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Chapter 1

Introduction

The properties of thin films differ strongly from those of the bulk. The reduced dimension-ality results in a reduction of symmetry, which can influence several types of phenomena:geometrical structure, electronic properties, and magnetism [1]. The combination of materialsin epitaxial multilayers can also alter the properties, as the surfaces and interfaces play acrucial role. Epitaxy is the growth of a layer adopting the crystal structure of the substrate[2]. Epitaxial layers can therefore form new artificial materials with properties, that can betailored for a required purpose for devices such as sensors, photovoltaic cells, or electroniccomponents.Combining different materials as a heterostructure led, for example, to the observation ofgiant magnetoresistence (GMR) in 1988 [3]. GMR or tunneling magnetoresistence (TMR) hasplayed the central role in the development of read heads of solid-state drives [4] over thelast two decades. A new generation of read heads utilizing, for example, spin transfer torqueis currently under development. Aside from read heads, magnetic thin films are of coursewidely used as storage media. With the steadily increasing demand for even higher storagedensities, new material systems and properties are required. Although the magnetic domainsneed to shrink, the magnetic bits should be nonvolatile and easy to manipulate. These highlydemanding requirements will challenge researchers for the next decades.This thesis focuses on magnetic thin films, in particular Fe thin films grown on Cu(100)and MnSi(111) thin films. Although bulk Fe is an ordinary ferromagnet, the structural andmagnetic properties are a complex function of Fe thickness in ultrathin films. Several studiesof Fe films deposited by MBE or PLD revealed that fcc Fe can be grown on Cu(100) asultrathin layer, which also influences the magnetic properties [5–7]. However, there areonly a few studies on sputtered films. Consequently, the atomic and magnetic structureof sputtered Fe/Cu(100) films are still unknown. For this reason, we developed an in-situsputtering system, which enabled us to investigate magnetic properties during growth. Thesputtering system was specifically designed for in-situ polarized neutron reflectometry (PNR).This combination constitutes a unique technique. With the addition of focusing optics installed
1



CHAPTER 1: INTRODUCTION
at the neutron reflectometer Amor, known as Selene setup, we established this technique asa powerful tool. Using it, we measured the evolution of the magnetization as a function of Fethickness almost in real time. However, the structural evolution could not be clarified withinthe scope of this thesis.Bulk MnSi was found to be a helimagnet with a complex phase diagram. With a helicalphase in the ground state, it also forms complex magnetic structures under the application ofa magnetic field — the skyrmions [8]. Since a skyrmion is a very stable magnetic structure thatcan be manipulated by tiny electric currents [9], they are of particular interest. The existence ofthe sykrmions in MnSi(111) films is controversially discussed. It is known that the magneticproperties of these films also differ strongly from the bulk and depend sensitively on themagnetic field direction [10–13]. Using grazing incidence small-angle scattering (GISANS)and off-specular reflectivity (OSR) combined with PNR, our study advances the understandingof the magnetic structure of MnSi films — especially for an in-plane magnetic field. Furtherresearch needs to be undertaken before the magnetic structure in an out-of-plane field canbe definitely identified.In Chapter 2, I will introduce the scattering techniques which are of profound relevance forthe characterization of the magnetic films. Chapter 3 focuses on the Fe/Cu(100) materialsystem. It includes a literature review, an introduction to the sputtering and Selene system,a description of ex-situ characterizations, and, most importantly, the results of in-situ PNRmeasurements, followed by a conclusion. Chapter 4 focuses on MnSi(111) thin films. Aliterature review is followed by a description of the growth and quality of the samples andof the setup used at the neutron beamlines. The presentation and discussion of the resultsprecedes a conclusion. Finally, Chapter 5 draws upon the findings of the entire thesis andprovides an outlook.
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Chapter 2

Scattering Techniques

This chapter introduces the scattering techniques that were used for the investigation ofthe two material systems: Fe/Cu(100) (Chapter 3) and MnSi(111) thin films (Chapter 4).The structure of these films was investigated using X-ray reflectometry (XRR) and diffrac-tion (XRD). These techniques are described in Section 2.1. The magnetic properties areinvestigated by grazing incidence small-angle neutron scattering (GISANS) and neutron re-flectometry. The latter includes polarized neutron reflectometry (PNR) and off-specular re-flectometry (OSR). These techniques are presented in Section 2.2. Note that the fundamentalscattering processes are equal and the techniques very similar for X-rays and neutrons. Withthe exception of PNR, the neutron scattering techniques mentioned also exist for X-rays, i.e.GISAXS and OSR. However, those methods were not applied in this thesis and are thereforenot discussed in this chapter.
2.1 X-ray Scattering Techniques

X-rays interact with the shell electrons of atoms via the electromagnetic interaction and aretherefore scattered by matter. XRD and XRR are common techniques used for the structuralcharacterization of samples. Usually, a conventional laboratory X-ray diffractometer is suffi-cient. While XRD is sensitive to the atomic distances (Section 2.1.1), XRR (Section 2.1.2) issensitive to the layer thickness and roughness of thin films. The scan type for both methodsis the same, as will be described in the following sections.
2.1.1 X-ray Diffraction

X-rays have a wavelength of the order of the atomic lattice parameters of crystal structures.Therefore, X-rays are diffracted by powders, polycrystals, and monocrystals. The correspond-
3



CHAPTER 2: SCATTERING TECHNIQUES
(a)
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kf 

Fig. 2.1: (a) XRD θ-2θ-scan: the X-ray source and detector move simultaneously with the
angle of incidence equal to the angle of reflection. (b) Scattering triangle defining the scattering
wavevector Q = ki − kf , with ki and kf the wavevectors of the incoming and of the reflected
beam, respectively.

ing diffraction patterns reveal the atomic structure. Using the Bragg equation [14], one cancalculate the distance of crystal planes d:
nλ = 2d · sin(θ), (2.1)

where λ is the wavelength of the X-ray source, n an integer, and θ the angle of incidencerelative to the sample surface.We used the two-circle diffractometer D5000 (Siemens) equipped with a standard X-ray tubewith a Cu anode, producing Kα radiation of λ = 1.5406 Å. With this instrument, one canperform so called θ-2θ-scans, as shown in Figure 2.1a. The source and the detector movesimultaneously such that the angle of incidence is always equal to the angle of reflection.The scattering vector Q is defined by Q = ki − kf [15] with ki and kf the wavevectors ofthe incoming and reflected beam as shown in Figure 2.1b. Using |ki| = |kf | and k = 2π/λone can derive:
Qz = 4π

λ sin(θ). (2.2)
If the angle of incidence is equal to the angle of reflection and the scattering is elastic, thescattering wavevector Q is always perpendicular to the surface with a pure z component.As a result, the measurement is only sensitive to the vertical lattice parameter. This type ofmeasurement is therefore often referred to as out-of-plane XRD.If a Bragg peak is found, it is also possible to perform so-called rocking scans, as illustratedin Figure 2.2. Here, the source and the detector are fixed, i.e. 2θ is constant, while thesample is tilted using θ. For rocking scans, this angle is also sometimes referred to as ω.
4



2.1 X-RAY SCATTERING TECHNIQUES

θ Source Detector 
2θ 

Fig. 2.2: XRD rocking scan, i.e. a θ-scan with 2θ = constant.

Performing only out-of-plane XRD is often not sufficient. To prove monocrystalline growthor to verify a specific structure it may be necessary to investigate crystal planes that are notparallel to the surface. This can be done by using a four-circle diffractometer, i.e. in our casea D500 (Siemens). Besides the circles for θ and 2θ, two more angles are needed (Figure2.3a): χ , which is used to rotate the sample in a plane perpendicular to the scattering planeand φ, which rotates the sample around the surface normal. For χ 6= 0, Q is not parallelto the surface normal anymore. Therefore, we will refer to this type of measurement as off-surface XRD. To align, for example, a cubic crystal with a (100) surface to a {110} plane,
χ has to be rotated by 45◦, as shown in Figure 2.3b. Angles between cubic crystal planescan be calculated, for example, using the website [16]. Subsequently, the crystal has to berotated about the surface normal, here, the <100> direction to find a {110} plane. Note thatthe surface normal, and thus also the axis of φ rotation, moves with χ and is not parallel to
Q anymore. In a 360◦ φ-scan, four {110} planes pass the Bragg condition every 90◦ with
Qz ||<110>. In Figure 2.3b, φ is already correctly adjusted.

(a)

θ 
Source Detector 

2θ 

ϕ 

Qz 

χ 

(b)

Fig. 2.3: (a) XRD geometry at a four-circle diffractometer, with two additional angles χ and φ
to align the Q-vector perpendicular to a crystal plane other than the surface plane. (b) Example
for the alignment of a (110) crystal plane in the case of a (100) surface plane of a cubic lattice:
χ has to be rotated by 45◦, while φ is already correct.
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CHAPTER 2: SCATTERING TECHNIQUES

2.1.2 X-ray Reflectometry

The 2θ angles used for XRD are typically 20–80◦. In contrast, the angles of incidence usedfor X-ray reflectometry (XRR) are, with 2θ < 10◦, much smaller. In this regime, one probes notthe distance of lattice planes but larger distances up to typically 300 nm: the layer thickness.The scan type is the same as for XRD, as shown in Figure 2.1a with the Q-vector beingparallel to the surface normal, i.e. the z-direction.Figure 2.4a shows typical reflectivity curves of Si substrate as a function of Qz simulatedusing the program Parratt32 [17]. For small values of Qz , the intensity is totally reflected bythe sample before it drops steeply. The critical wavevector below which total reflection occursis proportional to the scattering length density (SLD) of the sample with Qz,c = 4√π · SLD[15]. For zero roughness of the Si surface, i.e. σSi = 0 Å [15], the decrease of the reflectivityfor Qz > Qz,c is proportional to Q−4
z . For greater roughnesses, the reflectivity drops moresteeply as shown for σSi = 5 Å and σSi = 10 Å in the figure. The Si substrate is too thick toobserve interference fringes by XRR. Figure 2.4b shows the reflectivity of a 50 nm Cu layerdeposited on a Si substrate. From the interface and surface reflected waves interfere witheach other and form oscillations in the reflectivity. These are known as Kiessig fringes [18].From Equations 2.1 and 2.2 one can derive ∆Qz ≈ 2π/d to estimate the thickness d using thepeak-to-peak distance ∆Qz . Figure 2.4b compares the reflectivities for different roughnessratios of the Si substrate and the Cu layer. As is also shown in Figure 2.4a, the roughnesshas a huge impact on the curve. The reflectivity curves become more complicated when more

(a)

0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 01 0 - 6

1 0 - 4

1 0 - 2

1 0 0
 

Re
fle

ctiv
ity

Q z ( 1 / Å )

 σ S i =  0  Å
 σ S i =  5  Å
 σ S i =  1 0  Å

S i  s u b s t r a t e

(b)

0 . 0 5 0 . 1 0 0 . 1 5 0 . 2 01 0 - 6

1 0 - 4

1 0 - 2

1 0 0
 

Re
fle

ctiv
ity

Q z ( 1 / Å )

  σ S i =  3  Å ,  σ C u =  3  Å  
  σ S i =  3  Å ,  σ C u =  1 0  Å
  σ S i =  1 0 Å ,  σ C u =  3  Å

5 0  n m  C u
s u b s t r a t e

Fig. 2.4: (a) Reflectivity of a Si substrate as a function of Qz . For values below the critical
edge, the incident beam is totally reflected. For larger values of Qz , it drops steeply. Here, it
drops even more steeply for increasing surface roughnesses of σSi = 5 Å and σSi = 10 Å. (b)
Reflectivity curves of 50 nm Cu layer deposited on a Si substrate. The critical edge is shifted to
higher Qz values than for a pure Si substrate. The reflectivity oscillates, resulting in so-called
Kiessig fringes that emerge from interference between the Cu/Si and Cu/air interfaces. The
curves differ strongly for different ratios of surface roughness σCu and interface roughness σSi.
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2.2 NEUTRON SCATTERING TECHNIQUES
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Fig. 2.5: (a) Reflectivity curve as a function of Qz for a Cu/Si bilayer deposited on a Si substrate.
The critical edge of Cu appears at a larger Qz than for Si. The latter is visible as small dip in
the region of total reflection. The superposition of Kiessig fringes emerging from the Cu and Si
layers result in a complicated reflectivity curve. (b) Reflectivity curve of a [Cu(15 nm)/Si(15 nm)]10
multilayer as a function of Qz . Alongside the Kiessig fringes, additional high intensity Bragg
peaks emerge owing to the repeat distance dM = 30nm of the bilayer.

layers are involved. Figure 2.5a shows the reflectivity of a Si/Cu bilayer deposited on a Sisubstrate. Here, the thickness estimation is not as straightforward as for a single layer. Thecritical edges of both materials are visible in the curve: the first small dip in the region oftotal reflection corresponds to the Si edge, while the Cu edge appears at larger Qz valuesdue to its higher SLD. The reflectivity curve of a [Cu(15 nm)/Si(15 nm)]10 multilayer with atenfold repetition of the Si/Cu bilayer is shown in Figure 2.5b. In addition to the Kiessigfringes of the total layer thickness d = 300nm, high intensity Bragg peaks, correspondingto the bilayer thickness of dM = 30nm, also emerge.Using programs like Parratt32 [17] or SimulReflec [19], a measured reflectivity curve has to befitted to determine the thickness and roughness of each layer. Such programs are based on theParratt algorithm [17], which recursively calculates the Fresnel coefficients for transmissionand reflection of each interface.Before fitting, the x-component of the reflectivity curve is converted from 2θ into Qz usingEquation 2.2. For very small angles the footprint of the X-rays is smaller than the samplesurface. To account for this, the data is corrected by multiplying the factor C (θ) = w/(l ·sin θ)for C > 1, with w the width of the beam and l the sample length [20]. Finally, the region oftotal reflection is normalized to one.
2.2 Neutron Scattering Techniques

The formulas introduced in Section 2.1 for X-rays also apply for neutrons. Neutrons areneutral particles that are not affected by the electrons in matter. The neutrons interact with
7



CHAPTER 2: SCATTERING TECHNIQUES
the nucleus via the strong nuclear force. This interaction is short-ranged [15]. In terms ofcharacterization techniques, the advantage of neutrons are their magnetic moment. Theyinteract with magnetic atoms due to the magnetic dipole–dipole interaction. As a result, theneutrons are also scattered by a magnetic structure of a material. The neutron wavelengthused for the experiments in this thesis are in the range of 3–15 Å. These neutrons are calledcold neutrons.
2.2.1 Small-Angle Neutron Scattering

Small-angle neutron scattering (SANS) is used to probe structures with a size of 10 to 1000 Å[21]. Bulk samples are usually investigated in transmission and the Bragg peaks are detectedusing a 2D detector to measure Qy and Qz as shown in Figure 2.6. Similar to reflectometry,
Q is small compared to ki and kf for SANS. In contrast, owing to the 2D detector, thescattering wavevector is not limited to Qz only. The collimation sections and sample–detectordistance are several meters long in order to provide a good angular resolution of the small
Q-vectors of a Bragg peak appearing at small angles at the 2D detector. To find a Braggpeak, the sample has to be tilted, i.e. a rocking scan is performed, using χ and ω as definedin Figure 2.6. Since neutrons possess a magnetic moment, this method is also sensitive tomagnetic structures. This advantage will be exploited for the investigations of the MnSi thinfilms.Grazing incidence small-angle scattering (GISANS) is used to measure diffuse scattering,with the aim of determining the lateral correlation length of nanostructured surfaces. A 2Ddetector is required to simultaneously detect diffuse scattering over a wide Q-range. Theterm grazing incidence refers to the fact, that ki is almost parallel to the surface of the film,but with a small angle of incidence similar to a reflectometry setup. Then, the reflected beamalso appears on the detector. This is in contrast to SANS applied to bulk samples, where thebeam does not usually hit a surface. Here, the intrinsic structures are looked at, rather than

Fig. 2.6: SANS geometry with the sample investigated in transmission. Bragg peaks appear at
the 2D detector measuring Qy and Qz . To find the maximum of a Bragg peak, the sample has
to be rocked using χ and ω.

