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I declare to the Freie Universität Berlin that I have completed the submitted
dissertation independently and without the use of sources and aids other than
those indicated. The present thesis is free of plagiarism. I have marked as such
all statements that are taken literally or in content from other writings. This
dissertation has not been submitted in the same or similar form in any previous
doctoral procedure.

I agree to have my thesis examined by a plagiarism examination software.

Date: Signature:



ABSTRACT

In this thesis, ultra-thin films of MnxAu1−x have been studied structurally and
magnetically. We prepared the thin films with electron-beam evaporators in ultra-
high vacuum (UHV). The growth of the films was monitored by medium-energy
electron diffraction (MEED). The films’ structures were investigated by means
of low-energy electron diffraction (LEED) and scanning tunneling microscopy
(STM), and the chemical composition was checked by Auger electron spectroscopy
(AES). The magnetic property of the antiferromagnetic (AFM) films in contact with
FM films was studied by longitudinal magneto-optic Kerr effect (L-MOKE), X-ray
magnetic circular dichroism (XMCD), and X-ray resonant magnetic reflectivity
(XRMR) spectroscopy at L2,3 absorption edge.

AFM Mn2Au might be very significant for future spin-electronic applications.
We studied MnxAu1−x films in detail to investigate their structure for a variety of
thicknesses on Cu(001) and Ag(001) single crystals. First, we studied Au/Mn/
Co on Cu(001) to define the growth rate for Au, Mn, and Co using MEED. The
vertical interlayer distances for Co on Cu(001) and Mn on Co/Cu(001) and sur-
face topography of Au on Mn/Co/Cu(001) were investigated by LEED-I(V) (00
spot intensity was recorded vs. electron beam energy) and STM, respectively. Af-
ter that, we studied from sub-ML (surface coverage of less than one monolayer) to
more than 1 ML of MnxAu1−x on Cu(001) structurally by LEED and STM. We ob-
served a c(2×2) superstructure for coverages between 0.5 and 1 ML of MnxAu1−x

on Cu(001). MnxAu1−x revealed MEED oscillations during growth on Cu(001),
but no LEED patterns could be observed for thicker films (> 1 ML). For study-
ing the magnetic properties of AFM MnxAu1−x on Cu(001), we grew Co on top,
then we employed MOKE after zero-field cooling as well as after field cooling. We
observed coercivity changes with temperature, however, we did not observe any
exchange bias.

Finally, we studied Mn and MnxAu1−x growth on Ag(001) to define the growth
rate and structure of the resulting films. Fe growth on Ag(001) was also studied
structurally. We deduced vertical interlayer distances for single-layer and bilayer
films (Fe, MnxAu1−x) on Ag(001) from a kinematic analysis of LEED-I(V) curves
because both show LEED patterns. The MnxAu1−x showed MEED oscillations dur-
ing growth on Ag(001). Fe/MnxAu1−x bilayers on Ag(001) were studied magneti-
cally by MOKE. We did not observe any significant change in coercivity to confirm
the antiferromagnetism of the MnxAu1−x films.
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KURZFASSUNG

In dieser Arbeit wurden ultradünne MnxAu1−x-Filme strukturell und mag-
netisch untersucht. dünnen Schichten wurden mit Elektronenstrahlverdampfern
im Ultrahochvakuum (UHV) hergestellt. Das Wachstum der Filme wurde mit-
tels Mittelenergie-Elektronenbeugung (MEED) überwacht. Die Strukturen der
Filme wurden mittels Niederenergie-Elektronenbeugung (LEED) und Rastertun-
nelmikroskopie (STM) untersucht, und die chemische Zusammensetzung mit
Auger-Elektronenspektroskopie (AES) überprüft. Die magnetischen Eigenschaften
der antiferromagnetischen (AFM)-Filme in Kontakt mit ferromagnetischen (FM)-
Filmen wurden mit Hilfe des longitudinalen magneto-optischen Kerr-Effekts
(L-MOKE), des magnetischen Zirkulardichroismus in der Röntgenabsorption
(XMCD) und der Röntgenresonanzmagnetreflexionsspektroskopie (XRMR) an der
L2,3-Absorptionskante untersucht.

AFM Mn2Au könnte für zukünftige spinelektronische Anwendungen von
großer Bedeutung sein. MnxAu1−x-Filme wurden im Detail untersucht, um
ihre Struktur für verschiedene Dicken auf Cu(001)- und Ag(001)-Einkristallen
zu untersuchen. Zunächst wurde Au/Mn/Co auf Cu(001) untersucht, um die
Wachstumsrate für Au, Mn und Co mittels MEED zu bestimmen. Die vertikalen
Zwischenschichtabstände für Co auf Cu(001) und Mn auf Co/Cu(001) und die
Oberflächentopographie von Au/Mn auf Co/Cu(001) wurden mit LEED-I(V)
(00 Spotintensität als Funktion der Elektronenstrahlenergie) bzw. STM unter-
sucht. Danach wurden sub-ML (Oberflächenbedeckung von weniger als einer
Monolage) bis hin zu mehr als 1 ML von MnxAu1−x auf Cu(001) strukturell mit
LEED und STM untersucht. c(2×2) Überstrukturen wurden für Bedeckungen
zwischen 0,5 und 1 ML von MnxAu1−x auf Cu(001) beobachtet. MnxAu1−x

zeigte MEED-Oszillationen während des Wachstums auf Cu(001), aber es konnten
keine LEED-Beugungsbilder für dickere Schichten (> 1 ML) beobachtet werden.
Um die magnetischen Eigenschaften von AFM MnxAu1−x auf Cu(001) zu un-
tersuchen, wurde Co auf MnxAu1−x/Cu(001) aufgewachsen und anschließend,
durchgeführt MOKE-Messungen nach Null-Feld-Kühlung und Feld-Kühlung, bei
denen beobachtet wurde, dass sich die Koerzitivfeldstärke mit der Temperatur
ändert, jedoch keine Austauschverschiebung zu messen ist.

Schließlich wurde das Wachstum von Mn und MnxAu1−x auf Ag(001) un-
tersucht, um die Wachstumsrate und die Struktur der entstehenden Filme zu
bestimmen. Das Fe-Wachstum auf Ag(001) wurde ebenfalls strukturell untersucht.
Aus einer kinematischen Analyse von LEED-I(V)-Kurven wurden vertikale Zwis-
chenschichtabstände für einschichtige und zweischichtige Filme (Fe, MnxAu1−x)
auf Ag(001) abgeleitet, da beide LEED-Beugungsbilder aufweisen. MnxAu1−x

zeigte MEED-Oszillationen auf Ag(001). Fe/MnxAu1−x-Doppelschichten auf
Ag(001) wurden mit MOKE magnetisch untersucht, wobei keine signifikante
Änderung der Koerzitivfeldstärke zur Bestätigung des Antiferromagnetismus von
MnxAu1−x-Filmen zu beobachten war.
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each. dp = 1.99, 2.02 Å for as-grown and after pa (520 K), respec-
tively. Auger ratio vs. temperature for (b) Ag356/Mn589 and (c)
Mn40/Au69. The Auger ratios’ error is calculated from the propa-
gation of the errors in the determination of the peak heights. . . . . . 97

xvi



7.13 LEED-I(V) of 6.4 ML Mn0.71Au0.29 grown on Ag(001) for the as-
grown film and after post-annealing (520 K for 3 min). The same
sample is shown in Fig. 7.12. . . . . . . . . . . . . . . . . . . . . . 98

7.14 Schematic view of bcc Fe(001) growth on the Ag(001) surface by
45◦ rotation, so Fe(001) matches to Ag(001). The lattice constant is
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CHAPTER 1

Introduction

Magnetism has played a significant role in human life. Around 2500 B.C., the Chi-

nese were using the compass, and at 600 B.C., magnetite was known that attracted

iron [1]. Later on, the earth was found to be a huge magnet by Gilbert (1540 -

1603). After investigating the magnetic pole, P. Peregrines made a piece of iron that

was attracted more by a magnetic pole than magnetite (around 1269 A.D.). Then

Coulomb (1736 - 1806) measured the forces between magnetic poles of long thin

steel rods quantitatively [1].

As briefly defined in the history of magnetism above, we know that magnetism

has a wide range of applications. It is used as a magnetic compass to find the

direction, but also in motors and generators. Besides the previously mentioned im-

portant applications of magnetism, it is also being used in read heads in hard disks

since 1956 [2]. After Grünberg [3] and Fert [4] found the giant magnetoresistance

(GMR) effect, both of them shared the Nobel Prize in 2007. Consequently, the hard

disk read head was made based on the GMR principle, which increased the read

head performance and areal storage density by replacing anisotropic magnetoresis-

tance (AMR) heads, so the hard disk physical size reduced. Later on, tunneling

magnetoresistance- (TMR-) based heads also have been used commercially by Sea-

gate [5]. In general, by the improvement in read/write heads from the 1950s till

now, while the hard disk physical size shrank, the storage capacity increased, and

the price also decreased [6]. Another significant application of magnetism is data

storage. Therefore, magnetic-based data storage has attracted more attention in

recent years due to the increasing demand of mass data storage. While current mag-

netic data storage devices seem to be almost at their limit [7], spin electronic logic

devices could potentially, consume less power than current electronics and, at the

same time, include non-volatile memory functions [8]. Therefore, the investigation
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of novel materials and the study of their magnetic properties is very crucial. Studies

of magnetic thin films become significant for understanding how to control the mag-

netic property of materials. Magnetic interface coupling is crucial for understanding

antiferromagnetic (AFM)/ferromagnetic (FM) interface coupling to prevent other

effects such as contamination, roughness, and defects: ultra-thin film preparation

on a single crystal is one of the prominent methods to yield the opportunity to con-

trol and characterize the interface very effectively. The material concentration or

thickness has a big influence on the magnetic properties. In magnetic thin films, the

exchange-bias field (HEB) depends on AFM/FM thickness, interface disorder, and

orientation, which can all be controlled [9]. The exchange bias is a shift in the mag-

netic loop along the magnetic field axis in an AFM/FM exchange-coupled system

[9]. The work needs ultra-thin films which can be prepared in an ultra-high vacuum

(UHV) system to evade contamination and guarantee high-quality film growth.

AFM materials are very prominent materials that could be used in future spin-

tronic devices because they are robust against magnetic fields, and have an ultra-fast

dynamics [10, 11]. AFM materials have been examined for around 60 years [12].

The purpose of studies of magnetic materials for data storage is to improve energy

consumption and scale [12]. While AFM materials are antiparallel magnetic or-

dered, FM materials are parallel magnetic ordered, therefore AFM does not have

a net magnetic moment, but FM does. AFM materials are vital to use in magnetic

data recording since the stored data will not be deleted or affected from an external

magnetic field because they are robust to the magnetic field.

A variety of AFM materials have been studied by many scientists. Mn is an in-

teresting AFM material because of its rich phase diagram with different ground

states corresponding to body-centered cubic (bcc), simple cubic (sc), and face-

centered cubic (fcc) phases. Mn forms a variety of alloys that are AFM, such as

FeMn, IrMn, RhMn, and RuMn, which all have a face-centered cubic (fcc) struc-

ture. Mn alloys also comprise of NiMn [13, 14, 15], PtMn, and PdMn, which have

a face-centered tetragonal (fct) crystal structure and offer the advantage of having
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Chapter 1. Introduction

a higher blocking temperature. Moreover, most of them need post-annealing dur-

ing or after evaporation to obtain the desired phase. Mn-Au also creates alloys

that have multiple phases. These are Mn2Au (Néel temperature, TN 1600 K) [16],

MnAu (TN 523 K [17], 503 K [18]), MnAu3 (TN 140 K), and Mn3Au5 (TN 354 K)

[19]. Au2Mn is an AFM with TN 363 K, and nevertheless, Au4Mn is an FM with

Curie temperature TC 371 K [20].

Mn2Au, theoretically [16, 21] and experimentally [17] has been proven to be an

AFM material. Mn2Au is a crucial material that can be switched by applying an

electrical current perpendicular to the locally broken inversion symmetry axis [22].

However, first CuMnAs was experimentally investigated with respect to electrical

switchability [23]. Later, Mn2Au also achieved this [24]. Mn2Au has some advan-

tages compared to CuMnAs, for example, it is not as toxic as CuMnAs. Mn2Au (TN

above 1000 K [17]) has a higher Néel temperature than CuMnAs (TN 480 K [23]).

Its high TN makes it thermally more stable in the AFM-ordered state. The uniaxial

magnetic anisotropy in Mn2Au AFM films can be switched by an electric field. In

the work of Chen et al., they observed an asymmetric Néel spin-orbit torque [25].

Changing the magnetic order by electric current pulses is a promising approach to

obtain fast spintronic devices [26]. AFM-based materials can be used in ultrafast

spin dynamics. They are even 2-3 orders of magnitude faster than FM materials

[27]. Roy et al. also show the possible ultrafast switching of Mn2Au [22]. The spin

Hall effect was observed in Mn2Au by Chen et al. [28]. All these properties make

Mn2Au a promising candidate in future memory devices [29].

Ultra-thin films can be prepared by various methods such as magnetron sput-

tering, pulsed-laser deposition, chemical/physical vapor deposition, and molecular

beam epitaxy. In this work, the ultra-thin films were prepared by electron beam

evaporation in the Ångstrom (Å) thickness range. The film thickness was mon-

itored by medium-energy electron diffraction (MEED). Thin films were elemen-

tally, structurally, and morphologically analyzed by means of Auger electron spec-

troscopy (AES), low-energy electron diffraction (LEED), and scanning tunneling
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microscopy (STM), respectively.

The magnetic properties of the AFM and FM thin films were investigated via

magneto-optic Kerr effect (MOKE) by observing the exchange-bias field (HEB)

and coercive filed (HC) changes. We also used X-ray magnetic circular dichroism

(XMCD) and X-ray resonant magnetic reflectivity (XRMR) spectroscopy at the L2,3

absorption edges to investigate the magnetic properties of the samples. The film

growth and analysis should be done under UHV conditions in order to obtain clean

films. The samples can be measured in other chambers by transferring them either

by capping thin films or in a vacuum suitcase.

In this thesis, the goal was to prepare well-ordered single-crystalline films with

different concentrations in order to see how this influences the magnetic coupling

to the FM layer, how these films can be grown with an FM layer in contact, how

the interface would look like, how the films could be covered with a protective

overlayer and how this would change the properties magnetically and structurally.

Therefore, in order to prepare a well-ordered single-crystalline film, we prepared

our thin films on the single-crystal surfaces Cu(001) and Ag(001). Cu(001) and

Ag(001) are chosen because these two single crystal surfaces have not been used

before as a substrate for MnxAu1−x films. Cu(001) was selected especially for

the growth of sub-ML to investigate Mn-Au alloy formation, and we could also

compare to the growth of Mn or Au on Cu(001) structurally by STM and LEED.

These two single crystals can be cleaned by Argon ion sputtering and annealed

to 900 K, which is possible for our experimental setup and does not require much

effort or time. Therefore, we used two different single crystals as a substrate. On the

other hand, Co and Fe grow epitaxially on Cu(001) and Ag(001), respectively. We

study different Mn-Au alloy ratios and different thicknesses on these single crystals

(Ag(001), Cu(001)). We investigate the films’ growth mode and structure. For

studying magnetic properties, we grow Mn2Au in contact with an FM layer. We

also studied MnxAu1−x in the sub-ML regime by scanning tunneling microscopy

(STM) to determine the initial stages of growth.
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This thesis is organized as follows. Chapter 2 is devoted to the experimental

setup, and the preparation and analysis methods of the thin films will be discussed.

Chapter 3 briefly presents the theoretical background of this study. In Chapter 4, the

growth of Au, Mn, and Co on Cu(001) was studied by means of LEED, LEED-I(V),

MEED, AES and XMCD, and XRMR. We could define Co, Mn, and Au growth

rates from MEED oscillations.

In Chapter 5, the growth of a sub-ML (sub-monolayer < 1 ML) MnxAu1−x

on a single crystal of Cu(001) is studied to investigate the MnxAu1−x thin films’

structure in the sub-ML regime and above 1 ML. The structure and morphology of

the films were studied by LEED and STM, respectively. The Mn and Au are already

individually studied on Cu(001) by STM in the sub-ML regime. 0.5 ML Au grown

on Cu(001) [30] and 0.5 ML Mn grown on Cu(001) display a c(2×2) superstructure

in LEED [31]. However, we investigate the same LEED pattern for a Mn-Au alloy

in the sub-ML regime on single-crystalline Cu(001).

In Chapter 6, we aim to study the magnetic property of MnxAu1−x. There-

fore, we grow Co on MnxAu1−x/Cu(001) to find the AFM/FM coupling and mea-

sure MOKE for field cooling and zero field cooling. The MEED oscillations for

MnxAu1−x on Cu(001) help to define the film thickness. The structure of the films

was studied by LEED. However, there was no clear LEED image for MnxAu1−x on

Cu(001).

In Chapter 7, the growth of Fe/MnxAu1−x on a single crystal of Ag(001) was

studied. Our objective for Chapter 7 was to find the AFM/FM coupling. The struc-

ture of the films was studied by LEED. We also study the structure of Mn grown on

Ag(001) by means of AES, LEED, and LEED-I(V) to compare to the MnxAu1−x on

Ag(001). The magnetic properties of Fe/MnxAu1−x bilayers on Ag(001) samples

were studied by MOKE.

Finally, in Chapter 8, we summarized the main conclusions of all works done in

this thesis.
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CHAPTER 2

Experimental Setups

The thin films in this thesis were prepared in ultra-high vacuum (UHV) by electron-

beam-assisted thermal evaporation in the range from few Ångstrom (Å) to nanome-

ter (nm) thickness on single-crystal surfaces. Materials were either rods, or pieces

in a crucible. Gold was placed directly inside a tungsten filament for thermal evap-

oration. The thin films’ growth was monitored by MEED. The sample structure

was analyzed by LEED and STM. The chemical composition and cleanliness of the

samples were checked by AES. The magnetic properties were studied by MOKE

and XMCD. In this chapter, we focus on the methods that were used for growing

and analyzing the samples.

The chamber has two main parts. The first part is the preparation chamber,

which has three electron-beam evaporators, LEED (Omicron), AES (PHI-155A),

L-MOKE, MEED, mass spectrometer, and sputtering gun (SPECS) as they are de-

picted in Fig. 2.1 (a). The electron-beam evaporators are one single Omicron and

two Oxford 4-pocket (EGN4) electron beam evaporators. The second part has just

an analysis part with STM and P-MOKE, which is shown in Fig. 2.1 (b). The

preparation chamber is pumped by an ion getter pump, a turbomolecular pump

(TMP), and a titanium sublimation pump (TSP) that allow to reach a base pressure

of around 3 × 10−10 mbar after baking at around 150 °C for 36 hours. The second

part is pumped by an ion getter pump only in the case of the closed valve between

preparation and STM chamber with a base pressure of around 2 × 10−10 mbar.

In the preparation chamber, there is a load lock to load or unload the samples

from the air. A UHV suitcase is also used for transferring the sample to other cham-

bers without breaking the vacuum and preventing the sample from contamination.

The transfer of the sample from the load lock to the manipulator or to a transfer rod,

by which the sample can be transferred to the STM chamber, is done by a wobble
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Figure 2.1: Experimental setup of preparation and STM chambers (a) front and (b)
back views.
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2.1. Growth Methods

stick in the preparation chamber. The manipulator has five axes that give freedom

to adjust the sample for LEED, MEED, MOKE, and sputtering as well as grabbing

by the wobble stick. The sample holder on the manipulator has two K-type thermo-

couples that are mounted below and above the sample. The sample is electrically

isolated from ground, such that the sample current can be monitored during AES,

LEED, and sputtering. The sample heating on the manipulator is done by a tungsten

filament which can heat the sample up to 1000 K. The sample can also be cooled

down by liquid nitrogen (LN2) to about 160 K. Substrates like tantalum and tung-

sten need higher temperatures to be cleaned. Therefore, a flashing stage has been

built for the preparation chamber that can heat the substrate to above 2000 °C by

electron bombardment.

2.1 Growth Methods

The materials are picked as rods for Co (99.99% purity, diameter 2 mm) and Fe

(99.99% purity, diameter 2 mm), wire for Au (diameter 1 mm), and pieces for Mn

(99.99% purity, diameter 2 mm), because of the way they can easily be evaporated

by electron-beam evaporators.

The growth has been performed as follows: The first step is cleaning the sub-

strate by Ar+ sputtering. The cleanliness of the sample is assured by AES, where

contaminations were below the detection limit. Subsequently, the sample is an-

nealed at the required temperature. After annealing, the cleanliness and surface

quality are checked again by AES and LEED, respectively. Then the thin films are

deposited, while the growth is monitored by MEED. The MEED displays intensity

oscillations if the growth is layer-by-layer. Indeed, growth can proceed in three

different growth modes depending on material, temperature, deposition rate, and

substrate. When films grow layer-by-layer, it means an atomic layer is completed

before starting the growth of a new layer, which is called Frank-van der Merwe

(FvM) growth mode. If the first layer is completed and then island growth starts,

it is called Stranski-Krastanov (SK) mode. If islands are created from the begin-

8
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(a) (b) (c)

ϴ < 1 ML

1 ML < ϴ < 2 ML

ϴ > 2 ML

Figure 2.2: Sketch views of the three main growth modes of thin films consist-
ing of (a) Frank–van der Merwe (FvM), (b) Stranski–Krastanov (SK), and (c)
Volmer–Weber (VW) growth. Three different coverages are shown for each growth
mode. Reprinted with permission from [32, 33] by Springer Nature and Copyright
Clearance Center.

ning, it is called Volmer-Weber (VW) growth, as depicted in Fig. 2.2 (a), (b), (c),

respectively.

