of diamond because it is possible to see di�raction spots in the

LEED image a�er the spu�ering [Figure 6.1(b)]. �is is in contrast to Monte Carlo

simulations using the stopping and range of ions in ma�er (SRIM) [58]. According

to SRIM, the average ion penetration depth into carbon (and therefore the ion-beam-

induced sp3 → sp2 transition) is approx. 2 nm. A�er spu�ering and consecutive
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Figure 6.1 AES of C#3 treated by ion beam irradiation and by atomic hydrogen. a) LEED
at 125 eV on as-inserted and annealed diamond. b) LEED at 135 eV of diamond spu�ered
by 2.3 × 1014 cm−2 500 eV Ar+ . c) LEED at 135 eV of a spu�ered diamond cleaned by
39 000 L of atomic H. d) G-factor calculation. Blue and red colour correspond to as-
inserted and irradiated diamond, respectively. �e di�erence in APPH of sp2 and sp3
signal is visible. e) Dependence of the G-factor on the H dose. Blue and black data points
were measured a�er consecutive steps of H-deposition on as-inserted and irradiated
diamond, respectively.
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cleaning, the spots are larger than the ones on the surface of an as-inserted diamond

sample, which most probably means that the size of the �at terraces has decreased.

�is is supported by the lack of the (2×1) reconstruction, which points out that there

are no large �at areas where the relaxation of surface C atoms could take place.

Figure 6.1 therefore suggests that diamond single crystals spu�ered and etched by

atomic hydrogen lead to a corrugated surface with the same phase purity as before

spu�ering. A similar e�ect was observed by XPS on diamond [103]. We avoided any

e�ect on the reproducibility of our experiments by the spu�er-induced corrugation

by depositing the metastable �lms on out-of-the box C(100) annealed to 900°C and

cleaned by atomic H. We con�rmed, however, that it is also possible to grow the

metastable �lms on the previously spu�ered substrates. �e diamond surface can be

made �a�er by a H plasma at high temperature [103].

6.3 Growth of the metastable films

�e depositions were performed in the PINUP and RT-STM systems. For deposition,

we used the parameters we found to be su�cient to stabilize the fcc Fe on Cu(100)

[Chapter 4 and [32]] and Cu(100)/Si(100) [Chapter 5 and [41]]. �ese were alloying

of Fe with 22% Ni and deposition in 5 × 10−10 mbar CO. In the following, it will be

shown that it is necessary to increase the temperature of the substrate to achieve

epitaxial growth of the Fe78Ni22/C(100). We tried two approaches to grow the epitaxial

metastable �lms at elevated temperatures. Firstly, we post-annealed the �lm grown in

steps below the 5-ML (0.9 nm) critical thickness. Secondly, we varied the temperature

of the substrate during growth.

6.3.1 Results

Deposition of 4-nm-thick layers on C(100) at RT resulted in a di�use LEED pa�ern

caused by the stable bcc phase (con�rmed also by SMOKE). Figure 6.2(a) shows the

reconstruction on the C(100) for a reference and Figure 6.2(b) the di�raction pa�ern
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Figure 6.2 LEED of C(100)#4 and deposition of Fe78Ni22/C(100)#4. (a) C(100) with a
(2×1) reconstruction, LEED at 145 eV. (b) 4 nm Fe78Ni22/C(100) deposited at RT, LEED at
120 eV for best visibility of the spots. �e roughly concentric ring-like features are an
artifact. (c) 4 nm Fe78Ni22/C(100) deposited in 4-ML (0.72 nm) steps with post-annealing,
LEED at 145 eV.

on the 4-nm-thick �lm deposited at RT. Metastable fcc �lms obtained by depositing

in 4-ML (0.72 nm) steps. For pure Fe/C(100), this avoids the critical thickness [99], at

which the stable bcc dislocations are introduced. �e deposition was then followed

by annealing up to a temperature (450 °C) at which we could observe the formation of

the fcc structure with a di�raction pa�ern. �e �nal thickness of the �lm deposited

step-wise presented in Figure 6.2(c) was 4 nm. A�er deposition and annealing, the

LEED pa�ern in Figure 6.2(c) shows the fcc(100) di�raction spots and the O-c(2×2)

and (2×1) superstructures. �e (2×1) superstructure was already observed on the

substrate.

We measured STM a�er each deposition and post-anneal steps but did not achieve

atomic resolution on �lms thinner than 4 nm. Once the �lm reached a su�cient

4-nm thickness, we were able to measure the atomic distribution on the surface, as

shown in Figure 6.3(a). �e STM view at the atomic scale shows the c(2 × 2) oxygen

superstructure with missing oxygen rows on the Fe78Ni22. �e atomic distance in the

oxygen reconstruction corresponds to the
√

2/2 × afcc Fe. An STM image of a larger

area depicted in Figure 6.3(b) shows the missing oxygen rows on a �at terrace with

a diameter of approx. 20 nm. �ere are a few threading dislocations appearing on

the surface of the islands. �e island has rather steep edges, and thus we observe the
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Figure 6.3 Structural analysis of Fe78Ni22/C(100). (a) high-pass �ltered STM of 4 nm
Fe78Ni22/C(100)#4 depict the surface of the metastable �lm with atomic resolution. (b)
STM of 4 nm Fe78Ni22/C(100)#4. �e sharp edges of the island show the convolution of
the tip with the edges. (c), (d) SEM on 8 nm Fe78Ni22/C(100)#6 shows the morphology of
the metastable �lm’s islands.
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Figure 6.4 AES analysis of steps in the deposition of the Fe78Ni22/Cu(100). (a) AES of
as-inserted, cleaned C(100)#9 and on 8 nmFe78Ni22/C(100)#9 deposited at 450 °C. Changes
in the C and O peaks are visible. (b) AES of the APPH of C with respect to the APPH of
Fe on the step-wise deposited metastable �lms at 450 °C on C#2,4,6,7,9.

signal arising from the convolution of the tip shape and the edge of the island.

We then deposited 8 nm Fe78Ni22 in one step, at the temperature we used for post-

annealing in the step-by-step deposition (450°C). Deposition at 450 °C led to the same

LEED pa�ern as in Figure 6.2(c), con�rming that this substrate temperature allows

for the epitaxial growth of fcc Fe78Ni22. Figure 6.3(c) and (d) shows the morphology

of these 8-nm-thick �lms as measured by SEM. �e islands seem to have random

shapes and sizes with a roughly constant height within each island. However, SEM

is not a technique that is very sensitive to height. �e SEM images show that the

metastable �lm forms islands with narrow grooves between the islands.

�e chemical analysis of the diamond substrate and the respective deposition steps

by AES are portrayed in Figure 6.4. �e as-inserted diamond has some adsorbates on

the surface [O peak in the black line in Figure 6.4(a)], which are removed by annealing

and H-etching (orange line), shown and discussed in Figure 6.1. �e deposition

of 8 nm of Fe78Ni22 at 450 °C results in AES marked by the blue line in the Figure

6.4(a). We combined the data from step-by-step and one-step depositions on �ve

substrates (C#2,4,6,7,9) which led to the formation of the metastable �lms to show
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the dependence of the C-signal on the thickness of the metastable �lm. �e data

from these multiple depositions are presented in Figure 6.4(b) and show a decrease

in the C signal with respect to the Fe peak. �e C:Fe ratio always increased a�er

post-annealing the step-wise deposited layers. A�er post-annealing to 450 °C of the 4

nm Fe78Ni22 deposited at RT, we measured a six-fold decrease in O signal (from 12%

to 2% APPH, not sensitized).