8



2.2 NEUTRON SCATTERING TECHNIQUES
diffuse scattering, i.e. lateral correlations of nanostructured surfaces.In this thesis, I will describe how we measured the wavevector of a magnetic structure ofMnSi thin films. We had to rock the sample to find a Bragg peak. Thus, the sample wasinclined during the measurement in order to fulfill the Bragg condition. Then, the reflectedbeam imperatively appeared at the detector. Hence, we refer to this type of measurement asGISANS, but the focus is the same as for SANS: the determination of the intrinsic magneticstructure. The detailed setup and a description of data treatment can be found in Section4.3.1.
2.2.2 Polarized Neutron Reflectometry

Unpolarized neutron reflectometry is similar to XRR, which was described in Section 2.1.2.The scattering length densities of materials are, however, one order of magnitude smaller forneutrons than for X-rays. Again, the neutron’s spin can be exploited to measure the magneti-zation of each layer by performing polarized neutron reflectometry (PNR). PNR provides themagnetic depth profile. In order to measure the reflectivity of polarized neutrons, a polarizerand a flipper must be installed in front of the sample, as shown in Figure 2.7. The scatteringamplitude depends on the neutron’s polarization relative to the magnetization, M , of thesample. The scattering length for a polarization parallel or antiparallel to M is
btotal = bnuclear ± bmagnetic. (2.3)

This results in the reflectivities R+ and R- for spin-up and spin-down polarization, respec-tively. The spin polarization is parallel to the external field for R+ and antiparallel for R-.With the installation of another flipper and analyzer after the sample, four spin channels canbe measured with R++ and R- - being the non-spin-flip channels (Figure 2.7). R+- and R-+are known as spin-flip channels, since only neutrons can be detected when the sample flipstheir spins. This happens for a magnetization component perpendicular to the spin polariza-tion (not shown in Figure 2.7). In general, the reflectivity is only sensitive to components ofthe magnetization M perpendicular to Q. In common with XRR, the reflectivities have to befitted with Parratt32 [17] or SimulReflec [19]. Using the latter program, it is possible to fitR+, R-, and the spin asymmetry (SA) simultaneously. The SA can be defined by:
SA = R− − R+

R+ + R+ . (2.4)
In the case of an additional analyzer, R+ and R- have to be substituted by R++ and R- -.Since R+ and R- measure only the magnetization parallel to the neutron polarization, thecorresponding fits provide a magnetic depth profile which is a projection of the magnetizationalong M .

9
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Fig. 2.7: Schematic of a polarized beam reflectometer used for PNR. The polarizer and flipper in
front of the sample define the spin polarization before the neutrons are reflected from the sample.
The reflected intensities are referred to as R+ and R-, which are different for a magnetized
sample. With the installation of an additional flipper and analyzer after the sample, the spin-
flip channels R+- and R-+ can also be measured. R++ and R- - are referred to as non-spin-flip
channels.

2.2.3 Off-specular Reflectometry

So far, I have only discussed reflectometry with a scattering vector with a pure z componentparallel to the surface normal. This holds for angles with θi = θf , i.e. the initial angle ofincidence is equal to the final angle of reflection. This type of reflection is called specularreflection. We also measured the reflectivity that accounts also for final angles with θi 6= θf .Then, the scattering vector comprises a x-component, which is sensitiv to lateral correlations.Figure 2.8 shows the scattering triangle for an arbitrary kf with θi 6= θf . The Q-vector is notparallel to the z-direction but exhibits an x and a z-component. This type of reflectometryis referred to as off-specular reflectometry. In contrast to GISANS, one measures not Qy,because reflectometers have a very coarse Qy resolution. Here again, a 2D detector is ofgreat advantage.

kf 

θi 2θi 

Q 

z 

ki 

kf 

Qx 

Qz 

Detector 

θf 

Fig. 2.8: Scattering triangle measuring off-specular reflectometry using a 2D detector. For
θi 6= θf , Q is not longer parallel to the surface, but exhibits an x and z component.

10



2.2 NEUTRON SCATTERING TECHNIQUES
The following relations, similar to Equation 2.2, can be deduced [22]:

Qx = 2π
λ

(cos(θf )− cos(θi)) (2.5)
Qz = 2π

λ
(sin(θf ) + sin(θi)) . (2.6)

Figure 2.9a shows a typical off-specular intensity map as a function of θi and θf . Thescattering map was calculated for a [Cu(15 nm)/Si(15 nm)]10 multilayer in [22]. The specularreflection (red diagonal line) appears for θi = θf . As a result of the large total thickness of
d = 300 nm, the Kiessig fringes in the specular reflection are hardly visible. The two Yonedawings at θi = θf = θc are indicated as green lines. Three Bragg sheets corresponding to thefirst, second, and third order emerge as lines perpendicular to the specular line owing to themultilayer reflection peaks like those shown in Figure 2.5b. As a result of refraction effectsfor θi and θf close to the angle of total reflection, the first Bragg sheet (dark-blue line) isstrongly bent. The second is slightly bent, while the third Bragg sheet (light-blue line) isstraight. Here, the roughness of all layers is fully correlated, i.e. the roughness is replicatedfrom layer to layer. For perfectly smooth layers or layers with uncorrelated roughness noBragg sheets would be visible [22]. Note that the Kiessig fringes, like the Bragg sheets, canalso be extended to the off-specular regime for rough layers. However, the intensity of theKiessig fringes is low compared to that of the multilayer Bragg peaks and sheets. Figure 2.9bshows the scattering map with the angles converted in Qx and Qz values using Equations 2.5and 2.6.OSR can also be used to exploit the magnetic moment of the neutron by measuring magneticlayers. For example, a multilayer stack consisting of magnetic sheets separated by a non-magnetic layer will result in a magnetic Bragg sheet corresponding to the thickness of thebilayer composed of the magnetic and non-magnetic layers.
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CHAPTER 2: SCATTERING TECHNIQUES

(a)

θ
f(
°)

 

θi(°) 

(b)

Qx(1/Å) 

Q
z
(1
/Å
)  

Fig. 2.9: (a) Simulated off-specular scattering map of a [Cu(15 nm)/Si(15 nm)]10 multilayer as a
function of θi and θf . The specular reflection at θi = θf is indicated as a red diagonal line. The
Yoneda wings (green lines) appear at θi = θf = θc . Three Bragg sheets of first, second, and
third order emerge as lines perpendicular to the specular line owing to the multilayer reflection
peaks like those in Figure 2.5b. The first Bragg sheet (dark-blue line) is strongly bent as a result
of refraction effects at small angles, while the third Bragg sheet (light-blue line) is straight. (b)
Same scattering map, but with the angles θi and θf converted into Qx and Qz . (adapted from
[22])
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Chapter 3

Structural and Magnetic Properties of
Ultrathin Fe Films on Cu(100)

Magnetic layers and heterostructures form the basis of many magneto-electronic devices,the development of which aspires towards smaller and more complex systems. Therefore itis important to be aware that magnetic and structural properties can change as a result ofreduced dimensionality or the influence of interfaces by e.g. inducing strain. These propertiesoften evolve as a function of layer thickness or when layers of different materials are added.An additional factor that strongly influences the properties of thin films is the growth modeitself, which can be controlled by the deposition method, the substrate, and the depositionconditions. All these factors can, for example, cause different orientations of the magnetization,different Tc values, or even different types of magnetism. Monitoring the structural andmagnetic properties during growth in vacuum allows the comparison of properties for differentthicknesses on the same sample and under the same growth conditions. As a consequence,each change of measurement signal can be directly attributed to the newly added layerand one can abandon the very time-consuming preparation of several samples with differentlayer thicknesses. Furthermore, keeping the sample in a vacuum prevents surface pollutionor oxidation.
On this basis, the in-situ sputtering system specifically designed for neutron reflectometry wasdeveloped and realized in a collaboration between the Universität Augsburg and TechnischeUniversität München as TRR 80 project. This system allows one to measure the magnetic andstructural properties after every layer deposition. This method was established as a powerfultool by performing in-situ polarized neutron reflectometry during the sputtering of Fe/Cu(100)thin films. The bilayer is of great interest, as fcc Fe can be stabilized as an ultrathin layer ona Cu(100) surface at room temperature. The fcc structure is expected to give rise to differentmagnetic properties. The growth was found to be very complex and accompanied by anequally complex magnetic behavior as a function of Fe thickness. Although this system hasbeen studied for several decades, little work has been done on sputtered films.
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
Section 3.1 reviews the literature on the structural and magnetic properties of Fe/Cu(100) as afunction of layer thickness. Section 3.2 presents advanced techniques exceeding the standardmethods described in Chapter 2: the in-situ sputtering system used for the Fe/Cu(100) growthand the neutron focusing system Selene. The latter was used for the most recent and verysuccessful beamtime at AMOR. The sample preparation process and the results of initial ex-
situ structural investigations of sputtered Fe/Cu(100) films are described in Section 3.3. Initial
ex-situ magnetic characterizations are presented in Section 3.4. Section 3.5 discusses thefindings that emerged from the in-situ polarized neutron reflectometry measurements of threebeamtimes at the neutron sources Forschungsreaktor München II (FRM II), Heinz Maier-Leibnitz Zentrum (MLZ), Munich and at the SINQ, Paul Scherrer Institut (PSI), Villigen(Switzerland). The final section (Section 3.6) of this first chapter of my thesis provides aconclusion.
3.1 Fe Thin Films Deposited on Cu(100) — a Literature Re-

view

Bulk face-centered-cubic (fcc) Fe, also called γ-iron or austenite, exists only at temperaturesbetween 912–1394 ◦C. In contrast, fcc Fe can be stabilized as precipitates in a Cu matrix [23] orby epitaxial growth on an fcc substrate. The latter has attracted interest over several decades,because ultrathin Fe films show different magnetic phases depending on their structure. Asearly as 1930s, Bethe and Slater [24] postulated that the direct exchange interaction was afunction of atomic spacing. Later, several authors calculated the magnetic properties of irondirectly as a function of the lattice constant [25, 26]. Complex magnetic behavior, includingnon-magnetic, antiferromagnetic (AFM), and ferromagnetic (FM) states, accommodated byinstabilities was predicted. Many different conditions of the Fe thin film growth, such asthe growth method and growth temperature, can tailor the lattice spacing and morphology.Further, many different substrates were used to grow epitaxial Fe, such as Pt(110) [27],Ag(100) [28], FexMn1−x [29], fcc Pt [30], Ni(111) [31] and Au(111) [32]. Vaz et al. [33] provide anoverview of different substrates used for Fe deposition and reviews the structural and magneticproperties of the different systems. The most common substrate for Fe deposition, and the onethat is exclusively discussed here, is a Cu(100) substrate — either as an epitaxially grownseed layer on Si(100) or as a single crystal. Cu has a lattice constant of 3.61 Å, which isonly slightly smaller than the that of fcc Fe of 3.65 Å. In contrast, the lattice constant ofbcc Fe of 2.87 Å is much smaller than that of Cu. The extrapolated lattice spacing of fcc Feof 3.59 Å at room temperature (RT) leads to a lattice mismatch to the Cu substrate of only
−0.7% [2]. Furthermore, the lattice constant of Cu is in the range of Fe lattice constants forwhich different magnetic states for Fe are predicted to be very close. Fe was usually grownby thermal deposition for these studies. However, little work has been done on sputtered Fefilms, which is technologically a very important technique and is the focus of this thesis.In this chapter, I will summarize the experimental results of the magnetic properties of thin
14



3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
Fe/Cu(100) films and their correlation to the atomic structure. The magnetic (Section 3.1.1)and structural properties (Section 3.1.2) of Fe films deposited by thermal deposition at roomtemperature (RT) on Cu(100) single crystals will be presented in detail. Both are directlycorrelated and depend sensitively on the Fe thickness. Those properties are found to beunstable against temperature and H2 adsorption, as described in Section 3.1.3. To conclude,I will give an overview of which growth conditions may influence the structural and magneticcharacteristics of various Fe films (Section 3.1.4). The whole chapter is summarized anddiscussed in Section 3.1.5.
3.1.1 Magnetic Behavior

Thomassen et al. [35] were among the first to study the magnetic signal as a function of Fethickness in great detail. They performed magneto-optical Kerr effect (MOKE) measurementson Fe thin films deposited on Cu(100) single crystals by thermal evaporation at room temper-ature. The evolution of the Kerr ellipticity measured in the polar and longitudinal geometrybetween 110 K< T < Tc , on the basis of which the saturation value was extrapolated to 0 K,shows three distinct magnetic regions as a function of Fe thickness (upper panel of Figure3.1a) — similar to the MEED signal (bottom panel), which will be discussed in the nextparagraph. The out-of-plane Kerr ellipticity accessible in the polar geometry increases in
(a) (b)

Fig. 3.1: Kerr ellipticities as a function of Fe thickness, measured in the polar (solid circles)
and in the longitudinal geometry (open circles). Samples were deposited at RT. (a) Upper curve:
saturated signal of Fe thin films at temperatures >110 K (Source: [2]). (b) Remanence of Fe
wedge-like films measured at 166 K (Source: [34]). Both curves can be classified according to
their slopes into three regions. The lower curve in (a) shows the MEED intensity of the specular
beam as a function of Fe thickness, which also alters its curve shape at the boundaries of the
three regions.
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
region I almost linearly with increasing Fe thickness up to 4 monolayers (ML). Around 4 ML,i.e. the transition to region II, the Kerr ellipticity suddenly drops by more than half andremains constant up to 10 ML, after which it vanishes. Instead of an out-of-plane moment,an in-plane moment measured in the longitudinal geometry starts to arise (region III), whereagain the signal linearly increases above 11 ML. Note that the higher ellipticity in regionI and II is due to the higher sensitivity in the polar geometry. Since a linear dependenceis typical for ferromagnetism, Thomassen et al. [35] regard region I and III as ferromagnetic(FM). In region II, i.e. between 4 ML and 11 ML, they consider that the signal belongs to aconstant number of ferromagnetic top layers with either underlying paramagnetic layers orantiferromagnetic (AFM) layers with a Neel temperature (TN ) below 110 K. Similar resultswere published by their collaborators Müller et al. [34]. They measured a wedge-like Fe filmdeposited on Cu(100) at room temperature. Figure 3.1b shows the ellipticity of the MOKEsignal in the polar and longitudinal geometry measured at remanence.I will now discuss the correlation between this magnetic behavior and the structure, followedby a description of the unclear magnetic behavior in region II. The evolution of the Curietemperature as a function of thickness is discussed in the final part of this section.
Correlation with Structure. Wuttig and Liu [2] (originally published in 1992 in [35]) providepowerful evidence for the direct correlation between magnetic behavior and the morphology ofFe/Cu(100) by measuring the intensity of medium-energy electron diffraction (MEED) beams.The bottom panel of Figure 3.1a shows the intensity variation of the specular beam as afunction of Fe-layer thickness. Region II definitely exhibits a different behavior than region Iand region III, with the zone boundaries being exactly the same as those of the magnetic signal.In this region, the intensity oscillates, which is a fingerprint of layer-by-layer growth [2], due,however, to the small oscillation amplitude in a 2D island way rather than in absolutely filledlayers. In region III, the intensity drops exponentially indicating the growth of 3D islands.Similar MEED results were found by Qian et al. [6, 36] and Li et al. [5].
Anomaly in Region II. While the existence of these structurally distinct regions of Fe/Cu(100)are confirmed by several authors [37, 38] and the ferromagnetic nature of regions I and III arewidely accepted [39–42], the magnetic properties of region II are still unclear.Li et al. [5] observed an oscillatory behavior of the Kerr signal at remanence of an Fe wedgeexhibiting two maxima at around 7.5 ML and 10 ML (Figure 3.2a). Those maxima becomeeven more pronounced as the temperature decreases and vanish above 200 K. Owing to theabsence of a longitudinal Kerr signal up to 11 ML, they exclude spin canting. Further, theyattribute this effect, as Thomassen et al. have already suggested [35], to a ferromagneticsurface located on top of antiferromagnetic layers, the total number of which changes fromodd to even with increasing thickness leading to the oscillation of the magnetization.Qian et al. [6, 36] carried out MOKE measurements on Fe thin films at 70 K and also found anoscillation in the Kerr signal (Fig. 3.2b), but with a maximum at 6 ML and at 8 ML. Additional
T -sweeps of the 6th and 8th ML (not shown) revealed a steplike increase of the magnetic
16



3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
(a) (b)

Fig. 3.2: Kerr signals as a function of Fe thickness, measured in the polar geometry at remanence.
(a)) Fe wedge grown at 280 K and measured at 190 K (upper curve) and 70 K (lower curve)
(Source: [5]). (b) Fe thin films grown at 300 K and measured at 70 K (Source: [36]). The
magnetic behavior can again be divided into three regions in close accordance with Figure 3.1.
In contrast, the magnetic signal of the Fe wedge and film oscillates in region II for T < 200 K.

signal for decreasing temperature at around 200 K, i.e. the Neel temperature, indicating anarising exchange interaction between the top FM layers and the AFM underlayers. Further,they concluded that a spin-density wave (SDW) exists with a strong coupling to the FM toplayers and determined the wavelength to be 2.7 ML, which is similar to the separation of themaxima of Li et al. Although the signal in Figure 3.1b also shows a small oscillation in regionII, Müller et al. [34] regard the signal as constant.The same constant behavior is described by Thomassen et al. [35], but here, perhaps owingto a lack of data points, no oscillation is prominent (Figure 3.1a). Oscillations were alsoobserved by Vollmer and Kirschner [41], with maxima at 6.2 ML and 8.8 ML. Wuttig and Liu[2] reviewed this anomaly below 200 K in literature and summarized results of theoreticalstudies in which the moments of the Fe sheets are collinearly aligned (Table 3.1). The firststudy [43] predicts a maximum in region II at 6 ML, the second study [44] at 7 ML and 9 ML,and the third study [45] at 5 ML. While those studies predict a collinearity of the spins, Qian et
al. refer to the experimental study of Fe particles in a Cu matrix, in which an incommensuratespin density wave (SDW) is determined [46]. Spišák and Hafner [47] reveal that collinearconfigurations are energetically preferred to spin-density-wave configurations. Wuttig andLiu further argue that this anomalous behavior could also be caused by the magnetic orderingof bcc clusters, which are predicted to exist in [48]. Another possibility for those oscillationsis that a slight structural change occurs below 200 K.
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
Thickness (ML) 1 2 3 4 5 6 7 8 9Results of [43] u uu uuu uudd uuddd uudduuResults of [44] u uu uuu uudd uuddd uudduu uuudduu uudduudd uudududuuResults of [45]1 u uu udu uddu uuduu uudduu uuddduu udduuddu uuddudduu

Table 3.1: Summary of theoretical results for the magnetic ground-state of fcc Fe/Cu(100) films.
Up (u) and down (d) indicate the spin orientations starting at the free surface. (adapted from
[2]) 1The calculations were based on Fe/Cu(001) superlattices with an ideal fcc Cu structure.