Last but not least, for the thin-film growth mode, the interaction potential be-

tween film and substrate is very crucial. If the interaction potential for the adatoms

themselves is bigger than the interaction potential between the film and substrate,

then the adatoms will grow as three-dimensional growth. But, if the strength of the

interaction potential between the film and substrate is bigger than the interaction po-

tential between the adatoms themselves, then the film will follow a layer-by-layer

growth [34]. The Ehrlich–Schwoebel barrier (or step-edge barrier) height is very

important for layer-by-layer growth because, if the adatoms can cross the step edge

and stick at the lower edge, then they can lead to layer-by-layer growth. However,

when the Ehrlich–Schwoebel barrier is too high, then they form islands [35].

2.1.1 Substrate Preparation

The substrate preparation is very important for the growth of epitaxial thin films.

In this work, polished single-crystals of Cu(001) and Ag(001) (Mateck, diameter

10 mm, 2 mm thickness) with miscut ≤ 0.1° were mounted on Omicron molybde-

num plates with Ta wire. The Ta wire was spot-welded to the plate. The substrates

were sputtered by several cycles of 1 keV Ar+ bombardment at 8 × 10−6 mbar and
9



2.1. Growth Methods

subsequent annealing around 900 K. The sample current was monitored during

sputtering by a Keithley digital multimeter (between 6.5 µA and 7.0 µA). The ther-

mocouple wires are connected very close to the Mo plate to read the correct tem-

perature of the sample. The benefit of using these single crystals in situ is that they

can be reused. After the sample preparation and all the measurements, the sample

can be resputtered to remove the films. Depending on film thickness, sputtering can

take up to six or more hours. After annealing the single-crystal, the LEED pattern

displays very sharp spots. This indicates a well-ordered, unreconstructed surface.

After all these processes, the substrate can be used for another sample preparation

again. AES is very significant to check the sample cleanliness after annealing, even

if this displays substrate LEED pattern because the annealing process can let bulk

impurities diffuse to the surface, which causes contamination that might not become

visible in LEED images.

2.1.2 Ultra-Thin Film Preparation

The samples to be discussed here are ferromagnetic and antiferromagnetic thin

films. The samples were prepared by electron beam evaporation on Cu(001) and

Ag(001). The typical thickness of the FM and AFM films discussed here is in

the range of less than 1 ML up to 30 ML (monolayer). Mn on Cu(001) does not

grow layer-by-layer, Cobalt (Co) is grown on Cu(001) layer-by-layer. This can be

monitored by MEED. After the growth of Co, Mn can be grown on Co/Cu(001)

layer-by-layer and shows MEED oscillations [36]. From these oscillations, the Mn

growth rate can be obtained. Then the growth of Mn2Au on Cu(001) can be obtained

by adjusting the gold rate accordingly.

The MnxAu1−x thin films were prepared by electron beam evaporation. The Mn

is from Mateck company with 99,99 % purity and consists of pieces from 3 mm to

12 mm size. The Mn pieces were filled in a tantalum (Ta) crucible. The Ta cru-

cible was cleaned with acetone and ethanol in an ultrasonic bath for around 30 min.

The Ta crucible was mounted to a small chamber that is dedicated to the crucible

10
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preparation, with a base pressure of ∼ 1 × 10−7 mbar. In this chamber, the crucible

was degassed by electron bombardment. After degassing the crucible, it was let to

cool down to room temperature (RT), was taken out, and filled with Mn pieces. The

Mn was either prepared in this small chamber or directly mounted in the electron

beam evaporator. The preparation of Mn in the small chamber consisted of melt-

ing the Mn to wet the crucible to prevent falling out from the crucible during or

after mounting the electron beam evaporator. When the crucible is filled with Mn

pieces, the Mn pieces were blocked by fixing the crucible by a tungsten (W) wire.

The evaporator was mounted in a horizontal way to the small chamber. Then the

chamber was baked for 24 h. After the bake-out, the filament and Mn-filled cru-

cible were gradually degassed. When the degassing is completed, the power for

the crucible is increased for a few seconds to a high power to melt the Mn. If it is

exposed for a too long time, the whole Mn can evaporate. After melting the Mn

in the crucible and cooling down to RT, it is ready to mount to the electron beam

evaporator. The degassing and melting can be done in the preparation chamber, too.

Co and Fe are mounted to the EGN4 evaporator as rods 2 mm in diameter. A gold

(Au) wire (1 mm in diameter) was wrapped by a tungsten wire and then mounted

to the EGN4. Before the thin film evaporation, the materials and filaments were

degassed. The base pressure was 5 × 10−10 mbar; during material evaporation, the

pressure rose to around ≈ 5 × 10−9 mbar.

2.2 Analysis Methods

The single crystals and the ultra-thin film crystal structure are checked by LEED

images, and the vertical layer distance of the films is examined by LEED-I(V). The

same LEED system is also used to do AES, but not for all measurements. For most

samples, a PHI-Auger (10-155A) was used to provide the elemental composition

of the thin films. After the structural and chemical investigation of the thin films

is completed, the surface morphology is investigated by STM. Subsequently, the

magnetic properties of the films are measured in-situ by L-MOKE. In this section,
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2.2. Analysis Methods

the analysis method will be explained in detail.

2.2.1 Low-Energy Electron Diffraction

The low-energy electron diffraction (LEED) was first discovered by Clinton Davis-

son and Lester Germer in 1925 at Bell Labs in New York [37]. In 1937 Davisson and

Thomson got the Nobel Prize because of the experimental study of the diffraction

of electrons by crystals. Indeed Davisson and Germer were looking for elastic scat-

tering of electrons from a nickel crystal. The scattering distribution was changing

by azimuthal angle and applied voltage. The electron wave behavior was already

suggested by Louis De Broglie in 1923. Their experimental works agreed to de

Broglie’s electron wave behavior. In general, LEED studies became popular after

the 1960s when UHV systems improved.

A simplified sketch of a LEED setup is shown in Fig. 2.4 (a). The LEED op-

tics consist of a beam gun, four hemispherical concentric grids, and a phosphor

screen. The beam gun consists of filament, wehnelt, 4 lenses, and anode. Grid 1

is earth-grounded, 2 and 3 are used for retardation, 4th one is on 0 V. The grids

are used for screening out the inelastically scattered electrons. The LEED optic

and LEED power supply control are from SpectaLEED Omicron. The collimated

mono-energetic beam of electrons is directed towards a single crystal as in Fig. 2.4

(a). The electrons which are produced by the gun are diffracted from the sample

surface and create a diffraction pattern on a fluorescent screen. On the fluorescent

screen, the 2-D reciprocal crystal structure is obtained. The spot’s intensity can be

recorded by a CCD camera.

The result of LEED and LEED-I(V) can be discussed qualitatively and quanti-

tatively if the diffraction patterns are saved. Qualitatively because the pattern gives

the symmetry of the substrate and films. Quantitatively, when in LEED-I(V) in-

tensity of the diffracted spots is recorded vs. beam energy. LEED-I(V) curves of

the (00)-spot were measured to determine the vertical interlayer space by a simple

kinematical calculation.
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In LEED, the employed energy ranges from 5 to 600 eV. The result depends on

the electron wavelength. The wavelength λe is calculated in the following:

λe =
h√
2mev

≈
√

150 eV

Ekin

(Å) (2.1)

where h is Planck’s constant, me the electron rest mass, v the velocity, and Ekin

the kinetic energy. The wavelengths of 5 and 600 eV are 5.4 and 0.5 Å, respectively.

The corresponding wave vector, ke is:

ke =
2π

λe

=
2π

h
mev (2.2)
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Figure 2.3: An empirical relation of the inelastic mean free path (IMFP) as a func-
tion of electron energy. From [38].

In general, LEED does not have element specificity, and it does not give infor-

mation about the bulk structure. The interference patterns observed in LEED can

help to determine the crystal structure. In a LEED experiment, the inelastic mean

free path (IMFP) is very low (5 to 10 Å), as it is shown in Fig. 2.3, therefore the

LEED is surface-sensitive. LEED can be used to study the surface structure of the

substrate and thin films [33].

In a LEED pattern, the surface (i.e., in-plane) reciprocal lattice vectors define
13



2.2. Analysis Methods

k
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G

0Electron Gun

Sample

(a) (b)

Ewald sphereLEED screen

(40)(20)(00)(20)(40)

Figure 2.4: Sketch views of LEED optics and Ewald sphere construction in (a) and
(b), respectively.

the crystal symmetry, as depicted in Fig. 2.4 (b).
−→
k0 is the incident wave vector,

−→
k

the scattered wave vector, and
−→
G a lattice vector the in-plane component of which

corresponds to an in-plane reciprocal lattice vector. Only the conservation of the

parallel component of the incident, scattered, and reciprocal lattice wave vectors

are concerned [32]. The relation between them gives

−→
G =

−→
k −

−→
k0 (2.3)

In the diffraction case, only elastic scattering is considered; therefore, the en-

ergy is conserved such that |
−→
k | = |

−→
k0 |. As an example, Fig. 2.5 (a), (b) display

the real space and reciprocal diffraction pattern of a c(2×2) superstructure on an

fcc(100) substrate. Crystal lattice vectors are determined by a Wood notation such

that a1, a2 and b1, b2 are lattice vectors of substrate and adsorbate layer in real space,

respectively. a∗1, a∗2 and b∗
1, b∗

2 are the reciprocal lattice vectors of the substrate and

adsorbate layer, respectively.

In LEED-I(V), the energy dependence of the diffracted electron intensity along

one or several truncation rods is measured. For the Ewald-sphere construction, the

surface sensitiviy is reflected by using rods instead of reciprocal lattice points, as

shown in Fig. 2.4 (b) [39]. The Bragg condition and the de Broglie wavelength
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Figure 2.5: A c(2×2) superstructure on the fcc(100) surface in (a) real and (b)
reciprocal space. a1, a2 and b1, b2 are surface lattice vectors of the substrate and the
adsorbate layer, respectively. And a∗1, a∗2 and b∗

1, b∗
2 are the reciprocal lattice vectors

of substrate and adsorbate layer, respectively.
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Figure 2.6: A LEED pattern of the clean Cu(001) substrate at 110 eV. The bulk
crystallographic directions are indicated by red arrows.

relation give equation (2.4).

2d sin θ = nλ = n
h

p
= n

h√
2me(En − V0)

(2.4)

By rewriting equation (2.4), we have

En =
h2n2

8me sin 2θd2
+ V0 (2.5)

En, h, me, and θ represent energy, Planck’s constant, electron mass, and diffrac-
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tion angle relative to the sample surface, respectively. The inner potential, V0 is the

height of the surface potential barrier at the crystal/vacuum interface. It consists

of an exchange correlation and a dipole contribution. The exchange correlation is

a bulk term, and it is isotropic. However, the dipole term is surface-dependent and

varies only by tenths of a volt between different planes of the same crystal [40]. By

linear regression, d is obtained from a plot of En vs n2, as demonstrated in Fig. 2.7

(b).

n=3 4 5 6 7

(eV)

n2

d = 6.132(Å√eV)/√slope(√eV) 
   = 1.85 ± 0.01 Å

(a)

(b)
(eV)

Figure 2.7: (a) LEED-I(V) of the (00)-spot intensity recorded for Cu(001). (b)
Kinematic approach for vertical layer distance calculation of Cu(001).
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In LEED-I(V), the average interlayer distance is determined by the Bragg max-

ima for each energy (En) position [41]. The LEED-I(V) is obtained by scanning the

energy of the electrons from 5 to 600 eV and recording the intensity of the (00) or

any other spot by a charge-coupled device (CCD) camera (EHD) as in Fig. 2.7 (a).

2.2.2 Medium-Energy Electron Diffraction

Medium-energy electron diffraction (MEED) is a surface analysis method that can

give information about the films’ growth mode. MEED is working differently from

LEED. The electron source is an electron gun which is in the range of 1 to 5 keV.

The electrons from this electron gun hit the sample with a grazing angle (< 5°) and

then create a diffraction structure on the screen as depicted in Fig. 2.8. MEED is

very surface sensitive because of the grazing angles of incidence. MEED needs a

very high flatness of the surface. By MEED, the (00) or any other spot is displayed

on the screen, and this spot intensity is monitored by a CCD camera. While a film

grows in monolayer levels, the intensity of the spot will change. This intensity

can be seen as periodic changes if the growth is layer-by-layer. From this periodic

oscillation, the film thickness can be counted. Each oscillation is equivalent to

1 ML. If the growth is not layer-by-layer, there will be no oscillation. The (00)-spot

intensity increases when the 1st ML is completed and then decreases when the 2nd

ML is completed, the intensity increases again, and so on.

MEED Gun Sample Screen

Figure 2.8: Sketch view of the MEED process. The primary electron beam is inci-
dent under a grazing angle onto the sample surface.

In this work, the set-up to measure MEED consists of an electron gun and

a phosphor-coated view port. A CCD camera was used for recording. The I(t)

(MEED (00)-spot intensity) was recorded by using the EE2010 software. MEED
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was employed to determine the growth rate for Au, Mn, Co, Fe, MnxAu1−x on

single crystals.

(s)
(s/ML)

(a)

(b)

Number of Peaks

Figure 2.9: (a) The MEED oscillations of Co (11 ML) on Cu(001). (b) The linear
fitting of maximum peak numbers vs. time for defining the growth rate.

For defining the growth rate of Mn, first, Co needs to be grown on Cu(001), then

Mn is grown on that. The Ag(001) single crystal was also selected as a substrate for

the growth of Fe and MnxAu1−x. While MnxAu1−x oscillates and displays LEED

patterns on Ag(001). Fe has very low lattice misfit on Ag(001) (around 0.8%) and

does not show MEED oscillations but clear LEED patterns. In Fig. 2.9, the MEED

oscillations during the growth of 11 ML of Co on Cu(001) are presented, and the
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growth rate was calculated and is shown in Fig. 2.9 (b).

2.2.3 Auger Electron Spectroscopy

Auger electron spectroscopy (AES) is one of the analyzing methods that is being

used as material chemical composition investigation for a quantitative analysis of

the sample [33]. It can be used to calculate the amount of film or the atomic ratio

of an alloy. And the cleanliness of a substrate can be confirmed.

(a)

(b)

Figure 2.10: The AES spectrum from clean Ag(001) single crystal by PHI-Auger.
(a) Auger electron intensity, (b) numerical derivative of (a).

In this work, PHI-Auger (10-155A) and LEED optics (Omicron) were used for

AES. Initially, the LEED optics was used for AES. The derivative of the energy

distribution is observed as in (d/dE)N(E). The LEED electron gun and LEED optics

were used as retarding field analyzer (RFA), and the fluorescent screen was used

to detect the electrons as a detector. The Lock-In Amplifier was used to apply

an oscillation to the detection energy to increase the signal-to-noise ratio, and by

using 2F mode, the 2nd derivative of the signal was obtained. In the PHI-Auger, the
19
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derivative of the signal is obtained numerically. In Fig. 2.10 (a) and (b), we see the

AES spectra as intensity and numerical derivative, which is obtained from Fig. 2.10

(a), respectively, spectra are obtained via the PHI-Auger. In the derivative Auger

spectrum, the background is suppressed. The derivative AES peak intensity can be

used for quantitative calculation.

The PHI-Auger was needed because by using the LEED optics, the resolution

was not sufficient for the lower energy range (< 120 eV). Therefore, we decided to

mount the PHI-Auger in this chamber. To have Auger with LEED together, another

CF-100 port was added in the same height level as LEED and a cross of the LEED

system, such that it can be used as a source of electrons for MEED.
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Figure 2.11: Three steps of the Auger electron process.

Auger electrons were investigated by Pierre Victor Auger in 1922. Therefore

this technique was named after him. The AES technique was developed in the late

1960s. The Auger electron phenomena occur in three steps, as it is displayed in Fig.

2.11. For instance, core electrons (K) are ejected either by high-energy electrons

or by X-rays (in this work 3 kV electrons are used to obtain Auger electrons). This

core vacancy is filled by an outer shell electron (for example, L1). This electron

either releases X-ray photons or excites another electron (for example L2), which

is emitted as an Auger electron (KLL). These excited electrons are called Auger

electrons with an energy EKL1L2 . The energy of Auger electrons is determined by

the three energy levels concerned, where
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EKL1L2 = EK − EL1 − EL2 (2.6)

The observed Auger signal IA from an element A is determined by the expres-

sion [42].

IA = I0 ·NA · T (EA) · σ(E0) · (1 + r(Ec, E0)) · γ · λ(EA) · sinϕ · cos θ (2.7)

where I0 = incident beam intensity, E0 = primary beam energy, EA = Auger

electron energy, Ec= critical ionization potential, NA = atom density of element A,

T (EA) = detection efficiency of the spectrometer and detector, σ(E0) = ionization

cross-section for the relevant shell of A, r(Ec, E0) = fractional contribution to to-

tal ionization by the flux of back-scattered electrons, γ = probability of ionization

giving rise to an Auger electron (including the effect of Coster-Kronig transitions),

λ(EA) = inelastic mean free path for electrons of energy EA, θ = angle of incidence

of primary beam, ϕ = effective exit angle of Auger electrons entering the spectrom-

eter.

These electrons are detected and integrated over a large area of the surface. By

AES, the quantity of the element on the sample can be determined. The chemical

ratio in an alloy and the layer thickness can be determined by the help of AES. From

the Auger peak intensity of substrate Is, and film If we can get the thickness of the

film tf :

If = I0 · Sf · (1− exp(−tf/λf )), (2.8a)

Is = I0 · Ss · exp(−tf/λs) (2.8b)

where If is the film peak intensity, I0 is primary beam intensity, Sf the film

sensitivity factor, tf the film thickness, λf the inelastic mean free path (IMFP) of

Auger electrons from the film in the film, Is the substrate peak intensity, Ss the
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substrate sensitivity factor, and λs is the IMFP of the substrate Auger electrons

in the film. The peak intensities If and Is are directly obtained from the Auger

spectrum, and the thin film thickness tf is obtained by MEED. In this study, the

sensitivity factors Sf and Ss are not obtained separately. The ratio of Ss/Sf is

calculated as in equation (2.9).

Ss

Sf

=
If
Is

· 1− exp(−tf/λf )

exp(−tf/λs)
(2.9)

As we already mentioned, we can calculate the alloy ratio by AES. Let A and

B be the elements in an alloy film on the substrate, and the ratio of A/B is needed.

The ratio of A/B is calculated as:

IA = I0 · SA · x · (1− exp(−tAB/λA)), (2.10a)

IB = I0 · SB · (1− x) · (1− exp(−tAB/λB)) (2.10b)

where IA and IB are Auger intensities of A and B, respectively. SA and SB

are the sensitivity factors of film of A and B, respectively. tAB is the alloy film

thickness. x and (1 − x) are the fractions of A and B, respectively, in an AB alloy

film. λA and λB are the IMFP of the Auger electrons of A and B, respectively, in

the AB alloy film.

The fractions of the materials are calculated as follows:

IA
IB

=
SA

SB

· x

1− x
· 1− exp(−tAB/λA)

1− exp(−tAB/λB)
(2.11)

Equation 2.11 gives the Auger intensity ratio of A and B in the AB ultra-thin

alloy film on the single-crystal substrate. If the film thickness is known or if λA and

λB are equal (or similar or very close, then the influence of tAB is small), Eq. 2.11

can be used to determine x.
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2.2.4 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) provides a direct observation and manipula-

tion of the atomic structure of surfaces in the nm range. The first STM was built by

Binning and Rohrer in 1982 [43], for which they received the Nobel prize in 1986.

Since their discovery, it has become the most frequently used method in surface sci-

ence studies. STM has been used to explore the surface with the atomic resolution

for a long time. Later on, spin-polarized scanning tunneling microscopy (SP-STM)

was developed for the investigation of magnetic structures on the atomic scale too

[44]. In general, W tips are used, which are electrochemically prepared. In an SP-

STM measurement, FM and AFM tips are being used. For FM tips, Fe, Ni, Co, or

Fe-coated W tips are being used. For AFM tips, MnNi, MnPt, Cr, and Cr-coated or

Mn-coated W tips are being used [45].

TipSample

d

Tip
Sample

Control
Feedback

U

Piezo Scanner

Figure 2.12: A sketch for the basic principle of an STM setup.

The STM consists of a sharp or ring metal tip. In the sharp tip case, it has

a single apex. It is depicted in Fig. 2.12. A piezo-scanner can move it in three

dimensions to scan the surface and adjust the tip-sample distance. Tunneling is a

quantum effect that occurs only when the tip is close enough (in the range of a

few Å) to the sample. Then electrons can tunnel through the vacuum barrier from

the tip into the sample or vice versa. In the case of applying a positive bias to the

sample, tunneling happens from tip to sample, as shown in Fig. 2.13. In the case of
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2.2. Analysis Methods

negative bias, tunneling happens from sample to tip. The data collection was done

by a LabVIEW program. The STM can be employed in air and vacuum. However,

for a clean surface or to prevent contamination, the STM generally is operated in

UHV.

EF

EF

eV

ΦS

Φt

Sample TipVacuum

Figure 2.13: The sketch view of negative bias applied to the sample, tunneling
occurs from sample to tip.

As it is already mentioned above, the STM is based on the quantum tunneling

effect. An electron can move through a barrier as a quantum effect in that they

behave as a wave-like feature. Because classically, an electron should not move

through a barrier or wall. The tunneling through a vacuum barrier between two

metal electrodes was first reported by Young et al. [46].

In this work, an Omicron STM1 was used for surface structure examination in

UHV, with a base pressure around 2 × 10−10 mbar at RT [47]. The STM was con-

trolled by a Labview program. The samples were scanned by an Fe-ring tip which

is mounted vertically. The Fe-ring tip was prepared as described by Wu et al. [48].