6.3.2 Discussion

�e bcc di�raction pa�ern on the 4-nm-thick �lm deposited at RT in Figure 6.2(b)

resembles the bcc Fe78Ni22/Cu(100)[32]. �e spli�ing of the bcc spots is due to the

15° rotation of the bcc areas with respect to the fcc(100), as was already shown and

discussed in Chapter 4. �e transformation into the bcc Fe(110) was observed and

discussed for Fe/C(100) thicker than 5 ML (0.9 nm) without any stabilizing agents

[99]. Figures 6.2 and 6.3 show that it is possible for the metastable �lms to grow

thicker if they are given enough energy, to intermix with the substrate and form fcc

Fe and to continuously reorganize into the epitaxial metastable state [99]. �e LEED,

STM and SEM observations suggest the growth at RT is kinematically limited and

the post-annealing or the deposition of the whole �lm at the 450 °C allows the system

to reach its thermal equilibrium for the growth of the metastable �lms. We do not

assume that the kinematic limitation of the growth comes from the Ehrlich-Schwöbel

barrier, because the barrier is known to be low for metals in the (100) orientation

[104]. Yet, the increased temperature is necessary for the formation of the epitaxial

fcc Fe islands.

In Figure 6.2(c), the oxygen in the c(2×2) reconstruction originates from the dissoci-

ation of CO on Fe [28]. As was the case on the metastable �lms on Cu, we assume the

C is incorporated into the �lm and supports the fcc Fe, and O serves as a surfactant

and forms the c(2×2) [27, 28]. We a�ribute the decrease of the O content upon post

annealing to the desorption of weakly bound CO molecules on the polycrystalline

�lm during the reorganization of the surface. �e Fe-O bond is strong enough to
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withstand the post-annealing temperature [104].

We measured STM a�er each deposition and post-anneal step but did not achieve

atomic resolution on �lms thinner than 4 nm [Figure 6.3(a) and (b)], which could be

explained by the following: Firstly, the as-deposited �lms are poorly ordered and thus

there is no measurable atomic order prior post-anneal (con�rmed by LEED). Secondly,

coarsening of �lms thinner than 4 nm leads to disconnected Fe78Ni22 islands and thus

removes the conductive overlayer from the nonconductive substrate. Finally, the

coarsening of the metastable �lm upon post-annealing made the size of the atomically

�at areas below the smallest scale for scanning of the STM. �e �at terrace has

a few threading dislocations, which directly con�rm the suggestion of Ho� et al.

[98] that the strain relaxation in Fe/C(100) might occur through the introduction of

the threading dislocations. �ese dislocations therefore form an alternative stress

relaxation to the transformation into the energetically stable bcc Fe(110). We assume

the stress comes from the half-step of diamond, which cannot be accommodated by

the full ML of Fe and thus propagates through the whole epitaxial layer.

�e C:Fe ratio always increased a�er post-annealing the step-wise deposited layers,

which corresponds either to di�usion of C, or the exposure of the diamond substrate,

or the combination of both. �e STM and SEM show that the metastable �lm forms

islands with very narrow grooves between the islands and LEED with STM con�rm

the O-reconstruction on the surface of the metastable islands. At the same time, LEED

shows that there is a pronounced (2×1) reconstruction visible. Its intensity is stronger

than what we observed on diamond substrates; in case that it arose from the substrate,

there would have to be large �at patches of diamond with the C dimers. It should,

however, be energetically more favourable for the C to form a chemical bond with Fe,

without the possibility of breaking it at 450 °C. �e experimental evidence therefore

suggests a formation of a new crystalline Fe-C phase beneath the metastable �lm

which appears in the grooves between the islands. We could observe that the AES

peaks on the step-by-step deposited �lms had a triple C-peak, which points to the

formation of a new phase. Yet, the triple C-peak was not con�rmed for the �lms
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deposited at 450 °C. �e shape of the AES peak and the possible formation of the new

Fe-C phase therefore warrants further investigations.

6.4 Ion-beam-induced transformation

We extend the analysis of the as-deposited and irradiated metastable �lms by

SMOKE and micro-MOKE measurements, which give us information about the mag-

netic properties of the �lms. Large-Area irradiation of one set of samples was per-

formed in-situ in the PINUP system by the Specs ion gun with ion beam perpendicular

to the sample with a current density 1013 cm−2s−1. We used 4 keV Ar+ ions, which

penetrate deep into the 8-nm-thick Fe78Ni22 layer and do not cause signi�cant in-

termixing at the interface with the substrate as was shown in Section 4.4. During

the ion beam irradiation, we periodically measured magnetic hysteresis loops by the

home-built SMOKE. Ex-situ magnetic nanopa�erning was performed in the combined

FIB-SEM Tescan LYRA 3. A series of circles with 3 µm2 diameter was irradiated with

the Ga+ FIB at 30 keV. A�er the irradiation, the magnetic properties of the pa�erns

were measured by the micro-Kerr magnetometer MIRANDA.

6.4.1 Results

Figure 6.5 shows SMOKE on 8 nm Fe78Ni22/C(100) which we irradiated and meas-

ured in-situ with the broad ion beam; the �lm was grown in one step at 450 °C. �e

as-deposited layer has a non-zero magnetic saturation and it reaches an approx. six-

fold increase in magnetic saturation (MS) a�er the ion beam dose of 1.5 × 1016 cm−2.

�e magnetic saturation then decreases with further irradiation. �e magenta line

in Figure 6.5 shows the evolution of the coercive �eld (HC) with the ion dose. We

observe the Hc has a similar dependence on the ion dose as the MS, but does not

decrease for the doses above 1.5 × 1016 cm−2. �e inset shows hysteresis curves of

the as-deposited 8 nm �lm (orange line) and the irradiated �lm (blue and green lines)

which correspond to the points with respective colours on the black and magenta
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Figure 6.5 Dependence of the magnetic saturation (MS) and coercivity (HC) on the 4 keV
Ar+ ion dose for 8 nm Fe78Ni22/C(100)#9 measured in-situ by longitudinal SMOKE. �e
inset shows hysteresis curves for as-deposited �lm (yellow), slightly transformed �lm
(blue) and a �lm with maximal MS (green).

lines.

Figure 6.6 portrays the circular areas irradiated by the Ga+ ions measured by SEM.

We observed a change of magnetic saturation with the ion dose, shown in Figure 6.6(a).

�e as-deposited �lm (black line) shows a very low magnetic hysteresis (close to

noise level) and the highest MS is achieved a�er irradiating the metastable �lm with

5 × 1015 cm−2 (red line). Increasing the dose even further leads to a decrease in the

MS, as shown by the green line. �e SEM image in Figure 6.6(b) shows a brightness

di�erence dependent upon the ion dose, where the irradiated areas are darker than

the as-deposited metastable �lm.

6.4.2 Discussion

�e ferromagnetic signal on the as-deposited �lms shown in Figure 6.5 means that

some areas of the �lm grew in the stable bcc state. SMOKE is a sensitive method

for the measurement of any bcc Fe, even though there is no trace of bcc in LEED.