Curie Temperature. Corresponding to Figure 3.1a, measurements were performed by Thomassen
et al. [35] to determine the Curie Temperature Tc of Fe/Cu(100) as a function of Fe-layerthickness. In region I, Tc increases above 350 K, while at 3 ML – 4 ML Tc drops again tillit remains constant in region II then suddenly jumps at around 11 ML (region III) to a valueabove 500 K (Figure 3.3). Li et al. [5] estimated Tc of the Fe wedge to be 250 K±20 K.They do not mention the thickness range included in their measurements, but state that theresults are in good agreement with the results presented in Figure 3.3. A few years later,Zharnikov et al. [49] confirmed the behavior of Tc published by [35]. They mentioned inaddition the unexpected drop of Tc between 3 ML and 4 ML. In ultrathin ferromagnetic films
Tc should increase with increasing thickness provided that no structural change occurs. Sincethe transition observed by MOKE does not occur before 4 ML, the decrease of Tc at 3 MLis a first hint that an additional and temperature-driven structural transition occurs in 4 MLfilms. This is discussed in detail in section 3.1.2.

Fig. 3.3: Curie Temperature as a function of Fe thickness determined by MOKE (Source: [2],
originally published in [35]).

18



3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
3.1.2 Detailed Study of Structure and Growth

From Section 3.1.1, it is clear that the complex magnetic behavior of Fe/Cu(100) thin films isdue to structural changes during growth. The exact growth modes of each region (I–III) arewidely discussed in the literature and are summarized in this section.
Region I. In region I, Biedermann et al. [37] as well as Rajeswari et al. [50] found intermixingof Cu and Fe in the first two ML. By scanning tunneling microscopy (STM) on a 0.2 ML filmFe, Biedermann et al. [37] found Fe atoms embedded into the substrate as well as smallcircular Fe islands, the edges of which are covered by Cu atoms creating large Cu islands.Low-energy electron diffraction (LEED) patterns, together with the LEED I/V curves (Inten-sity vs. Energy) of one of the LEED pattern spots, are a powerful tool for investigatingsuperstructures. Figure 3.4a shows LEED patterns recorded in each region, revealing a (5x1)superstructure in region I, a (2x1) superstructure in region II, and a (3x1) superstructure inregion III [2]. In addition to the (5x1) superstructure in region I, Wuttig et al. [2] observed

(a) (b)

Fig. 3.4: (a) LEED patterns of Fe/Cu(100) measured in region I–III with the Fe thickness
increasing from 4 to 22 ML (from top to bottom) (Source: [2]). (b) Corresponding LEED I/V
curves compared to the I/V curve of Cu(100) (Source: [2]).
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
an additional (4x1) superstructure at 2–2.4 ML. I/V curves corresponding to Figure 3.4a arecompared to fcc Cu in Figure 3.4b. The I/V curve of region II is in good agreement with the CuI/V curve, indicating an fcc(100) superstructure, while the curve of region III is totally different,indicating a bcc lattice. The (4x1) (not shown) and (5x1) I/V curves are very similar to Cu,both exhibiting the same features as the I/V curve of fcc Cu(100). However, the peaks of the(5x1) pattern are somewhat shifted at larger energies compared to Cu, which suggests verticaldisorder with a tetragonal expansion of the interlayer spacing [2]. This behavior correspondsto the results of the extended X-ray absorption spectroscopy (EXAFS) studies by Magnan et
al. [51], who regard this phase as fcc-like or as a tetragonally distorted fcc phase (fct). Heinz
et al. [34, 52] performed detailed LEED measurements together with a full dynamic analysisand found buckling of the atoms with displacements in plane up to 0.5 Å as well as in thevertical direction up to 0.4 Å. Their fits revealed a layer spacing enlarged by an average of5% as compared to the ideal bulk fcc Fe. They explain the observed ferromagnetism in regionI by the displacements, as these lead to an increase of the atomic volume to 12.1 Å3, at whichferromagnetism is theoretically predicted.
Although they observed similar LEED patterns, in particular a mixture of (1x4), (1x5) and(1x6) superstructures, Biedermann et al. [37, 53, 54] obtained completely different resultsof the structural properties in region I. Detailed investigations of STM images revealed a14◦–15◦ shear angle for 2–5 ML films, as illustrated in the center image of Figure 3.5, whichindicates a (110) bcc structure ordered in the Pitsch orientation instead of a distorted fcc orfct lattice. The figure also compares the Pitsch orientation to fcc and bcc structures, wherethe ideal bcc structure has a shear angle of 19.5◦. The Pitsch structure is strained, forminga zigzag deformation of the atom rows with a spatial wavelength of 5–6 atoms, which alsoleads to an enlarged atomic volume, as described by Heinz et al. The sheared lattice canbe described by a 9% tensile strain along the zigzag chain direction and a 3% tensile strainin the perpendicular direction, which fits with the fcc lattice [53]. This bcc-like structurecovers the surface by about 90% for a 2.7 ML film, decreases to about 20% for 4.5 ML film, and

Fig. 3.5: Top view of the nanomartensitic (NM) crystal structure corresponding to the Pitsch
orientation in comparison to the fcc(100) and bcc(110) structure. The shear angle φ of NM is
14◦–15◦ (Source: [53]).
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3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
almost vanishes for films with thicknesses above 5 ML. Biedermann et al. call this structurenanomartensitic (NM) bcc phase and explain the ferromagnetism as a direct consequence ofthe ferromagnetic bcc structure, rather than of the enlarged volume of the fcc lattice. The restof the area consists of fcc Fe but is widely limited to the 4th ML. This additional structuraltransition explains the drop of Tc at 4 ML mentioned in the last section (3.1.1).Wuttig and Liu [2] query the growth of nanomartensite, as bcc structures usually grow as 3Dislands and align their spins in plane, whereas Biedermann et al. reported smooth films andout-of-plane magnetization. Biedermann et al.’s statement was supported a few months laterby Hammer et al. [1], who collaborate with Wuttig: a re-analysis of the LEED data for the(4x1) reconstruction used in their earlier publication [34] showed that they could equally fitthe data satisfactorily with the model of the nanomartensite.
Regions II and III. The Pitsch orientation of Fe, visualized by [55] in Figure 3.6 in the caseof a Cu(100) seed layer grown on a MgO substrate, was also observed in thicker Fe layers.Myagkov et al. [55] proved this growth mode for an 800 nm Fe layer by in-plane XRDmeasurements of the Fe(211) planes, performing a 360◦ φ-scan around the surface normal.This showed that the corresponding peaks coincide in φ, either with Cu(113) or shifted by
±19.5◦. Another group [56] found the footprint of the Pitsch orientation in RHEED patternsof Fe/Cu(100) films as 20 Å < dFe < 1500 Å. The (3x1) superstructure observed in LEEDpatterns of region III were interpreted as resulting from the bcc Pitsch orientation [57]. Thesame authors found an in-plane magnetic anisotropy behavior with the easy axis ±9.7◦ shiftedrelatively to the Cu<110> axis of the substrate for a 25 ML Fe film, here coated with 20 MLCu, which could be a measure of the Pitsch shear angle.

Fig. 3.6: Four equivalent variations of the Pitsch orientation relationship between Cu(001), here
deposited on MgO (open circles) and Fe(110) (filled circles) (Source: [55]).
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
Additionally, post-growth SPALEED (high-resolution analysis LEED) was used by Wuttigand Liu [2] for further investigation of the growth mode in region II and III. Using this method,the islands in region II were found to grow as 2D islands, with a step height of 1.74 Å±0.04 Å,close to the value for strained fcc Fe. In region III, the step height of 2.02 ±0.04 Å in 3D modeindicated a different structure. Those results were confirmed by STM (scanning tunnelingmicroscopy) images, in which large 2D islands were observed in region II, and in region IIIa high roughness was seen. In addition, Kief et al. [38] described the growth of Fe at RTbetween 2 and 10 ML as being almost layer-by-layer.
Further studies hint at the structure in region II and III. Interdiffusion experiments [58] showedthat during annealing more diffusion of Cu atoms occurs towards the top in region III than inregion II, despite the increased Fe thickness, which ought to form a barrier. This shows theexistence of additional diffusion channels, which form due to misfit locations.
There is a controversy over the interpretation of the LEED patterns in region II regarding thesurface structure of the Fe layer, which is responsible for the ferromagnetism. Wuttig et al. [2]regard the I/V curves of the (2x1) pattern in region II (Figure 3.4b) as fcc-like, exhibiting novertical disorder, but the (2x1) LEED pattern (Figure 3.4a) indicates a parallel displacementof adjacent atoms in the top layer. A full dynamic LEED calculation fitted this displacement to0.14 Å±0.09 Å and the interlayer spacing of the top layer to 1.88 Å±0.02 Å, compared to the1.77± 0.04 Å spacing of deeper layers. The latter corresponds to the expected layer spacingfor strained fcc Fe(100). The top layer is expected to be responsible for the ferromagneticsignal, while the buried layers order antiferromagnetically. The same group observed the(2x1) superstructure above 7 ML only at 150 K, whereas at room temperature a (1x1) patternoccurred [2].
In contrast, Biedermann et al. [37, 59] investigated 6 ML and 7 ML films in detail by STM andhigh-standard quantitative LEED analysis. Both methods exhibited a higher sensitivity thanthe standard LEED analysis used by Wuttig et al. [1]. While Biedermann et al. also assumedthe structure of the Fe sublayers to be fcc, they do not consider the surface to be strainedfcc. At 150 K they found a superposition of 70% of the p4g(2x2) and 30% of the p2mg(1x2)superstructures. Both could be attributed to an fcc structure at first sight. At RT, their fitresults were not as significant as at low temperature (LT), since fluctuation of the domainboundaries distorted the measurement. Here, a pure (1x1), (2x1), (2x2), and a mixed phasegave almost equal results, but they revealed the best fit for 60% p4g(2x2) and 40% p2mg(1x2).However, the surface was dominated by the (2x2) reconstruction at both temperatures ratherthan the (2x1) reconstruction posulated by Wuttig et al. and exhibited a very similar surfacereconstruction to the bcc(100) surface. Biedermann et al. fitted the enhanced interlayerdistance to very similar results as [2]. However, for an enlarged fcc lattice, the interatomicdistances also have to be enlarged. This was not the case, but they fitted the interatomicdistance close to the bcc value and concluded that the (2x2) reconstruction belonged to a bccsurface. As for the bcc phase below 4 ML, they postulated that the ferromagnetism of the toplayers was a direct consequence of the bcc structure.
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3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
3.1.3 Stability of the Phases

I have only discussed Fe/Cu(100) films measured at low temperatures and under similarconditions. However, it was found that the conditions during the measurement can changethe structural and magnetic properties. The cooling history, the H2 dose, and an appliedmagnetic field can influence the measurements. This is discussed in the following section.Note that these parameters were first applied during the measurement but not during growth.The Fe/Cu(100) films are still deposited at RT.
Cooling Cycles. Qian et al. [36] found that the Fe films grown at 300 K with a thicknessbetween 9 ML and 11 ML are unstable with cooling. As discussed above, the samples exhibitedthe fcc-like phase when measured at LT, whereas after cooling to 70 K and warming againto 300 K STM, LEED and MOKE measurements proved a bcc-like phase. This phase wasobserved either when cooled slowly already during cooling or not until reheating. Similarobservations were made by Biedermann et al. [37] using STM. Indeed, they report thisinstability already for 7–8 ML films. The bcc Fe content for a 8 ML film was determined tobe less than 1% at 300 K and around 10% at 80 K. They were even able to reach a totaltransformation to the bcc (nanomartensitic) phase after two temperature cycles. Vollmer andKirschner [41] used MOKE and IV-LEED and found the instability for 8–10 ML films.
H2 Dose. As well as temperature changes, hydrogen exposure also strongly influences thephase stability. This was first discovered in [60]. Whereas the first 3 ML of an RT-grown Fewedge were stable against H2 exposure, 4 ML were not [41]. The exposure to H2 for a dose of2 L (Langmuir, 1 L= 1, 33 ·10−6mbar· s) led to an increase of the MOKE ellipticity as well asto a structural change observed in the LEED I/V curves. This suggests that the transition toregion II occurs 1 ML later than without H2 exposure. This delayed phase transition was foundto be reversible by heating to above 320–330 K, at which temperature-driven H2 desorptionoccurs. However, an instability around 4 ML was observed even without H2 exposure: a 4 MLfilm exhibited a reduced Tc [49] and an increased coercive field Hc [41, 61]. This is explainedby the coexistence of the structure of region I and region II. As a result, the region around4 ML differs from region I and region II, which explains why the instability only occurs here.Note that this additional structure is not visible in the remanence or in the saturation values.This coexistence of phases and instability was recently confirmed by Biedermann [53]. Hefound that a 3 ML film is fully nanomartensitic, which is the characteristic feature of regionI as discussed in section 3.1.2. A 4 ML film can, however, consist of both phases: Figure3.7 compares the nanomartensitic fraction determined by STM as a function of H2 dose fordifferent temperatures.
Magnetic Field. Lastly, Hembree et al. [62] demonstrated that a magnetic field can alsoinfluence the stability of a 3.5 ML film. By applying an out-of-plane magnetic field of 9 kOe,they suppressed the out-of-plane magnetization, perhaps owing to a magnetoelastic effect.This process was reversible by heating above RT or by applying an in-plane magnetic field.However, they also reported that the rotation of magnetization already occured at 3.5 ML,
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Fig. 3.7: Nanomartensitic fraction of a 4 ML film as a function of H2 dose measured at different
temperatures (Source: [53]). The arrows mark the strong delay of the onset at 250 K and 280 K.

although the Fe was deposited at RT, which contradicts the findings of several authors [5, 34,35]. As they seem to imply a different structure, their results cannot be directly compared toother instability studies around 4 ML. Furthermore, Fowler et al. [40] could not reproduce thespin reorientation by applying a perpendicular magnetic field of 1.1 T for 2–4 ML films.
3.1.4 Influence of Growth Conditions

So far, I have only considered room-temperature growth of Fe/Cu(100) in UHV by thermaldeposition, i.e. by MBE, resistive evaporation or e-beam evaporation. However, it is knownthat the structure of all thin films is closely dependent on the growth conditions. In this section,I will report what has been observed for the Fe/Cu(100) system when growth conditions, i.e.CO dose or substrate temperature, changed or when a different deposition method, such asPLD or sputtering, was applied.
CO Dose. Thomassen et al. [35] found that a pressure of 7 · 10−8 Pa CO during growth shiftsthe transition from region II to region III from 11 to 13 ML.
Substrate Temperature. Steigerwald et al. [63] were the first to extensively study thestructural dependence of 1–2 ML Fe films on the substrate temperature. They found thatbelow 200 K Fe was poorly ordered, but above 200 K Fe agglomerated into clusters. Above300 K Cu segregation occured and led to intermixing of Fe and Cu, which was even moredominant for substrate temperatures above 360 K.Besides their RT-grown samples (Figure 3.2a and 3.1b), Li et al. [5], as well as Müller et
al. [34], also investigated the magnetic behavior for different growth temperatures TS . TheKerr signals as a function of the layer thickness of Fe wedges grown at low temperature areshown in Figure 3.8. The thickness range of the fcc phase (region II) becomes smaller at
TS = 260 K and vanishes completely at TS = 190 K (Figure 3.8a) as well as at TS = 100 K
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(a) (b)

Fig. 3.8: Kerr signals at remanence of Fe wedges as a function of Fe thickness measured in the
polar (curves at lower thicknesses) and longitudinal geometry (curves at higher thicknesses). (a)
Fe grown at 300 K, 260 K and 190 K and measured at 110–140 K (Source: [5]). (b) Fe grown at
100 K and measured at 166 K (Source: [34]).