The samples were prepared in the preparation chamber, and without breaking the

vacuum, the samples were transferred to the STM chamber by a transfer rod. There

is a valve between the STM and the preparation chambers to prevent high pressure

in the STM chamber during sample preparation. The STM chamber vacuum is sus-

tained by an ion getter pump and monitored by a cold cathode. The samples and tips

can be stored in a carousel in the STM. In Fig. 2.14, we show the STM topography

of clean Cu(001) and a related line scan of it.
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Figure 2.14: (a) STM topography image of Cu(001). STM feedback parameter for
(a) is 0.7 nA×1 V, (b) is a line scan of (a) along the white line.

2.3 Magnetic Property Analysis Methods

In this part, methods to analyze the magnetic properties of the prepared samples

will be discussed. L-MOKE is being used to investigate the magnetic properties of

the films.

2.3.1 Magneto-Optic Kerr Effect

By magneto-optic Kerr effect (MOKE), the magnetic phenomena of the samples

were studied. The Kerr effect was discovered after the Faraday effect. Faraday dis-

covered the latter when he measured the polarization of light transmitted through a

magnetic film. Faraday discovered that when a linearly polarized beam of light is

propagated through a magnetized medium, the plane of polarization and the elliptic-

ity of light change. This effect results from the two circularly polarized components

having a different propagation velocities [49]. This difference in dielectric constants

of left- and right-circularly polarized light accounts for the Faraday rotation [50].

Later, Kerr discovered the same phenomenon on reflected light in a polished iron

bar. The polarization of polarized light changes during reflection from a magnetic

medium [51]. This phenomenon was called the magneto-optic Kerr effect [52]. The

photon energies of the laser are used for MOKE measurement are typically of the

order of a few eV involving the excitations of electrons from occupied to unoccu-

pied valence states in the absorbing medium [53].

The complex Kerr rotation ϕs and ϕp for s (perpendicular)- and p (parallel)-
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2.3. Magnetic Property Analysis Methods

polarized lights are given by:

ϕs = ϕ′
s + iϕ′′

ss =
rps
rss

(2.12)

and

ϕp = ϕ′
p + iϕ′′

p =
rsp
rpp

(2.13)

where rss, rsp, rps, rpp are Fresnel reflection coefficients.

Magneto optics is explained by either macroscopic or microscopic quantum

theory. Macroscopically, magneto-optic effects arise from the antisymmetric, off-

diagonal elements in the dielectric tensor. Microscopically, the coupling between

the electrical field of the light and the electron spin within a magnetic medium oc-

curs through the spin-orbit interaction [54]. MOKE is one of the most common

methods to study the static or dynamic magnetic properties of magnetic thin films.

MOKE is a non-destructive method that is performed by a shining laser on the mate-

rial and detecting the reflected light by a diode. The polarization of the light changes

by the magnetic property of the magnetic film. MOKE is a surface-sensitive tech-

nique whose light penetration depth is around 20 nm. This simple technique got

popular after 1985, when the first experiment has been done on Fe on Au(100) [55].

m mm

Figure 2.15: Longitudinal, polar, transversal MOKE geometry from left to right.

MOKE has an essential effect on the study of magnetic ultra-thin films due to

its local probing simplicity. In the MOKE experiment, the longitudinal and polar

MOKE are investigated by a rotation of the plane of polarization of linearly po-

larized incident light upon reflection from the surface of a ferromagnetic material

[54]. The rotation in the light is related to the magnetic property of the thin film. It

basically detects light polarization changes when light interacts with the films in an
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applied field. There are three geometrical setups of MOKE, which are longitudinal

(L-MOKE), polar (P-MOKE), and transverse (T-MOKE), as depicted in Fig. 2.15.

P-MOKE involves the magnetization perpendicular to the surface of a sample; T-

MOKE measures the magnetization perpendicular to the applied magnetic field (in

T-MOKE, the magnetization is parallel to the surface and perpendicular to the plane

of incidence as you can see in Fig. 2.15). L-MOKE involves the magnetization of

the sample in the direction of the plane of incidence and the applied magnetic field.

The polar and longitudinal Kerr effects are linear in Q (Voigt vector [54]) and yield

a complex rotation ϕ of the polarization of the light. The polar signal is typically an

order of magnitude greater than the longitudinal signal due to optical factors. The

transverse Kerr effect requires a second-order expansion in Q and manifests itself

by a small reflectivity change for p-polarized incident light [50].

In this work, a MOKE system and Labview program are employed to measure

the magnetization of a sample versus the applied magnetic field. Hysteresis loops

were taken, and the coercivity and exchange bias could be measured. The experi-

mental setup is displayed in Fig. 2.16. It includes a diode laser source of monochro-

matic light (at 632 nm), two polarizers, lenses, and an electro-magnet powered by

a Kepco bipolar power supply to create our external magnetic field. The polarized

laser light is incident on the sample in the magnetic field, as shown in Fig. 2.16.

The reflected light is detected by a Thorlabs silicon photodiode. A second analyzer

(is also a polarizer) is aligned close to perpendicular to the first one. It detects

any changes in polarization in the reflected beam. In Fig. 2.17, the setup we used

to measure the hysteresis loops of Co/MnxAu1−x on Cu(001) bilayer samples is

shown. In this chamber, we could cool the sample down to around 100 K and apply

a higher field (around 400 mT).

2.3.2 XAS and XRMR Measurements

We employed the X-ray resonant magnetic reflectometry (XRMR), and X-ray ab-

sorption spectroscopy (XAS) for the investigation of element-resolved magnetic
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Figure 2.16: Sketch of the L-MOKE setup in the preparation chamber.

Glass Tube

Magnet

Mirror

Photoelastic
Modulator

Polarizer
Laser

Analyzer

Optical Bench

Photodiode

Sample

Figure 2.17: Sketch of the MOKE setup in another chamber used for Co/MnxAu1−x

on Cu(001) bilayer samples’ measurement.
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Figure 2.18: The illustration of XMCD effect for 3d transition metals. The spin-
polarized electrons are excited by right or left circularly polarized light for L-edge
absorption. Reprinted with permission from [56] by Elsevier and Copyright Clear-
ance Center.

properties of Co and Mn (soft X-ray regime) at the PM2-VEKMAG end station at

BESSY II, Helmholtz-Zentrum Berlin (HZB) [57].

X-ray magnetic circular dichroism (XMCD) gives the magnetic properties of

samples. XMCD is a magneto-optical effect, like MOKE, but XMCD is an element-

and shell-selective method. XMCD results because spin-up and spin-down elec-

trons are excited more by left and right circularly polarized light, respectively. This

difference gives information about the spin polarization of the empty states and,

thus, the magnetic state of the absorber. By using sum rules, spin and orbital mag-

netic moments can be calculated from XMCD absorption spectra around an ab-

sorption edge [58, 59]. XRMR provides information about the optical, structural,

and magnetic element-selective depth profile of the films [60, 61]. In contrast to

MOKE, XRMR gives the opportunity to obtain element-selective hysteresis loop.

XRMR combines XRR and XMCD that measures the specular reflection for dif-

ferent (parallel or antiparallel) polarization [62]. In XRMR and XRR, besides the

absorption, also the dielectric properties of the sample enter and all the diffraction.
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2.3. Magnetic Property Analysis Methods

The scattering vector qz is the difference between the incident wave vector ki and

scattered wave vector kf as shown in Fig. 2.19. The magnitude of qz is defined

qzX-ray Photodiode

θ 2θ
ki kf

Figure 2.19: The illustration of the XRR geometry. The polarized light hits the
sample with angle θ and is detected by a photodiode at 2θ.

qz = |ki − kf | =
4π

λ
sin(θ) (2.14)

where ki and kf are the incident and reflected light wave vectors, respectively,

and θ is the angle between the incident light and the sample surface. We employed

the XRR as illustrated in Fig. 2.19. The soft X rays have a very high absorption,

especially at the absorption edge, compared to hard X rays. The penetration depth of

soft X rays is around 1000 nm, which depends on the reflection angle and incident

photon energy. Moreover, in the θ-2θ measurement, the Bragg peaks’ positions

depend on the incident photon energy [63].

We measured the XMCD; instead of changing the helicity of light, the direction

of magnetization is changed. Reversing the direction of magnetization or the he-

licity of light are equivalent due to time reversal [64, 65]. We measured the XAS

and XRR of L2,3 edges of 3d Co and Mn (soft X-ray regime). XAS is measured by

the total electron yield (TEY), which is proportional to the absorption cross section

times the photon energy [53]. The TEY consists of photoelectrons, Auger elec-

trons, and secondary electrons [53]. These emitted electrons can be measured by a

picoamperemeter. The photoabsorption coefficient µ is proportional to the absorp-

tion cross section σabs, which is equal to the transition probability per unit time Ptp

and the photon flux Iphoton [65].
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µ ∝ σabs = Ptp/Iphoton (2.15)

(a)

(c) (d)

(b)

Figure 2.20: (a) XAS and (c) XMCD of Au(14)/Mn(6)/Co(5) on Cu(001). (b)
and (d) are the XRR and XMCD, respectively, with experiment and simulation by
UDKM1DSIM. The experimental XRR data were obtained at θ=15.5°. The sim-
ulation parameters are Au(20)/Mn(6)/Co(5) on Cu(001), the optical constants are
from another sample which was studied by Ivar Kumberg for Mn and Co around
the L2,3 edges [66]. The numbers in brackets are the film thicknesses in ML.

The experimental data, as shown in Fig. 2.20 are normalized to the pre-edge

for XAS and XRMR. Then we obtain XMCD by subtracting (2.16) both XRMR or

XAS intensity for the helicity of the X-ray parallel (M+) or antiparallel (M−) with

the applied magnetic field as shown in Fig. 2.20 and described as

XMCD = M+ −M− (2.16)

As shown in Fig. 2.20, we simulate our experimental XRR data by

UDKM1DSIM [67]. UDKM1DSIM is a software toolbox to simulate X-ray

reflectivity of multilayered films from the lattice constants, the film thicknesses,

and the optical constants of all constituents. We simulate the XRMR results by

using ReMagX ([68, 62, 69]), which are going to be shown and discussed in detail

in Chapter 4.
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CHAPTER 3

Theoretical Background

In this thesis, we studied the magnetic properties of AFM-FM bilayer films by

MOKE. One can obtain the exchange-bias field and the coercivity from hysteresis

loops by MOKE measurement. Therefore, in this part, we will explain the exchange

bias effect and some models which describe it.

3.1 Exchange Bias

Exchange bias (EB) is one of the phenomena that reveal the AFM/FM exchange

coupling. Exchange bias occurs when a material with FM and AFM interface is

field-cooled through the Néel temperature (TN ), which is lower than TC of the FM

layer. When the temperature is above TN , the AFM spins are disordered. When the

sample is below TN , the AFM spins are ordered. The ordered spins of AFM and

FM will have an exchange coupling that leads to the shift of the hysteresis loop, as

it is shown in Fig. 3.2. An enhancement of the coercivity in a field-cooled hysteresis

study compared to the corresponding zero field-cooled (ZFC) case can be seen. The

exchange bias sometimes reduces with an increasing number of loop cycles in a

cyclic hysteresis loop study called the training effect [9]. The exchange anisotropy

is the interaction between FM and AFM, FM and FIM (ferrimagnetic) [70], or AFM

and FIM [71, 72]. In Fig. 3.1, we show the ordering of FM and FIM spins ordering

aligned parallel in a magnetic domain below TC . AFM spins are aligned antiparallel

in magnetic domains below TN . Paramagnetic spins are randomly oriented above

TC or TN [73]. Exchange bias was first discovered by Meiklejohn and Bean [74].

They found exchange bias in nanoparticles consisting of FM Co and AFM CoO

(TN 291 K) materials after field-cooling the sample from 300 to 77 K in a constant

saturating magnetic field.

Exchange bias occurs due to magnetic coupling between a ferromagnetic and
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Ferromagnetic

ParamagneticAntiferromagnetic

Ferrimagnetic

Figure 3.1: The illustration of the ordering of spins in ferromagnetic, antiferromag-
netic, ferrimagnetic, and paramagnetic samples.

an antiferromagnetic material after field cooling. The hysteresis loop of the FM

is not centered around zero magnetic field anymore but shifted by a certain field,

the exchange-bias field [75]. In an exchange-bias system, the FM is pinned by the

AFM. Therefore, when the applied field is not bigger than HC1 (right coercive field)

or HC2 (left coercive field), as shown in Fig. 3.2, the FM will not reverse. This

exchange bias property is being used in spin valves and magnetic tunnel junctions.

The magnetic properties of the films were studied by obtaining hysteresis loops

via MOKE. From a hysteresis loop, we can obtain exchange bias and the coercive

field (HC) of the films as shown in Fig. 3.2. In Fig. 3.2, we display a schematic

diagram of the spin configuration for an FM-AFM bilayer hysteresis loop. When a

sample (FM-AFM bilayer) heats above TN and below TC , the FM spins will align

with the applied field direction, but the AFM spins will stay at random. When a

sample (FM-AFM bilayer) field cooled below TN , the FM spins will align with the

applied field direction, and the AFM spin next to FM the FM align in same direction

of FM spin, and next next neighbor AFM spins will align oppositely so there will

be no net magnetization. When the applied field is reversed, the FM spins are also

rotated, but not AFM spins. The FM spins’ anisotropy is unidirectional. To reverse

FM, the applied field needs to be larger enough due to the interface interaction of

FM-AFM spins. When the field is reversed to its original direction, the FM spins

will rotate with a very small field because of FM-AFM interaction; that is the reason
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Figure 3.2: FM/AFM bilayer’s atomic moments relative orientations are depicted
in schematic way for a model explaining the exchange bias effect. In the figure, the
coercive field HC and exchange bias field HEB are defined. This schematic shows
the spin alignments for AFM-FM coupling, which does not need to be an accurate
rotation. Reprinted with permission from [9] by Elsevier and Copyright Clearance
Center.

of the exchange bias [9].

HEB and HC are values obtained from a hysteresis loop. In the case of an FM

hysteresis loop, HC is the reverse applied magnetic field needed to reduce the mag-

netization to zero. If HC1 and HC2 are the values of the applied field at which the

magnetization of the sample is zero and also where the magnetization changes its

sign during descending and ascending, respectively, [76]. The HEB and HC can be

calculated from a hysteresis loop as

HEB =
HC1 +HC2

2
, (3.1a)

HC =
HC1 −HC2

2
(3.1b)

A significant factor affecting HEB and HC is the thickness of the magnetic layer in

the thin films. HEB typically has a linear dependence on the inverse of the ferro-
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magnetic film thickness, tFM [77]. The relation between them is:

HE ∼ 1/tFM (3.2)

The study of the exchange bias is important because it is assumed that the hysteretic

processes are taking place in the AFM material. The exchange bias field is an

indication of how much energy ∆E is contained in the spin disorder and the spin

interactions at the interface between the AFM and FM layers of the magnetic system

and in which direction the exchange bias is anisotropically oriented:

∆E = MFM tFMHEB (3.3)

where MFM and tFM are the saturation magnetization and thickness of the ferro-

magnet and HEB is the exchange bias magnitude [9]. In Nogués and Schuller’s

 α

 β

 θ 

KAFM, KFM

MAFM
MFM

H

Figure 3.3: A schematic diagram of angles being used in exchange bias [9].

work, for explaining the origin of exchange bias, they defined E (energy per unit
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area for exchange bias system) for a coherent rotation of the magnetization as [9]:

E =−HMFM tFM cos(θ − β) +KFM tFM sin2(β) +KAFM tAFM sin2(α)

− JINT cos(β − α)

(3.4)

where H is the applied field, MFM the saturation magnetization, tFM the thick-

ness of the FM layer, tAFM the thickness of the AFM layer, KFM the anisotropy of

the FM layer and JINT the interface coupling constant. β, α, and θ are the angles

between the magnetization and the FM anisotropy axis, the AFM sublattice magne-

tization (MAFM ) and the AFM anisotropy axis, as can be seen in Fig. 3.3. The first

term in Eq. (3.4) accounts for the effect of the applied field on the FM layer; the

second term is the effect of the FM anisotropy, the third term takes into account the

AFM anisotropy, and the last term considers the interface coupling. Although this

energy function takes into account the main parameters involved in exchange bias,

it assumes the absence of AFM and FM domains, that the AFM and FM anisotropy

axes are parallel and ferromagnetic coupling at the interface [9, 72].

In a further simplification, the FM anisotropy is assumed to be negligible for the

energy. Then, Eq. (3.4) becomes Eq. (3.5):

E = −HMFM tFM cos(θ − β) +KAFM tAFM sin2(α)− JINT cos(β − α) (3.5)

When this energy is minimized with respect to α and β, the loop shift is found to

be:

HEB =
JINT

MFM tFM

(3.6)

The requirement for the exchange anisotropy is shown in Eq. (3.7):

KAFM tAFM ≥ JINT (3.7)

If the interface coupling relation with the AFM anisotropy and the AFM thick-
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ness is like in Eq. (3.8):

KAFM tAFM << JINT , (3.8)

then β ≈ α, as a conclusion of this situation, the AFM and FM spins rotate together.

Therefore, there is no exchange bias, i.e., no loop shift.

3.2 Theoretical Models

There is no single model to explain the exchange bias [78, 9]. Here we will explain

the ”Meiklejohn–Bean” and ”Malozemoff” models that describe the exchange bias

phenomenon.

3.2.1 Meiklejohn–Bean Approach

Because exchange bias was first discovered by Meiklejohn and Bean, we start with

their model to describe the EB [74, 72] to explain the reasons behind the shift in the

hysteresis loop after field cooling. And, of course, for EB, the interface interaction

between FM and AFM is needed. Meiklejohn and Bean explained the exchange

bias by a large anisotropy in the AFM, and a weak exchange coupling between FM

and AFM [75]. When starting to field-cool from above TN , where the AFM spins

are in a paramagnetic state, the FM spins will be aligned with the field direction.

During the field cooling, the spins of the AFM material in contact with the FM will

start to align in the same direction as the FM spins, and the nearest-neighbor spins

will align oppositely. After finishing the field-cooling, this keeps the FM spins in

the field-cooling direction. When the FM-AFM system field-cools to below TN ,

the AFM spins will not rotate out of their alignment because of a very high AFM

magnetocrystalline anisotropy [79].

In their model, the HC1 and HC2 can be found from the system energy [75]

E = −HMtf cos θ − J cos θ +Kf sin
2θ (3.9)

where H is the applied field, M the saturation magnetization of the ferromagnet,
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tf the thickness of the FM film, J the interlayer exchange coupling between the

FM and AFM spins, and Kf a uniaxial anisotropy in the FM layer. θ is the angle

between M and Kf . This yields energy extrema at θ = 0 and π directions. Stability

of θ = 0 and θ = π are possible if J + H + Kf > 0 and 2Kf − J − H > 0,

respectively. From these, the coercive fields for right and left are

HC1 = −2Kf + J

Mtf
, (3.10a)

HC2 =
2Kf − J

Mtf
, (3.10b)

Substituting the Eq. 3.10 into Eq. 3.1b, then the exchange bias for this model

becomes

HEB =
J

MF tF
. (3.11)

From Eq. 3.11, we can see that the EB depends on FM and AFM interface

exchange coupling, saturation magnetization, and thickness of the FM layer.

3.2.2 Malozemoff Model

The Meiklejohn–Bean model cannot explain the training effect, which after each

cycle of hysteresis loops’ measurement exchange bias and coercivity decrease, and

also cannot give information about the compensated AFM configuration [80]. Mal-

ozemoff’s model is another model to describe the hysteresis loop shift [80, 81].

Meiklejohn–Bean model predicted interfacial exchange Ji hundred to a thousand

times smaller than for experimental bulk FM, and AFM exchange parameters [80].

The model describes the loop shift based on a rough interface between the AFM

and the FM and structural defects [79]. Therefore, the random field at the inter-

face causes AFM domains, which is the reason for the exchange-bias shift. The

exchange bias shift is then described as
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HEB =
∆σ

2MF tF
(3.12)

where MF and tF are the FM magnetization and thickness, respectively. ∆σ

is an energy difference per area of the interface of the FM-AFM, between the two

principal time-reversed FM directions [80].

∆σ

2MF tF
=

fiJ

aL
(3.13)

fiJ
aL

is average random-field energy per area, where fi =
J
Ji

and Ji = AA.

Substituting Eq. 3.13 into Eq. 3.12, the loop shift is described as

HEB =
fiJ

2MF tFaL
=

fi
√
AAKA

MF tF
(3.14)

where AA and KA are AFM exchange stiffness and uniaxial anisotropy per unit

volume. a is lattice constant, and L is lateral dimension.

3.3 Magnetism and Structure of Mn2Au

The advantage of using AFM materials in spintronics is that they are fast [82],

robust against external fields [83, 84], and do not have a stray field [84]. The AFM

can be used in future spintronic devices because they can lead to a smaller size and

a faster and more energy-efficient device [84]. Mn2Au is a bimetallic and collinear

AFM that receives large attention due to its unique properties.