We expect that the bcc areas are between the fcc islands and most probably occur
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Figure 6.6 (a) µMOKE measurement of 3 µm circles produced by 30 keV Ga+ FIB in
Fe78Ni22/C(100)#4; black is the signal on non-irradiated areas, green is irradiated with
5 × 1016 cm−2 and red is having highest MS a�er irradiating with 5 × 1015 cm−2. (b) SEM
image of the irradiated areas (dark). Measurement points of µMOKE are marked with
arrows.

in places where the epitaxial growth is not energetically favourable, which might be

either in regions with higher graphite content or in regions with a large corrugation,

where the strain induces a spontaneous bcc growth. �e corrugation might also arise

from the step height of diamond, which is half of the step height of Fe and cannot be

accommodated by the Fe la�ice. Also, we collect the SMOKE signal over a large area,

which might have some defects from polishing which are not a substrate favourable

for the growth of the metastable �lms. We managed depositing a �lm on C#8 with

no ferromagnetic signal. �is might support the explanation that the cleanliness and

corrugation of the substrate is crucial for the number of transformed areas.

In case of 4 keV Ar+ ion beam irradiation, the magnetization of the Fe78Ni22 �lm in-

creases above an ion dose of 1014 cm−2 and the �lm is completely transformed at an ion

dose between 1 and 2×1016 cm−2, which is two times higher than for Fe78Ni22/Cu(100).

We a�ribute the decrease in MS above the dose of 1016 cm−2 to spu�ering of the ferro-

magnetic material, which we already observed on Fe78Ni22/Cu [32] and Fe78Ni22/Cu/Si

[41].

For both 4 nm and 8 nm �lms, the MS is approximately 2.5 times lower in compar-

ison to the maximum MS on the CO-stabilized 4 nm/Cu(100) [27] and 4 times lower
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than 8 nm Fe78Ni22/Cu(100) [32]. It is surprising that the MS of the completely trans-

formed �lms does not increase with the thickness of the �lms. One of the reasons

might be the di�usion of C into Fe, which makes part the �lm stable γ -Fe. �e di�u-

sion of C depends on the square root of time, and since the thicker �lms are kept at

the higher temperature for a longer time, the C might stabilize a thicker proportion

of the �lm. �is would also explain why the maximal MS is only 1/4 of the one on Cu

and why the ion dose necessary for the full transformation is ≈2× higher than in the

case of Fe78Ni22/Cu(100).

�e coercive �eld (HC) in Figure 6.5 shows a completely di�erent behaviour with

respect to the metastable �lms on Cu(100) [41] up to the point of a complete trans-

formation. In the case of Fe78Ni22/Cu(100), we argued that the increase in HC with

ion dose occurs because of the increase in the size of the bcc nuclei, which then

reach a critical size, above which there are multiple ferromagnetic domains in the

nuclei. �is then decreases the HC above certain dose, and it stays then constant,

even though the ferromagnetic material is spu�ered o�. �is is not the case for the

Fe78Ni22/C(100), where the HC increases gradually with the ion dose and remains

constant at its maximum, even though the MS starts to decrease. We assume this is

because of a shape anisotropy of the islands of Fe78Ni22/C(100), which are visible in

STM and SEM. With an increasing ion dose, the bcc areas in the fcc islands increase

in size, until the whole Fe78Ni22 islands are transformed into the bcc phase, at which

point the HC is governed by the shape anisotropy.

�e SEM in Figure 6.6(b) shows a brightness di�erence because of a change in

work function in the irradiated and non-irradiated areas and a di�erent channelling

of electrons in areas with a di�erent crystallography, as was already discussed in

Section 5.5.2.

�e character of the 4 nm and 8 nm thick �lms as measured by SMOKE, LEED and

AES has been very similar, and the Fe78Ni22 formed islands thicker than the 8 nm. We,

therefore, assume that it is possible to grow also thicker metastable �lms on diamond.
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6.5 Conclusion

We showed that it is possible to deposit fcc Fe on diamond and that it is possible

to prepare a graphite-free diamond surface in UHV. �e cleaning of diamond with

atomic H is possible also a�er spu�ering and thus allows to recover the phase purity

by in-situ-only treatment of diamond. �e metastable �lms were grown on diamond

by depositing Fe78Ni22 alloy at 450°C in a CO atmosphere which results in island

(Volmer-Weber) growth. We showed we can tune the magnetic saturation of these

with the ion dose. �e metastable �lms allow for a one-step fabrication of ferromag-

netic nanostructures by focused ion beam on a new, transparent and non-conductive

substrate. We hope this opens a way for the use of, e.g., magnetic transmission x-ray

microscopy for the measurement of periodically structured magnetic nanostructures

(magnonic crystals) in the metastable �lms on diamond.

In the future, we would like to investigate the shape of the C peak in AES, which

changes with thickness and temperature-treatment of the layers. �is might give

more information about the intermixing of Fe and C. It might also be possible to

obtain some information from MFM measurements with a hard-magnetic tip to meas-

ure the out-of-plane magnetization of the metastable �lms before and a�er the ion-

beam-induced transformation. �e hard magnetic tip should a�ect the so�-magnetic

Fe78Ni22 and thus make any magnetization measurable by MFM. �e aim would be

to measure the magnetic signal in the grooves between the islands. In case that there

would be no magnetic signal, it will con�rm that there is a stable paramagnetic layer

underneath the metastable islands.

Another option to shine more light on the Fe-C intermixing is to use the X-ray

di�raction (XRD), even though it is a technique to measure bulk materials. Reciprocal

space mapping in XRD might show whether there is a new iron carbide phase forming

at the higher temperature. Transmission electron microscopy combined with electron

energy loss spectroscopy (EELS) should help us identify the new phase; signal from

EELS should di�er for areas with a di�erent C concentration and Fe78Ni22 density. We

could use other diamond samples with a larger miscut (collaboration with Augsburg)
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which results in step-bunching and large terraces at the same time. B-doping should

allow us to measure STM from the very beginning of the Fe78Ni22 growth and thus

understand the growth mechanism.





Chapter 7

Metastable Films on SrTiO3(100)

7.1 Introduction

Strontium titanate SrTiO3(100) is a perovskite oxide important for a wide range

of applications in, e.g, photocatalytic water-spli�ing [105] and formation of two-

dimensional electron gases at its surfaces [106]. SrTiO3(100) is compatible with cur-

rent microelectronic technology because it grows epitaxially on the commonly used

substrate Si(100) [107]. It is a potential substrate for the growth of the metastable

�lms because of a similar la�ice constant with respect to Cu and Fe.

SrTiO3(100) is commonly prepared by etching in hydro�uoric acid (HF), which res-

ults in a surface with well-de�ned crystallographic properties [108]. It has been

shown that it is possible to have even more well-de�ned surfaces by etching in

bu�ered-HF (BHF) and consequent annealing in UHV [109]. In-situ preparation,

which includes only spu�er-anneal cycles, leads to surface reconstructions because of

preferential spu�ering of the constituents. For the growth of the metastable Fe78Ni22

�lms, we decided to use a Cu (a=3.615 Å) bu�er layer. �e Cu should grow epitaxi-

ally on SrTiO3(100) (a=3.905 Å, 8% la�ice mismatch) and it should wet the surface

when deposited by pulsed laser deposition (PLD) [35]. �us, an epitaxial and con-

tinuous Cu(100) bu�er layer could serve as a substrate for the epitaxial growth of the

metastable �lms.
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�e continuous layer-by-layer (Frank van der Merwe) growth of metals on oxides

is not favourable close to thermal equilibrium because of the lower surface energy

of the underlying oxide with respect to the one of the metallic �lm. �e surface

energy of Cu is 2.09 J/m2 (0.85 eV/atom) [91] and (2×2) reconstructed TiO2 on the HF-

etched SrTiO3(100) has 1.57 J/m2(0.38 eV/atom) [110]. Such a surface energy di�erence

commonly leads to dewe�ing of the Cu bu�er layer which then rather follows an

island (Wolmer-Weber) growth mode [111] (see Section 2.5 for details).