(Figure 3.8b). Further, the first phase transition is shifted by about 1 to ca. 5 ML andis accompanied by a out-of-plane magnetization rotation between 5 and 6 ML. Tc of themeasurements corresponding to Figure [34] were determined as > RT for dFe > 5ML [2].Similar results for the onset of the out-of-plane magnetization were found by several authors[40, 64]. Li et al. regard this phase transition as different from the phase transition at 11 MLfor RT-grown films, because they did not observe the "3x1" LEED pattern characteristic of bccfilms. However, it is widely accepted that bcc Fe forms above 5 ML, and thus it is similar toregion III of RT-grown films. This was proved by LEED and I/V curves [34].Pappas et al. [65] found the magnetization rotation at 6.1 ML and proved that the magneti-zation of a 6 ML film can be manipulated by temperature: below 180 K the magnetization isaligned out of plane, while above 200 K it is mainly in plane.Vollmer and Kirschner [41] found a similar phase transition to bcc between 5 and 6 ML, bygrowing Fe at room temperature in an H2 atmosphere of 5x10−8 mbar. They suggest this effectmay be at least partly responsible for the difference between low- and room-temperature-grown Fe films discussed above.
Growth by PLD. In addition to the conventional method of thermal deposition, physical laserdeposition (PLD) was used to deposit Fe on Cu(100). Both the magnetic and the structuralproperties were substantially different from those when Fe was deposited thermally. Themagnetic evolution was rather complex, as depicted in Figure 3.9 (lower panel) [7, 42]. Theintensity of the MOKE signal increases linearly with Fe thickness up to 4 ML, indicatinguniformly magnetized films (regions I and II). Afterwards, the signal decreases monotonicallywith thickness (region IV), except between 5 ML and 7 ML (region III), at which the signalremains constant.
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Fig. 3.9: Curie temperature (upper panel) and saturation magnetization (lower panel) of
Fe/Cu(100) deposited by PLD and measured using MOKE. This exhibits a complex behavior
as a function of thickness. The direction of magnetization is illustrated in the insets. (Source
[42])

The spin orientation also exhibits very complex behavior with increasing thickness. Whereasin region I the spins are aligned out of plane, they become in plane in region II. In region III,the spins are either canted or two different phases coexist, as a MOKE signal is observed inthe longitudinal as well in the polar geometry. In region IV, the sample is again magnetizedperpendicular and, in region V, parallel to the surface. The magnetic anisotropy is sensitivelyinfluenced by strain and the structure of the surface and interfaces. Therefore it is ratherdifficult to explain this complex magnetic anisotropy behavior. In principle, two main processesare in competition: the surface anisotropy leading to perpendicular magnetization and theshape anisotropy leading to parallel magnetization. Tc is determined to be ≈RT at 3 ML,whereas it is below RT in the residual Fe thickness regions (Figure 3.9 upper panel).STM images revealed a layer-by-layer growth starting already in the submonolayer regime[7, 42], while the films with dFe > 10 ML grew very roughly, suggesting a transition to bccFe. LEED patterns measured by the same group exhibited only a clear (1x1) superstructurebetween 2 ML and 10 ML, indicating an fcc structure [7], whereas Weinelt et al. [66] describedsimilar LEED patterns as it was observed for TD films indicating a more complex structure.Recent STM studies revealed, alongside the fcc structure, a nanomartensitic fraction for 2–5 ML with its maximum at 3 ML [67]. The 6 ML and the 7 ML films were in contrast almostentirely fcc. The surface of the 6–7 ML films showed the p2mg(1x2) or p4g(2x2) reconstruction,implying bcc-like bond angles.From this, the complex magnetic behavior (Figure 3.9) can be explained. As in TD films, the
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3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
magnetization rises (regions I and II) owing to the increasing nanomartensitic bcc fractionup to 3 ML. Afterwards, for dFe > 4 ML, the magnetization drops again. Since the 6 ML and7 ML films are almost entirely fcc with a bcc-like surface, the magnetization remains constant(region III), owing to the antiferromagnetically ordered fcc sublayers and the magnetic bccsurface layer. The magnetization drop of region IV is still not understood. Shen et al. [7]suggested that above 4 ML the films already start the fcc-to-bcc transitions, forming bccprecipates, which absorb the strain in the film. As a consequence, some parts of the strainedfcc that was ferromagnetic can relax to bulk-like paramagnetic fcc. However, that strained fccis ferromagnetic is disputed by several authors [37, 67], who claim that only bcc contributesto the ferromagnetism signal observed in Fe/Cu(100) layers.
At all growth stages, the Cu content was significantly higher than in TD-grown films, sincethe high ion energies during deposition lead to Fe implantation into the surface [67].
Growth by Sputtering. The growth of Fe/Cu(100) by sputtering was less common and wasmainly used to grow Fe/Cu multilayers [69–73] in which the Cu mostly appeared to bepolycrystalline. However, it was demonstrated in [74] that Cu(100) can be grown epitaxiallyby magnetron sputtering on HF etched Si(100). Further, Clemens et al. [68] performed in-situgrazing incidence X-ray scattering (GIXS) measurements on Fe/Cu(100) and identified the fccFe(220) peak as the shoulder of the Cu(220) peak, growing from 3 to 16 ML in Fe thickness.Afterwards, the intensity of the shoulder remained constant. They observed the increase of theFe(222) Pitsch peak from 10 to 40 ML simultaneously with the increase of the Bain Fe(200)

(a) (b) 
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Fig. 3.10: (a) Lattice orientations identified for the growth of Fe (open atoms) on Cu(001) (filled
atoms) with εFe as the lattice mismatch between Fe and Cu. (b) In-plane lattice parameters
as a function of Fe thickness for P and B, the Pitsch and Bain orientations, respectively. The
lattice parameters approach the lattice constant of bulk Fe of 2.87 Å (horizontal dashed line) for
increasing Fe thickness. (Source: [68])
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CHAPTER 3: STRUCTURAL AND MAGNETIC PROPERTIES OF ULTRATHIN FE FILMS ONCU(100)
peak from 14 to 40 ML, indicating tandem growth of the Fe Pitsch and Fe Bain orientation.Figure 3.10a illustrates both structures compared to fcc Fe grown cube on cube on Cu(100),which provides the minimal lattice mismatch εFe, while εFe is increased for the Pitsch andBain orientation. In the latter, Fe growth occurs with a 45◦ rotation on Cu. The in-planelattice parameters of both structures are plotted for several directions in Figure 3.10b as afunction of Fe thickness. All lattice parameters approach the lattice constant of bulk bcc(horizontal dashed line) for increasing thickness.
3.1.5 Summary and Discussion

In the first two sections of this chapter (Sections 3.1.1, 3.1.2), I showed that the magnetic andstructural behavior at RT of TD-grown Fe/Cu(100) films can be divided into three differentregions as a function of Fe-layer thickness: region I up to 4 ML [34, 35] or 5 ML [5, 6] exhibitsferromagnetism with the magnetization aligned perpendicular to the surface. Region II rangesup to 11 ML, showing an oscillatory net magnetic signal with the same orientation. Theferromagnetic region III [35] shows an in-plane magnetization [5, 34].While some authors regard the distorted fcc lattice with an enlarged volume [2, 34, 51, 52]to be responsible for the ferromagnetism in region I, Biedermann et al. [37, 53, 54] recentlyfound that Fe grows partially as bcc Fe in the Pitsch orientation (nanomartensitic phase).This stucture is strained, forming a zigzag pattern to fit to the underlying fcc lattice. It alsoresults in an enlarged volume. Only the 4th ML was found to exhibit large portions of fccstructures. From this, one may infer that the ferromagnetism is a direct consequence of thebcc structure and not of a distorted fcc lattice. Similar observations have been made for regionII. It is accepted that the buried Fe layers possess either a non-magnetic or antiferromagneticfcc structure with a magnetic live surface layer [2, 5, 36, 41, 53, 67]. Biedermann et al. statethat the ferromagnetic top layer is due to a bcc surface construction and not to a strained fcclayer.In region II, the magnetic signal oscillates as a function of Fe-layer thickness explained bythe number of buried AFM layers being odd or even [2, 41] with a Neel temperature of ≈200 K [5, 6]. The exact AFM behavior in region II is still unclear. It may be caused by a SDW[36] or by collinear magnetic sheets [35]. Also, the location of the maxima and of the minimaof the magnetic signal was not the same in all studies.Further, it is widely accepted that region III is ferromagnetic owing to its bcc structure, whichis suspected to grow in the Pitsch orientation in [55–57].The authors found Fe implantation in the substrate, forming islands of Fe and Cu atoms inthe first 2 ML, followed by a layer-by-layer growth [53] in region I, an almost layer-by-layergrowth in region II and a 3D island growth in region III [5, 6, 34, 35]. Tc was found to increasewith increasing Fe thickness to 350 K at 3 ML, to drop again at 4 ML, which is probably due
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3.1 FE THIN FILMS DEPOSITED ON CU(100) — A LITERATURE REVIEW
to the non-magnetic fcc structure occurring at 4 ML, and to remain constant in region II. Inregion III, Tc suddenly increased to a value above 500 K [35].In Section 3.1.3, I discussed the limits of the stability of such structures, which can be alteredby specific cooling processes, exposure to H2, or by applying a strong magnetic field. Moreimportantly, the structural and magnetic properties alter dramatically with a change of growthconditions or deposition technique (Section 3.1.4). As well as the LT growth, which suppressedregion II for sufficient low temperatures, PLD-grown or sputtered films exhibiedt a completelydifferent behavior to thermal deposited films. Although all growth methods result in the onsetof pure bcc growth at dFe > 10 ML and in a structure dominated by fcc Fe growth for smallerthicknesses, the structural details seem to differ strongly. This is reflected in the complexmagnetization reorientation as a function of Fe thickness and the decrease of magnetizationfrom 7 to 10 ML for films produced by PLD. In general, magnetization is expected to bereduced for PLD-grown films, as a higher Cu content appears in the top layers than forTD films [67]. For sputtered films, neither a magnetic nor a detailed STM study exists, butthe simultaneous growth of Fe in the Pitsch and Bain structure [68] has not been reportedfor PLD- or TD-grown films. Nevertheless, detailed STM studies revealed nanomartensiticfractions for 2–5 ML for PLD- and TD-grown films, but with different fractions for each growthmethod and a bcc-like magnetic top layer in the region of constant magnetization. Similarstructures may therefore also be present in sputtered films.The different properties of the films grown by TD, PLD, or sputtering are mainly due to thedifferent kinetic energies of the deposition atoms produced by each method. Atoms producedby PLD have energies in the range of 40–200 eV [67] and in the range of 5–50 eV whenproduced by sputtering, while atoms produced by TD typically have energies of only 0.1 eV[42]. Further, PLD differs from TD and sputtering in the pulsed deposition rate. Although theaverage rate is in the same order of magnitude (≈ 1 ML/s), the instantaneous rate is about1000 ML/min, during which many atoms arrive simultaneously at the substrate, resulting ina high nucleation density [42]. On these grounds, one may expect that the growth mode forsputtering differs from TD as well as from PLD deposition, owing to the difference in kineticenergy of the deposition atoms and the nucleation density, respectively.Compared to the studies on TD- and PLD-grown Fe/Cu(100) films, only a little work hasbeen done on sputtered films [68]. This Ph.D. thesis will therefore focus on the magneticand structural properties of sputtered Fe/Cu(100) films using our in-situ sputtering systemspecifically designed for neutron experiments in order to monitor those properties directlyduring growth.
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3.2 Advanced Techniques

Alongside the standard techniques described in Chapter 2, we also used two very uniquetechniques for our neutron experiments: a sputtering system for in-situ neutron reflectometryto monitor the growth (Section 3.2.1) and the Selene concept (Section 3.2.2) to reduce themeasurement time. Combining both methods, we establish a step towards an in-situ neutronexperiment in which the measurement takes place on a similar time scale as the growth.
3.2.1 In-Situ Sputtering System

It is often of great importance to investigate the properties of thin films as a function of layerthickness, to tailor materials with a desired property, and to understand the fundamentalmechanism during growth as described for Fe/Cu(100) films in Section 3.1. Owing to thesensitive growth of thin films and their complex structural and magnetic properties, which canbe altered dramatically by slight changes of the growth conditions, the monitoring of theseproperties during growth brings tremendous advantages. It allows several layers to be sput-tered on the same substrate and under the same growth conditions instead of several sampleswith different thicknesses being produced with time-consuming preparation. Additionally, itavoids surface oxidation or pollution.The sputtering chamber dedicated to in-situ neutron reflectometry was developed throughcooperation within the TRR 80 between Prof. Böni’s group (chair of Experimentalphysikfür Neutronenstreuung E21, Technische Universität München) and Prof. Mannhart’s group(at that times: chair of Experimentalphysik VI, Universität Augsburg). Andreas Schmehl,Alexander Herrnberger, and Thomas Mairoser from Prof. Mannhart’s group realized thesputtering system technically, while Wolfgang Kreuzpaintner and I from Prof. Böni’s groupwere responsible for technical maintenance and the neutron experiments.For this work, we used the sputtering system to monitor the evolution of the magnetic andstructural properties of ultrathin Fe layers by polarized neutron reflectometry (PNR). PNRcan measure the magnetic moment of the sample as a function of layer depth as well asthe layer thickness and roughness for all layers, including the buried layers (Section 2.2.2).This offers great advantages over X-ray methods such as XMCD, which integrate over thefilm depth. Additionally, neutron reflectometry allows monitoring of the evolution of very thicklayers and moreover to distinguish between different isotopes. And because, polarized neutronreflectometry is only sensitive to a specific magnetization direction, vector magnetometry isvery simple compared to XMCD. The sputtering chamber can also be used for GISANSor PGISANS, which also allows the possibility of determining the structural and magneticcorrelation length of the films.Two in-situ chambers already exist for neutron facilities. There is an MBE system at NIST[75] and an e-beam evaporation system at HZB [76]. The latter uses a transfer rod to changethe sample from the deposition position to the measurement position within the deposition
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chamber. In this case, the sample has to be realigned every time, so the orientation of thesample at the measuring position cannot be always replicated. However, the in-situ systembuilt by the University of Augsburg uses a deposition technique very common in industry —magnetron sputtering. Here, the sample position is kept fixed for deposition and measurement.
Setup. The sputtering system is depicted in Figure 3.11. The sputtering chamber (center)is shown with the neutron exit window towards the front. The neutron entrance window onthe back side allows the neutrons to pass through the chamber by reflection from the samplesurface. A gas rack (left) provides argon or oxygen, which can be injected into the chamber fornon-reactive and reactive sputtering, respectively. Two racks equipped with power supplies(one of them is shown on the right) and a computer (right) are used to control the sputteringprocess. For further details please refer to Thomas Mairoser’s Ph.D. thesis [77]. For themeasurement, the sample table can be translated parallel to the beam (x-direction) as wellas vertically to the sample surface (z-direction) and rotated around the y-axis to change theangle of incidence θ. The sample table is mounted on the left flange with a rotary feedthroughand with x-y stepping motors. Three sputter guns [78] for 2" targets are located on top ofthe chamber. The top flange as well as the guns themselves are tilted by 20◦ to providethe maximum spacing between the guns to prevent cross-contamination. The flange with thesputtering guns is rotatable, so that one gun is always located above the sample. This designallows the deposition material to be changed without breaking the vacuum. The guns can

Fig. 3.11: Photo of the sputtering system with the mobile components: the sputtering chamber
in the center, the gas rack on the left, and the electronic rack and the computer on the right.
(Source: [77])
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be operated using DC or RF. The match box of the RF power supply is fixed on top of thechamber to provide the correct impedance of the cable to connect the gun. The total chambercan be lifted for a rough alignment to the neutron beam, while the exact alignment of thesample height is done by the sample table.The chamber was specifically designed to be very compact, with dimensions of 1.6 m x 1 m x1.5 m (L x B x H) and a footprint of 1 m x 1 m in its demounted state, to fit the sample positionat REFSANS. Moreover, the sputtering system is fully mobile, with most of the componentsfixed at the chamber or its frame. Deinstallation and installation take about 5 h, respectively.As this setup is used for neutron experiments, it was important to use materials without Co,preventing activation for parts that could come into contact with neutrons. Further, it wasessential to reduce diffuse scattering of neutrons, which was achieved by using materialscontaining boron with a high absorption cross-section. Thus, the sample table, the slits andthe gun shields are either made of boron silicate or B4C. In contrast, the chamber windowsare from boron-free window glass to reduce any absorption. For further details see [77].A schema of the chamber cross-section and the neutron path (yellow beam) inside the chamber(Figure 3.12a) and a detailed view of it (Figure 3.12b) were illustrated by Andreas Schmehland Alexander Herrnberger. The sample table with integrated heater for temperatures up to700◦C and the shutter are mounted on the left flange, while the Helmholtz coils are mountedon the right flange (Figure 3.12a). Since the Helmholtz coils were built at a later stageduring the design of the sputtering chamber, they were not mounted in the photo in Figure3.11. To perform PNR measurements, we installed several guide field yokes and provideda magnetic field at the sample position by applying current to the Helmholtz coils, whichproduces a magnetic field up to 35 mT. The sample must be able to be positioned freely forthe dedicated sputtering height and should not be blocked by the coils during deposition.