Mn2Au has a bct structure with lattice parameters of a = 3.328 Å and c = 8.539 Å

[85, 86, 21]. It has a very strong exchange coupling and shows Néel spin-orbit

torques by applying a current [87, 88, 89, 90, 85]. Mn2Au is a two-sublattice AFM

that each has broken inversion symmetry and generates inversion partners [91, 89,

92]. Mn2Au can be a good candidate for memory applications because it is metal-

lic conductive and has a high TN above 1000 K [17, 91, 84, 85] which makes it

more thermally stable, because thermal fluctuations can affect the dynamics [84],

exchange bias and coercivity [75]. The easy axis of Mn2Au is [110] [93]. The
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Au

Mn

[100] [010]

Figure 3.4: Crystal structure of Mn2Au. The magnetic moments are shown by red
arrows. Reprinted with permission from [85] by the American Physical Society and
SciPris.

crystal structure of Mn2Au is shown in Fig. 3.4. The magnetic moments of the Mn

atoms align along the easy [110] direction [87, 94]. The magnetic state of Mn2Au

can be controlled by an electric current and can be read out by large anisotropic

magnetoresistance measurements [84, 87, 95]. Several methods have been used to

study Mn2Au AFM. Chen et al. used ferroelastic strain from piezoelectric materials

to switch the uniaxial magnetic anisotropy in Mn2Au films with an electric field of

only a few kV per cm at room temperature [25]. Wu et al. prepared a spin-valve

structure of Fe(10 nm)/MgO(3 nm)/Fe(10 nm)/Mn2Au(10 nm) on a MgO single-

crystal substrate where they used the Mn2Au as a pinning layer for bottom Fe layer

[96]. While Wu et al. observed the exchange bias for their Mn2Au/Fe bilayers [96],

Sapozhnik et al. also revealed the exchange bias for Mn2Au/Fe bilayers for differ-

ent Mn2Au thickness and different growth temperature for Mn2Au [76], while they

kept Fe thickness at 3 nm for all samples. For two of their samples, for which they

kept the growth temperature at 600 °C and deposited have 4 and 7 nm Mn2Au, they

did not observe any exchange bias but a coercivity increment for 10 K compared to

300 K. For other two samples, they increased the Mn2Au thickness to 10 nm and

for growth temperatures at 500 and 450 °C, they observed exchange bias. In the
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work of Jourdan et al. the MOKE hysteresis loops of an rf sputtered sample of 5 nm

Fe on 7 nm Mn2Au(001) on Al2O3(11̄02) and capped by 5 nm Al showed a coer-

civity enhancement, but no clear exchange bias [27]. In another work, Sapozhnik

et al. studied the spin reorientation in Mn2Au by applying a high magnetic field

(70 T) to observe an X-ray Magnetic Linear Dichroism (XMLD) signal to investi-

gate the domain orientation, and the respective Néel vector [97]. Sapozhnik et al.

also observed a spin-flop transition by applying a 70 T. Arana et al. found magnons

in 100 nm Mn2Au by inelastic Brillouin and Raman light scattering [91]. Bod-

nar et al. imaged the current-induced modification of the AFM domain structure of

80 nm Mn2Au(001) on Al2O3(11̄02) and capped by 1.8 nm Al by means of XMLD-

PEEM and also they found the large AMR effect [88]. The AMR effect of 2.5 %

Mn2Au has been shown by Wu et al. [90]. Jin et al. measured the temperature-

dependent sheet conductivity of 5, 10, and 15 nm thick Mn2Au(103) films (Mn2Au

prepared by magnetron sputtering at 300 °C) on 500 µm single-crystal MgO(100)

substrates by THz time-domain spectroscopy as well as the time-resolved photo-

conductivity of these samples by optical pump-THz probe spectroscopy [98]. Singh

and Bedanta studied spin pumping and the inverse spin Hall effect in a Co-Fe-

B(5 nm)/Mn2Au(10 nm) bilayer on MgO(100) capped by 2 nm TaOx (the sample

prepared by dc magnetron sputtering) by ferromagnetic resonance and found a large

spin Hall angle (0.22) [99]. Jia et al. studied Néel order switching in the HM/

Mn2Au bilayer and HM/Mn2Au/HM trilayer (HM, heavy metal), and found a ro-

bust picosecond switching of the Néel order in the HM/Mn2Au/HM trilayer [29].

Zhou et al. showed current-induced AFM moment switching in Mn2Au(103) and

Mn2Au(103)/Pt on a single-crystal MgO(100) substrate, where the samples were

prepared by magnetron sputtering [92].
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CHAPTER 4

Au, Mn, and Co Growth on Cu(001)

In this chapter, we study the Au, Mn, and Co growth on Cu(001). The samples are

prepared by electron beam evaporation. The growth mode is monitored by MEED.

The films’ structure and magnetic properties are studied. The structure of the sam-

ples is analyzed by LEED, XRMR, and STM. The magnetic property of the sample

is explored by XMCD in reflectivity resonant.

4.1 MEED Results of Au/Mn/Co/Cu(001)

In Figs. 4.1, 4.2, and 4.3, we show the MEED oscillations of Co growing on

Cu(001), Mn on Co, and Au on Mn/Co, respectively. We can see from Fig. 4.1

that the Co MEED curves do not start from the maximum intensity. There might be

several reasons for that. It could be that the substrate is rough, as mentioned in Ref.

[100]; this could be a reason why the intensity starts low and then increases. We can

see this behavior for several thicknesses of Co from 3.6 to 14.3 ML, as shown in Fig.

A.1. However, we can see that the LEED patterns of Cu(001) after sputtering and

annealing (around 900 K) are sharp, which confirms the crystallinity of Cu(001).

Another reason could be that the adjustment of the Cu(001) crystal for the MEED

(00) spot is not in the maximum diffraction intensity. Therefore, the MEED curves

start from low and then increases. The intensity of the MEED curves for most Mn

films on Co/Cu(001) starts from maximum intensity, then they drop. The Co films’

thicknesses are shown in the legend in Figs. 4.1 and A.1. The Mn films’ thicknesses

are also shown in the legend in Fig. 4.2. We can see from the Co thickness they are

not completed layers; therefore Mn starts to fill empty/uncovered parts.
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Figure 4.1: The MEED oscillations of 6.2 ML Co growth on Cu(001). Time ”0”
defines the shutter open and the closing time is defined in the legend in the bracket.
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Mn (3.4 ML, 3 min)/Co (4.3 ML)
Mn (6.7 ML, 6 min)/Co (6 ML)
Mn (4 ML, 4 min)/Co (4.9 ML)
Mn (4.3 ML, 5.5 min)/Co (4.6 ML)
Mn (5.3 ML, 4 min)/Co (4.3 ML)
Mn (5.7 ML, 5 min)/Co (14.3 ML)
Mn (4.3 ML, 4 min)/Co (6.2 ML)
Mn (4 ML, 8 min)/Co (3.6 ML)
Mn (5 ML, 10 min)/Co (5.1 ML)
Mn (5 ML, 10 min)/Co (4.5 ML)
Mn (5.4 ML, 12 min)/Co (5 ML)

Figure 4.2: The MEED oscillations for Mn growth on Co/Cu(001) from 3.4 to
6.7 ML. The ”0” defines the shutter open, and the closing time is defined in the
label in the bracket.
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4.2. LEED and LEED-I(V) Results of Au/Mn/Co/Cu(001)
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Figure 4.3: The MEED oscillations for Au growth on Mn/Co/Cu(001) from 4.9 to
10.9 ML. Time ”0” defines the shutter open, and the closing time is defined in the
legend in the bracket.

4.2 LEED and LEED-I(V) Results of Au/Mn/Co/Cu(001)

After film preparation, we employed LEED and LEED-I(V) to investigate the struc-

ture of the films. In Fig. 4.4, we show the LEED pattern of clean Cu(001) at 125 eV.

In Fig. 4.5, we see LEED patterns after Co growth on Cu(001) and subsequently,

after Mn growth on this Co/Cu(001). The LEED pattern of Co on Cu(001) displays

a p(1×1) structure. Mn films on Co/Cu(001) display p(1×1) as Co films. In some

samples, the (01) spot is visible; in some of them, the spots are not visible at a

beam energy of 117 eV. In Fig. 4.6(a), (b), and (c), we show LEED patterns after

Co growth on Cu(001), Mn growth on Co/Cu(001), and Au growth on Mn/Co/

Cu(001) films for samples of Au(5.7)/Mn(4.0)/Co(4.9)/Cu(001), Au(4.6)/Mn(4.3

ML)/Co(4.6)/Cu(001) and Au(4.3)/Mn(5.3)/Co(10.9)/Cu(001), respectively. In

Fig. 4.6(a) and (b), samples display p(1×1) patterns after Co and Mn growth. How-

ever, the Au films on Mn/Co/Cu(001) display LEED patterns, but it is not clear

enough to define the pattern structure as shown in Fig. 4.6(a).

Contracted face-centered tetragonal (c-fct) Co films grow on Cu(001) and ex-
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panded face-centered tetragonal (e-fct) Mn(001) films grow on Co(001)/Cu(001)

[101]. The Co films grow fcc on Cu(001) as tetragonally compressed due to films

and substrate lattice mismatch [102]. Fig. 4.7 (a) shows the LEED-I(V) curves

for the (00) spot for the substrate, Co, and Mn films deposited subsequently. From

these, we can calculate the vertical interlayer spacing for the substrate and the films.

In Fig. 4.7 (b), we show the interlayer spacing extracted from Fig. 4.7 (a) from the

kinematic approximation. We can see that dp for Cu(001) is 1.85 Å. The bulk fcc

Cu(001) vertical layer spacing is 1.808 Å [41]. After Co growth on Cu(001), dp

gets lower. When we grow Mn films on Co/Cu(001), the dp gets bigger. Our ex-

perimental dp for Co on Cu(001) and Mn on Co/Cu(001) are shown in Fig. 4.7 (b)

and tabulated in Tab. 4.1. In the work of Offi et al. they show that for 6.0 ML Co on

Cu(001) dp is around 1.74 Å [102], when the film thickness of FeMn films increases

on Co/Cu(001), the dp after FeMn film thicknesses get bigger. We also observe the

same behavior for pure Mn thin films deposited on Co films of different thicknesses

on Cu(001). In the work of Wu et al., they observed the layer distance of 2.01 Å in a

2.8 ML Mn film on 4.5 ML Co/Cu(001) from STM topography images [48]. In the

work of Hsu et al. they observed the vertical layer distance of 1.74 Å and 1.89 Å for

5.5 ML Co/Cu(001) and 3.5 ML Mn film on 5.5 ML Co/Cu(001), respectively. The

vertical interlayer distance for 10 ML Co on Cu(001) is around 1.73 Å and 16.7 ML

Mn on 10 ML Co/Cu(001) show 1.88 Å [103]. The results of dp from measurement

and literature are summarized in Tab. 4.1, we can see that our measurement dp re-

sult for Co thin films on Cu(001) and Mn films on Co/Cu(001) are comparable.

Up to 8-9 ML Co grown on Cu(001) shows a p(1×1) LEED pattern [104]. The Mn

film grown on Co/Cu(001) shows a p(1×1) LEED pattern, too. A low coverage

of Mn films on Co/Cu(001) (around 0.3-0.8 ML) displays a c(2×2) superstructure

LEED pattern [104]. Mn grows up to about 10-15 ML in a layer-by-layer mode onto

strained Co(001), when Mn films get thicker, the film becomes rougher, and surface

topography moves disordered [105]. Due to the lack of LEED patterns of Au films

deposited on Mn/Co/Cu(001), we could not do LEED-I(V) measurements.
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Table 4.1: dp from LEED-I(V) results comparisons for Mn/Co/Cu(001) and Co/
Cu(001) thin films experimental and literature values. The errors in thicknesses are
0.2 ML. The error in vertical interlayer distances are shown in Fig. 4.7.

Co (ML) dp (Å) Mn (ML) dp (Å) Method
14.3 1.75 5.7 1.94 LEED-I(V)
4.3 1.77 5.3 2.00 LEED-I(V)
4.6 1.77 4.3 1.95 LEED-I(V)
5.1 1.77 5 1.96 LEED-I(V)
6 1.74 - - LEED-I(V) [102]

5.5 1.74 3.5 1.89 LEED-I(V) [101]
10 1.73 16.7 1.88 LEED-I(V) [105]
4.5 - 2.8 2.01 STM [48]

Cu(001)

125 eV

Figure 4.4: The LEED pattern of clean Cu(001) at beam energy 125 eV.

4.3 STM of Au/Mn/Co/Cu(001)

We also employed STM to investigate the morphology of Au (4.6 ML)/Mn

(4.3 ML)/Co (4.6 ML)/Cu(001) at room temperature. We can see the formation of

islands from the STM topography image in Fig. 4.8. The step height of this film

is between 0.2 and 0.6 nm (from the scan along the white line in Fig. 4.8). The

LEED patterns of this sample are shown in Fig. 4.6 (b) after the deposition of Co,

Mn, and Au, respectively. We can see that there is no clear LEED pattern after

deposition of 4.6 ML Au on Mn(4.3 ML)/Co(4.6 ML)/Cu(001). Therefore, we are

not expecting a full covered surface from the STM image. The layer height is quite

in a reasonable range which is between 2 to 6 Å. We also can see that the surface is
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117 eV 117 eV

117 eV 117 eV

125 eV 125 eV

5.0 ML 5.4 ML

14.3 ML 5.7 ML

4.8 ML 5.3 ML

Co Mn

117 eV 117 eV

6.0 ML 6.7 ML

Figure 4.5: Left: The LEED patterns of several Co thin films on Cu(001) and, right:
Mn thin films on Co thin film. The beam energy and film thicknesses are mentioned
in the images.
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Co Mn Au
52 eV

52 eV

52 eV

58 eV

58 eV

56 eV

64 eV

60 eV

52 eV

(a)

(b)

(c)

4.9 ML 4.0 ML 5.7 ML

4.6 ML 4.3 ML 4.6 ML

4.3 ML 5.3 ML 10.9 ML

Figure 4.6: The LEED patterns of Au/Mn/Co/Cu(001) for three different sam-
ples in (a) Au (5.7 ML)/Mn (4 ML)/Co (4.9 ML)/Cu(001), (b) Au (4.6 ML)/
Mn (4.3 ML)/Co (4.6 ML)/Cu(001), and (c) Au (10.9 ML)/Mn (5.3 ML)/Co
(4.3 ML)/Cu(001). The beam energy and film thicknesses are mentioned in the
images.
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(b)

(a) n=3 4 5 6 7

Figure 4.7: (a) The LEED-I(V) curves of the (00) spot clean Cu(001), Co (from 4.3
to 14.3 ML) on Cu(001), and Mn (from 4.3 to 5.7 ML) on Co/Cu(001). (b) Vertical
interlayer spacing from (a), which is calculated from the kinematic approximation.
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4.3. STM of Au/Mn/Co/Cu(001)

not very rough.

Figure 4.8: The top image is an STM image of Au (4.6 ML)/Mn (4.3 ML)/Co
(4.6 ML)/Cu(001) at constant-current mode at RT. The feedback parameters are
0.48 nA and 1.0 V. The bottom image is a line scan along the white line of the top
image.
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4.4 XRMR-XMCD of Au/Mn/Co/Cu(001)

We investigated the magnetic properties of ultra-thin films by employing X-ray res-

onant magnetic reflectivity (XRMR) measurements at BESSY-II at the Mn and Co

L3 absorption edges at 639.1 and 778 eV, respectively. XRMR is an elemental- and

depth-selective measurement technique that measures the reflectivity vs. θ and 2θ.

The θ refers to the angle between sample surface and incoming x-ray beam, while

2θ is the angle between incoming and reflected beam. A schematic view of the

XRMR measurement geometry is shown in Fig. 2.19. XRMR curves are shown in

Fig. 4.9 (a), (b) for Mn and Co, respectively. The XRMR reflectivity curves are

plotted for intensity vs. scattering vector qz. The sample consisted of 5.3 ML Co on

Cu(001), then 5.7 ML Mn and finally 14 ML Au. The growth of the film was moni-

tored by MEED. Au first displayed MEED oscillations (7.0 ML), then, in a second

cycle with the same parameters, another 7.0 ML of Au was evaporated on top.

In this work, we obtained experimental XRMR data and simulated the data by

ReMagX simulation [68, 62, 69], as shown in Fig. 4.9. We simulated the thin

films’ XRMR curves, by introducing the films’ thickness, roughness, and optical

constants. We set the incoming and analyzer polarizations to circular (+/-) and

unpolarized, respectively. The thickness values for Co and Mn as obtained from

MEED curves were used, while the Au thickness was adapted manually, consistent

with an estimate from the MEED curve of the initial Au deposition step (the second

deposition step did not yield a usable MEED curve). Fig. 4.9 (a) and (b) show the

experimental data and their simulation results of the 11.7 Å Mn/8.85 Å Co bilayer

with 40 Å Au capping at the Mn (639.1 eV) and Co (778 eV) L3-edges, respectively,

for both polarization directions. We can see that there is no difference for XRMR

spectra at the Mn L2,3-edges for opposite circular polarization. However, there is a

clear XMCD difference at the Co L3-edge for opposite circular polarization. The

roughness value for the best fit and optical constants that we used for the XRMR

simulation are summarized in Tab. 4.2 and 4.3, respectively. The optical constants

for Mn and Co around their respective L2,3 absorption edges are taken from another
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Co (778 eV)

Mn (639.1 eV)

(a)

(b)

Figure 4.9: XRMR curves of Au (14 ML)/Mn (5.7 ML)/Co (5.3 ML)/Cu(001).
Dichroic measurement and simulation of samples at (a) 639.1 eV and (b) 778 eV.
The simulations have been done for 38, 11.7, and 8.85 Å of Au, Mn, and Co, re-
spectively. The measurement has been done by applying a magnetic field of −1 and
1 T for the curves labeled ”M+” and ”M-”, respectively. The optical constants and
roughnesses are summarized in Tabs. 4.2 and 4.3, respectively.
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sample which was studied by Ivar Kumberg [66]. The optical constants for Au

and Cu as well as for Mn and Co outside the L2,3 absorption edges are taken from

the Henke tables [106, 107]. In Fig. 4.9, we compare different roughnesses for Co

and Mn L3-edges to investigate the effect of roughness on the XRMR curves. We

summarized these different roughness parameters in Tab. 4.3. When we use the

intensity at higher values of qz as a criterium for a good fit, then at the interface, the

roughness is very low for a good fit at the Co (778 eV) L3-edge, about 2 Å. But the

roughness is higher when comparing the simulations at the Mn (639.1 eV) L3-edge

to the experiment, about 3 Å. Because the roughnesses do not depend on which

edge it is measured, we can say that the interface roughnesses are in the range of

2-3 Å.

We call spectra of the X-ray reflectivity vs. photon energy ”XRR”. In XRR

simulations, we used the same optical constants as for the XRMR simulations. We

set the incoming and analyzer polarizations to circular (-) and unpolarized, respec-

tively. The reflected intensity as a function of h̄ω is calculated by the second ap-

proach to simulate the reflectivity that has been done by UDKM1DSIM. The values

of the parameters are introduced manually to obtain the best fit. Vertical lattice

constants and film thicknesses are taken as obtained from LEED-I(V) and MEED

experiments, respectively.

Table 4.2: The optical constants used for simulations of the XRMR of Au (38 Å)/
Mn (11.7 Å)/Co (8.85 Å)/Cu(001) by ReMagX at 639.1 eV and 778 eV, which are
shown in Fig. 4.9.

Films Energy (eV) δ β δm βm
Au 639.1 3.73E-3 3.01E-3 0 0
Mn 639.1 -6.80E-3 1.03E-2 0 0
Co 639.1 2.02E-3 3.60E-4 0 0
Cu 639.1 2.72E-3 5.60E-4 0 0
Au 778 2.95E-3 1.95E-3 0 0
Mn 778 1.54E-3 1.49E-3 0 0
Co 778 -7.3E-4 6.3E-3 -7.28E-5 -9.4E-4
Cu 778 1.65E-3 2.98E-4 0 0

We show absorption spectra measured by total electron yield (TEY) and X-
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Table 4.3: The different roughnesses (σ(Å)) that are used for simulations of Au
(38 Å)/Mn (11.7 Å)/Co (8.85 Å)/Cu(001) by ReMagX at 778 eV, which are shown
in Fig. 4.9.

Simulations Au (Å) Mn (Å) Co (Å) Cu (Å)
Simulation-0 (M+) 4 3 3 0
Simulation-1 (M+) 0 0 0 0
Simulation-2 (M+) 3 2 2 0
Simulation-3 (M+) 5 4 4 0

(a)

(c) (d)

(b)

Figure 4.10: X-ray absorption measured by TEY at the (a) Co, (b) Mn L2,3 edge.
(c) and (d) are the corresponding XMCD spectra (the difference between −1 and
1 T) of (a) and (b), respectively, obtained for normal incidence for the sample of Au
(14 ML)/Mn (5.7 ML)/Co (5.3 ML)/Cu(001). The TEY spectra are normalized to
the pre-edge.

ray magnetic circular dichroism (XMCD) spectra for Mn and Co in Fig. 4.10. In

Fig. 4.10 (a) and (b), we show spectra of TEY and XMCD, respectively, at the

Co L2,3 edge at normal incidence. In Fig. 4.10 (c) and (d), we show TEY and

XMCD spectra, respectively, at the Mn L2,3 edge at normal incidence. Fig. 4.10

(c) shows a very clear XMCD of Co (XMCD is obtained by subtraction of reversed

magnetized spectra). Fig. 4.10 (d) shows a very weak XMCD of Mn. In Fig. 4.11,

we display XRR and XMCD of Co under different angles (θ=9° and 15.5°) together

with related simulations. In Fig. 4.11, the XRR shows opposite sign of peaks at the

two angles as well as good qualitative agreement of experiment and simulation.
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There is a clear XMCD at both angles as shown in Fig. 4.11 (b) and (d).

We used XRMR to obtain hysteresis loops for Co at a photon energy of 778 eV

for angles θ=9° and θ=17.5°. There is a clear hysteresis for Co films, as shown in

Fig. 4.12. Fig. 4.12 (a) has a higher magnetic dichroism than the one in Fig. 4.12

(b). We can see that the signs for these two hysteresis loops are opposite. This

agrees with XRMR (Fig. 4.9 (b)), that the sign changes between these two θ angles.

The qz values for θ= 9° and 17.5° are 0.12 Å−1 and 0.23 Å−1, respectively.