Deposition of many atoms in time (instantaneous �ux, F ), which is much shorter

than the time the atoms need to di�use to the next island (di�usion, D) results in

a di�usion-limited growth. �e consequence of a di�usion-limited growth (i.e. of

a very low D/F ratio) is that the growing islands will be smaller. Di�usion-limited

growth can lead to a layer-by-layer growth mode because the landing atoms will form

small islands instead of di�using to the nearest island and ascending on top of it. PLD

provides extremely high instantaneous �ux while keeping comparable time-averaged

growth rates as MBE (for more details, please refer to Section 2.6).

We performed experiments on SrTiO3(100) to reproduce the growth of a Cu(100)

epitaxial bu�er layer published in [35]. A�er this, we increased the deposition tem-

perature to support the epitaxial growth and then tested the three-step approach,

which proved to be the most robust one. Finally, we deposited Cu on an SrTiO3(100)

prepared only in UHV by spu�er-anneal cycles to avoid the possibility of contamina-

tion by �uorine because the HF-etching results in F-contamination [112]. We did not

manage to prepare a bu�er layer appropriate for the growth of the metastable �lms.

7.2 Preparation of the SrTiO3(100) surface

�e experiments were performed in the PINUP and SPECS chambers described

in sections 3.1 and 3.3, respectively. We studied two ways of substrate preparation:

�rstly, it was chemical treatment followed by annealing in UHV and secondly the

whole treatment was conducted in UHV. An overview of the samples used with
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Figure 7.1 Structural analysis of an etched and annealed SrTiO3(100) #1. (a) in STM,
the teraces are approx. 50 nm wide. (b) LEED shows that the SrTiO3(100) exhibits a (2×2)
reconstruction with a clear RHEED pa�ern with Kikuchi lines portrayed in (c).

relevant results is in Appendix A.2. �e samples we used were niobium doped

(0.05 wt.%) SrTiO3(100) purchased from MaTecK Company, Germany, with dimen-

sions 5×5×0.5mm3.

�e chemical preparation consisted of ex-situ etching in BHF and in-situ annealing

according to Shimizu et al., which results in a TiO2-terminated surface [109]. �e res-

ulting surface of the chemical substrate preparation showed approx. 50-nm-wide ter-

races in STM [Figure 7.1(a)]. LEED in Figure 7.1(b) shows weak (2×2) reconstruction

spots and con�rms the atomic organization of the surface. In RHEED [Figure 7.1(c)]

we can observe di�raction spots and Kikuchi lines. Substrates prepared in this way

did not have any contamination and a typical XPS spectrum is shown in Figure 7.6.

�e data from Figures 7.1 and 7.6 show that the chemical preparation of the

SrTiO3(100) leads to a clean substrate with well-de�ned crystallographic proper-

ties. Such a substrate should be a good candidate for the growth of the Cu bu�er

layer, as described by Francis et al. [35].

�e UHV-preparation consisted of spu�er-anneal cycles, where the annealing fol-

lowed the recipe of Shimizu et al. [109]. �e substrates prepared in UHV by spu�er-

anneal cycles had a �at and reconstructed surface; Figure 7.2(a) and (b) shows the

(6×2) reconstruction in LEED and RHEED, respectively. �e reconstruction changed

with changes in the parameters of the spu�er-anneal cycles, but we do not a�empt
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Figure 7.2 UHV-preparation of SrTiO3(100) by 2 spu�er-anneal cycles. (a) LEED at
100 eV shows a (6×2) reconstruction. (b) RHEED portrays well-de�ned di�raction spots
with a Kikuchi pa�ern. (c) STM shows rows perpendicular to each other. STO#12

to give an exhausting description of this phenomenon because it was published else-

where [113]. RHEED shows the Kikuchi lines, which were already observed on the

chemically treated SrTiO3(100) shows in Figure 7.1(c); they con�rm a �at crystalline

surface. Figure 7.2(c) shows STM images of the SrTiO3(100) surface, with protruding

rows along the in-plane low-index directions of SrTiO3(100) . �e lines in STM corres-

pond to a SrO-reconstruction because spu�ering leads to a Sr-rich surface. �e reason

for this is that Ti (atomic mass 48) is preferentially spu�ered by Ar+ in comparison

to Sr (atomic mass 88).

�e UHV-prepared substrate might as well be a good template because of the rows

shown in STM [Figure 7.2(c)], which might stabilize the epitaxial growth of Cu(100).

7.3 Deposition of the Cu(100) bu�er layer

We deposited the Cu bu�er layer on both the chemically and UHV-prepared samples.

We performed three types of depositions on the chemically prepared samples. Firstly,

we deposited the whole �lm at 100 ◦C and then post-annealed it to repeat the �rst

experiment reported by Francis et al. [35] who reported the growth of epitaxial and

�at Cu �lms. Secondly, we deposited the whole �lm at 300 ◦C to promote the epitaxial

growth. Finally, we repeated the three-step process, in which we deposited a seed
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Reference A.J. Francis et al. [35] �is work
laser Compex 201 laser COMPexPro 205F
manufacture Lambda Physik Coherent
wavelength 248 nm 248 nm
pulse duration 20 ns 20 ns
pulse rate 3 Hz 3 Hz
laser energy density 8.0 J cm−2 7.2 J cm−2

target-to-substrate 60 mm 60 mm
ablation time 5 mins 15 mins
growth rate 4 × 10−3 nm/pulse 4 × 10−3 nm/pulse
growth time 60 mins 60 mins
no. of pulses 11 000 11 000
Ar pressure 1.3 × 10−2 mbar 1.0 × 10−1 mbar

Table 7.1 Comparison of the PLD parameters used in the depositions by Francis [35]
and presented in this chapter.

layer at 300 ◦C, then continued with the deposition of a thicker �lm at 100 ◦C, which

was then post-annealed. On the UHV treated samples, we performed only the most

robust, three-step deposition.

�e AFM measurements in Figures 7.3 and 7.4 were performed using an Asylum

Research Cypher setup measuring in tapping mode. �e thickness of the �lms was

estimated from the AFM measurement of the holes marked in Figure 7.4(e,f). A

comparison of the parameters used in the depositions done by Francis and presented

here are shown in Table 7.1. �e laser energy density (L) was calculated from the

formula:

L =
pulse energy × Transmission

Area =
79.7 mJ/pulse × 0.92

0.60 × 1.53 mm2 = 7.2 J cm−2 (7.1)

7.3.1 Results

Figure 7.3 shows the results from the deposition of the Cu �lm at 100 ◦C. �e as-

deposited �lm is polycrystalline, as shown by the rings in RHEED in Figure 7.3(a).