(a) (b)

Fig. 3.12: Schema of the sputtering chamber. (a) A cross-section with the sample manipulator
mounted on the left flange, the sample being in the center exposed by neutrons (yellow beam)
and the movable coils on the right flange. The three sputter sources are located on the top
flange and are separated by shields. (b) Zoom of the sample table with integrated heater and
shutter with a sputtering gun positioned above the sample. (Source: Andreas Schmehl)
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The coils can therefore be moved from the sample position for sputtering and moved backagain for the measurement using a translation table with a welded bellow. The tilted flangeand only one out of three sputter guns are depicted at the top of Figure 3.12a. We installeda slit directly in front of the sample, visible in Figure 3.12a and partially hidden behind thecoils to control the footprint of the beam, hence, reducing diffuse background and improvingthe angular resolution. External slits mounted on the chamber frame outside the chamber (notshown) can be used to block the direct beam. Further details about the heater, the Helmholtzcoils, the yokes, the internal slits, and the external slits can be found in [77].The sputtering process is controlled by a LabVIEW program, developed and realized byThomas Mairoser [77]. The pressure is determined by two pressure sensors — a capacitivesensor working at pressures down to 10−3 mbar and a full range sensor working down to 5 ·10−9 mbar. A turbo and a scroll pump evacuate the chamber to a base pressure of 3·10−7 mbar.Starting from ambient pressure, the chamber is evacuated firstly by the scroll pump througha bypass valve. Below a pressure of 10 mbar, a gate valve located before the turbo pump isopened, while the bypass valve is closed. If the turbo pump is started, the scroll pump thenoperates as backing pump. After evacuating for typically 6 to 12 h, a sufficient base pressureof p0 < 10−6 mbar is reached. Before starting the sputtering process, one has to select thegun with the desired material by rotating the top flange, then move the sample to a specific
z position, and insert Ar or O2 gas. The gas pressure is regulated by the position of themotorized gate valve and the gas flux. Afterwards, the plasma can be started by applyinga constant power. For presputtering, the shutter is closed to sputter the oxide layer off thetarget and to control all sputter parameters. When the plasma is stable, the shutter can beopened for a specific time, controlling the thickness of the sputtered layer.During the research for my PhD-Thesis, we used the sputter system for two beamtimes atREFSANS (FRM II) in February 2012 and August 2012 as well as for one beamtime atAmor (PSI) in November 2013. After each beamtime and in preparation for the next upcomingbeamtimes, we generally found ways to improve and upgrade the sputtering system.
Upgrade 1. After the beamtime in February 2012 at REFSANS, it became necessary toreduce the diffuse scattering, because the measurement times were, with 27 h per spin stateand layer, very long. As the heater function of the sample table was not required, we decidedto reduce the size of the sample table to match the sample size of 2 cm x 2 cm. In this way,less material was exposed to the neutron beam, reducing diffuse scattering. The new sampletable was built by Thomas Mairoser and Alexander Herrnberger. The top of the sampletable was covered with boron carbide [77] to reduce scattering of the sample table itself.During sputtering the neutron exit window was covered with sputtered material, and this toowas suspected to contribute to the diffuse scattering and to decrease the signal intensity.Thomas Mairoser and Alexander Herrnberger therefore built a shutter for the exit window,which can be closed during sputtering and opened again for the measurement. However,because of the need to characterize the polarizer during the beamtime of August 2012, weinstalled an additional guide field up to the analyzer to maintain the neutron polarization.As a consequence, there was no longer sufficient space to install the new window shutter.
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Upgrade 2. After the beamtime in August 2012, we found that the sputtering parameterswere not reproducible for a constant valve position of the motorized gate valve: to maintainconstant sputtering pressure, different flux values had to be used and still, this did not resultin reproducible plasma voltages. There was no obvious trend of pressure and voltage as afunction of flux or base pressure. We concluded that either the pressure sensor did not workproperly or that the chamber had a leak. Therefore and to achieve a better sample quality,we decided to upgrade from HV to UHV, by sealing all flanges and feedthroughs with Cuinstead of viton gaskets wherever possible. The viton-sealed viewports of the two neutronwindows were changed to CF-sealed fused silica windows. The only remaining viton gasketsare in the rotary feedthroughs of the top flange and in the sample table, realized as two-stagedifferential pumping system. The viton-sealed quick-access door with a viewport, necessaryto change the sample, was separated by an additional gate valve from the main chamber topump here differentially, too.We also added a separate turbo pump to evacuate the second stage of the differential pumpingsystem, instead of using the main turbo pump for both stages. To prevent further possibleleaks, the previously installed standard gas inlet needle valve was substituted with a UHVprecision valve and the viton-sealed pressure-relief valve by a CF burst disk. The flange ofthe sample table had a welded seam and was replaced by a new flange. While implementingthe upgrade, we found a leakage in the oxygen gas valve. Since, we had not planned tosputter reactively at this time and the oxygen leakage could have been the reason for thenon reproducible sputtering process, we disconnected the oxygen gas station for the nextbeamtime. To obtain the best possible vacuum during sputtering, we also decided to sputterwith the position valve fully open instead of half opened.As well as the upgrade to UHV, the full range sensor was replaced by a new sensor. Inaddition, we reconstructed the sample shutter, since there was not enough space at the Amorbeamline on the side where the pneumatic motor of the shutter protrudes from the chamberframe. We chose to mount a rotatable half-open hollow cylinder as a shutter on the oppositeflange inside the coils, instead of a linear shutter moving forward and backward to the sameside. In the original design, one could not guarantee the same exposure times for the fullsample area. In contrast, by using a rotating shutter, which always moves in the samedirection, each part of the sample is exposed for the same time. The new shutter systemrequired sputtering to occur at a different sample height closer to the axis of the shutterrotation, to avoid the shutter crashing into the sample holder. The new sample position istherefore z = −4 mm, 19 mm higher than compared to the previous position of z = −23 mm.As a result, the sample-target distance was reduced to 70 mm, which suggests an increase indeposition rate at the sample position. Investigations of the rate homogeneity as a functionof sample-target distance and radial distance were carried out in [79] with a 2" target usedfor RF magnetron sputtering of Si. From this, we infer that a homogeneous film within 2 cmradial distance of the target center with a rate dropping from 0 to 2 cm by <<20% can stillbe deposited.After upgrade 2, we achieved a base pressure of 1.8 · 10−8 mbar when the precision valve
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was closed and the coils were not installed. When the precision valve was open, we reacheda pressure of 1 · 10−7 mbar, indicating either a leakage in the gas rack or a low pumpingefficiency for the gas-supply tube due to its low cross-section. When the coils were installed,we reached a pressure of 1.2 · 10−6 mbar, but we could not determine any leakage. Rather,we suspect the materials of the coverage of the coils itself to outgas into the vacuum.
3.2.2 Selene for Neutron Optics

In order to measure the reflectivity from small samples, a highly efficient reflectometer isrequired. Especially for small samples the recording of the reflectivity is usually very time-consuming. This is even worse when one wants to record a set of measurements for varyingexternal parameters, such as temperature or magnetic field. Then, the samples are exposedto air for a long time, making an oxidation of the surface probable, which alters the reflectedsignal. The Selene concept realized by Jochen Stahn at PSI, based on a concept of FredericOtt [81], can provide an intensity gain of at least one order of magnitude by using focusingoptics, resulting in a small footprint on the sample and a highly divergent beam instead ofa collimated beam [82, 83]. A collimated beam used in conventional neutron reflectometryexperiments provides only a small range of angles of incidence ∆θ, which corresponds toa small Qz-range defined by Qz = 4π/λ · sin(θ) as illustrated in Figure 3.13a by JochenStahn. By contrast, a divergent beam with a large ∆θ allows to measure a wide Qz-rangesimultaneously (Figure 3.13b). The angular resolution ∆θ is determined in the first case bythe divergence of the incoming beam and in the second case by the resolution of the detector.A disadvantage of the high divergence is an enhanced background, which is counterbalanced,however, by the increased intensity. In the following section, I will introduce the Seleneoptics operated in the TOF mode, as used at the Amor beamline at the Paul Scherrer Institute(PSI). This additionally provides a broad wavelength band of typically 4–14 Å increasing theintensity further.For the Selene setup, two elliptically-shaped focusing reflectors have to be installed at areflectometer, as shown in Figure 3.14a (illustrations from Jochen Stahn), with the sample
 (a) (b) 

Fig. 3.13: (a) Conventional reflectometry setup with collimated beam. (b) High intensity reflec-
tometry setup with divergent beam. (Source: [80])
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Fig. 3.14: (a) Bottom: Selene concept with two elliptic reflectors to focus the neutron beam
on a small sample providing a large divergence. Top: Images as they appear in focal points
P1, P2 and P3. The second reflector corrects the coma aberration responsible for the distorted
intermediate image in P2. (b) Exemplary intensity map I(λ, θ) measured for a thin film. Diagonal
lines of high intensity represent Kiessig fringes. (adopted from: [80, 84])

located in the focal point P3, providing a divergence of > 1◦. The two elliptical reflectors areneeded to correct the coma aberration, which causes off-axis points imaged as lines. They arepositioned such that the focal points of both reflectors coincide in P2. Figure 3.14a depictsthe real image in P1 that is accepted by the 1st reflector and is strongly distorted in P2,while it is almost completely restored after the second reflector in the image at P3. Note thatthe beam is focused not only in the x-z-plane but also in the x-y-plane to further increasethe flux on the sample. To achieve this, another pair of reflectors is adjoined to the first pair,forming an L-shaped cross-section, i.e. a Montel mirror [85].
To obtain a reflectivity curve from the detector image, the z-channel of the detector is convertedinto θ and the time of flight (TOF) of the neutrons from chopper to detector into λ. This resultsin an intensity map I(λ, θ) as plotted exemplarily in Figure 3.14b for a thin film sample. Thetriangle of high intensity in the lower right corner corresponds to the region of total reflection,while the diagonal stripes of high intensity are the Kiessig fringes (Section 2.1.2). Each pointcan be assigned to a Qz value by Qz = 4π/λ · sin(θ). The intensity map then reduces toI(Qz), which represents a reflectivity curve.
A photo of the Selene setup tested at the BOA beamline (PSI) is shown in Figure 3.15. EachMontel mirror consists of two elements. On the left is the first Montel mirror element with theL-shaped profile. On the right is the final installation with the same guide element shown inthe opposite direction, this time with the viewer looking towards the detector. Guide fields formaintaining the polarization were mounted on the top and on the bottom of the guides. Sowas the second Montel mirror element of the first Montel mirror, separated by knife edges toblock neutrons, which are not reflected from the guide. The second Montel mirror, the sample,and the detector can be seen at the back.
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Fig. 3.15: Photos of the setup. Left: first guide element, i.e. a Montel mirror, in an early
installation stage, showing the L-shaped profile with the view to the neutron source. Right:
total setup in the final installation stage with the view towards the detector. All four guide
elements with guide field, the sample and the detector vessel are installed.

3.3 Sample Growth and Structural Characterization

All Cu/Fe bilayers investigated within the scope of this thesis were fabricated using the
in-situ sputtering system presented in Section 3.2.1 — for samples measured in situ duringgrowth when the chamber was installed at a neutron beamline, as well as for samples grownwith the chamber installed in the laboratory for calibration and ex-situ characterization. InSection 3.3.1, I will introduce the sample preparation and the sputtering parameters used forCu, Fe, and Si. The latter was used as protective capping layer. The samples are structurallycharacterized in Section 3.3.2 – 3.3.4 using XRR and XRD to determine the deposition rateof each sputtered material as well as the layer thicknesses, roughnesses, and the crystalgrowth of the samples. The X-ray measurements are complemented by TEM (Section 3.3.5)and XANES (Section 3.3.6). The structure is summarized in Section 3.3.7.
3.3.1 Sample Growth

We used Si(100) wafers as substrate, which were pre-cut in 2 x 2 cm2 or 1 x 1 cm2 squares.Tests to find the optimal cleaning procedure showed that an ultrasonic bath enhances theroughness by 1–2 Å. This confirmed similar observations made by others [86]. Wiping withKIMTECH wipers increased the roughness by 3 Å. Rinsing the samples with acetone orisopropanol and drying them again using compressed air did not provide a dust-free surface,since a clean room for sample preparation was not available. We had to etch the surfaceanyway to remove the SiO2 layer using 4–5% diluted hydrofloric acid (HF), which, as I willshow in Section 3.3.3, ensures the epitaxial growth of Cu(200). Potential protective resist
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or dirt is removed during this process. Thus, to ensure the least possible roughness, weomitted substrate cleaning and put the samples directly into the acid for 60 s after removingthe protective foil.
Substrates ordered from Crystec showed a very high and varying surface roughness of 4–12 Å after etching. We therefore used Si(100) substrates from Si-Mat with a roughness ofonly 2.5–3.5 Å after etching. These samples are labeled with numbers > #47. The etchingprocess itself, with etching times between 15 s and 3 min, did not increase the roughnesssystematically. Once only, an etching time of 2 min increased the roughness from 4 Å to8 Å. However, a similar sample had the same roughness before and after 2 min of etching.Nevertheless, we decided to etch all Si substrates for 60 s, which always produced goodresults. Afterwards, the samples were rinsed two times in deionized water. If the totalsubstrate surface became hydrophobic, the SiO2 layer was completely removed and terminatedby H atoms covalently bonded to the Si surface atoms [87]. This hydrogen termination preventssurface reoxidation for some time. While one group reports on experiments that showed that7 days in air are necessary to form a complete oxide layer [88], another group [89] describedthe passivation as being stable after several minutes in air and of several hours in vacuum.However, we tried to limit the time from etching to sample mounting and evacuating thechamber to 5 min.
In general, the chamber was evacuated for a minimum of 5 hours and a maximum of 24hours before the deposition was started. First, Cu was sputtered to form a seed layer. Thisprocess was followed by Fe sputtering and finally by Si sputtering to form a protective layerpreventing oxidation of the Fe layer. While Cu and Si were sputtered using DC, Si wassputtered by RF. One sputtering step was performed by starting with the shutter closed,providing a high Ar flux at a fixed valve position such that the plasma easily started byapplying 50 W. Afterwards, we reduced the power to the desired value and presputtered for2 min to 5 min to remove the oxide layer from the target until the voltage remained constant.Then, the Ar flux had to be adjusted manually to reach the desired Ar pressure p1. Onceall parameters were constant, we started the deposition by opening the shutter for a specifictime. After each step of sputtering, the power at the guns was switched off, the Ar valvewas closed, the valve was fully opened, and the sputter guns were rotated to the next target.Once the base pressure p0 restabilized, we restarted the plasma using the same procedureas above to deposit the next layer.
The upgrades of the sputter chamber as discussed in Section 3.2.1 may have influenced the rateor the growth mode as well. Upgrade 2 in particular is assumed to have had a strong impact,since the chamber was sealed with Cu gaskets, improving the base pressure. In addition, theshutter was replaced, which required a new sample position closer to the sputtering target.Accompanying upgrade 2 was the decision to sputter with a fully open valve to ensure thebest possible vacuum. We sputtered several series of samples with different Fe thickness todetermine the sputtering rate and to investigate the structural and magnetic properties of Feas a function of thickness. The first and second sample series were #42–46 and #65–75.
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Sample Series 1–2, Before Upgrade 2Sample Cu Fe Si

Valve position general 500 430 200Power (W) general 20 (DC) 20 (DC) 50 (RF)Flow (sccm) #38, 42-46 6.5 – 6.8 4.4 – 4.7 3.8 – 4.0#62 3.3 – 4.5 (instable) 4.6 – 4.8 10#65-75 4.6 – 5.0 3.5 – 4.1 3.3 – 3.8
p1 (E-3mbar) #38, 42-46 6.0 – 6.3 10.9 – 11.7#62 4.4 – 5.0 (instable) 6.9 – 7.3 52.3#65-75 5.7 – 6.0 10.6 – 11.7Voltage (V) #38, 42-46 338 324 – 332 416 – 426#62 355 - 384 (instable) 330 – 333 unknown#65-75 346 - 351 335 – 342 412 - 417Sputtering time (s) #38, 42-46 150 2 – 18 150#62 330 11 180#65-75 330 2 – 23 150
Table 3.2: Sputtering parameters before upgrade 2 with a partially open valve position (1000
open, 0 closed), a sample height of -23 mm and a base pressure of 4 · 10−7–9 · 10−7 mbar.