θ=15.5°

(a)

(d)

(b)

(c)

θ=9°

Figure 4.11: X-ray reflectivity at the Co L2,3 edge at (a) θ=9° and (c) θ=15.5°. (b)
and (d) are the corresponding XMCD spectra (the difference between -1 and 1 T) of
(a) and (c), respectively. The XRR spectra are normalized to the pre-edge.

4.5 Summary

This work aimed to define the Au, Mn, and Co growth rate and the film quality and

interlayer diffusion. XAS and XRMR were employed to investigate interlayer dif-

fusion, the film thickness, and the magnetic properties of Mn/Co bilayers. MEED

oscillations were observed for all three materials (Au, Mn, Co) on Cu(001), which

55



4.5. Summary

(a) (b)

Figure 4.12: Hysteresis curves of the Co L3 edge at 778 eV for angle (a) θ=17.5°and
(b) θ=9 °.

demonstrates layer-by-layer growth. For the crystal structure, the sample is also

checked by LEED, which displays p(1×1) patterns for Co on Cu(001) and Mn

on Co/Cu(001), as displayed in Figs. 4.5 and 4.6. However, we could not see

any LEED pattern for the Au overlayer on Mn/Co/Cu(001). STM reveals the Au

growth morphology on Mn/Co/Cu(001), which shows a two-layer islands growth

mode instead of a uniform/full surface coverage. XRMR is being used to investi-

gate the trilayer films grown on Cu(001) and shows that the sample grows nicely

without a very high interlayer diffusion/roughness. XRMR Co and Mn simula-

tions yield thicknesses close to the thickness values that were obtained from MEED.

However, the Au thickness was higher. For the gold deposition, we got MEED os-

cillations for the first deposition. However, when we tried to deposit Au a second

time to increase the Au capping-layer thickness, we could not see any oscillations,

although we tried to keep the same conditions. That shows that growing Au by

wrapping an Au piece with a tungsten wire would not be easy. Therefore, we sug-

gest that in case of working with Au, it would be better to use a QCM (quartz

crystal microbalance) for monitoring the deposited thickness and also an electron

beam evaporator, if possible with a PBN (pyrolytic boron nitride) crucible to be able

to achieve a more precise Au growth rate. Besides that, we also observed a clear

XMCD of Co and a weak XMCD of Mn by XAS and XRMR.
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CHAPTER 5

STM Study of Initial Growth of MnxAu1−x on Cu(001)

5.1 Growth of MnxAu1−x on Cu(001)

In this work, MnxAu1−x grown on Cu(001) from sub-ML up to some few ML was

studied in-situ by MEED, LEED, AES, and STM to investigate the growth, struc-

ture, and morphology of the films.

What we studied for MnxAu1−x alloy films from LEED images has already

been studied for Au and Mn growth on Cu(001) separately. The Mn atomic

radius (1.365 Å) is similar to the one of Cu (1.276 Å) and smaller than for Au

(1.442 Å) [108]. Au and Cu intermix in the topmost surface layer, then they form a

checkerboard array 1 ML thick [109]. Depending on the amount of Au deposited on

Cu(001), it displays a different structure. In the case of a sub-ML Au on Cu(001),

up to 0.5 ML ML coverage of Au on Cu(001) displays the p(1×1) substrate pattern

[30]. At 0.5 ML Au grown on Cu(001) at room temperature, the LEED pattern

displays a real-space c(2×2) unit cell [109, 110]. But also, the growth temperature

plays a role for the Au structure on Cu(001). 0.5 ML Au on Cu(001) prepared

at 173 K shows a p(1×1) LEED pattern, but when heated to room temperature,

a c(2×2) LEED pattern appeared [109]. Besides studying the structure of Au

by LEED, Tobin et al. studied 0.5 ML Au on Cu(001) also by photoelectron

diffraction and observed a c(2×2) structure [111]. 1 ML Au on Cu(001) prepared

at 173 K shows a c(14×2) LEED pattern, when returned to room temperature, the

c(2×2) LEED pattern appeared [109]. In the case of a high coverage, a pgg(4×2)

structure above 1 ML coverage at 370 K [110] appeared. In another work, above

1 ML coverage of Au, the surface develops into a Au(111)-like structure [109].

In Yamada et al., they investigated the stable c(2×2) MnAu(001) alloy layers by

growing the Au on bct Mn(001) film at room temperature [19, 112]. Besides the

structural changes of Au grown on Cu(001), also the binding energy of Cu changes.
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From 0.5 ML to 1 ML Au, the alloy surface state shifts to higher binding energies

compared to the value of the original Cu(001) M surface state [109].

Mn on Cu(001) displays a surface alloy with a long-range alloy compositional

order. In 0.5 ML, it shows a c(2×2) superstructure. The c(2×2) structure is ob-

served after deposition of approximately 0.5 ML Mn on the Cu(001) surface held

above 270 K. This phase is stable upon cooling to 80 K and annealing to 470 K

[108]. In the case of growth of Mn below 270 K, Mn grows in a c(8×2) structure up

to about the monolayer coverage and rearranges at higher coverage. Above 270 K,

Mn forms ordered surface alloys with a c(2×2) superstructure [113]. Mn has a large

magnetic moment. For the growth of Mn on Cu(001), the atomic structure is char-

acterized by around 0.3 Å atomic corrugation, in which outward buckling of Mn

could be identified by STM [114]. In the work of Huttel, they showed that 0.5 ML

Mn was grown on Cu(001) to create a CuMn alloy and a c(2×2) LEED pattern [31].

They observed the X-ray magnetic circular dichroism (XMCD) at low temperature.

The long-range magnetic order of the c(2×2) MnCu(100) surface alloy at low tem-

perature (< 50 K) is observed. In their work, the contaminated surfaces showed

traces of oxygen in AES spectra and no c(2×2) LEED diagram.

Here, the initial stages of surface-alloy and over-layer formation of MnxAu1−x

films on Cu(001) were investigated. The thin films were evaporated from the elec-

tron beam evaporator on Cu(001). The topographical and structural information

obtained in an STM measurement allows us to study the growth in detail in real

space. The coverage is determined by STM for low coverages, for thicker films by

MEED. The sub-ML coverages, from STM images by measuring the percentage of

surface covered by islands in the sub-ML range. In the sub-ML coverage, islands of

the first atomic layer of the film get bigger when the coverage increases. In Tab. 5.2,

we display the coverage of the films calculated from STM images and the LEED

patterns of those samples. ’x’, the Mn amount in MnxAu1−x alloy, is extracted from

AES. For thicker films, the thickness is determined by getting the growth rate from

MEED oscillations. As a conclusion, what we observed is that at low coverages
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(≤ 1 ML) the films grow as epitaxially (in the Frank–van der Merve growth mode),

which is seen in STM topography images. Above 1 ML, the films get rougher. Up

to 0.5 ML, the LEED image shows the substrate pattern (p(1×1)), then, the images

are getting dimmer. Between 0.5 and 1 ML, the LEED images display a c(2×2)

structure. Above 1 ML, the LEED patterns get dim and vanish. LEED and STM

images do not show sharp patterns and flat surfaces, respectively. However, MEED

oscillations are observed up to 9 ML.

5.2 STM, LEED, and AES of Cu(001)

40 nm

(a) (b)

(c)

Figure 5.1: (a) STM topography image of Cu(001). STM feedback parameter for
(a) is 0.7 nA×1 V, (c) is a line scan of (a) along the white line. (b) LEED image of
clean and annealed Cu(001) at 132.5 eV.

In Fig. 5.1, we can see the clean single crystal Cu(001). STM, LEED, and line
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5.3. AES Results

scan of the white line in 5.1 (a) are shown in Fig. 5.1 (a), (b), and (c), respectively.

5.3 AES Results

AES is used to investigate the chemical composition and also film thickness. No

carbon, oxygen or any other contamination could be detected by AES. Mn and Cu

show several Auger transitions in the energy region up to 1 keV. Au has peaks in

the low-energy regime. Therefore it makes it harder for a quantitative calculation.

At lower energies (< 100 eV), the IMFP (Inelastic Mean Free Path) is very low

(≈ 5 Å). Therefore, in this range, AES is very surface-sensitive, while when using

higher Cu Auger transitions (920 eV), the attenuation length is longer.
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Figure 5.2: Auger survey spectrum of clean Cu(001) and from 0.19 to 3.65 ML
MnxAu1−x on Cu(001). The y-axis is offset for seeing the spectra clearly.

By AES, we can assure the components of the sample. We display the AES

spectra of MnxAu1−x (from 0.19 to 3.65 ML) on Cu(001) in Fig. 5.2. They show

that the samples are not contaminated. For lower coverages (< 1 ML), the peak

heights for Au (69 eV) and Mn (40 eV) are low but already visible. They get bigger

for higher film thicknesses. At the same time, the Cu (60 eV) Auger transition is

getting smaller.

The sub-ML coverage of MnxAu1−x on Cu(001) can be calculated by Eq. 5.1.

For thicker films (above 1 ML), Eq. 5.2 are used for ratio and thickness calculation:
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IMn

ICu

=
SMn

SCu

·x· 1− exp(−1ML/λMn)·θ
exp(−1ML/λCu)·θ + 1− θ

(5.1a)

IAu

ICu

=
SAu

SCu

·(1− x)· 1− exp(−1ML/λAu)·θ
exp(−1ML/λCu)·θ + 1− θ

(5.1b)

IMn

IAu

=
SMn

SAu

· x

1− x
·1− exp(−1ML/λMn)

1− exp(−1ML/λAu)
(5.1c)

IMn

ICu

=
SMn

SCu

·x·1− exp(−d/λMn)

exp(−d/λCu)
(5.2a)

IAu

ICu

=
SAu

SCu

·(1− x)·1− exp(−d/λAu)

exp(−d/λCu)
(5.2b)

where I , S, d, θ, and λ are Auger intensity, sensitivity, film thickness, alloy

film coverage, and effective IMFP, respectively, for Mn, Au, and Cu Auger electron

transitions. For thicker films, substrate Auger electrons have to go through a film, so

the signal exponentially decays. However, for the 1 ML or partly covered substrate,

the Auger electrons of the substrate only go through 1 ML or the uncovered part;

therefore, we have two equations for these sub-ML and thicker films as shown in

equations 5.1 and 5.2, respectively. The parameters that are going to be used for

the calculations are summarized in Tab. 5.1. The parameters in Tab. 5.1 for Mn (40

and 589 eV) were obtained by growing Mn on Cu(001). Sensitivity factors for Au

(69 eV) and Cu (60 eV) are obtained from bulk single crystal Cu3Au. The λ (IMFP)

for 40, 60, and 69 eV are obtained from an empirical relation [38].

Table 5.1: Auger thickness calculation parameters.
Auger Peak S λ (ML)
Cu(920 eV) 0.97* (± 0.04) 4.8* (± 0.15)
Mn(589 eV) 1.18* (± 0.04) 4* (± 0.15)
Au(69 eV) 2.5 (± 0.09) 1.76 (± 0.06)
Cu(60 eV) 1 (± 0.04) 1.69 (± 0.06)
Mn(40 eV) 0.8 (± 0.04) 1.59 (± 0.06)

∗ S and λ are taken from Y. Shokr, Ph.D. thesis [115]. The λ for low energy is calculated.
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(a)

(c)

(b)

(d)

Figure 5.3: Using Eq. 5.1 for obtaining the x and (1 − x) for the MnxAu1−x alloy.
The graphs are plotted for Auger ratio vs. film coverage. The plots are for (a) Au69/
Cu60, (b) Mn40/Au69, (c) Mn589/Cu920, and (d) Mn40/Cu60. The Auger ratios’
error is calculated from the propagation of the errors in the determination of the
peak heights.
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Figure 5.4: Using Eq. 5.1a for obtaining the x (0.82, 0.84, 0.85) for MnxAu1−x.
The graph is plotted for Auger ratio (Mn589/Cu920) vs. film coverage. The Auger
ratios’ error is calculated from the propagation of the errors in the determination of
the peak heights.
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In Fig. 5.3, we plot the ratios of the Auger electron transitions vs. sample thick-

nesses for sub-ML MnxAu1−x on Cu(001) for Au (69 eV)/Cu (60 eV), Mn (40 eV)/

Au (69 eV), Mn (589 eV)/Cu (920 eV) and, Cu (40 eV)/Cu (60 eV). We fit the AES

result for the sub-ML MnxAu1−x on Cu(001) as shown in Fig. 5.3 by using the Eq.

5.1a to define the x. The fitting parameters (λ, S (sensitivity factor) for related

energy) are summarized in Tab. 5.1. It is clear that the ratio increases with film cov-

erage. For the Mn (40 eV) Auger transition, determination of the peak height is not

straightforward because another peak from the substrate is close in energy (can be

seen in Fig. 5.2). This peak also contributes at the energy of the Mn peak (40 eV);

therefore at low coverage Mn (40 eV) seems to be higher and then decreases with

increasing coverage. However, from a certain thickness, the effect of this peak can

be ignored. We can see that the Cu (60 eV) peak is not seen for coverages of 0.8

and 1 ML. Their AES spectra and AES ratios are shown in Fig. 5.2 and Fig. 5.3,

respectively. The Cu (LMM) and Mn (LMM) Auger peaks are not overlapping with

any other material Auger peaks that are used in this work. We can see the appear-

ance and increase of Mn (LMM) and Mn (40 eV) in Fig. 5.2, in which the AES

spectra are plotted in an ascending way (for film coverage). We find values for x

from 0.5 to 0.9. This means we have Mn-rich samples. The average growth time

per ML is around 60 s (± 20 s) MnxAu1−x. Besides the sub-ML regime, we also

studied thicker MnxAu1−x films grown on Cu(001). We show the AES spectra of

(2.07 ± 0.14), (2.26 ± 0.08), and (3.65 ± 0.05) ML of Mn0.82Au0.18, Mn0.84Au0.16,

and Mn0.85Au0.15, respectively, in Fig. 5.4.

In Fig. 5.5, we grew (2.07 ± 0.14) ML Mn0.82Au0.18 on Cu(001) and did the AES

for as-grown and after post-annealing around 440 K for 5 min. What we observed is

that after post-annealing, the sample oxidized a little. The oxidation for the sample

can be seen from O (503 eV) peak, which is clearly visible for the AES spectrum

after post-annealing but not for as-grown as shown in Fig. 5.5. We also observed

that the Mn (40 eV)/Cu (60 eV), Au (69 eV)/Cu (60 eV), Mn (40 eV)/Au (69 eV)

and Mn (589 eV)/Cu (920 eV) Auger transitions peak height ratio decreases. These
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(a)

(b)

Figure 5.5: (a) AES survey spectrum of 2.07 ML MnxAu1−x on Cu(001) for as-
grown and after post-annealing. (b) The Auger peak height ratio is shown before
and after post-annealing. The Auger ratios’ error is calculated from the propagation
of the errors in the determination of the peak heights.

decrements in the peak height ratios can be due to either Mn and Au diffusion or Cu

segregation. From the increment in Mn (40 eV)/Au (69 eV) peak height ratio, we

can deduce that the Au diffuses more than Mn. We also can see a slight increment

in the Cu (920 eV)/Mn (589 eV) peak height ratio, and this also confirms the Cu

segregation. The less diffusion in the Mn might be due to oxidation.

5.4 STM Results

The samples’ morphology is checked by STM; for this, the samples are transferred

to the STM without breaking the vacuum. The samples are scanned in constant-

current tunneling (CCT) mode by an Fe-ring tip at room temperature [48].

To understand the growth morphology of co-deposited Mn-Au film on Cu(001),

we grow very low coverages from 0.2 ML to several ML thick films and different

Mn and Au alloy ratios. In Fig. 5.6, we show the result for low coverages, 0.19,

0.32, 0.51, and 0.54 ML of MnxAu1−x on Cu(001) for x 0.9, 1.0, 0.95, and 0.9,

respectively. The growth starts with very small islands, which become bigger with

increasing coverage. While the coverage increases, bigger islands coexist with the
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40 nm

40 nm

40 nm

40 nm

(a)

(c)

(e)

(g)

0.19 ML

0.32 ML

0.51 ML

0.54 ML

(b)

(d)

(f)

(h)

Figure 5.6: (a) STM topography images of (a) 0.19, (c) 0.32, (e) 0.51, and (g)
0.54 ML of Mn-Au alloy on Cu(001). STM feedback parameters for (a), (c), (e),
and (g) are 1.15 nA×0.5 V, 1.18 nA×0.5 V, 1.19 nA×0.5 V, and 1.2 nA×0.5 V, re-
spectively. (b), (d), (f), and (h) are line scans along the white lines in (a), (c), (e),
and (g), respectively.
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5.4. STM Results

small islands. In the low coverages (≤ 0.5 ML), the islands have round shapes.

When these islands are merged, they are still round, but more elongated, which

shows that two or more islands are merging. Fig. 5.7 shows STM topography im-

ages for 0.55, 0.6, 0.8, and 1.0 ML of MnxAu1−x on Cu(001) for x 0.65, 1.0, 0.77,

and 0.85, respectively. When the islands get bigger, they start to merge and finally

cover the whole surface. For coverages ≥ 0.5 ML, the islands are round, but with

increasing coverage, the round islands merge and create differently shaped islands,

as seen in Fig. 5.7 (g).

We also prepared thicker (> 1 ML) MnxAu1−x films on Cu(001) for STM to-

pography investigation. In Fig. 5.8 (a), 2.07 ML Mn0.82Au0.18 have been deposited

on Cu(001) and post-annealed around 440 K (±20 K) for 5 min. This post-annealed

sample as well as 3.65 ML Mn0.85Au0.15 (Fig. 5.8(e)) are rougher than 2.26 ML

Mn0.84Au0.16 (Fig. 5.8 (c)). We do not have the STM topography for the as-grown

2.07 ML Mn0.82Au0.18 film; therefore, we cannot say what post-annealing causes to

that sample. However, it is rougher than 2.26 ML Mn0.84Au0.16 (Fig. 5.8 (c)), which

is very close in film thickness and concentration. Furthermore, the films thicker

than 1 ML are not flat anymore, they are rougher than the thickness of the film for

≤ 1 ML.

Bommanaboyena et al. prepared 45 nm Mn2Au(001) on 13 nm Ta(001)/

Al2O3(1–102) by MBE and rf magnetron sputtering. They investigated by the

help of atomic force microscopy that the MBE-grown sample shows a smoother

surface than rf magnetron-sputtering grown samples. They found that for annealing

temperatures higher than 450 °C, Mn starts to desorb from the film, and this

causes a change in the stoichiometry and crystallographic phase [116]. While

up to now, nobody has studied Mn2Au films grown on metallic single crystals,

we tried it on single crystal Cu(001). Moreover, we grow the films with an

electron beam evaporator. While Bommanaboyena et al. [116] prepared very thick

samples, we could prepare a very thin film even below 1 ML. Compared to the

work of Bommanaboyena et al. [116], we saw changes in the AES spectrum after
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(g) 1 ML (h)

40 nm

1 ML(g)

(c) 0.60 ML (d)
60 nm

(a) (b)0.55 ML

(e) (f)0.80 ML

Figure 5.7: (a) STM topography images of (a) 0.55, (c) 0.6, (e) 0.8, and (g) 1 ML
of Mn-Au alloy on Cu(001). STM feedback parameters for (a), (c), (e), and (g) are
1.19 nA×0.5 V, 1.14 nA×0.2 V, 1.16 nA×0.5 V, and 1.18 nA×0.2 V, respectively.
(b), (d), (f), and (h) are line scans along the white lines in (a), (c), (e), and (g),
respectively.
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post-annealing around 440 K, as shown in Fig. 5.5.
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Figure 5.8: (a) STM topography images of (a) after post-annealing around 440 K
for 5 min of 2.07 ML, (c) as-grown 2.26 ML, and (e) as-grown 3.65 ML of Mn-Au
alloy on Cu(001). STM feedback parameters for (a), (c), and (e) are 0.48 nA×1 V,
1.18 nA×0.5 V, and 1.4 nA×0.5 V, respectively. (b), (d), and (f) are line scans along
the white lines in (a), (c), and (e), respectively.

5.5 LEED Results

For studying the structure of the films for the initial growth of MnxAu1−x, we em-

ploy LEED. In Fig. 5.9, we can see LEED images from 0.19 till 1 ML MnxAu1−x

on Cu(001). At very low coverage (0.19 ML), the substrate LEED pattern (p(1×1))

is very clear. Then the (01) spots get dimmer and disappear at around 0.5 ML. From

0.55 ML, we see another structure transition. The (1
2
1
2
) LEED spots become visible

up to 1 ML. However, this c(2×2) superstructure does not exist in thicker films.
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Fig. 5.10 (a) is for as grown 2.07 ML MnxAu1−x on Cu(001). It is clear that there

is no LEED pattern. After that we did a post-annealing around 440 K (±20 K) for

5 min. We did another LEED image at room temperature. The post-annealed sam-

ple barely shows the p(1×1) substrate structure in Fig. 5.10 (b). To see the substrate

structure after post-annealing can be explained by Mn and Au diffusion into the

substrate as it was concluded from AES (Fig. 5.5). Fig. 5.10 (c) shows the LEED

images for 2.26 ML MnxAu1−x on Cu(001) at 180.4 eV. The LEED images in Fig.

5.9 and Figs. 5.10 (a) and (b) are done at 110 eV. However, for Fig. 5.10 (c), the

energy is 180.4 eV because below that energy, there was no LEED pattern.