We could not observe any intensity oscillations in RHEED, and we therefore cannot

de�ne precisely the thickness of the Cu bu�er layer, even though we used very similar
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Figure 7.3 RHEED and AFM analysis of 40 nm Cu deposited on SrTiO3(100) #1 at 100 ◦C.
Beam incident along SrTiO3 [001]. (a) �e as-deposited �lm is polycrystalline, as shown
by the circles. (b) A�er annealing for 10 min at 300 ◦C, some di�raction spots are visible.
(c) A�er annealing 60 min at 500 ◦C, more pronounced di�raction spots and Kikuchi lines
are visible. (d) ex-situ AFM a�er post-annealing shows the disconnected Cu islands. �e
upper image shows an area between the islands, which is the SrTiO3(100) substrate with
periodic terraces already measured by STM, see Fig. 7.1(a).

parameters to Francis [35]. Post-annealing at 300 ◦C decreases the intensity of the

polycrystalline rings and lets di�raction spots appear. Prolonged post-annealing to

500 ◦C does not seem to decrease the intensity of the polycrystalline rings, but it

is possible to see di�raction maxima to appear with higher intensity alongside the

Kikuchi lines in Figure 7.3(c). Ex-situ AFM marked in Figure 7.3(d) shows islands

with a maximum height of 150 nm.

Deposition at 300 ◦C shown in Figure 7.4(a) leads to a di�raction pa�ern with

di�raction maxima and polycrystalline circles as well as the presence of periodic

spots in the direction orthogonal to the sample surface. �is is consistent with the

growth of some epitaxial 3D islands on the surface. LEED at 80 eV in Figure 7.4(b)

shows two di�erent di�raction maxima, with a 8% di�erence in the spot-to-spot

distance. �ese were not visible at 100 eV [Figure 7.4(c)]. An AFM analysis of the

surface showed that Cu grew in islands with randomly distributed holes. From the

depth of the hole, we can assume that the thickness of the layer is more than the

30 nm.

Figure 7.5(a) shows the RHEED a�er the three-step deposition. �e �rst step was

the deposition of a 10-nm-thick Cu seed layer at 300 ◦C, which was followed by depos-



Deposition of the Cu(100) bu�er layer 97

(b)

(c)

(a) (d)0 µm 5 10 15 20 25

0

5

10

15

20

25

32.7 nm

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0 µm 5 10 15 20 25

0

5

10

15

20

25

32.7 nm

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0

10

20

30 nm

5 μm

0.0 µm 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

48.1 nm

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

400 nm 0

20

40 nm(e)

0,0 0,2 0,4 0,6 0,8
0

20

40

he
ig

ht
 (n

m
)

profile (m)

32
 n

m

(f)

Figure 7.4 RHEED, LEED and AFM analysis of 40 nm Cu/SrTiO3(100) #3 deposited at
300 °C. �e as-deposited �lm is partly epitaxial with some polycrystalline content, as
shown by the circles. LEED at 80 eV and (c) 100 eV shows la�ices with two di�erent
atomic distances are present a�er the deposition. (d) Ex-situ AFM a�er post-anneal
shows the Cu islands. (e) AFM detail of one of the pits. (f) A height pro�le of the pit
shows that it is approx. 32 nm deep.

Figure 7.5 Analysis of 40 nm Cu on SrTiO3(100) #6 deposited in the three-step approach.
(a) RHEED on the whole �lm deposited at 100 ◦C. (b) RHEED a�er post-annealing to
300 ◦C. (c) LEED at 100 eV a�er post-annealing at 300 ◦C shows la�ices with two di�erent
atomic distances are present a�er the deposition.
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ition of 30 nm Cu at 100 ◦C. �e third step was the post-annealing of the whole �lm.

Post-anneal of the as-deposited �lm at 300 ◦C leads to elongated RHEED spots shown

in Figure 7.5(b). �e LEED image of the post-annealed surface shows the double spots

already observed in Figure 7.4(b) a�er deposition at 300 ◦C with a di�erence in the

spot distance of 8.9%. Corresponding AFM (data not shown) gave results similar to

the ones in Figure 7.4(d). �e RHEED and LEED a�er deposition and post-annealing

in Figures 7.4 and 7.5 are di�erent. �e RHEED di�raction spots in Figure 7.5(b) are

elongated, which we could not observe in Figure 7.4. However, a three-dimensional

periodicity with spots in the direction orthogonal to the sample surface is visible also

in this case, suggesting that the �lm follows the island growth mode. Similarly, LEED

at 100 eV in Figure 7.4 did not show the di�raction spots from both the substrate and

the Cu islands, as is the case in Figure 7.5 a�er the three-step deposition.

�e XPS measurement in Figure 7.6 shows the spectra from a clean SrTiO3(100)

substrate (black line), a polycrystalline Cu �lm deposited at 100 °C (orange line) and

the Cu �lm a�er post-annealing to 300 °C (blue line) and corresponds to the experi-

ment marked in Figure 7.3. We can see that the cleaned SrTiO3(100) a�er annealing

is completely free of any contamination. �e Cu �lm deposited at 100 ◦C has a slight

signal from Sr and Ti. A�er annealing at 300 ◦C, the signal from both Sr and Ti are

more pronounced, consistently with the dewe�ing observed in AFM. We considered

the 3D morphology of the �lm resulting from the growth on HF-etched SrTiO3(100)

inadequate for the subsequent growth of the metastable �lms.

Figure 7.7(a) is a RHEED image of the 40-nm-thick seed layer grown at 100 °C on a

UHV-prepared (spu�ered and reconstructed) SrTiO3(100) substrate, and subsequently

post-annealed to 300 °C. �e pa�ern shows a combination of di�raction spots in

direction perpendicular to the surface suggesting 3D growth and polycrystalline

rings. LEED in Figure 7.7(b) on the same layer shows only one set of di�raction spots

which is consistent with the ones from the SrTiO3(100) substrate. XPS on the post-

annealed �lm showed a signal from SrTiO3(100) . Finally, we deposited a ≈400 nm

Cu �lm on the seed layer and this resulted in the fcc (111) orientation, as shown in
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Figure 7.6 XPS on SrTiO3(100) #1 of the �rst experiment, in which we deposited 40 nm
Cu at 100 °C and post-annealed at 300 °C (Figure 7.3). �e SrTiO3(100) (black line) is clear
of any contamination, and the substrate is nearly completely covered by Cu a�er the
deposition at 100 ◦C (orange line). �e Sr, Ti and O peaks become clearly visible a�er
post-annealing to 300 ◦C (blue line).

Figure 7.7(c,d). RHEED [Figure 7.7(c)] a�er the deposition of the whole layer and post-

annealing shows elongated di�raction spots, but they have a di�erent shape than the

ones in Figure 7.5(b). LEED in Figure 7.7(d) on the same �lm shows a polycrystalline

ring with 12 brighter areas, which are characteristic for an fcc (111) polycrystal with

preferred growth directions. �e XPS did not show any signal from the SrTiO3.

7.3.2 Discussion

�e deposition at 100 ◦C results in a polycrystalline Cu �lm as shown by RHEED

[Figure 7.3(a)]. �is means that the �lm growth is kinetically limited because the

lower surface energy of oxide with respect to the metal should lead to an island

growth and the 8% la�ice mismatch should allow epitaxial growth. Post-annealing

then leads to dewe�ing of the �lm, which is con�rmed by the spots, which are very

similar to those of the pristine STO substrate in the RHEED and the AFM of Cu islands

[Figure 7.3(c,d)].