These were produced before the second upgrade of the sputtering chamber, while the thirdseries, #91–99, was sputtered after the upgrade. The parameters used for those series aresummarized in Table 3.2 (for before upgrade 2) and in Table 3.3 (for after upgrade 2) togetherwith the samples sputtered for in-situ PNR experiments, #38 and #62 at REFSANS and#83 and #89 at Amor. As mentioned, the main difference between the parameters in bothtables is the fully open valve position of 1000 (Table 3.3), which allowed us to sputter at areduced Ar flux and a reduced Ar pressure p1. The base pressure p0 was 4 ·10−7–9 ·10−7 mbarbefore upgrade 2. Afterwards, it has improved to 8 · 10−8–5 · 10−7 mbar. If we had pumpedfor several days, we could have reached a pressure of 1.8 · 10−8 mbar. Nevertheless, wewould have increased the risk of substrate reoxidation and we were therefore able to savetime by pumping for a maximum of 24 h. The Fe layer of sample series 3 was sputteredin steps of 1.5 s to provide the same growth conditions as for the in-situ-measured samples#83 and #89 (Section 3.5.4). The base pressure for sample #83 increased to a value of
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Sample Series 3, After Upgrade 2Sample Cu Fe Si

Valve position general 1000 1000 1000Power (W) general 20 (DC) 20 (DC) 50 (RF)Flow (sccm) #83 13 11 –#89, 91-99 13 25.4 – 26.1 16.3
p1 (E-3mbar) #83 3.1 2.7 –#89, 91-99 3.0 - 3.1 4.5 3.5Voltage (V) #83 358 369 – 371 –#89, 91-99 355 – 358 302 – 318 396 – 441Sputtering time (s) #83 200 11 x1.5s 0#89, 91-99 200 2 – 15 x1.5s 0s, 8s or 50s
Table 3.3: Sputtering parameters after upgrade 2 with a fully open valve position of 1000, a
sample height of -4 mm being closer to the sputter target and an improved base pressure of8 · 10−8–5 · 10−7 mbar. In contrast, owing to the installation of the coils, the base pressure for
sample #83 was only 1 · 10−6–4 · 10−6 mbar.

p0 = 1 · 10−6 –4 · 10−6 mbar. It seems the coils had either a leakage or outgassed. Thecorresponding measurement was therefore excluded from the rate determination in the nextsection, but will be discussed in Section 3.5 when compared with PNR data. Note that wechanged the supplier of the Si(100) substrates from Crystec to Si-Mat after series 1 to ensureless substrate roughness as already mentioned above.
3.3.2 XRR

The thickness, roughness, and crystalline quality of the samples introduced in Section 3.3.1are investigated in this section using X-rays. The measurements are complemented withresults from TEM and XANES.XRR measurements (Section 2.1.2) were performed to determine the layer thickness androughness. Some typical reflectivity curves of each sample series are depicted in Figure3.16a as a function of Qz . The reflectivities of series 1 associated with sample #42 dropmore steeply and have Kiessig fringes that stop earlier, owing to very rough Si-substrateswith σsub = 9 Å ± 3 Å. For series 2 and 3, we used the new substrates with a roughnessof 2.5 Å < σsub < 3.2 Å. The Kiessig fringes of sample #42 are broader, since the Cu
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3.3 SAMPLE GROWTH AND STRUCTURAL CHARACTERIZATION
thickness dCu = 221Å±9 Å of series 1 is smaller than that of series 2 and 3 associated withsample #67 and sample #92, respectively. These have a Cu thickness of dCu = 444Å±11 Åand dCu = 469 Å ± 4 Å. Series 3 of sample #92 has Kiessig fringes ranging at least to
Qz = 0.5 Å−1, which can be attributed to a thinner and smoother Si capping layer. Thereflectivity curves were fitted (black lines) using Parratt32 [17]. Good fits were obtained byadding a rough intermediate layer between the substrate and Cu layer, where Cu3Si probablyis formed. The formation of Cu3Si was also observed in [20]. The fits also included an upperoxide layer of either FeO or, when a Si capping layer was sputtered, SiO2. In the case ofthe FeO top layer, an effective Fe thickness was calculated by including also the Fe atomsin the FeO layer.The Fe thickness determined by the fits is plotted for each sample series as a function ofsputtering time in Figure 3.16b. Series 2 was fitted by Patrick Ziegler. The correspondingfits can be found in his Diploma thesis [90]. The curves of Figure 3.16b were fitted by astraight line dFe(t) = RFe · t + dFe(0) using the intersection with the y-axis dFe(0) as a freeparameter, because the Fe atoms may not adhere or grow as islands at the very beginningof the deposition process, which resulted in an extrapolation to dFe(0) 6= 0.
series 1 (#38, 42–46): dFe = (0.99± 0.12)Å/s · t + (3.3± 1.7)Åseries 2 (#65–75): dFe = (0.76± 0.03)Å/s · t + (0.8± 0.4)Åseries 3 (#89, 91–99): dFe = (1.58± 0.14)Å/s · t − (2.5± 1.8)Å
As expected, the slope RFe of the straight line, that is, the sputtering rate of Fe, clearlyincreased for the last series after upgrade 2 as a result of the reduced sample-target distance.Although the Fe sputtering pressure p1 for series 1 and 2 was similar (Table 3.2), the rates
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differ by 30%. For series 2, we had to reduce the Ar flow to reach the same pressure p1. Wedo not fully understood why. It could be the result of a leakage in the O2 supply (Section3.2.1) or of pressure p1 not being at equilibrium, although the pressure reading was constantlyat 10−4 mbar. If the pressure sensor did not work properly and the pressure p1 was indeedreduced as a result of the reduced Ar flow, the sputtering rate of Fe for series 2 would haveincreased. A similar relationship was shown for p1 > 0.001 mbar for tungsten in [91]. In thecase of a smaller Ar pressure, fewer deposition atoms scatter with Ar ions so that they canreach the sample more easily. However, the rate decreased compared to series 1, hence thiseffect seems to be small compared to other effects.Additionally, the sputtering voltage increased from 329 V±1V in series 1 to 338 V±5 V inseries 2. This is probably due to the reduction of the target thickness, which reduces thetarget’s resistance. The power remained constant, so this should not have affected the sput-tering rate. We also have to consider that, according to their density, different Fe targets canbe responsible for different sputtering rates [92]. Unfortunately, we did not number our twoFe targets and did not note when they were changed.
The extrapolation of the linear fit to 0 s sputtering time, i.e. dFe(0), is also different for eachseries. Series 1 with dFe(0) = 3.3 Å has the highest point of intersection with the y-axis.This series also has the highest Cu roughness. Islands may have formed, perhaps alongsidedefects or Cu atoms at the surface as observed for PLD-grown films (Section 3.1.4), whichwould result in an increased mean thickness of the first few monolayers. Series 3 exhibitsa negative point of intersection of dFe(0) = −2.5 Å. This series has the highest sputteringrate, since it was closer to the sputtering target. Consequently, the Fe atoms deposited withhigher energy on the Cu surface, being mobile enough to arrange themselves as completelayers growing layer by layer. The energy may even have been too high for the Fe atomsto nucleate at the beginning and be resputtered or reevaporated, which could explain thenegative value of dFe(0).
Sample #62 was measured in situ at REFSANS. The Fe layer was sputtered in four stepsand was much thicker than expected from series 1 or 2 (Figure 3.16b), with very similar sputterparameters for Fe. Here, to obtain a very smooth Cu layer, we tried to reduce the pressure forCu sputtering by reducing the Ar flux: this had been successful in test measurements. Evenso, the plasma was unstable and went out after a few seconds, which was probably a resultof a non equilibrated base pressure, although p1 remained constant until the plasma wentout. The plasma had to be restarted three times by increasing the Ar flux. However, the Culayer still grew much smoother than other samples with σCu = 4 Å ± 2 Å, which may havealtered the Fe growth mode and thus the thickness. Nevertheless, the deviation of the Fe rateis large and the result does also not fit to the PNR data, which are presented later (Section3.5). We therefore considered the measurement itself or the fit to be erroneous, although thelatter seemed to be very unambiguous.
All parameters obtained from the fits are summarized in Table 3.4. As well as the Fe sputteringrate, the Cu and Si rates also increased by a factor of 1.3–2.0 for series 3. This was a result
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sample dFe(Å) σFe(Å) dCu(Å) σCu(Å) RCu (Å/s) dSi(Å) σSi RSi (Å/s)
#42-46 6 – 27 4± 1 221± 9 12± 6 1.47± 0.06 231± 8 13± 2 1.54± 0.05#38 22± 4 10± 3 198± 4 10± 5 1.32± 0.03 215± 13 12± 6 1.43± 0.09#62 28± 3 4± 2 431± 5 4± 2 1.31± 0.02 52± 7 12± 7 0.29± 0.04#65-75 0 – 17 12± 2 444± 11 10± 3 1.35± 0.03 177± 4 12± 3 1.18± 0.03
#83 33± 4 12± 9 483± 7 13± 4 2.40± 0.05#91-99 3 – 36 13± 4 469± 4 11± 5 2.34± 0.02 20± 3 11± 6 2.41± 0.31#89 29± 5 14± 5 460± 5 6± 1 2.30± 0.03

Table 3.4: Sample parameters obtained from XRR fits, where d is the thickness, σ the roughness
and R = d/t an estimation for the sputtering rate.

of the decreased sample-target distance and the reduced Ar pressure p1. The Cu and Sirates are estimated by the ratio of the layer thickness and the sputtering time R = d/t . Fora better comparison, the Cu thickness and the Si thickness of Table 3.4 already include theintermediate layer formed on the substrate, probably Cu3Si, and the SiO2 of the first few toplayers, respectively. Note that samples measured in situ at Amor, i.e. #83 and #89, have noSi capping layer.
3.3.3 Out-of-plane XRD

To investigate the structure of the Cu and Fe layer, we recorded typical XRD patterns obtainedby performing 2θ-θ-scans (Section 2.1.1) using our two-circle X-ray diffractometer D5000.Here, the scattering wavevector Q is parallel to the surface normal.
Cu layer. Figure 3.17a shows XRD patterns of samples used for PNR measurements, whichwill be presented in Section 3.5, are compared to the pattern of sample #57, which hasthe thickest Cu thickness of 1294 Å. The absolute intensities are not comparable, owingto different intensities of the primary beam. However, sample #57 shows the most intenseCu(200) Bragg peak at 2θ = 50.49◦. Sample #38, with the thinnest Cu thickness, shows,along with sample #62, the smallest Cu(200) peak. Sample #62 exhibits the additionalBragg peak of Cu(111) at 2θ = 43.32◦, indicating that this sample grew in a polycrystallinestructure. For Cu powder, the Cu(111) Bragg peak is more intense by a factor of 2 than theBragg peak of Cu(200) and the most intense peak at all. Therefore, if the Cu(111) peak is notvisible in the XRD pattern, it is a strong hint that the sample grew epitaxially on the Si(100)substrate with the Cu(200) parallel to the surface plane, as is the case for all samples, except#62, shown in Figure 3.17a. Sample #62 is suspected to have reoxidized after substrateetching, since it was positioned in the evacuated chamber for several days before we couldstart the Fe deposition. The latter was delayed as a result of technical problems.
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Fig. 3.17: (a) Typical diffraction patterns obtained by θ-2θ-scans for Cu grown on Si(100).
Sharp peaks correspond to the Si(100) substrate when measured with a Cu-Kα X-ray source.
A Ni filter attenuates the Kβ wavelength, which still generates Bragg peaks of the substrate
as here for Si(400). If no Cu(111) Bragg peak is visible, epitaxial growth can be assumed. In
contrast, sample #62 grew in a polycrystalline structure exhibiting both Cu peaks. (b) FWHM of
rocking curves carried out at the 2θ value of the Cu(200) peak. The FWHM drops exponentially
with increasing Cu thickness as indicated by the fit (red line) due to lattice relaxation.

The etching time of 5% HF was expected to influence the epitaxy, but in a test series theetching times between 15 s and 3 min did not cause the appearance of the Cu(111) peak, withthe exception of one sample that was etched for 2 min. No etching always resulted in theCu(111) peak. In total, only 3 etched samples out of 37 showed the Cu(111) peak, one ofthem was sample #62. The other two cases cannot be explained and are suspected to be theresult of an error in handling.The small peak of #89 between both Cu peaks belongs to Fe and is discussed below. TheCu(200) peak position of the thinnest sample 2θ = 50.63◦ is at a larger angle than the peakpositions of the other three epitaxial samples of 2θ = 50.52◦, which indicates strain. Thecalculation of the lattice constant parallel to the surface normal from the peak position usingthe Bragg equation results in a = 3.603 Å for sample #38 and a = 3.610 Å ± 0.001 Å forthe other samples. Both values are 0.1–0.3% smaller than the lattice constant of bulk Cu with
a = 3.615 Å. From the Bragg peak’s full width at half maximum (FWHM) in the range of0.37◦–1.12◦ and the peak position θ, the crystallite length along the sample normal can beestimated, as here for example for sample #57 using the Scherrer formula [93]:

L = K · λ
FWHM [rad] · cos(θ) = 1 · 1.541 Å0.37◦π/180◦ · cos(25.26◦) = 264 Å (3.1)

where K is the Scherrer form factor, which is ≈ 1, and λ = 1.5406 Å the Cu Kα wavelengthof the X-ray source. The crystallite size for samples #38 (dCu = 198Å), #89 (dCu = 460Å),and #83 (dCu = 483 Å) can be calculated to be 87 Å, 143 Å, and 133 Å, respectively. Thus,the samples contain crystallites of about 20–45% of the layer thickness, with the smallestcrystallites occuring in the thinnest Cu layer and the largest in the thickest Cu layer.
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3.3 SAMPLE GROWTH AND STRUCTURAL CHARACTERIZATION
Another method of characterizing the quality of the Cu growth is to perform rocking scans(Figure 2.2) at the Bragg angle of Cu(200) at 2θ = 50.49◦. The FWHM of those rockingcurves are plotted as a function of Cu thickness in Figure 3.17b. The FWHM drops from 9.6◦exponentially to 1.8◦ as indicated by the fit (red line), with increasing Cu thickness from 157to 1294 Å, which can be explained by the relaxation of the crystal structure with increasingthickness. Similar observations have been made in [20].
Fe layer. As well as the two Cu peaks, some XRD patterns already show a small additionalpeak corresponding to Fe. The Fe peaks of different patterns can be arranged accordingto two different peak widths. One peak shape has a FWHM smaller than 2.6◦, shown inFigure 3.18a, and the other shape has a FWHM larger than 3.0◦, shown in Figure 3.18b.Additionally, the Fe peaks in both figures are compared to the patterns of sample #97 witha pure Cu layer (black curve) and of sample #53 with a thick Fe layer of 160 Å (dark cyancurve). The Cu(200) peak is more intense than the Fe peak, while no evidence for a Cu(111)peak exists, suggesting epitaxial growth. The Fe peaks of Figure 3.18a are well separatedfrom the Cu(200) peak, while the Fe peaks of Figure 3.18b coalesce with the Cu(200) peak.Two samples were measured at the diffractometer D500 instead of at the D5000, as notedin the legend. Sample #89 was measured at both instruments (Figure 3.18b). The patternmeasured at the D500 shows two clearly separated peaks due to a better angular resolution.Apparently, the peak centers are at larger 2θ values than the Fe peak centers shown inFigure 3.18a. The Fe peaks of series 2 and 3 appear for dFe ≥> 17 Å, consisting of morethan 9 monolayers (ML), while neither sample with dFe ≤ 15 Å of series 2 and 3 show the Fepeak. The XRD patterns of series 1 were measured too fast, exhibiting a bad signal to noiseratio, such that a proper statement about the occurrence of the Fe(110) peak cannot be made.Sample #38, which is similar to series 1, does not show the Fe peak despite a thickness of
dFe = 22 Å. During its in-situ measurement at REFSANS, the pumps of the chamber wereaccidentally shut off after sputtering the third Fe layer. Consequently, the pressure increasedto a value of the order of 1 mbar, which almost certainly led to an oxidized Fe layer. Basedon the discussions in Section 3.1, one would expect the growth of fcc Fe(100) up to the 10thmonolayer for TD and PLD films and up to 16th ML for sputtered films, followed by bccgrowth. Here, all Fe peaks are closer to the bcc Fe(110) peak, which indicates bcc structureand is, together with the observed thickness range, in good agreement with the literature.However, we did not find any indication of an fcc Fe(200) peak in the shape of the Cu(200)peak — neither for the films shown in Figure 3.18 nor for the thinner Fe samples. In contrast,Clemens et al. [68] found the shoulder of the Cu(220) peak increased with increasing Fethickness, indicating fcc growth.These patterns were fitted by a double peak to determine the exact Fe peak positions, plottedas a function of Fe thickness dFe in Figure 3.18c for the patterns of Figure 3.18a (cyansymbols) and for Figure 3.18b (red symbols). The peaks with the smaller FWHM have a peakcenter of 45.45◦ ± 0.32◦, closer to the Fe(110) bulk value (blue dotted horizontal line), withthe peak position shifting towards the bulk value for increasing Fe thickness. This impliesless strain. The peak position at 46.70◦ ± 0.08◦ of the broader peaks does not shift with
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Fig. 3.18: XRD patterns for samples with different Fe thickness (see legend) arranged by Fe
peak width: (a) FWHM of Fe peak < 2.6◦. (b) FWHM of Fe peak > 3.0◦. Both figures also
contain the patterns of #97 and #53 for comparison with no Fe layer and a very thick layer,
respectively. All profiles exhibit an intense Cu(200) peak without the evidence of a Cu(111) peak.
The Fe peaks from (a) are closer to the bcc Fe(110) peak than the Fe peaks from (b). Most of
the XRD patterns were recorded using a D5000, but two samples were (additionally) measured
at a D500 as labeled in the legend. The latter has better angular resolution, and one can even
distinguish the Cu(200) and the Fe peak in (b). Figure (c) summarizes the Fe peak positions vs.
Fe thickness extracted from fits of the patterns of (a) (cyan) and (b) (red), indicating two different
growth modes existing in the same thickness range.