0.19 ML 0.32 ML 0.51 ML

0.54 ML 0.55 ML 0.6 ML

0.8 ML 1 ML

LEEDpat print output

Basic 2D lattice/group : [10] Square p4

a = 4.08600, b = 4.08600, phi = 90.00

Superlattice/group : (c(2x2)) Matrix = (1, -1 | 1, 1) : square as [10] Square p4

as= 5. 77848,  b s= 5. 77848,  phi s= 90. 00,  1  uni que doma i n( s)

Channel plate distortion = 0.0000

Real lattice Pattern (reciprocal lattice)

Figure 5.9: LEED images of MnxAu1−x on Cu(001) for the same samples as in
Figs. 5.6 and 5.7 at 110 eV. The bottom last LEED pattern is a simulation for the
c(2×2) superstructure by LEEDpat [117]. White and blue arrows show substrate
and superstructure unit cell vectors, respectively.
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(a) (b) (c)

Figure 5.10: LEED images of 2.07 ML Mn0.82Au0.18 on Cu(001). (a) after growth,
(b) after post-annealing (440 K for 5 min) at room temperature at 110 eV. (c)
2.26 ML Mn0.84Au0.16 on Cu(001) at 180.4 eV.

5.6 MEED Results

The growth of the samples is monitored by MEED. In Fig. 5.11, we see the MEED

curves for the deposition of 2.07, 2.26, and 3.65 ML MnxAu1−x on Cu(001). Even

the MEED oscillations refer to layer-by-layer growth. We could detect LEED im-

ages around 1 ML and below it. The 0 on the x-axis shows where the shutter is

opened. For the 3.65 ML films, we could calculate the thickness with less error

than for the other two curves because of the multiple MEED oscillations. They are

very periodic. The thickness calculation is done by getting the growth rate from the

maximum and minimum peaks periodicity average. That is a sign of growth rate

homogeneity for this sample.

In Tab. 5.2, we compare the results of thickness and Mn-Au ratio (x) for

MnxAu1−x on Cu(001). The sub-ML (≤ 1 ML) coverages are analyzed by Gwyd-

dion software from STM images. For the thick films, the thicknesses are evaluated

from MEED oscillations. The x (Mn ratio in MnxAu1−x) is extracted from AES.

MEED oscillations are usually interpreted as evidence of layer-by-layer growth.

We see clear MEED oscillations for MnxAu1−x on Cu(001), but we cannot see the

LEED patterns. If we consider pure Mn films, they do not show oscillations when

grown on Cu(001), because Mn grows in island mode on Cu(001) above 1 ML [47],

but they exhibit clear MEED oscillations when grown on Cu3Au [14, 118]. When

we performed Mn-Au alloy growth on Cu(001), we observed strong MEED oscil-

lations. We think that while Mn creates islands, Au might fill and cause the coales-
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Figure 5.11: MEED specular (00)-spot intensity vs. time, calibrated in thickness for
the deposition of 2.07, 2.26, and 3.65 ML MnxAu1−x on Cu(001). The curves are
shifted vertically for clarity.

Table 5.2: STM, AES, MEED, and LEED results comparison. Below 1 ML cov-
erages are from STM, above they are from MEED oscillations. x is obtained from
AES.

Sample Coverage (ML) x LEED
Fig. 5.6(a) 0.19±0.02 0.90 1×1
Fig. 5.6(c) 0.32±0.04 1.00 1×1
Fig. 5.6(e) 0.51±0.07 0.95 1×1
Fig. 5.6(g) 0.54±0.08 0.90 1×1
Fig. 5.7(a) 0.55±0.08 0.65 c(2×2
Fig. 5.7(c) 0.60±0.09 1.00 c(2×2)
Fig. 5.7(e) 0.80±0.12 0.77 c(2×2)
Fig. 5.7(g) 1.08±0.16 0.85 c(2×2)
Fig. 5.8(a) 2.07±0.14 0.82 None
Fig. 5.8(c) 2.26±0.08 0.84 None
Fig. 5.7(e) 3.65±0.05 0.85 None
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cence of these Mn islands to form a layer. Or, due to a locally random distribution of

the much larger Au and smaller Mn atoms, this could lead to layer-by-layer growth.

That the LEED pattern of MnxAu1−x is missing could mean that the surface is later-

ally not long-range ordered enough to produce diffraction even if we are observing

MEED oscillations.

5.7 Summary

We study the initial growth of Mn-Au alloys on Cu(001) at room temperature by

STM, LEED, MEED, and AES. From the STM topography images, we investi-

gate that in the sub-ML regime, the films create islands, and as the film’s coverage

increases, the islands start to merge to create big islands. The thicker films (above

1 ML), the surface becomes rough compared to 1 ML MnxAu1−x on Cu(001). There

are no clear LEED patterns for the thicker Mn-Au alloy on Cu(001) samples, even

though there are clear MEED oscillations for thicker films. Our sample for the sub-

ML regime shows the same LEED patterns as in the literature for sub-ML Mn on

Cu(001) [31]. In the case of Au on Cu(001), it shows c(2×2) around 0.5 ML, above

that, turns hexagonal [109, 30]. This could be due to the high Mn concentration

in our MnxAu1−x thin films. Au-rich MnxAu1−x structures also can be studied to

investigate further. The magnetic property of Mn in Mn-Au alloy on Cu(001) might

be interesting to study.
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CHAPTER 6

Co/MnxAu1−x Bilayer Growth on Cu(001)

We discussed in the previous chapter the initial growth of MnxAu1−x on Cu(001).

In this chapter, we study the Co/MnxAu1−x bilayer growth on Cu(001) by MEED,

LEED, and AES to investigate it chemically and structurally. The magnetic be-

haviour of the samples is studied by MOKE.

6.1 Co/MnxAu1−x Growth on Cu(001)
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Figure 6.1: MEED intensity curves of MnxAu1−x films (from 5.8 to 13.3 ML) on
Cu(001). The shutter opened at time 0 and closed at the time mentioned in the
legend. x for these samples are shown in Tab. 6.1.

The single crystal and thin films are prepared as mentioned in Chapter 5. We

study Co and MnxAu1−x bilayer grown on Cu(001) at room temperature in UHV.

The Co film is grown layer-by-layer on Cu(001) and Mn grows layer-by-layer on
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Co/Cu(001) [36]. Mn does not grow layer-by-layer directly on Cu(001). However,

MnxAu1−x grows layer-by-layer on Cu(001), at least for x from 0.39 to 0.95, as

investigated here. In this work, Co is used as an FM layer to study the magnetic

properties of MnxAu1−x.

(a)

(b)

Figure 6.2: MEED intensity curves of (a) 11 and 15.2 ML Co on Cu(001). MEED
intensity curves of (b) 2.7 ML Mn0.81Au0.19 and 5.4 ML Mn0.72Au0.28, grown on 11
and 15.2 ML Co/Cu(001), respectively. The shutter opened at time 0 and closed at
the time mentioned in the legend.

In Fig. 6.1, we plot the MEED curves of Mn-Au alloys on Cu(001). From

5.4 to 13.3 ML, MnxAu1−x thin-films are displaying MEED oscillations for differ-

ent Mn-Au alloy ratios (x values are from 0.39 to 0.95), as tabulated in Tab. 6.1.

And we also tried to grow MnxAu1−x on Co/Cu(001) (Fig. 6.2), where we obtain

MEED oscillations for these two samples, too. For Co, it was already known that it

shows MEED oscillations on Cu(001), even Mn shows MEED oscillations on Co/

Cu(001) [36]. Because we performed the MOKE measurements in another cham-
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(a)

(b)

Figure 6.3: MEED intensity curves of (a) 8 and 8.2 ML Au on Co (7.6 ML)/
Mn0.77Au0.23 (6.5 ML)/Cu(001) and Co (7.4 ML)/Mn0.72Au0.28 (10.8 ML)/
Cu(001), respectively. MEED intensity curves of (b) 7.6 and 7.4 ML Co on
Mn0.77Au0.23 (6.5 ML)/Cu(001), Mn0.72Au0.28 (10.8 ML)/Cu(001), respectively.
The shutter opened at time 0 and closed at the time mentioned in the legend.
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ber, we capped the sample by Au to prevent oxidation. While capping the bilayer

films by Au, we observed MEED oscillations for Au on Co/MnxAu1−x/Cu(001),

as shown in Fig. 6.3 (a). In Fig. 6.4 (a) and (c), we show LEED images for 11

and 15.2 ML Co grown on Cu(001), respectively, at 117 eV. The LEED images in

Fig. 6.4 (b) and (d) are for Mn0.81Au0.19 (2.7 ML)/Co (11 ML) and Mn0.72Au0.28

(5.4 ML)/Co (15.2 ML), respectively, at 117 eV. 11 and 15.2 ML Co grown on

Cu(001) show a clear p(1×1) pattern. When 2.7 ML Mn0.81Au0.19 is grown on

Co (11 ML)/Cu(001), in Fig. 6.4 (a), and 5.4 ML Mn0.72Au0.28 is grown on Co

(15.2 ML)/Cu(001), in Fig. 6.4 (c), there is no clear LEED pattern anymore. In

another work, we start to grow MnxAu1−x (6.2 ML) on Cu(001) and then grow Co

(7.6 ML) on top, as shown in Fig. 6.5 (a) and (b). Unfortunately, there are no LEED

patterns observed at beam energy 135 eV.

(a)

(d)(c)

(b)

Figure 6.4: LEED patterns of (a) 11 and (c) 15.2 ML Co thin films on Cu(001)
at 117 eV. LEED patterns of (b) 2.7 and (d) 5.4 ML MnxAu1−x grown on 11 and
15.2 ML Co/Cu(001), respectively, at 117 eV.
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(a) (b)

Figure 6.5: LEED patterns of (a) 6.2 ML Mn0.83Au0.17 on Cu(001), (b) 7.6 ML Co
on Mn0.83Au0.17 (6.2 ML) at 135 eV.
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Figure 6.6: AES spectra of 11 ML Co/Cu(001) (black curve) and 2.7 ML
Mn0.81Au0.19/Co(15.2 ML)/Cu(001) (red curve).
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This study involves Mn, Co, and Au. To ensure the presence of these materials

in the grown films, we employed AES. We show AES spectra in Fig. 6.6. We can

see the Auger transitions of these three materials. The x in MnxAu1−x is calcu-

lated by Auger exponential decay functions. For the Mn-Au alloy, we use either the

Cu(920 eV)/Mn(589 eV) the or Mn(40 eV)/Au(69 eV) Auger peak height ratios.

Values for x as obtained in both ways are shown in Tab. 6.1. The AES and curves of

the Auger peak ratios can be seen in Fig. B.1, B.2, B.3, B.4, and B.5 of appendix B.

We obtained x values from 0.38 to 0.95 from the Cu(920 eV)/Mn(589 eV) Auger

peak height ratio. The x which is obtained from Mn(40 eV)/Au(69 eV) is differ-

ent from the one obtained from Cu(920 eV)/Mn(589 eV). That can be due to the

IMFP of Au 69 eV, which is smaller than the one of Mn(589 eV) and Cu(920 eV).

If the growth rate of Au varies during deposition, the x can be different for both

evaluations.

In this work, we study the growth of MnxAu1−x on Cu(001). We investigate that

the MnxAu1−x grows layer-by-layer on Cu(001) and on Co/Cu(001), as displayed

in Figs. 6.1 and 6.2 (b), respectively. While Co grows layer-by-layer on Cu(001),

Co grows layer-by-layer on MnAu, too, as shown in Fig. 6.3 (b). The Au also

shows MEED oscillations on Co/MnxAu1−x/Cu(001), as shown in Fig. 6.3 (a).

The MEED intensity reached its first maximum before the first completion of a

monolayer for Co/Cu(001) and MnxAu1−x/Cu(001), as shown in Figs. 6.1 and 6.2

(b), respectively. This can be due to either a non-perfect surface of Cu(001) [100]

or anti-Bragg diffraction [119]. Another possible explanation for why the MEED

oscillations start from high intensity can be due to the setting (azimuthal angle)

of the single crystal. There is no LEED pattern for MnxAu1−x samples neither on

Cu(001) nor on Co/Cu(001), as shown in Fig. 6.5 (a) and 6.5 (b), respectively, while

Co displays a p(1×1) LEED pattern. There is no LEED pattern for Co grown on

MnxAu1−x/Cu(001), too, as shown in Fig. 6.6 (b).

The MEED oscillations might not necessarily demonstrate layer-by-layer

growth, as mentioned in the works of Li et al. [120]. For example, Evans et al.
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explained that RHEED oscillations are based on “downward funneling” [121].

In their simulation, they show that the intensity oscillations may also occur in

the absence of layer-by-layer growth when the diffusion of deposited atoms to

lower layers is considered if they do not land on a perfectly horizontally flat place.

However, the oscillations should still correspond to the deposition of monolayer

amounts of material. We think that another possible reason for the absence of

LEED patterns in the presence of MEED oscillations could be that a locally random

distribution of the much larger Au and smaller Mn atoms could form layer-by-layer

growth but that the surface is laterally not long-range-ordered enough to produce

diffraction.

Table 6.1: Mn-Au alloy ratios obtained from Cu(920 eV)/Mn(589 eV) and
Mn(40 eV)/Au(69 eV) Auger peak height ratios.

Thickness (ML) xa xb

5.7±0.2 0.77±0.09 0.66±0.02
5.8±0.2 0.39±0.05 0.53±0.01
6.2±0.2 0.83±0.1 0.83±0.02
6.5±0.2 0.77±0.09 0.75±0.02
6.6±0.2 0.95±0.1 0.82±0.01
6.8±0.2 0.69±0.08 0.69±0.02
7.4±0.2 0.70±0.08 0.71±0.02
9.0±0.2 0.69±0.07 0.67±0.01

10.8±0.2 0.72±0.07 0.68±0.02
13.0±0.2 0.62±0.06 0.76±0.01
13.3±0.2 0.64±0.06 0.74±0.02
16.8±0.2 - 0.54±0.02

a and b are for Cu(920 eV)/Mn(589 eV) and Mn(40 eV)/Au(69 eV), respectively.

6.2 L-MOKE of Au/Co/MnxAu1−x/Cu(001)

The Au/Co/MnxAu1−x/Cu(001) samples’ magnetic properties are studied by L-

MOKE in another chamber. Therefore the samples were capped by Au to prevent

oxidation during sample transfer to the other chamber. The samples are measured

after zero-field cooling (ZFC) and field cooling (FC) by liquid nitrogen (LN2). In

Fig. 6.7, we show the HC and HEB results of five Au/Co/MnxAu1−x/Cu(001) sam-

ples. In Fig. 6.7, the left figures are measured before the right figures. In Fig. 6.7
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(b)

(d)

(f)

(h)

(j)

(a)

(c)

(e)

(g)

(i)

Figure 6.7: The results for HC and HEB from L-MOKE for (a) Au(8)/Co (7.6)/
Mn0.77Au0.23(6.5), (c) Au(7.2)/Co(7.5)/Mn0.69Au0.31(6.8), (e) Au(8.2)/Co(7.4)/
Mn0.72Au0.28(10.8), (g) Au(7.2)/Co(7.4)/Mn0.64Au0.36(13.3), (i) Au(14.4)/
Co(11.1)/Mn0.62Au0.38(13.0) on Cu(001). The number in brackets are the thick-
nesses in ML. (a), (c), (g), (i) are ZFC, and (b), (d), (h), (j) are FC after (a), (c), (g),
(i), respectively. (e) and (f) are HC and HEB for the same sample after FC under
the same conditions. FC under (b) −150 mT from 360 K, (d) −110 mT from 400 K,
(e) −110 mT from 300 K, (f) −78 mT from 350 K, (h) 80 mT from 350 K, (j) 80 mT
from RT. The systematic error in the field is around 2 mT. It is due to calibration of
the field to zero. The data is binned for temperature.

.
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(a) and (b), we display the HC and HEB for Au (8 ML)/Co (7.6 ML)/Mn0.77Au0.23

(6.5 ML)/Cu(001) for ZFC and FC, respectively. In Fig. 6.7 (a) ZFC from room

temperature to around 140 K and (b) FC from 360 K to 115 K under −150 mT. In

Fig. 6.7 (c) and (d), we display the HC and HEB for the Au (7.2 ML)/Co (7.5 ML)/

Mn0.69Au0.31 (6.8 ML)/Cu(001) for ZFC and FC, respectively. In Fig. 6.7 (c) ZFC

from room temperature to around 110 K and (d) FC from 400 K to 110 K under

−110 mT. In Fig. 6.7 (e) and (f), we display the HC and HEB for the Au (8.2 ML)/

Co (7.4 ML)/Mn0.72Au0.28 (10.8 ML)/Cu(001) for FC. In Fig. 6.7 (e) FC from room

temperature to around 100 K under −110 mT and (f) FC from 350 K to 100 K under

−78 mT. In Fig. 6.7 (g) and (h), we display the HC and HEB for the Au (7.2 ML)/Co

(7.4 ML)/Mn0.64Au0.36 (13.3 ML)/Cu(001) for ZFC and FC. In Fig. 6.7 (g) ZFC

from room temperature to around 110 K and (h) FC from 350 K to 110 K under

80 mT. In Fig. 6.7 (i) and (j), we display the HC and HEB for the Au (14.4 ML)/

Co (11.1 ML)/Mn0.62Au0.38 (13.0 ML)/Cu(001) for ZFC and FC. In Fig. 6.7(i) ZFC

from room temperature to around 115 K and (j) FC from room temperature to 140 K

under 80 mT. In all these samples, we did not observe any change in HEB for differ-

ent Mn-Au alloy and various MnxAu1−x thicknesses with several Co thicknesses.

We observe HC as a function of temperature as shown in Fig. 6.7 for ZFC and FC

measurements. There are no big changes in HC remeasuring the sample for FC after

the measurement of ZFC. We performed ZFC and FC to deduce the exchange cou-

pling between AFM (MnxAu1−x) and FM (Co). If there were an exchange coupling

between FM and AFM, we could see changes in HEB, but we could not see any

changes, as displayed in Fig. 6.7. This could mean that the MnxAu1−x alloy is not

in an AFM phase or any other reasons such as a high TN (TN of Mn2Au is very

high above 1000 K [17]). Another possible reason could be that the samples have

not been post-annealed to sufficiently high temperatures to form the alloy. Another

reason might be that at the interface between Co and MnxAu1−x, there is no AFM

and FM coupling due to the Mn-Au alloy ratio because the Au-rich alloy has an

FM phase. If we look deeper into the Mn-Au alloy, we find that there are several
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AFM phases. The TN of MnAu, MnAu2, MnAu3, Mn3Au5, and Mn2Au are 365,

513, 140, 354, and 1600 K, respectively [16]. MnAu4 is FM (TC ≈ 373 K) ([20]).

Bommanaboyena et al. ([116]) compared the quality of MBE and sputtering-grown

samples. The MBE sample is smoother than the sputtered one. They also found

that post-annealing a sample above 450 °C, Mn starts to desorb from the films.

They grew Mn2Au on Ta/Al2O3. In the work of Sapozhnik et al., they grew Mn2Au

on an Al2O3 substrate at 600 °C ([97]), which is a very high temperature for our

sample for post-annealing. In our samples, the films already start to diffuse into the

substrate around 500 K. In another work, Wu et al. grew Mn2Au on an MgO sub-

strate at 200 °C and post-annealed at 200 °C for 1 h [96]. They studied the magnetic

properties of an Mn2Au/Fe bilayer, which shows a dependence of HC and HEB on

the thickness with 1/tFe and with temperature increase. tFe is from 3 to 10 nm, the

temperature range is from 300 to 5 K. Magnetic studies employed mostly bilayers

of Mn2Au/Fe. In those works compared to our work, they have thicker films of

Mn2Au and Fe. They measured the samples under a very high field and at a very

low temperature to see the exchange bias and coercivity changes.

There can be various causes affecting the temperature dependence of exchange

bias and coercivity, such as the size of AFM grains or the interface exchange cou-

pling constants [122]. In the case of FM films, the coercivity changes with film

thickness and temperature [123, 124]. The exchange bias originates from inter-

facial interactions between ferromagnetic and antiferromagnetic layers [9]. In the

simple explanation of HEB by Meiklejohn and Bean, simplified as in Eq. 6.1 [125],

µ0HEB =
−JSAFMSFM

MFM tFM

(6.1)

µ0HEB (exchange bias) depends on the interface coupling J, FM, and AFM

interface magnetization SAFM , SFM , respectively. MFM and tFM are saturation

magnetization and thickness of FM film [125]. From Eq. 6.1, we can see that the

FM thickness and saturation magnetization play a crucial rule in HEB.

The work of Zhou et al. shows the HEB for Py (5 nm)/Mn2Au (10 nm) bilayer
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films at 20 K after FC at 10 kOe [126]. However, in the work of Jourdan et al., they

did not observe any exchange bias shift (there is a negligible shift) for an Fe(5 nm)

on Mn2Au(7 nm) sample measured at temperatures at 300, 170, and 10 K. However,

they observed clear coercivity changes for low temperatures (170 and 10 K) [27].

Bommanaboyena et al. performed SQUID for the sample of Mn2Au (40 nm)/Py

(2-10 nm) bilayer in which they did not observe exchange bias, but they show the

coercivity decrease with Py thickness increase [87]. Bommanaboyena et al. also

observed that HC increased with increasing Mn2Au layer thickness.

6.3 Summary

In the present work, we investigate the MEED oscillations for MnxAu1−x on

Cu(001) and MnxAu1−x on Co/Cu(001) as well as for Co on MnxAu1−x/Cu(001),

which all show a layer-by-layer growth mode. However, no clear LEED patterns

were observed for MnxAu1−x on Cu(001) and MnxAu1−x on Co/Cu(001). This

absence of LEED patterns could be due to a missing long-range order of the film.

The presence of MEED oscillations could be due to the Mn-Au alloy films’ locally

random distribution, which might form layer-by-layer growth. We also performed

MOKE measurements of the hysteresis loops. The MOKE results of the bilayer

MnxAu1−x/Co samples do not show any exchange bias after FC for different x,

and different MnxAu1−x and Co thicknesses. The absence of exchange bias might

be due to a low TN . To create an ordered alloy, mostly post-annealing is necessary.