Films deposited at 100 ◦C are polycrystalline, and based on our data, we cannot

exclude that some parts of the �lm deposited at 100 ◦C are epitaxial, but these would
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(a) (b) (c) (d)

Figure 7.7 Cu on spu�er-anneal prepared SrTiO3(100) #13. (a) RHEED and (b) LEED at
120 eV of 40 nm Cu grown at 100 ◦C a�er a 10 min post-anneal at 300 ◦C, which previously
led to a removal of the polycrystalline rings [7.3(b)]. (c) RHEED and (d) LEED at 130 eV
of 400 nm Cu a�er a 10 min post-anneal at 300 ◦C.

form a minority not detectable by RHEED. �is is in contrary with the claim of

Francis, who reported based on XRD and AFM that the Cu �lm is �at and epitaxial

when grown at 100 ◦C [35]. We think the XRD presented by Francis does not give a

su�cient structural analysis because it does not a�ribute for polycrystalline parts of

the �lm.

In our case, it is necessary to deposit at a higher temperature to approach the

thermal equilibrium and achieve the epitaxial growth.

Deposition at 300 ◦C leads to an epitaxial growth [Figure 7.4(a-c)] but also allows

the de-we�ing, i.e., the formation of Cu islands [Figure 7.4(d)]. �is means that at this

temperature the �lm grows close to the thermal equilibrium because the more ener-

getically favourable SrTiO3(100) surface is exposed and the Cu agglomerates into the

epitaxial islands. �e use of PLD imposes a kinetic limitation on the growth because

the very low D/F ratio leads to island nucleation and formation of smaller islands

close to each other. �is kinetic limitation should then promote the 2D rather than

3D island formation even at elevated temperatures (e.g. 300 ◦C) because it would be

easier for the islands to coalesce. We see, however, that this is not the case. �erefore,

it seems that there is not a single temperature region at which the �lms are �at and

at the same time epitaxial, as was claimed by Francis. We assume that the slight dif-
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ference in our laser �uence and pressure with respect to Francis did not dramatically

change the behavior of the system.

Finally, we followed the three-step method shown by Francis because it allowed for

the growth of epitaxial �lms in systems, which would not grow �at and epitaxial at

any single temperature. �e as-deposited �lm on the seed layer was polycrystalline

[rings in Figure 7.5(a)]. Figure 7.5(b,c) shows that the post-annealing of the poly-

crystalline �lm deposited on the epitaxial seed layer leads to de-we�ing of the �lm,

which forms epitaxial islands, similar to the growth at 300 ◦C. �e indication of this

comes from the double spots in Figure 7.5(c). �e RHEED and LEED pa�erns a�er the

three-step approach are not identical with the deposition at 300 ◦C. �e spot-to-spot

distance in LEED which is di�erent by ≈8% con�rms the la�ice mismatch between

the SrTiO3(100) and Cu(100). At the same time, the Cu �lm seems to be fully relaxed,

although maintaining the epitaxial relation with the substrate. �e spot-to-spot dis-

tance is similar to the one in Figure 7.4(b). �e seed layer of Cu(100) therefore does

not help to grow the epitaxial Cu bu�er layer.

Cu �lms deposited on the UHV-prepared SrTiO3(100) do not grow in the (100)

orientation. Figure 7.7(c,d) shows the results of the three-step deposition of 400 nm

Cu but at these conditions we can see that Cu grows exposing {111} oriented facets

parallel to the surface, instead of the expected (100) surface. �e period of the spots in

Figure 7.7(a) and (c) is similar, which suggests that there already was a fraction of the

{111}-oriented Cu in the 40-nm-thick Cu seed layer. We assume the resulting 400 nm

Cu �lm organized into the most stable Cu(111) because the surface reconstructions

of the substrate did not allow for epitaxial growth. Consequently, the Cu grew in the

more stable Cu(111) because it has a lower surface energy [91, 114].

Deposition of the Fe78Ni22 �lm at RT directly onto the SrTiO3(100) prepared in

UHV resulted in a ferromagnetic signal in MOKE, i.e., the �lm grew in the bcc phase.

We did not expect that it would be possible to grow the metastable �lms directly on

SrTiO3(100) either by PLD or by MBE. �e �rst reason is that it might be impossible

to deposit these �lms by PLD because the plasma produced during the heating of
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the target material contains ions which can hit the substrate. �ese ions would

then cause an ion-beam-induced transformation and the �lms would grow as stable

bcc Fe78Ni22. �e deposition by evaporation does not allow for epitaxial growth,

because the 8% la�ice mismatch between Fe and SrTiO3(100) leads to a very low

critical thickness, which would result in dislocations which could be nuclei for a

spontaneous transformation of the �lm into the stable bcc phase.

7.4 Conclusion

We could not con�rm that PLD is a method for the growth of epitaxial Cu on

SrTiO3(100), even though Francis concluded based on XRD and AFM that the Cu

�lms are epitaxial and �at [35]. In our experiments, the growth of the epitaxial �lms

required deposition/post-annealing at high temperatures which led to dewe�ing of

the Cu �lm, i.e., it had to get close to thermal equilibrium in order to be epitaxial. �e

growth of the metastable �lms directly on SrTiO3(100) is also not possible. �erefore,

we could not use SrTiO3(100) as a substrate for the growth of the metastable �lms.



Chapter 8

Summary and Outlook

We investigated the growth and properties of the metastable iron-nickel thin �lms

on three substrates: Cu(100) in Chapter 4, Cu/Si(100) in Chapter 5 and C(100) in

Chapter 6. A�empts to grow these �lms on Cu/SrTiO3(100) were not successful

(Chapter 7).

Growth on Cu(100) is a model system, which has been used to tune the Ni content

and CO backpressure during the growth of the metastable �lms [32, 33]. We showed

that such metastable �lms allow ferromagnetic nanopa�erning and we could tune

not only the magnetic saturation but also the magneto-crystalline anisotropy by ir-

radiation with a focused ion beam (FIB) [40]. Linear scanning of the FIB fabricates

bcc(100) domains with easy axes (in [001] directions) parallel to the FIB scanning

direction. Tuning of the anisotropy makes it possible to have di�erent directions of

the easy axis within one ferromagnetic structure. �e size limit of the microstruc-

tures is the size of the bcc needle-like nuclei (approx. 100 nm), which form upon

ion-beam transformation [27]. For the ion-beam-induced transformation, we used

Ga+ and Ar+ ions, and they exhibited di�erent transformation e�ciency. According

to the SRIM calculations, we con�rmed that this comes from the energy transferred

to the recoils in the metastable �lms and the intermixing at the Fe78Ni22-Cu inter-

face. De�ning the properties of the metastable �lms on the Cu(100) gave us a be�er

understanding of the Fe78Ni22 system which we used on the other substrates.



104 Summary and Outlook

We then investigated the SrTiO3(100) and Si(100) with an epitaxial Cu(100) bu�er

layer as potential alternatives to the Cu single crystal. In the �rst case, we were not

able to prepare a �at and epitaxial Cu(100) bu�er layer, in contrast to what was repor-

ted by Francis et al. [35]. On the other side, Si(100) proved to be a good substrate for

the growth of the bu�er layer and we showed that it is possible to transfer the nanofab-

rication from an expensive Cu(100) single crystal to an application-friendly Si(100)

substrate [41]. We therefore moved the metastable �lms to a cheaper substrate, which

is a signi�cant step towards the fabrication of so� ferromagnetic nanostructures on

an industrial scale.