thickness and occurs only in a small thickness range, possibly owing to too fewer data points.The large error bar of the sample with dFe = 75Å is due to ambiguous fits.
It is apparent that both Fe peaks evolve in the same range of Fe thickness. Therefore, thereare two different growth modes of bcc Fe(110) on Cu(100), with one growth mode being morestrained than the other. From the mean peak position for both peak shapes using the Braggequation, the lattice constant parallel to the surface normal can be calculated. This resultsin a = 2.819 Å± 0.019 Å for the shapes with a FWHM < 2.6◦ and in a = 2.749 Å± 0.005 Åfor the shapes with a FWHM > 3◦. Compared to the bulk value of a = 2.886 Å, the lattice
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3.3 SAMPLE GROWTH AND STRUCTURAL CHARACTERIZATION
constant is reduced by 2.3% and 5.0%, respectively.
3.3.4 Off-surface XRD

Although we see strong indication for epitaxial growth in the out-of-plane configuration, wherethe scattering vector Q is parallel to the surface normal n and to the Cu<100>, we provedthe epitaxy by performing so-called off-surface XRD measurements (Section 2.1.1) on sample#89 and #38 at a four-axis diffractometer. Here, the sample is aligned using the additionalaxis χ and φ such that Q is perpendicular to any sample plane instead of to the surfaceplane. For χ = 0◦, we measured in the out-of-plane configuration, while for χ 6= 0◦, wemeasured in the off-surface configuration. χ denotes the angle relative to the surface plane,while φ rotates around the surface normal (Figure 2.3). In the off-surface case, the axis ofrotation of φ is not parallel to Q. In cubic lattices, most of the planes exhibit a fourfoldrotational symmetry with respect to the surface normal. Thus, φ can be used to align differentequivalent planes.
Sample #89. Figure 3.19a compares the out-of-plane θ-2θ-scan (χ = 0◦) from Figure 3.17awith an off-surface θ-2θ-scan (χ = 54.74◦) for sample #89 measured with the D500 in thelower and upper panel, respectively. The latter was aligned such that Q is perpendicularto the Cu(111) planes, i.e. Q || Cu<111>. Consequently, the Cu(111) peak appears inthe off-surface measurement, together with a Fe Bragg peak that could be interpreted asthe Fe(110) peak. The residual peaks originate from the brass sample holder, which wasreplaced by a plexiglas holder immediately after this measurement to remove the disturbingbrass peaks. The Fe(110) peaks of both scans appear at slightly different positions with2θ = 45.90◦ ± 0.07◦ for χ = 0◦ and with 2θ = 45.00◦ ± 0.05◦ for χ = 54.74◦. The latticeconstants can be calculated to be 2.794 Å±0.005 Å and 2.847 Å±0.003 Å, respectively, beingreduced by 2.5% and 0.7% when compared to bulk bcc Fe. This result is higly questionable,since one would have expected from the Poisson ratio [94], that the lattice should be expandedin one direction when compressed in the other. Clemens et al. [68] also found a compressionof the (200) and (110) off-surface lattice parameters of 2.80–2.86 Å for the Bain orientation,while the Pitsch orientation resulted in an expansion of the lattice. Further, according to thecomparison of both measurements, the Fe(110) planes subtend an angle of χ ≈ 55◦ with thesurface plane instead of χ = 60◦, the expected value for a cubic lattice. Moreover, the Fe(110)peak corresponding to the Bain orientation should have been observed with χ = 45◦, sinceit would grow parallel to the Cu(100) surface.To check this behavior, we performed χ-scans at the peak positions. These are plotted inFigure 3.19b for the Fe(110) peak that appeared in the out-of-plane measurement (lowerpanel) and for the Fe(110) peak that appeared in the off-surface measurement (upper panel)compared to χ-scan of the Cu(111) peak. The χ-scan of the Fe(110) peak corresponding to theout-of-plane measurement was measured at 2θ = 45◦ by mistake and thus 0.9◦ from the peakcenter. However, the intensity was high enough, revealing a maximum at χ = 0◦±0.2◦, while
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Fig. 3.19: X-ray diffraction of sample #89 measured at the D500: (a) θ-2θ-scan with
Q || n || Si<400> (lower panel) and Q || Cu<111> for φ = 45◦ (upper panel). (b) χ-scans of
the Fe(110) peaks for (a) the out-of-plane peak (lower panel) and for the off-surface peak (upper
panel), which is compared to the χ-scan of Cu(111). The latter peak was mapped for several
χ and 2θ-values and is shown as 3D plot in (c). (d) φ-scans, i.e. a 360◦ rotation around the
surface normal, when Q is perpendicular to Cu(111), Si(111), and Fe(110) but not perpendicular
to the surface and hence not parallel to the axis of rotation. Every 90◦, a plane is rotated into
the Bragg condition.

the off-surface (110) peak has a maximum at χ = 56.2◦±0.2◦. According to this determination,the Fe(110) planes subtend an angle of 56.2◦±0.4◦, which is still ≈ 4◦ smaller than expectedfor a cubic lattice. The corresponding angle in a tetragonal lattice can be calculated to 86◦using a formula in [95] together with the measured lattice constants a and c of the off-surfaceand out-of-plane measurement. This is even farther from the measured value. Therefore, westill regard the Fe lattice as being cubic.
Note that the angle between (100) and (111) cubic planes is 54.7◦ and therefore close tothe observed value of 56.2◦. Since the (111) peaks are forbidden for a bcc lattice, this wouldimply the growth of fcc Fe(200) as surface plane, with the corresponding peak hidden in theCu(200) peak. The peak appearing at 2θ = 45◦ and χ = 56.2◦ could be attributed to the
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3.3 SAMPLE GROWTH AND STRUCTURAL CHARACTERIZATION
fcc Fe(111) peak, which, for an unstrained structure, is expected to occur at 2θ = 42.9◦. Thestrained lattice constant can be calculated with 2θ = 45◦ to 3.4827 Å, which is 4% less thanfor unstrained fcc Fe. The out-of-plane Fe peak is likely the bcc Fe(110) peak, since it isexpected that fcc Fe(200) grows cube on cube on Cu and not with a different lattice constant.This would suggest that both structures coexist, as was observed in [68] for sputtered films(Section 3.1.4)A final interpretation of the off-surface data as strained fcc Fe or bcc Fe is difficult. Bothcorresponding lattice constants would be compressed perpendicular to the film, but by 4%and only 0.7%, respectively. Although this suggests a bcc structure, the bcc lattice wouldbe compressed in plane and out of plane changing the Poisson ratio. Further, ∆χ accordsbetter to the fcc structure, being only 1.5◦ off, than to the bcc structure, being 5.2◦ off. In thefollowing, I will refer to the peak as a bcc Fe(110) peak.The Cu(111) peak has its maximum at χ = 55.3◦ ± 0.05◦, which is the angle subtended bythe Cu(200) and Cu(111) planes. This is a little in excess of the expected value of χ = 54.74◦.However, χ = 0◦ was determined by finding the maximum of the Si(400) peak, and no χ-scanwas measured on the Cu(200) peak. By scanning χ and 2θ, the peak shape can be mappedas plotted in 3D in Figure 3.19c for the Cu(111) peak. The peak appears to be very symmetricin both angular directions.Note that the Si(111) peak does not appear in the upper panel of Figure 3.19a, as the Cugrows at a 45◦ rotation to the Si substrate. To check this rotation, as well as the crystallinityof Fe and Cu, we performed φ-scans of the same sample (Figure 3.19d). In these scans, wealigned the sample to the corresponding θ, 2θ and χ values of a specific plane and rotatedthe sample around the surface normal by ∆φ = 360◦. As Cu and Si have a cubic lattice,the (111) planes possess fourfold rotational symmetry in respect to {100} directions, so onecan expect a peak every 90◦ for a single crystal. Indeed, the 90◦ symmetry is observed inFigure 3.19d, with χ = 35.26◦ at 2θ = 28.5◦ for Si(111), as well as with χ = 54.74◦ at2θ = 43.35◦ for Cu(111) and at 2θ = 45.0◦ for Fe(110). The latter was rotated around theFe surface normal <110>. There are no other peaks in between, thus we regard the Cuas monocrystalline. As expected, the Cu(111) peaks and the Si(111) peaks are separated by45◦. The φ-scan of Fe(110) also shows peaks only every 90◦. This again suggests epitaxialgrowth.
Sample #38. Thomas Mairoser (Universität Augsburg) performed similar measurements onsample #38, which is suspected to have a pure Fe layer as well as an oxidized Fe layer. Inthe φ-scan of Figure 3.20a, this sample also shows Cu(111) peaks separated by 45◦ from theSi(111) peaks and by 90◦ relative to each other, indicating monocrystallinity.Mairoser also recorded pole figures by scanning χ and φ, as shown in Figure 3.20b for2θ = 82.34◦ aligned for the bulk value of bcc Fe(221). As well as a peak at χ = 0◦,four peaks separated by ∆φ = 90◦ and at χ = 38.3◦ ± 1.0◦ appear. This is far from theexpected value of χ = 30◦ with the bcc Fe(110) as surface plane. Notably, the peaks exhibit
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Fig. 3.20: X-ray diffraction of sample #38 measured by Thomas Mairoser: (a) φ-scans, i.e. a
360◦ rotation around the surface normal, when Q is perpendicular to Cu(111) and Si(111), but
not perpendicular to the surface. Thus, Q is not parallel to the axis of rotation. Every 90◦ the
specific plane is rotated into the Bragg condition. (b) Pole figure aligned for bulk bcc Fe(221)
with 2θ = 82.34◦ recorded by scanning 0◦ < χ < 90◦ and φ by 360◦.

symmetrically bent wings of less intensity with local maxima at χ = 61◦ ± 3◦ separatedby ∆φ ≈ 19◦. This is reminiscent of the Pitsch orientation, with the two lateral peaks oneach side of the bcc Fe(211) peak separated by ∆φ = 19.5◦ [55] (Section 3.1.2). Howeverthe χ-values of the main peaks and of the wings do not correspond to any expected bulkvalues. In addition, the fcc Fe peaks (311) and (220) separated from the Fe(211) peak by only∆2θ = 6.6◦ and ∆2θ = 9◦, do not subtend similar χ angles with the fcc Fe(100) surface. Theinterpretation of the pole figure is limited, since it was not performed at the maxima 2θ-valuebut at the bulk value. The peaks may originate from the oxidized Fe layer. The peak at
χ = 0◦ probably corresponds to the intensity of the flanks of the very intense Si(400) peak.To investigate the appearance of the Fe(110) peak at χ 6= 0 as shown for #89 in Figure3.19a in the upper panel, a pole figure was recorded by Thomas Mairoser, shown in Figure3.21a. Here, the sample was aligned to the bulk value of Fe(110) 2θ = 44.68◦. Remember,this sample did not show a Fe peak in the out-of-plane diffraction pattern, as Fe oxidationprobably resulted in a reduced thickness of pure Fe. However, this pole figure reveals fourpeaks separated by ∆φ = 90◦, which, with χ = 18.7◦±1.0◦, are very close to the out-of-planedirection. Additionally, four peaks appear with χ = 55.5◦, very close to χ = 56.2◦ observedin Figure 3.19a for sample #89. Here, the Fe(110) peaks are separated by ∆χ ≈ 37◦, farfrom the expected value of 60◦, indicating the coexistence of two different structures. Thepeaks at χ = 18.7◦ ± 1.0◦ would then correspond to fcc Fe(100) and the peaks at χ = 55.5◦to the bcc Fe(110). However, in this case, assuming a correct alignment of the diffractometer,the fcc Fe(100) planes are not parallel to the surface. This is surprising, as we would expectparallel growth to Cu(100). If bcc Fe had grown in the Pitsch orientation, we would haveobserved side peaks similar to the (211) φ-scan. Again, we cannot exclude any contributionof the oxidized Fe layer. Moreover, as the scans were performed at the bulk 2θ-values, the
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Fig. 3.21: (a) Pole figure of Fe(110) of sample #38 with 2θ = 44.68◦ recorded by scanning0◦ < χ < 90◦ and φ by 360◦. (b) φ-scans of Fe(110) of sample #89, i.e. again a 360◦ rotation
around the surface normal, but here with Q parallel to the surface, where a constant peak
intensity is expected. However, two peaks appear with ∆φ = 196◦ ± 3◦.

possibilities for a non ambiguous interpretation are limited.Unfortunately, we did not record a similar pole figure for sample #89. However, we performeda φ-scan at χ = 0◦ for the out-of-plane Fe(110) peak of #89 (Figure 3.21b) and surprisinglyfound an oscillation of intensity. This means that the axis of φ-rotation was not exactlyparallel to the surface normal, revealing an 196◦ ± 3◦ asymmetry. As discussed above, thosepeaks could have the same origin as the peaks at χ = 18.7◦ ± 1.0◦ of the Fe(110) φ-scanof sample #38 (Figure 3.21a). However, the peaks in the φ-scan of #89 are separated by∆φ = 196◦ ± 3◦ while the peaks in the φ-scan of #38 are separated by φ = 90◦. This,together with the occurrence at different χ-values, indicates two different growth modes ofFe, if we assume that the oxidized Fe layer grew amorphously and does not contribute tothe off-surface XRD peaks. Two growth modes have already been suggested from the pureout-of-plane XRD measurements. However, the growth modes identified by the off-surfaceand out-of-plane measurements cannot be correlated at this point. Note that mapping thereciprocal space by scanning the three angles 2θ, φ, and χ is very time-consuming. One polefigure, for example, took 57 h.
3.3.5 TEM

TEM images of the sample #38’s cross-section were recorded by Fritz Philipp (Max PlanckInstitute for Intelligent Systems, Center for Electron Microscopy, Stuttgart). To apply thismethod, the sample has to be thinned to allow transparency for electrons. First, the samplesurface was glued to a substrate to protect the surface during the preparation process. Then,the sample was sawed to obtain a small piece, which was mechanically thinned by grindingand subsequently milled by a FIB. An overview image at the lowest magnification can be
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Fig. 3.22: TEM images taken by Fritz Phillipp (MPI Stuttgart) of a cross-section of sample
#38 with an overview image in (a) and recorded at higher magnifications in (b) and (c). The Fe
layer cannot be distinguished from the Cu layer or the Si capping.

seen in Figure 3.22a showing the sample cross-section, with the Si(100) as substrate (black),the Cu layer (textured layer) and the Si capping layer (dark gray). The Cu layer has manydefects and appears to be almost polycrystalline, with a grain size of about the Cu thickness.However, the Cu(200) planes of each grain are always parallel to the Si(100) surface, whileSi<110> || Cu<100> holds for the in-plane direction. The latter relation was also observede.g. in [74] and is also in good agreement with our XRD φ-scan showing Cu growing at45◦ rotation to the Si substrate. To observe the Fe or FeO layer, or a bilayer consistingof both materials with a total thickness of 22 Å ± 4 Å, the magnification was increased, asshown in Figures 3.22b and c. Different shades of gray within one layer are due to differentsample thicknesses resulting from sample preparation. The thicknesses of Cu and Si fit verywell to the thicknesses determined by XRR of dCu = 198Å ± 4 Å and dSi = 215 Å ± 13 Å.In addition, the Cu roughness fit to the roughness determined by XRR of σCu = 10Å ± 3 Åcorresponding to 5.5 ML Cu. However, no additional structure between the Cu layer and theSi capping is visible. For bcc Fe, Fritz Phillipp expected a strongly distorted non-quadraticunit cell containing dislocations. Instead, he found a pure projection of an fcc lattice along<100> with a quadratic unit cell up to the very last crystal plane indicating the growth of fccFe. However, XRD measurements (Section 3.3.4) cannot be interpreted as being ambiguous.They are more likely to indicate bcc Fe or at least a coexistence of fcc and bcc.
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3.3.6 XANES
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Fig. 3.23: XANES spectra measured
and fitted by J. Jutimoosik and R.
Yimnirun (Suranaree University of Technol-
ogy, Nakhon Ratchasima, Thailand) of sam-
ple series 1 and compared to FeO, fcc Fe,
and bcc Fe. A zoom of the spectra of series
1 is plotted for a direct comparison in the
inset.