However, we could not perform post-annealing because the post-annealing caused

the diffusion of the films into the substrate. Post-annealing could be performed,

but only up to a certain temperature, which might not be high enough to form the

Mn-Au alloy.
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CHAPTER 7

Fe/MnxAu1−x Bilayer Growth on Ag(001)

In this work, we study the structure and magnetic properties of Fe and MnxAu1−x on

Ag(001). The structure of the films was monitored and analyzed by MEED, LEED,

AES, and STM. The magnetic properties of the films were studied by L-MOKE.

7.1 Mn Growth on Ag(001)

The films’ composition and thickness are analyzed by the help of MEED oscilla-

tions and AES. For the thickness calculation, we need the relative sensitivity factors

of the Mn (589 eV) and Ag (356 eV) Auger transitions. For the calibration of the

AES parameters for Mn on Ag(001), we start with growing Mn by electron beam

evaporation on Ag(001) in UHV.
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Figure 7.1: The exponential least square fit for Auger peak-to-peak height ratio
(Ag356/Mn589) vs. thickness of Mn on Ag(001). The fit parameters are summarized
in Tab. 7.1. The Auger ratios’ error is calculated from the propagation of the errors
in the determination of the peak heights.

In Fig. 7.2, we show two samples; the first one (Fig. 7.2 (b)) was prepared by
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(a)

(b)

Ag(001)

Mn (2.9 ML)

Mn (2.7 ML)

Mn (2.7 ML)

Mn (3.4 ML)

Ag(001)

Mn (7.1 ML)

Figure 7.2: The MEED (00)-spot intensity oscillation curves of Mn on Ag(001)
vs. time. (a) Starting from 3.4, additional 2.9, 2.7, and 2.7 ML Mn were grown
on Ag(001) subsequently. The 3.4-ML Mn MEED curve multiplied by 0.25. (b)
The MEED oscillation curves during the growth of 7.1 ML Mn on Ag(001). The
detailed sample growth sketch of (a) and (b) are shown next to the figure and in inset,
respectively. The shutter was opened at time 0 s and closed at the time defined by
vertical dotted line.

Table 7.1: Auger exponential decay function parameters for Mn on Ag(001).
Auger Peak S λ (ML)
Mn(589 eV) 1.18* (± 0.04) 4* (± 0.15)
Ag(356 eV) 4.72 (± 0.20) 3.67 (± 0.15)

∗ S and λ are taken from Y. Shokr, Ph.D. thesis [115]. The λ for low energy is calculated.
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continuously growing 7.1 ML Mn on the substrate, as monitored from the MEED

oscillations. In the second sample as shown in Fig. 7.2 (a), we grew 3.4, 2.9, 2.7,

and 2.7 ML Mn on Ag(001) subsequently. After each cycle, we acquired an AES

spectrum. Using these films’ thicknesses vs. their AES peaks height ratio and fitting

with an exponential decay function, we could obtain the relative sensitivity factors

SAg356 and SMn589, which are 4.72 and 1.18, respectively. The effective λ356 is

taken from the universal curve by an empirical equation in 2.3, which is taken from

reference [38]. We consider the take-off angle in the Auger system as 42.3◦ and

convert the IMFP to ML. The AES exponential decay function fitting is shown in

Fig. 7.1 and its parameters are summarized in Tab. 7.1. Then the Mn AES fitting

parameters can be used to define the x and thickness of MnxAu1−x films grown on

Ag(001).

From LEED-I(V), we can obtain the vertical interlayer spacing. The interlayer

spacing for Mn films is smaller than the one of bulk Ag(001), as shown for differ-

ent Mn thin films (from 3.4 to 11.7 ML) on Ag(001) in Fig. 7.3 (c). The vertical

interlayer spacing of bulk fcc Ag(001) is 2.04 Å [127]. However, the Mn films’

vertical interlayer spacing is smaller than the one of the bulk substrate. In Tab. 7.2,

we list the interlayer distances for Mn grown on Ag(001), which are between 1.84

and 2.14 Å. The dp, for 3.4 ML Mn on Ag(001) is 2.14 Å. This is higher than the

substrate vertical interlayer spacing (2.08 Å). In the case of thick films, it is smaller

(1.84-1.92 Å).

Table 7.2: LEED and LEED-I(V) (vertical interlayer spacing, dp) results of Mn
growth on Ag(001).

d (ML) dp(Å) LEED
0 2.08±0.03 1×1

3.4±0.2 2.14±0.03 1×1
6.3±0.2 1.85±0.03 1×1
7.1±0.2 1.84±0.03 1×1
9.0±0.2 1.92±0.03 1×1
11.7±0.2 1.87±0.03 1×1

The Mn films grow epitaxially and layer-by-layer on Ag(001), as concluded
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n=4 5 6 7
(a)

(b)

Figure 7.3: (a) LEED-I(V) and (b) vertical interlayer spacing for clean Ag(001),
3.4, 6.3, 7.1, 9.0, and 11.7 ML Mn films on Ag(001). Error bars are derived from
least square fit.
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Figure 7.4: LEED patterns of clean Ag(001) and 3.4 to 11.7 ML Mn on Ag(001) at
a beam energy of 135 eV.
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from the MEED oscillations in Fig. 7.2 and the LEED patterns in Fig. 7.4. The

LEED image of clean Ag(001) and for Mn films on the substrate of Ag(001) are

shown in Fig. 7.4 at 135 eV. The epitaxial Mn thin films on Ag(001) exhibit a tetrag-

onal structure for film thicknesses ≥ 5 ML [128]. The LEED image of clean single

crystal Ag(001) shows sharp spots. After the deposition of Mn film on Ag(001), the

LEED spots broaden with increasing coverage. But the positions of the spots do not

change. A rough surface could cause dimmer and broadened spots. The results of

LEED and LEED-I(V) are summarized in Tab. 7.2.

7.2 STM Investigation of MnxAu1−x on Ag(001)

A Mn0.83Au0.17 film was grown on Ag(001) and analyzed in the preparation cham-

ber. Afterward, the sample was transferred to the STM without vacuum breaking.

The film was scanned in CCT mode by an Fe ring, as shown in Fig. 7.5 (a). Fig. 7.5

(c) is a line scan along the white line in Fig. 7.5 (a). 1.7 ML Mn0.83Au0.17 grown on

Ag(001) displays a fully covered layer, islands, and holes in the STM topography

image at RT. The LEED pattern of Mn0.83Au0.17 (1.7 ML) shows p(1×1), see Fig.

7.5 (c). The x for MnxAu1−x is calculated as 0.83 and 0.95 from the AES spectrum

by using the peak intensity ratios of Ag356/Mn589 and Mn40/Au69, respectively.

In the work of Bommanaboyena et al. [116], they compared the quality of Mn2Au

thin films grown by MBE and sputtering methods. They grew Mn2Au (45 nm) on a

Ta buffer layer on an Al2O3 substrate. They found that the MBE sample is smother

than the one prepared by sputtering. Since we have a very thin MnxAu1−x film on a

single crystal, we have a very smooth surface compared to their samples.

7.3 MnxAu1−x Growth on Ag(001) and the Influence of Post-annealing

In this part, we investigate the growth of MnxAu1−x on Ag(001) by LEED-I(V) and

compare as-grown samples and the effect of post-annealing for different thicknesses

and Mn-Au ratios.

In Tab. 7.3, we can see the vertical interlayer spacing for the MnxAu1−x sam-
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(a)

(b)

(c)

Figure 7.5: 1.7 ML Mn0.83Au0.17 grown on Ag(001), (a) STM topography image.
STM feedback parameters 0.49 nA×1 V. (b) is a line scan along the white line in
(a). (c) The LEED image at 90 eV.

ples as obtained from LEED-I(V). The dp are in the range from 1.87 to 2.06 Å. The

films’ vertical interlayer spacings are thus in the range of the substrate bulk Ag(001)

vertical interlayer spacing. Overall, the films’ interlayer spacing is reduced com-

pared to the substrate. In the case of post-annealed samples, the interlayer spacing

is bigger, probably because, for higher temperatures, the films diffuse into the sub-

strate. We can also observe the diffusion of films or segregation of substrate atoms

to the surface in AES. In Fig. 7.6 (b), (d) and (f), after post-annealing around 600,

600, and 500 K, respectively, the Au (69 eV) and Mn (40 eV, 589 eV) Auger tran-

sitions vanish. However, the Ag (356 eV) Auger peak gets obviously bigger. On

the other hand, if the sample oxidized even only very little, as in Fig. 7.6 (h), there

is no diffusion or segregation. As displayed in Fig. 7.6 (h), AES spectra for as-

grown and post-annealed 10.2 ML MnxAu1−x on Ag(001) as well as their Ag356/

Mn589 peak height ratio (inset) do not change at all (change < 0.5 %). The oxy-
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Figure 7.6: LEED-I(V) and AES of MnAu grown on Ag(001). LEED-I(V) of (a)
clean Ag(001), 12.9 ML as-grown and after pa (600 K for 3 min), (c) 11.4 ML as-
grown and after pa (600 K for 4 min), (e) 10.5 ML MnAu as-grown and after pa
(500 K for 3 min), (g) 10.2 ML as-grown and after pa (480 K for 3 min). (b), (d), (f)
and (h) are AES spectra of (a), (c), (e), and (g) for as-grown and after pa, respec-
tively. Inset figures in (b), (d), (f) and (h) are the Auger ratio of Ag356/Mn589 for
as-grown and after pa.
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11.4 ML

12.9 ML

Ag(001)

7.6 ML

10.5 ML

10.2 ML

6.6 ML

6.4 ML

5.0 ML

pa600 K 3 min pa 600 K 6 min

pa500 K 3 min

pa600 K 4 min pa 520 K 3 min

pa 480 K 3 min

Figure 7.7: LEED images for as-grown and post-annealed MnxAu1−x films on
Ag(001) at 100 eV, only the ones for 11.4 ML Mn0.43Au0.57 on Ag(001) as-grown
and post-annealed samples are at 105 eV. The first and third columns are for as-
grown, the second and forth are post-annealed image of their next left image, first
and third columns, respectively. The top second LEED pattern is a simulation for
the c(2×2) superstructure by LEEDpat [117] . White and blue arrows show sub-
strate and superstructure unit cell vectors, respectively.
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Figure 7.8: MEED oscillations of several MnxAu1−x films on Ag(001). x can be
seen from Tab. 7.3.

gen Auger (O KVV (503 eV)) peaks are small but obvious compared to the other

Auger spectra in Fig. 7.6. The annealing temperature was 480 K, this could also

not be high enough to cause diffusion. Even the LEED-I(V) for as-grown and after

post annealing match very well as shown in Fig. 7.6 (g) and the dp for as-grown

and after post-annealing are 2.01 and 2.02 Å, respectively. For post-annealing at

higher temperatures, the LEED-I(V) is totally matched to the substrate scans. Re-

lated LEED images for as-grown and after post-annealing of MnxAu1−x films on

Ag(001) are displayed in Fig. 7.7 at 100 eV. In Fig. 7.8, we show MEED oscilla-

tions of MnxAu1−x from 5.0 to 12.9 ML for different x (from 0.3 to 0.98). The re-

sults are tabulated in Tab. 7.3 for LEED structure, vertical interlayer spacing (from

LEED-I(V)), and Mn-Au alloy ratio. As-grown MnxAu1−x films on Ag(001) are

showing different LEED patterns (1×1, c(2×2)) in Fig. 7.7. The reason for this

could be due to the different crystal forms of Mn-Au alloys on the surface. For

example, in the work of Yamada et al., they show that Mn50Au50 displays a c(2×2)
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pattern [112]. They obtained Mn2Au by Au grown on top of bct Mn(001) films.

At 4th layer of Au films, the structure displays (5×23) Au reconstruction. And

Mn2Au has a bct structure [129, 96]. Furthermore, Au4Mn, Au2Mn, and Au2Mn

have Ni4Mo, bct, and bcc structure, respectively [130]. Different thicknesses of the

films could also cause different crystal forms.
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Figure 7.9: LEED-I(V) of 5.0 ML Mn0.53Au0.47 and 6.6 ML Mn0.48Au0.52 on
Ag(001).

In Fig. 7.9, we see LEED-I(V) curves of two samples with 5.0 and 6.6 ML of

MnxAu1−x on Ag(001) for investigating the thickness dependence of the vertical in-

terlayer spacing. The measured values are 2.02 and 1.99 Å (±0.02 Å), respectively.

There is no difference in the vertical layer distance for these two samples with dif-

ferent thicknesses of 5.0 ML Mn0.53Au0.47 and 6.6 ML Mn0.48Au0.52 on Ag(001)

within the error. In Fig. 7.10, we want to check the heating effect on the diffusion

of the films into the substrate. However, during heating and continuous measur-

ing by Auger, the samples, after a while, start to oxidize. We can see that the

Mn (589 eV) and Ag (356 eV) Auger transition peak heights are not changed up to

around 400 K. In Fig. 7.10 (a), we can see the emergence of the O (503 eV) Auger

peak. When the oxygen peak emerges (above a temperature of 400 K), the Mn (542,

589, 636 eV) and Ag (356 eV) Auger peaks are visible even after completion of the

post-annealing. However, while at low energies, the Mn 40 eV peak stays, the Au
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69 eV peak disappears or gets very small. In Fig. 7.10 (b), we can see the trend

of Ag(356)/Mn(589), how it increases by the increment of annealing temperature

(above a temperature of 400 K). In Fig. 7.10 (c), the Mn(40)/Au(69) ratio increases

extensively and abruptly compared to Ag(356)/Mn(589). This can be explained if

Au diffuses more than Mn. We think that Mn oxidized, and thereby the Mn diffu-

sion into the substrate stopped, but Au diffuses to the substrate. In Fig. 7.11, we can

see that the LEED-I(V) curves are different for the as-grown sample in Fig. 7.10 and

after post-annealing. The dp are 1.87 and 2.15 Å, respectively. In another sample

(in Fig. 7.12), we tried another method. We first heat the sample (365 K), let it cool

down to RT, and measured the AES. We did this for 410 and 520 K. The sample did

not oxidize, and we could see the diffusion of the films into the substrate. When the

films diffuse into the substrate, we see only very small Auger peaks of Au and Mn

compared to the as-grown films. In Fig. 7.12 (b) and (c), we can see the same trend

in Ag(356)/Mn(589) and Mn(40)/Au(69) with substrate temperature increment as

in Fig. 7.10 (b) and (c). Fig. 7.12 (b) shows the Mn diffusion into substrate. Fig.

7.12 (c) shows that Au diffuses more than Mn. The LEED-I(V) curves of 6.4 ML

MnxAu1−x/Ag(001) are displayed in Fig. 7.13. We can see that the LEED-I(V)

curve of this sample after post-annealing is almost the same as for the as-grown

sample. However, there is a small increment in the dp, and after post-annealing dp

is 1.99 and 2.02 Å, respectively, as shown in Tab. 7.3.

Table 7.3: LEED-I(V) results for as-grown and post-annealed MnxAu1−x on
Ag(001).

as-grown after pa
d (ML) xa xb dp (Å) LEED pa (K) dp (Å) LEED

12.9 0.72±0.05 0.76±0.03 2.02 1×1 600 2.06 1×1
11.4 0.43±0.02 0.69±0.03 2.06 c(2×2) 600 2.02 1×1
10.5 0.3±0.02 0.63±0.03 1.98 1×1 500 2.06 1×1
10.2 0.32±0.03 0.70±0.03 2.01 1×1 480 2.02 1×1
7.6 0.98±0.03 0.82±0.03 1.87 1×1 600 2.15 1×1
6.6 0.48±0.03 0.74±0.03 1.99 c(2×2) - - -
6.4 0.71±0.05 0.76±0.03 1.99 c(2×2) 520 2.02 1×1
5.0 0.53±0.04 0.84±0.03 2.02 c(2×2) - - -

a and b are determined from the Ag356/Mn589 and Mn40/Au69 AES intensity ratios, respectively.
Error in dp is ±0.02 Å.
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Figure 7.10: 7.6 ML MnxAu1−x grown on Ag(001). (a) AES for the as-grown film
and after heating the sample until 634 K. dp = 1.87, 2.15 Å for as-grown and after
pa, respectively. Auger ratio vs. temperature for (b) Ag356/Mn589 and (c) Mn40/
Au69. The Auger ratios’ error is calculated from the propagation of the errors in
the determination of the peak heights.
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Figure 7.11: (a) LEED-I(V) for as-grown 7.6 ML Mn0.98Au0.2 on Ag(001) and after
post-annealing (600 K).

96



Chapter 7. Fe/MnxAu1−x Bilayer Growth on Ag(001)
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Figure 7.12: 6.4 ML Mn0.71Au0.29 grown on Ag(001). (a) AES for the as-grown
sample and after post-annealing at 365, 410, and 520 K for 3 min each. dp = 1.99,
2.02 Å for as-grown and after pa (520 K), respectively. Auger ratio vs. temperature
for (b) Ag356/Mn589 and (c) Mn40/Au69. The Auger ratios’ error is calculated
from the propagation of the errors in the determination of the peak heights.
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Figure 7.13: LEED-I(V) of 6.4 ML Mn0.71Au0.29 grown on Ag(001) for the as-
grown film and after post-annealing (520 K for 3 min). The same sample is shown
in Fig. 7.12.

To sum up, the thickness and Mn-Au ratio affect the crystal form, which we

concluded from LEED patterns as summarized in Tab. 7.3. We see p(1×1) and

c(2×2) structures for different thicknesses and x. Post-annealing has a big effect

on films. Annealing above or around 400 K causes the films to diffuse into the

substrate (Ag(001)). However, when the sample is oxidized, the diffusion stops or

is very small. As-grown films have dp from 1.87 to 2.06 Å. So the films have a

lower dp than Ag(001) except for 11.4 ML (dp = 2.06 Å). The LEED, LEED-I(V),

and AES results are tabulated in Tab. 7.3. When we have more Mn in the Mn-Au

alloy, then we have a smaller dp, which approaches the dp of pure Mn films. The dp

values for Mn films on Ag(001) are summarized in Tab. 7.2.

7.4 Fe Growth on Ag(001)

Bulk Fe has a bcc phase at room temperature and an fcc γ phase at high temperature

(≈ 910 ◦C) [50]. For bcc Fe, the lattice constant is 2.866 Å and dbulk is 1.43 Å. The

Ag(001) lattice constant is 4.08 Å, which has a very big mismatch with Fe. How-

ever, when Fe grows on Ag(001) rotated by 45◦, this reduces the mismatch to only
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aFe

Ag substrate atoms Fe films atoms

(a Ag
)

Figure 7.14: Schematic view of bcc Fe(001) growth on the Ag(001) surface by 45◦

rotation, so Fe(001) matches to Ag(001). The lattice constant is 4.08 Å for Ag(001),
2.87 Å for Fe(001). Therefore, the lattice mismatch is around 0.8 % [127]. The open
circles depict Ag substrate atoms and filled circles display Fe film atoms. Image
adapted/taken from [127].

0.8% [127, 131]. We can see the schematic view of bcc Fe films on fcc Ag(001) in

Fig. 7.14. We grow the Fe on Ag(001) to study the structure and magnetic properties

by LEED and MOKE, respectively. Several samples were prepared to investigate

the interlayer spacing by LEED-I(V). The films were grown by electron beam evap-

oration.

In Fig. 7.15, we present LEED images of clean Ag(001) at 100 and 220 eV,

along with LEED images for Fe films (from 7.7 to 22.3 ML) at around 100 and

180 eV. The Fe films display p(1×1) patterns like Ag(001) [132]. In Fig. 7.16 (a),

the AES spectra of different thicknesses of Fe that have been grown on Ag(001)

are shown. And we also obtain the AES parameters for Fe on Ag(001) as shown in

Fig. 7.16 (b). From LEED-I(V) scans, we obtain the dp. The dp results vary from

1.41 to 1.43 Å, which are shown in Fig. 7.17. The vertical interlayer distances for

different thicknesses of Fe films on Ag(001) are almost the same. This could be

due to the lattice match of the (001) planes of films and substrate. Urquhart claimed

that Fe grows layer-by-layer up to at least 28 ML [127]. We can see that the LEED

patterns resemble each other for thinner and thicker films of Fe on Ag(001). The Fe
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Figure 7.15: LEED images of clean Ag(001) and for Fe films (from 7.7 to 22.3 ML)
on Ag(001).
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films on Ag(001) are not tetragonally strained; therefore, no strain relaxation occurs

for thicker films. The LEED patterns for thicker films are broader, which could be

related to the roughness of the surface.

Figure 7.16: (a) AES for Fe films on Ag(001) (from 7.7 to 22.3 ML). (b) The
exponential least square fit for Auger peak-to-peak height ratio (Ag356/Fe701) vs.
thickness of Fe on Ag(001).