Broadband ferromagnetic resonance (FMR) and Brillouin light sca�ering (BLS)

measurements were performed to quantify the magnetization and magnetic damping

of the completely transformed metastable �lms by a Ga+ ion beam (see Table 8.1).

For a description of the FMR measurements, please refer to [67]. �e extremely large

error bars in FMR measurements suggest that the FMR is not an ideal technique for

the measurement of the ferromagnetic thin �lms. �e BLS measurements, however,

allowed for a well-de�ned quanti�cation of the magnetization of the transformed

Fe78Ni22 �lms. �e FMR and BLS measurements in the Table 8.1 indicate that the

Fe78Ni22 �lms on Cu(100) single crystal and Cu/Si(100) are superior to permalloy in

terms of magnetization µ0MS and Gilbert damping α . At the same time, the nanopat-

terning of the metastable �lms requires only FIB irradiation, which is technologically

more convenient than the multi-step lithography necessary for the fabrication of the

permalloy nanostructures.

�e last substrate, C(100), is not an economically more interesting substitute for the

copper single crystal, but the growth of the metastable �lms on this substrate enables

new methods of studying of the ferromagnetic nanopa�erns. Such an approach can

lead to applications in magnonics, where an insulating and transmissive substrate

permits laser excitation of magnons in the metastable �lm through the substrate. �e

availability of thin diamond nanomembranes (e.g. from Diamond Materials GmbH,

Freiburg, Germany) enables the characterization via, e.g., magnetic transmission x-
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sample thickness µ0MS γ/(2π ) α
magnetization gyromagnetic Gilbert

ratio damping
nm T GHz/T ×10−3

Fe78Ni22/Cu/Si(100) 8 1.8 ± 1.5∗ 28.5 ± 1.6 8.79 ± 0.27
Fe78Ni22/Cu(100) 8 1.2 ± 0.9∗ 26.0 ± 1.0 8.84 ± 1.1
Fe/Si(100) 8 1.6 ± 0.6 28.9 ± 0.5 12.4 ± 1.0
permalloy/Si(100) 8 0.86 ± 0.31 29.5 ± 0.5 14.0 ± 1.3
Fe78Ni22/Cu(100)† 10 1.97 ± 0.05 28∗∗ −

Table 8.1 Broadband FMR and BLS measurements of the transformed metastable �lms
and permalloy. �e Fe78Ni22 �lms were transformed completely into bcc by ion beam. �e
Fe/Si(100) grew in the bcc phase. *large error in MS does not allow a sound quanti�cation
of the data. �e FMR measurements were performed by Viola Krizakova and the table is
adapted from [67]. †BLS measurements were performed on FIB-made spin waveguides
and analyzed by Lukas Flajsman. **�e γ/(2π ) = 29GHz/T was used for ��ing of the
spin wave dispersion model.

ray microscopy.

�e experiments on C(100) and Si(100) led to a design and fabrication of equipment

for hydrogen termination and direct current heating. �e hydrogen cracker was used

for H-termination of Si and for cleaning of C(100). �is approach facilitates UHV-

only preparation of both C(100) and H-Si(100) for the epitaxial growth, which was not

used in the past. �e growth of the epitaxial Cu bu�er layer on the UHV-prepared H-

Si(100) is a new method, which was enabled by stabilization of the Cu(100) by calcium.

�ese methods extend the range of experimental approaches for the preparation of

the metastable �lms on the new substrates.

We propose in the following investigations to tune the deposition parameters of

Fe78Ni22 on the substrates which support the growth of the metastable �lms. Firstly,

Cu(100) was the only substrate on which we could tune the magneto-crystalline

anisotropy by FIB and we assume that this property is connected to the CO pressure

and Ni content during the deposition. We, therefore, propose to investigate the FIB-

induced tuning of anisotropy for metastable �lms grown in di�erent CO pressures

and with a di�erent Ni content. Secondly, the bu�er layer on Si(100) supported the

epitaxial growth of Fe78Ni22, but its morphology was not ideal; it might be possible
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to decrease the corrugation of the bu�er layer by a surfactant or a we�ing layer

between the Cu and Si. �e e�ect of Ca on the stabilization of the epitaxial growth of

the bu�er layer warrants further investigations. Finally, increasing the thickness of

the metastable �lms on C(100) might enable the fabrication of nanostructures with

larger grains, lower corrugation and higher magnetization of nanopa�erns. Also, it

is not yet completely clear, whether a new phase forms at the Fe-C boundary and

what is its composition and thickness.

We moved the research of metastable iron-nickel thin �lms from a single-crystalline

Cu(100) substrate to Si(100) and C(100), which makes the metastable �lms more

interesting both for applications and fundamental research. We further showed the

fabrication of ferromagnetic microstructures in a paramagnetic matrix by FIB on these

substrates and in case of Cu(100) we also tuned the magneto-crystalline anisotropy

of the ferromagnetic microstructures.
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31. Shah Zaman, S., Dvořák, P., Ri�er, R., Buchsbaum, A., Stickler, D., Oepen, H. P.,

Schmid, M. & Varga, P. In-situ magnetic nano-pa�erning of Fe �lms grown on

Cu(100). J. Appl. Phys. 110, 024309. doi: 10.1063/1.3609078 (2011).

32. Gloss, J., Shah Zaman, S., Jonner, J., Novotny, Z., Schmid, M., Varga, P. &

Urbanek, M. Ion-beam-induced magnetic and structural phase transformation

of Ni-stabilized face-centered-cubic Fe �lms on Cu(100). Appl. Phys. Le�. 103,

262405. doi: 10.1063/1.4856775 (2013).

33. Gloss, J. Magnetic transformation of metastable fcc Fe/Cu(100) �lms by focused

ion beam Master �esis (Institute of Physical Engineering, Brno University of

Technology, 2014).

34. Entel, P., Ho�mann, E., Mohn, P., Schwarz, K. & Moruzzi, V. L. First-principles

calculations of the instability leading to the Invar e�ect. Physical Review B 47,

8706–8720. doi: 10.1103/PhysRevB.47.8706 (1993).

35. Francis, A. J., Cao, Y. & Salvador, P. A. Epitaxial growth of Cu(100) and Pt(100)

thin �lms on perovskite substrates. �in Solid Films 496, 317–325. doi: 10.1016/

j.tsf.2005.08.367 (2006).



111

36. Chang, C.-A. Outdi�usion of Cu through Au: Comparison of (100) and (111) Cu

�lms epitaxially deposited on Si, and e�ects of annealing ambients. Appl. Phys.

Le�. 55, 2754–2756. doi: 10.1063/1.101944 (1989).

37. Meunier, A., Gilles, B. & Verdier, M. Cu/Si(001) epitaxial growth: role of the epi-

taxial silicide formation in the structure and the morphology. J. Cryst. Growth

275, e1059–e1065. doi: 10.1016/j.jcrysgro.2004.11.132 (2005).