7.5 Fe Growth on MnxAu1−x/Ag(001)

In this part, we study the bilayer films on the Ag(001) substrate. The Fe is grown

on different post-annealed MnxAu1−x films on Ag(001). The MnxAu1−x films’

thicknesses are calculated from MEED oscillations as shown in Fig. 7.18. These

MnxAu1−x films (10.3, 12.3, 13.9, and 13.6 ML) are post-annealed at 400, 530, 430,

and 470 K, respectively. LEED images of as-grown and post-annealed MnxAu1−x

on Ag(001) are displayed in Fig. 7.20. The LEED pattern of MnxAu1−x at RT

show a very dim p(1×1). Post-annealed for 10.3 ML MnxAu1−x sample displays

c(2×2). The remain post-annealed MnxAu1−x films (12.3, 13.9, and 13.6 ML)

display p(1×1). The Fe films grown on post-annealed MnxAu1−x samples de-
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(a)

(b)

Figure 7.17: (a) LEED-I(V) for Fe films on Ag(001) (from 7.7 to 22.3 ML). (b)
Vertical interlayer spacing for Fe films grown on Ag(001).

pict p(1×1) LEED patterns which are shown in Fig. 7.20, the same as Fe grown

on Ag(001). However, the (10) spots are more brighter than the (11) spots for a

beam energy of 100 eV. LEED-I(V) is employed for as-grown and post-annealed

MnxAu1−x, and after Fe growth on post-annealed MnxAu1−x, which is depicted in

Fig. 7.19. There are no changes after post-annealing in the LEED-I(V) curves. In

Tab. 7.4, we show the dp for as-grown and post-annealed MnxAu1−x films. These

MnxAu1−x films can also be compared to the previous results in Tab. 7.3. The ver-

tical interlayer spacing for Fe (dp 1.41 Å) on post-annealed MnxAu1−x is similar to

the one of Fe (dp 1.41 Å) grown on Ag(001).

In Fig. 7.21 (a), we show AES spectra of the as-grown MnxAu1−x film and

after post-annealing. Fig. 7.21 (b) shows the Auger ratio of the peak heights of
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Figure 7.18: The MEED intensity curves of 10.3, 12.3, 13.9, and 13.6 ML
MnxAu1−x on Ag(001) prepared in 15, 13, 15, and 15 min, respectively. The post-
annealing and x are summarized in Tabs. 7.4 and 7.5.

Table 7.4: LEED-I(V) results for as-grown and post-annealed (error in T is ±20 K)
MnxAu1−x films on Ag(001) as well as Fe on post-annealed MnxAu1−x. Error in dp

is ±0.02 Å. x for the MnxAu1−x films are shown in Fig. 7.21.
as-grown MnxAu1−x after pa Fe

d (ML) dp (Å) LEED T (K) dp (Å) LEED d (ML) dp (Å) LEED
10.3 1.93 c(2×2) 400 1.93 c(2×2) 13.6 1.41 1×1
12.3 - 1×1 530 - 1×1 13.6 1.42 1×1
13.9 1.92 c(2×2) 430 1.92 1×1 13.6 1.42 1×1
13.6 1.95 c(2×2) 470 1.95 1×1 3.4 1.42 1×1
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Figure 7.19: (a) LEED-I(V) 13.6 ML Fe on MnxAu1−x post-annealed at 530 K for
3 min. (b), (c), and (d) display LEED-I(V) of as-grown MnxAu1−x, post-annealed
MnxAu1−x, and as well as Fe on post-annealed MnxAu1−x. (b), (c), and (d)
MnxAu1−x are post-annealed at 400 K (4 min), 430 K (4 min), and 470 K (4 min),
respectively. The post-annealing and x are summarized in Tabs. 7.4 and 7.5.
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10.3 ML

12.3 ML

13.9 ML

13.6 ML

(a)

(b)

(c)

(d) MnAu pa Fe
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Figure 7.20: The LEED patterns of the samples in Fig. 7.19 at 100 eV. (a), (b), (c),
and (d) display LEED patterns of as-grown MnxAu1−x, post-annealed MnxAu1−x,
and as well as Fe on post-annealed MnxAu1−x. (a), (b), (c), and (d) MnxAu1−x are
post-annealed at 530 K (3 min), 400 K (4 min), 430 K (4 min), and 470 K (4 min),
respectively. The post-annealing and x are summarized in Tabs. 7.4 and 7.5.
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(b)(a)

(c) (d)

Figure 7.21: (a) AES spectra of MnxAu1−x on Ag(001) samples as-grown and after
post-annealing from Figs. 7.19 and 7.20. (b) The Auger ratio of Ag356/Mn589
for as-grown MnxAu1−x and after post-annealing at 400 (4 min), 530 (1 min), 430
(4 min), and 470 K (4 min) for 10.3, 12.3, 13.9, 13.6 ML MnxAu1−x films on
Ag(001), respectively. (c) and (d) for Mn and Au ratio calculation for as-grown
MnxAu1−x on Ag(001) from the Auger ratios Ag356/Mn589 and Mn40/Au69, re-
spectively.
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Table 7.5: Mn and Au ratio obtained from Mn589/Ag356 and Mn40/Au69 Auger
peak ratios.

as-grown after pa
Thickness (ML) xa xb xa xb

10.3 ±0.3 1±0.2 0.82±0.2 0.98±0.5 0.81±0.2
12.3 ±0.2 1±0.2 0.98±0.2 0.95±0.5 0.97±0.2
13.9 ±0.2 0.35±0.2 0.79±0.2 0.33±0.2 0.78±0.2
13.6 ±0.6 0.34±0.2 0.75±0.2 0.35±0.2 0.75±0.2

a and b are for Ag356/Mn589 and Mn40/Au69, respectively.

Ag (356 eV) and Mn (589 eV). We can see that after post-annealing, the peak ratio

does not change dramatically. In Fig. 7.21 (c) and (d) x is calculated by using

the Ag356/Mn589 and Mn40/Au69 peak height ratios, respectively. In Tab. 7.5,

we can see that there is no big difference in x after post-annealing. The Ag356/

Mn589 ratio gives information from more depth, while the Mn40/Au69 ratio gives

information close to the surface. If the Au or Mn growth rate changes at the end,

we might obtain different x. In the samples with 13.9 and 13.6 ML MnxAu1−x, we

have a big difference in x. x is calculated from Ag356/Mn589 gives 0.35 and 0.34,

from Mn40/Au69 ratio, it gives 0.79 and 0.75 for the 13.9 and 13.6 ML MnxAu1−x

samples, respectively.

7.6 L-MOKE Results of Fe/MnxAu1−x/Ag(001)

The samples are analyzed in situ by L-MOKE. The samples are Fe-MnxAu1−x bi-

layer films grown on Ag(001). The thicknesses of Fe or MnxAu1−x vary, and L-

MOKE is employed to study the magnetic properties. Fe films have a strong in-

plane anisotropy with easy axes along the [110] directions [127, 133].

In Fig. 7.22, we have grown 5 times 7.5 ML Fe on 5.2 ML Mn0.9Au0.1/Ag(001)

to observe coercivity changes. In the initial growth of 7.5 ML, the loop signal is

distorted, but the coercivity is still not much different than in the other loops. After

15 ML of Fe growth, there is no change in the hysteresis. In AFM-FM coupled bi-

layers, when the FM thickness increases, the coercivity is supposed to reduce, but

in Fig. 7.22 the MOKE hysteresis does not show any change. This could be due

to the very low thickness of the AFM film of 5.2 ML Mn0.9Au0.1 on Ag(001). Due
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Figure 7.22: L-MOKE of 5×7.5 ML of Fe on 5.2 ML Mn0.9Au0.1/Ag(001) de-
posited subsequently. The loops are normalized to the maximum intensity (y-axis)
of the entire range. The hysteresis loops are shifted vertically for clarity.
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Figure 7.23: L-MOKE of Fe (9.4 ML) on 13.7 ML Mn0.7Au0.3/Ag(001) post-
annealed at 500 K for 1 min at low temperature. The loops are normalized to the
maximum intensity (y-axis) of the entire range. The hysteresis loops are shifted
vertically for clarity.
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Figure 7.24: L-MOKE of Fe (13.6 ML) on MnxAu1−x (12.3 ML), Fe (3.4 ML) on
MnxAu1−x (13.6 ML), Fe (13.6 ML) on MnxAu1−x (13.9 ML), Fe (10.2 ML) on
MnxAu1−x (10.2 ML) and Fe (6.8 ML) on MnxAu1−x (10.2 ML) on Ag(001). x is
tabulated in Tab. 7.5 for 12.3, 13.6, 13.9 ML MnxAu1−x/Ag(001). x is shown in
Tab. 7.3 for 10.2 ML MnxAu1−x/Ag(001). The loops are normalized to the maxi-
mum intensity (y-axis) of the entire range. The hysteresis loops are shifted vertically
for clarity.

to finite-size effects, TN increases with AFM film thickness [134, 135]. In work of

Won et al., the AFM ordering exists around 9 ML thickness of an FeMn film [135].

Therefore, our MnxAu1−x film might be to thin to establish AFM ordering. In Fig.

7.23, we did L-MOKE at low temperature without field cooling for the sample of Fe

(9.4 ML) on Mn0.7Au0.3 (13.7 ML)/Ag(001), which does also not show any change.

Coupling to an AFM could increase the coercivity when temperature decreases. In

Fig. 7.24, we have 5 samples, Fe (13.6 ML) on MnxAu1−x (12.3 ML), Fe (3.4 ML)

on MnxAu1−x (13.6 ML), Fe (13.6 ML) on MnxAu1−x (13.9 ML), Fe (10.2 ML)

on MnxAu1−x(10.2 ML), Fe (6.8 ML) on MnxAu1−x (10.2 ML). All samples were

grown on Ag(001). In Fig. 7.24, we measured 6.8 ML of Fe on post-annealed

MnxAu1−x (10.2 ML) at 400 K for 3 min, then we grow another 3.4 ML Fe on it.

In Fig. 7.24, we tried different Fe thicknesses on MnxAu1−x for x in the range of

0.3 to 1. This FM/AFM bilayer was studied by MOKE, however, we do not observe

any changes. To observe exchange bias, we need to field-cool from or above TN ,

which could be hard for Mn2Au, because it has a very high TN for a bulk crystal
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(above 1000 K [17, 16]).

We also study some other samples, which are displayed in appendix C. In Fig.

C.1, we start the presentation of the L-MOKE measurements first with 11.0 ML Fe

on Ag(001), then 22.3 ML Fe, then grow 15.8 ML Mn0.99Au0.01 on top of 22.3 ML

Fe. We can see a very small change in coercivity which gets a little bigger but

is not a clear change to confirm the AFM/FM coupling. The double step in the

hysteresis loop of Fe on Ag(001) could be due to a step-induced anisotropy which

could persist even after growth of Mn0.99Au0.01 (15.8 ML) on Fe [136, 137, 138].

In Fig. C.2, we have two samples, Fe (9.4 ML), on Mn0.88Au0.12 (5.2 ML), and Fe

(12.5 ML) on Mn0.77Au0.23 (7.6 ML).

In the work of Wu [96] et al., they grew Fe (from 3 to 10 nm) on 10 nm Mn2Au

on MgO(001) substrate for different thickness of Fe from 3 to 10 nm. They observed

the exchange bias effect from 300 to 5 K under the field of 5 T. And they also saw

the coercivity changes with Fe thickness. Zhou et al. also observed the HEB for

Py(5 nm)/ Mn2Au(10 nm) bilayer films at 20 K after FC at 10 kOe [126]. However,

in the work of Jourdan et al., they did not observe any exchange bias shift (there is a

negligible shift) for an Fe(5 nm) on Mn2Au(7 nm) sample measured at temperatures

of 300, 170, and 10 K. But, they observed clear coercivity changes for low tem-

peratures (170 and 10 K) [27]. Bommanaboyena et al. did not observe an exchange

bias shift for Mn2Au(40 nm)/Py(2-10 nm) bilayer, but they show the coercivity de-

creases with increasing Py thickness. They also observed that HC increased with

increasing Mn2Au layer thickness [87].

In our work, we mainly change the FM thickness while trying to observe a

coercivity enhancement. However, we could not observe any clear changes in coer-

civity. And we also measured our sample below room temperature; also, there was

no change in coercivity. There might be several reasons for that. In some films, it

could be that the AFM films are too thin. Or, at the interface, we might not have an

AFM-FM coupling because we do not have the right stoichiometry of Mn-Au alloy.

We also did not cool our sample to very low temperatures (175 K due to the limit of
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Chapter 7. Fe/MnxAu1−x Bilayer Growth on Ag(001)

the setup).

7.7 Summary

The Mn, MnxAu1−x and Fe thin films grow epitaxially on Ag(001). MEED inten-

sity oscillations are observed for Mn and MnxAu1−x. LEED and LEED-I(V) have

been employed on either bilayers or single films grown on Ag(001) to observe the

crystallinity of the films. While for Mn films and Fe films on bare Ag(001), we ob-

serve p(1×1) LEED patterns, for MnxAu1−x we observe p(1×1) and c(2×2) LEED

patterns. The error bars for the thickness are calculated as explained in Fig. 2.9.

The error-bar calculation for dp is explained in Fig. 2.7. The error bars in x come

from the fitting.

MnxAu1−x films’ dp are close to Ag(001), but bigger than the Mn films’ dp. We

saw that dp is bigger for smaller x, as shown in Tab. 7.3. For x = 0.98, dp is 1.87 Å,

for x in the range from 0.63 to 0.84, the vertical interlayer distances are around

2.0 Å, while for pure Mn films from 6.3 to 11.7 ML on Ag(001), vertical interlayer

distances are in the range from 1.84 to 1.92 Å. As a consequence, we can say that dp

is increasing with the amount of Au in MnxAu1−x films. Different thicknesses of Fe

films on Ag(001) show the same (within the error) vertical interlayer distance (dp

is around 1.42 Å). We also study the annealing effect on the films on Ag(001). We

conclude that for higher annealing temperatures (above 500 K), we can see a very

big diffusion of films into the substrate. We also observed that when the films are

oxidized, there is no diffusion or only a very small diffusion to the substrate. STM

images show the topography of the growth of MnxAu1−x on Ag(001) for 1.7 ML

MnxAu1−x on Ag(001), which has one complete layer and on top of this layer is-

lands. For the magnetic properties of the films, we employed MOKE. However, we

could not observe any clear changes in MOKE loops for different Fe and MnxAu1−x

on Ag(001) bilayer thickness and also for different x.
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CHAPTER 8

Summary

The goal of the thesis is to study the structure and magnetic property of AFM

Mn2Au thin films grown on Cu(001) and Ag(001) single crystals in UHV. However,

due to the difficulty of Mn2Au growth, we study MnxAu1−x to observe the Mn-Au

alloy ratio’s effect on the structure and magnetic properties. The thesis consists of

four works which are explained in four chapters.

Chapter 4 starts by studying the Au/Mn/Co trilayer on Cu(001), employing

MEED, LEED, LEED-I(V), MOKE, STM, XMCD, and XRMR. So we could ob-

tain the growth rate for Au, Mn, and Co on Cu(001) subsequently because these

three materials show MEED oscillations on Cu(001) in the Au/Mn/Co sequence.

By employing the LEED-I(V), we saw that Co films have a lower vertical interlayer

distance than Cu(001). However, Mn films on Co show bigger vertical interlayer

distances. While we could observe p(1×1) LEED patterns for only Co and Mn

on Co films, we could not see a clear LEED pattern for an Au film on Mn/Co/

Cu(001). We also see that the STM image of Au/Mn/Co/Cu(001) displays a rough

surface. We investigate the magnetic and chemical profile of an Au/Mn/Co trilayer

on Cu(001) using XAS and XRMR. The Co L2,3 edge shows an obvious XMCD, but

there is no XMCD for the Mn L2,3 edge. We could simulate Au/Mn/Co/Cu(001)

XRMR results to understand or investigate sample properties such as film thick-

ness and roughness. The XRMR simulation shows that the sample does not have

considerable interface roughness.

In Chapter 5, to understand the morphology and structure of MnxAu1−x films

grown on Cu(001), we start with a study of MnxAu1−x growth on Cu(001) using

AES, LEED, MEED, and STM from sub-ML to thicker films. For up to around

1 ML thickness, LEED patterns show a c(2×2) structure. STM shows island

growth, and when the coverage reaches around 1 ML, the islands merge and
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Chapter 8. Summary

create full coverage. However, no LEED patterns could be observed above 1 ML

MnxAu1−x on Cu(001). Mn on Cu(001) and Au on Cu(001) have already been

studied before and have shown the same LEED patterns as observed here for the

Mn-Au alloy on Cu(001).

In Chapter 6, to unveil the magnetic properties of MnxAu1−x, we grow

MnxAu1−x in contact with a Co layer on Cu(001). We observe that the coercivity

changes with temperature. However, we did not observe any exchange bias. The

reason could be a too low TN for these films of very low thickness. While we

could observe MEED oscillations for MnxAu1−x on Cu(001), we could not see

any LEED patterns, which means that there is no long-range structural order of

MnxAu1−x on Cu(001).

In Chapter 7, we study Mn and MnxAu1−x growth on Ag(001) to investigate

the structure of Mn-Au alloys compared to pure Mn. In contrast to MnxAu1−x

on Cu(001), MnxAu1−x films grown on Ag(001) display LEED patterns. Mn and

MnxAu1−x on Ag(001) show MEED oscillations during deposition. The MEED os-

cillations and the LEED patterns are an indication of epitaxial growth on Ag(001).

We also observed that the vertical interlayer distances for Mn films, as evaluated

from a kinematic analysis of LEED-I(V) curves, are lower than the one of the

Ag(001) bulk crystal. However, the vertical interlayer distances for MnxAu1−x

films are close to the one of the Ag(001). We also observed that post-annealing

of the films above 500 K causes diffusion of the film into the substrate. However,

when MnxAu1−x films oxidize, this diffusion stops. STM images of MnxAu1−x on

Ag(001) show that MnxAu1−x film grows uniformly. Bilayers of MnxAu1−x and Fe

have been grown to investigate magnetic properties. For that, MOKE measurements

have been performed to obtain hysteresis loops. However, we could not observe any

obvious changes in coercivity for different thicknesses of MnxAu1−x and Fe films.

All in all, we find that obtaining Mn2Au thin films is very difficult. First, the

growth of Au from a tungsten wire is not easily controllable without the help of a

QCM to know the deposition rate. In an electron beam evaporator, we can at least
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monitor the flux of Mn, but we cannot do it for Au. Therefore, it could be good to

have a QCM. And also, using a PBN crucible for Au evaporation could be better

for a controllable growth rate of Au. Growth of Mn2Au thin films on a metallic

surface, for which we used Ag(001) and Cu(001), makes the post-annealing hard

because for post-annealing to above 500 K, the films diffuse into the substrate. So,

for the substrate selection, one should consider other substrates with a high covalent

bonding to prevent diffusion of these metallic films. For the magnetic investigation,

we could have tried an experimental set-up that can provide a high magnetic field

(at least 1 T) and very low temperature (at least around 10 K). The sub-ML of

MnxAu1−x could be studied by low-temperature STM with atomic resolution and

with respect to local electronic properties, which we could not perform.
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romagnet,” Nature Materials, vol. 18, pp. 931–935, 2019.

[26] L. Salemi, M. Berritta, A. K. Nandy, and P. M. Oppeneer, “Orbitally dom-
inated Rashba-Edelstein effect in noncentrosymmetric antiferromagnets,”
Nature Communications, vol. 10, pp. 1–10, 2019.
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Å Ångstrom
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AFM antiferromagnetic

Ag silver

AMR anisotropic magnetoresistance
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APPENDIX A

Au/Mn/Co/Cu(001)
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Figure A.1: The MEED oscillations for Co growth on Cu(001) from 3.6 to 14.3 ML.
The ”0” defines the shutter open and the closing time is defined in the label in the
bracket.
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APPENDIX B

Co/MnxAu1−x Bilayer Growth on Cu(001)

Figure B.1: MnxAu1−x film composition (x) evaluation from the AES (a)
Mn(589eV)/Cu(920eV) and (b) Mn(40 eV)/Au(69 eV) ratios for the samples in
Fig. 6.2. The results are presented in Tab. 6.1.

133



0 200 400 600 800 1000
Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

5.7 ML
5.8 ML
6.2 ML
6.5 ML
6.6 ML
6.8 ML
7.4 ML
9.0 ML
10.8 ML
13.0 ML
13.3 ML
16.8 ML

Figure B.2: AES spectra of MnxAu1−x (from 5.7 to 16.8 ML) on Cu(001) for the
samples in Fig. 6.2.
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Figure B.3: AES spectra of 15.2 ML Co on Cu(001) and 5.4 ML Mn0.72Au0.28 on
Co(15.2 ML)/Cu(001) sample, corresponding to the MEED oscillations shown in
Fig. 6.2.
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Appendix B. Co/MnxAu1−x Bilayer Growth on Cu(001)
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Figure B.4: AES spectra of Co on Cu(001) and MnxAu1−x on Co/Cu(001) samples.
AES spectra of samples that are used in Chapter. 6.

0 200 400 600 800 1000
Energy (eV)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Au(8 ML)/Co(7.6 ML)/MnAu(6.5 ML)
Au(7.2 ML)/Co(7.5 ML)/MnAu(6.8 ML)
Au(8.2 ML)/Co(7.4 ML)/MnAu(10.8 ML)

Au(7.2 ML)/Co(7.4 ML)/MnAu(13.3 ML)
Au(7.2 ML)/Co(7.4 ML)/MnAu(26.9 ML)
Au(14.4 ML)/Co(7.4 ML)/MnAu(13 ML)

Figure B.5: AES spectra of Au/Co/MnxAu1−x/Cu(001) samples. AES of samples
that are used in Chapter. 6.

135



APPENDIX C

Fe/MnxAu1−x Bilayer Growth on Ag(001)

6 4 2 0 2 4 6
Field (mT)

K
er

r I
nt

en
si

ty
 (a

rb
. u

ni
ts

)

Fe (11ML)
Fe (22.3ML)
MnAu (15.8ML)

Figure C.1: L-MOKE of Fe (11 ML) and Fe (22.3 ML) on Ag(001), and L-MOKE
of Mn0.99Au0.01 (15.8 ML) on Fe (22.3 ML).
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Figure C.2: L-MOKE of 9.4 and 12.5 ML Fe on 5.2 Mn0.88Au0.12 and 7.6 ML
Mn0.77Au0.23, post-annealed at 600 K for 3 min, respectively, on Ag(001). The re-
versed sign of the MOKE signal is due to a different polarizer setting.
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