38. Mewes, T., Rickart, M., Mougin, A., Demokritov, S. O., Fassbender, J., Hill-

ebrands, B. & Scheib, M. Comparative study of the epitaxial growth of Cu

on MgO(001) and on hydrogen terminated Si(001). Surf. Sci. 481, 87–96. doi:

10.1016/S0039-6028(01)01000-7 (2001).

39. Han, D. S., Vogel, A., Jung, H., Lee, K. S., Weigand, M., Stoll, H., Schütz, G.,
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Appendix A

Lists of samples

A.1 Cu(100)

sample experiment AES data analysis
1 8 nm FexNi1−x multiple Figure 1.3
2 8 nm FexNi1−x multiple Figures 1.3, 4.2
4 8 nm Fe78Ni22 aes150909p006 FIB transformation Chapter 4.3
4 8 nm Fe78Ni22 aes180205p004 FIB transformation Chapter 4.3
5 25 nm Fe78Ni22 aes151104p003 thickness of the metastable �lm

Chapter 1
6 8 nm Fe78Ni22 aes161017p007 FIB transformation Chapter 4.3
6 8 nm Fe78Ni22 aes180327p001 FIB transformation Chapter 4.3
9 4 ML Fe aes170529p002 e�ect of an Au capping layer

on the FM properties
10 8 nm Fe78Ni22 aes170328p005 magnetic anisotropy tuned by FIB

Chapter 4.3
11 8 nm Fe78Ni22 aes180315p002 magnetic anisotropy tuned by FIB

Chapter 4.3
12 8 nm Fe78Ni22 aes180410p001 lithography, Au waveguides
13 8 nm Fe78Ni22 aes180410p001 AES measurement in Figure 4.1,

lithography, Au waveguides
14-16 12 nm Fe78Ni22 aes180410p001 magnonic crystals,

BLS measurement in Table 8.1
17 8 nm Fe78Ni22 aes190211p002 transformation with 4 keV

Ar+ ion beam, Figure 4.2

Table A.1 Overview of Cu(100) samples used for the experiments in Chapter 4. Refer
to Section 4.2 for further information on preparation.
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Appendix B

The hydrogen cracker

�e H-cracker served for both, H-termination of Si(100) a�er �ashing and remov-

ing the graphite overlayer from C(100) (chapters 5 and 6). �e hydrogen cracker

was built according to the design of Bischler et al., where H2 dissociates in a hot

tungsten capillary [62]. Molecular H2 is introduced by a variable leak valve into a

tungsten capillary (0.6 mm inner diameter), which was heated by electron bombard-

ment from a tungsten �lament to approx. 1800 K. �e diameter of the �lament was

approx. 6 mm. �e usual working parameters were 2.6 A �lament current, producing

a 35 mA emission current at 1000 V on the H-capillary, H2 pressure of 10−6 mbar.

B.1 Technical description

To decrease the evaporation of tungsten oxide into the chamber during outgassing

and the radiative heating during atomic H deposition, the whole setup around the

hot �lament was encased in a liquid-nitrogen-cooled copper shielding for a good

thermal conductivity. �e H-cracker has been designed to �t onto a ConFlat (CF)43

�ange, which has been a�ached to a CF63 port (CFA63/38D from Hositrad). �e W

capillary is seated in a molybdenum connector which tightly �ts the capillary on

the one side and a ceramic on the other. �e ceramic is then a�ached to an adaptor

made of stainless steel, which is spot-welded to the cooling base and therefore keeps
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the whole capillary setup in place. �e connection from the adapter to the H2 line

is facilitated by bellows. �e high voltage (HV) is brought to the W capillary via the

molybdenum connector, which is connected to a HV feedthrough via a thin tungsten

wire. �e HV connection carries only the emission current and therefore a thin

wire su�ces for the connection. �e HV feedthrough is spot-welded to the cooling

base and it is connected to the ambient by another CF16 HV feedthrough. �e wire

connecting the two feedthroughs is covered by ceramic beads and ceramic tubes.

�e �lament is suspended on two tantalum wires, which are connected to power

feedthroughs. �e power feedthroughs are also spot-welded to the cooling base and

connected by ceramic-insulated copper wires to a combined power-thermocouple

feedthrough. �e thermocouple is connected to the outside of the copper cooling

shield and is isolated by a Kapton wire. �e H-cracker can be closed by a shu�er,

which is operated by a rotational feedthrough. �e momentum is translated by a

cardan joint which provides approx. 90° rotation.

�ere are �ve CF16 feedthroughs on a cluster �ange (CF35/5CF16 from Hositrad):

1. High voltage BNC low frequency, grounded, for supply of 1 kV to the W- capil-

lary - 7593-02-CF, Hositrad

2. Power supply combined with a thermocouple (K-type) - 263-TCK-1-CU15-2-

C16, Allectra

3. Liquid nitrogen (LN2) feedthrough for cooling of the copper shield around the

capillary and the �lament. �ere is a Swagelok tee at the end of the feedthrough,

which can be connected to a dewar supplying LN2 and an exhaust. �ere is a

stainless steel capillary inserted in the LN2 line, which supplies the LN2 and

a�er heating at the end of the capillary, it escapes through the space between

the LN2 capillary and the wall of the LN2 feedthrough. �e feedthrough is

custom-made at Hositrad and welded at the end at the IAP / TU WIEN.

4. Extension to another CF16 �ange for a H2 supply through a leak valve (custom

made at the IAP workshop). Currently, it is connected to an Agilent variable
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leak valve (9515106, Agilent). �e leak valve is supported by a stainless steel

stand to avoid bending of the weld.

5. Rotational feedthrough operating the cardan joint. �e cardan joint consists

of alternating stainless steel and copper parts which allow it to rotate in UHV.

�e rotational feedthrough is similar to 611-RD-C16, Allectra.

B.2 Technical drawings

�e remaining items were built at the TU Wien according to the drawings, which

follow. �e overview 3D model includes a recent (winter 2018) addition of a ther-

mocouple (chromel-alumel), which is a�ached by a screw to the bo�om part of the

cooling shroud.
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Appendix C

Si heating stage

�e Si heating stage was built to perform direct current (DC) heating of the Si

samples a�ached to the Si sample plate for DC heating. �e heating stage consists

of an electrical feedthrough with four Cu rods (7 mm diameter, originally a TSP

feedthrough) onto which a stainless steel head is connected. �e head carries a mo-

lybdenum sample holder for the DC-heating sample plates. One Cu rod (feedthrough)

carries the DC into the UHV. �ere, a tantalum wire connects the Cu rod to a Mo

spring, which facilitates the contact to the sample plate for DC heating, shown in

Figure C.1(a,b). �e Ta wire and the Mo spring are separated from the stainless steel

head by ceramics. �e remaining three Cu rods are the support of the stainless steel

head and therefore provide the second contact for the DC heating.

(a) (b) (c) 600°C 380°C

< 300°C360°C

Figure C.1 �e Si heating stage. (a) top-view of the heating stage with a sample plate for
DC heating and a Si sample. (b) side-view shows the contact of the Mo spring with the
sample plate (c) temperature measurement a�er an overnight heating of the Si sample
to 600°C.
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Appendix D

Si sample plate for direct current

heating

�e target holders for the direct current heating of Si(100) were made from mo-

lybdenum and their design was similar to that of commercially available (Omicron)

sample plates. �e contact to the sample is on one side from the body of the Si heating

stage and on the other from a molybdenum spring shown in Figure C.1(a,b).
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