X-ray absorption near edge structure (XANES)spectroscopy was performed and fitted by Jaru Ju-timoosik and Rattikorn Yimnirun (Suranaree Uni-versity of Technology, Nakhon Ratchasima, Thai-land) at the Synchrotron Light Research Institute(SLRI) in Thailand on Cu/Fe samples of series 1.The X-ray energy was scanned near the Fe K-edge energy from 7.1 keV to 7.2 keV. When the en-ergy is high enough, the photon can be absorbedinto the Fe K-shell followed by the emission ofa photoelectron, which results in the strong in-crease of the X-ray absorbance at a critical en-ergy, i.e. the K-edge (Figure 3.23). Since theX-ray energy in a XANES measurement is onlysome tens of eV higher than the K-level energy,the photoelectrons are slow enough to performmultiple scattering with the neighbor atoms. Mul-tiple scattering resonances appear as peaks in theXANES spectrum. These are therefore a finger-print of the local environment of the atom. Forthis reason, the XANES spectra of bcc and fccFe are different, as shown in the lower two cal-culated curves of Figure 3.23. The bcc Fe spec-trum has one sharp peak directly after the K-edgeat 7131 eV. Around that energy, the Fe fcc spec-trum has a double peak and an additional peak at7159 eV. The spectrum of the bcc Fe foil has lesspronounced peaks, but still shows the character-istic peak at 7131 eV. Both values are marked viaa vertical dotted line for comparison with otherspectra. The spectra of sample #42–45 and of#38 are fitted using a composition of both the fccand bcc spectra together with the spectra fromFeO, as the Fe layer of #38 is suspected to beoxidized. The fits are drawn as thick solid lines.Indeed, sample #38 looks distinctly different fromthe other samples, but similar to the spectrumof FeO. Both spectra have an even more pro-nounced and broader peak at 7131 eV than thebcc Fe spectrum, followed by a second smaller
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peak around 7143–7146 eV and another very broad peak at 7174–7177 eV. This sample wasfitted to contain 64% of FeO and 36% of bcc Fe. As it can be seen from the inset, the spectraof the two thinnest samples #46 and #42 with dFe = 3 Å and 6 Å are very similar and aredifferent from the spectra of samples #43–45 with dFe = 15–20 Å, indicating a structuralchange at a thickness between dFe = 6–15 Å. The amount of bcc Fe was fitted for sample#42 to be 6%, while the samples #43–45 were fitted to be 10–11%. The residual 94% ofsample #42 was fitted to be fcc Fe, while the residual 89–90% of samples #43–45 was eitherfitted to be fcc Fe or a mixture of 5–7% FeO and 83–85% fcc Fe.Both assumptions reveal similar good results. However, we do not expect the formation of FeOfor samples #43–45 of series 1. The high amount of fcc Fe is also in contradiction with theclear bcc Fe structure observed in the out-of-plane XRD measurements of sample series 2 and3. Unfortunately, due to the bad signal to noise ratio of the XRD measurements of series 1,which are not presented in this thesis, we are not able to compare the XRD patterns directlywith the XANES results. It would be interesting to repeat those measurements. Since, thecalculated spectrum of bcc Fe differs strongly from the measured spectrum of the bcc foil, weassume that the calculated fcc spetrum also differs from the measured fcc spectrum. Further,the spectra of a stressed film may probably deviate from the spectra of a relaxed fcc and bccstructure used for fitting. In contrast, the interpretation of XANES measurements of sputteredpolycrystalline Fe/Cu multilayers found in [69] are very clear, since the spectra reproducethe Cu foil (fcc) and Fe foil (bcc) spectra very well. Therefore, our results of the fits shouldbe handled with care. Nevertheless, this XANES measurement revealed a clear structuralchange between dFe = 6–15 Å, which is visible without fitting, and proved the oxidation ofsample #38.
3.3.7 Summary

In this section, I showed that we can grow epitaxial Cu and Fe layers on Si(100) substrates.The Si(100) substrates were etched with 4–5% HF for 60 s to remove the SiO2 layer andpassivate the surface with covalently bound H atoms. This ensured stability for at leastfor several minutes (Section 3.3.1). Cu(100) was sputtered as a seed layer, followed by Fe,and by Si as a protective capping layer. For this purpose, the sputtering chamber (Section3.2.1) was used, which was specifically designed to perform in-situ neutron reflectometry.We sputtered three sample series, each consisting of samples with different Fe thicknesses,for ex-situ characterization. The third series was sputtered after upgrade 2 (Section 3.2.1).This upgrade comprised the improvement of the base pressure and a new sample position,resulting in an increased sputtering rate by a factor 1.3–2.0. Accompanying upgrade 2 wasthe decision to sputter with a fully open valve position. XRR measurements revealed rates of0.76 Å/s or 0.99 Å/s for the first two sample series and 1.27 Å/s for the third series (Section3.3.2).XRD measurements showed that Cu(100) and Fe grew epitaxially on the Si(100) substrate(Section 3.3.4). The lattice structure of Cu relaxed from dCu = 157Å to dCu = 1294Å
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3.3 SAMPLE GROWTH AND STRUCTURAL CHARACTERIZATION
exponentially, which was evident in the reduction of the FWHM of the rocking curves of theCu(200) peak from ∆θ = 10◦ to ∆θ = 2◦ (Section 3.3.3). The size of the Cu crystallites of
dCu = 198–483 Å was determined to be 20–45% of the Cu thickness.
We observed the growth of bcc Fe(110) parallel to the surface for films with dFe ≥ 17 Å(Section 3.3.3), which is in excellent agreement to Clemens et al. [68] (Section 3.1.4). Thecorresponding Fe peak exhibited either a FWHM< 2.6◦ or FWHM> 3.0◦, with a latticeconstant of (2.819 ± 0.019)Å enlarged by 2.3% and (2.749 ± 0.005)Å enlarged by 5.0%, re-spectively. Sample #89 with dFe = 29Å±4 Å was investigated in more detail by performingoff-surface diffraction scans (Section 3.3.4). Here, we found a peak of epitaxially grown Fe,which can be assigned to either the bcc Fe(110) or the fcc Fe(111) plane. The plane subtendsan angle with the surface plane of ∆χ = 56.2◦. This angle is very close to 54.7◦, which is theexpected angle for a (111) plane with a (100) surface, indicating fcc, compared to 60◦ for a(110) plane with the (110) surface. However, we derived from the 2θ-value that the fcc latticeconstant would be reduced by 4◦, while the bcc lattice constant would be reduced by only0.7◦. Since fcc Fe is expected to grow cube on cube on Cu with a (100) surface (Figure 3.10),it is hard to measure the Fe peak in the out-of-plane direction where it coincides with the Cupeak. If the off-surface Fe peak really corresponds to the fcc structure, than both structurescoexist, as the bcc Fe(110) peak was observed to be out of plane. This would be in very goodagreement with Clemens et al. [68] (Section 3.1.4).
Although no Fe peak was visible in the out-of-plane scan of sample #38 (dFe = 22Å± 4 Å),an off-surface Fe peak was found at very similar χ and 2θ value as for sample #89. Themissing bcc Fe(110) out-of-plane peak could be explained by an FeO layer reducing theeffective Fe thickness, which probably formed during an accidental shut down of the pumps.Pole figures revealed another peak at χ = 18.7◦, which could be attributed to the bcc Fe(110)growing tilted and not parallel to the surface. A contribution of the oxidized Fe layer cannotbe excluded. The interpretation of the pole figure of Fe(211) is even more complicated. Thereare hints at an Fe Pitsch structure (Section 3.1.2), but the χ-values of the peaks cannot beattributed to specific planes. However, both pole figures were recorded at the 2θ values ofbulk bcc Fe, which limits the potential of correct interpretation.
In contrast, TEM images of the very same sample show a pure fcc structure up to the amor-phous Si capping layer, where the Fe structure cannot be distinguished from the Cu or theSi layer (Section 3.3.5). Fits of XANES spectra to this sample reveal that, in contrast to theTEM result, the Fe layer is oxidized by 64%, while 36% is bcc (Section 3.3.6). However, asthe spectrum of the FeO seems to dominate the fit and the spectra of fcc and bcc are moresimilar, it is conceivable that a larger amount of the fcc phase could give an equally good fitresult.
The other samples of sample series 1 investigated by XANES appeared to have 6% bcc for
dFe = 3 Å and dFe = 6 Å and for dFe ≥ 15 Å 10–11% bcc. The residual 94% of the 6 Å Felayer was fitted to be fcc Fe, while the residual 89–90% of layers with dFe ≥ 15 Å was eitherfitted to be fcc Fe or a mixture of 5–7% FeO and 83–85% fcc Fe.
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From the XANES results, one may more likely interpret the XRD results of the off-surfaceFe peaks of sample #89 as fcc peaks. However, note that this sample was sputtered afterupgrade 2, which may have altered the growth conditions. Also the XANES fits may notbe very reliable. Independently of the fits, the spectra clearly changed between 6 and 15 Å,featuring a structural change in this regime. Although, here, the bcc portion increased onlyfrom 6 to 10%, remaining constant until dFe = 22Å±4 Å, the structural trend is in agreementwith the out-of-plane XRD measurement of sample series 2 and 3: the bcc phase was evidentfor dFe ≥ 17 Å.
3.4 Magnetic Characterization

So far, we have investigated the structural properties of sputtered Fe/Cu thin films. FromSection 3.1, we know that those properties correlate strongly with the magnetic properties.With the aim of performing in-situ experiments using PNR to monitor the structural and mag-netic properties simultaneously and during growth, we first performed ex-situ magnetizationmeasurements to gather an idea of the correlation of magnetism and structure. This will serveas a starting point for the understanding of the magnetic characterization performed by PNRpresented in Section 3.5.I will present the SQUID measurements of sample series 1 in Section 3.4.1 and the XMCDmeasurements of sample series 3 in Section 3.4.2. These will then be summarized in Section3.4.3 and compared with the polarized neutron-scattering experiments in Section 3.5.5 at theend of this chapter.
3.4.1 SQUID

Some magnetization measurements of sample series 1 performed by Thomas Mairoser (Uni-versität Augsburg) using a SQUID are presented in Figure 3.24. All measurements performedon this series can be found in [77]. The substrate, the sputtered layers and the sample holdercontribute to a diamagnetic signal, which needs to be subtracted to reveal the ferromagneticsignal. The magnetic signal was therefore subtracted by a background measured for sample#32, which consisted of no Fe layer, but of a Cu layer and a Si capping layer.Figures 3.24a and 3.24c show the hysteresis curves at 10 K for the magnetic field aligned outof plane and in plane, respectively. Despite background subtraction most of the curves stillhad an additional diamagnetic slope, which sometimes appeared to be different in differentfield regions. An additional diamagnetic signal can occur as a result of to a small samplemisalignment or a deviation of the substrate signal from the reference sample. To subtractthis additional slope, one has to identify a clear hysteresis loop in the data to distinguishthe diamagnetic from the magnetic signal. The curves of Figure 3.24a are subtracted by
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Fig. 3.24: Magnetization of sample series 1 measured by Thomas Mairoser (Universität Augs-
burg) vs. magnetic field B at 10 K (left) and vs. temperature at 10 mT after FC and ZFC (right).
Measurement of (a) and (b) are performed with the magnetic field aligned out of plane, while
the curves of (c) and (d) are measured in an in-plane field. (adopted from [77])

an additional diamagnetic signal, such that the saturation magnetization remains constantdirectly after closure of the hysteresis loop and at least for some tens of mT. The saturationcoincides with the measurement for an in-plane field, indicating correct data treatment. Thesaturation magnetization can be estimated to be 0.9± 0.1µB/Fe for all curves. This is muchlower than the bulk value of bcc Fe of 2.2µB/Fe, which may be due to island growth or amixture of fcc and bcc structures, as discussed in Section 3.1.
The thinnest Fe layer of sample #46 is either non-magnetic, showing just an additionaldiamagnetic background, or superparamagnetic, showing a remagnetization process of inde-pendent domains, i.e. islands. The next thinnest layer of sample #42, with dFe = 6Å, alreadyhas a clear hysteresis loop for both field configurations. Here, the in-plane hysteresis hasa much smaller coercive field of Hc = 9.2 mT±0.3 mT, indicating an easy plane comparedto the out-of-plane hysteresis with Hc = 19 mT±2 mT, indicating the hard axis. Sample#43 with dFe = 15 Å shows a similar coercive field in an out-of-plane field but has a muchlarger saturation field of Hs ≈ 100 mT (not shown), compared to #42 with Hs = 50mT . The
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hysteresis of samples #44 and #45 in an in-plane field is very similar to the hysteresis of#42, with a saturation magnetization of (0.8±0.1)µB/Fe at Hs = 20 mT±2 mT. Marco Halderconducted a similar measurement of a very thick amorphous Fe layer of 640 Å at the VSM.Here, we determined Hc = 5.9 mT and Hs = 7.2 mT. Both values are even smaller than thevalues of sample series 1 indicating that the thicker the Fe layer, the more easily Fe can bemagnetized along an in-plane direction. This can be also seen in Figure 3.24c, where thethickest Fe layer (#45) has the smallest coercive fields.The missing data of samples #44 and #45 in an out-of-plane field and #43 in the in-planefield did not show a clear ferromagnetic signal. These Fe films cannot be magnetized alongthe corresponding direction or have a superparamagnetic magnetization curve with no or verylittle hysteresis [96] that is hard to distinguish from any diamagnetic contribution. Anotherexplanation may be the growth of non-magnetic fcc Fe or a sample misalignment during themeasurement.The magnetization measurements as a function of temperature are compared after zero-fieldcooling (ZFC) and field cooling (FC) for the 6 Å film in 10 mT aligned out of plane (Figure3.24b) and for the 20 Å film in 10 mT aligned in plane (Figure 3.24d). The figures showthe superparamagnetic blocking temperature TB , which is defined as the temperature of thefirst coincidence of both curves, with TB = 46 ± 2 K for #42 in an out-of-plane field and
TB = 95 ± 4 K for #45 in an in-plane field. The occurrence of TB 6= 0 is evidence ofsuperparamagnetism, indicating that both films are discontinuous, probably growing as islands[77]. For T < TB , the net magnetization after ZFC is much smaller than after FC. This indicatesthat the domains associated with the islands are not correlated: After ZFC, the magnetizationof the domains was frozen randomly in the zero field, with the thermal energy too low to alignall the spins parallel to the field [97]. By increasing the temperature, the thermal fluctuationsincrease, allowing the spins to align along the field, resulting in the increase of magnetization.
Tc can be estimated to be > 330 K for sample #45 and to 230 K±15 K for sample #42 [77],which is the only sample with the evidence for a Tc smaller than room temperature.Thomas Mairoser also investigated the in-situ-measured samples #38 and #62, but did notfind a magnetic signal, although PNR measurements of #62 definitely show a ferromagneticsignal (Section 3.5.2). The PNR measurements of #38 also show a ferromagnetic signalbased on first data interpretations performed by Wolfgang Kreuzpaintner.
3.4.2 XMCD

X-ray magnetic circular dichroism (XMCD) measurements on samples from series 3 wereperformed by Amitesh Paul at the synchrotron BESSY in Berlin. Here, one probes theabsorption of X-rays with energies around the Fe L-edge for left circular (LCP) and rightcircular polarization (RCP) by measuring the total photoelectron yield. The absorption of bothpolarizations depends on the direction of the magnetization. Consequently, the difference in
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Fig. 3.25: (a) Absorption spectra for LCP and RCP of X-rays at the Fe L-edges as a function of
X-ray energy measured for sample #95 at 60 K in a 0.5 T in-plane field. The spectra exhibits
high absorption at the energy of the Fe L3 and Fe L2 edge. (b) Difference of the spectra shown
in (a). The integrated areas (gray) in the difference spectra are indicated as A and B at the Fe
L3 edge and Fe L2 edge, respectively.

absorption between LCP photons and RCP photons reveals the magnetic signal.Figure 3.25a shows two typical absorption spectra as a function of photon energy. Thefirst and second peaks are the Fe L3- and L2-edges for sample #95 at 0.5 T and 60 K. Theabsorption spectra of LCP and RCP are distinctly different. The difference of both spectra, isplotted in Figure 3.25b. The ratio of orbital and spin magnetic moment can be calculated by[98]
ml

ms
= 23 A+ B

A − 2B , (3.2)
where A and B are the areas of the difference spectra, i.e. the XMCD signal, as shown inFigure 3.25b. This quantity is easiest to determine from XMCD, since it is independent ofthe degree of polarization and of the number of d-holes in the material [98]. In contrast, theseparameters are necessary to determine ml and ms, directly.However, since the error bars are huge, resulting in a negative ml/ms for sample #96, andwe are not that interested in the ml/ms value anyway, it is sufficient to determine the areasA and B as a evidence for ferromagnetism. Figure 3.26 shows the absolute values of theareas A and B for sample #96, #95 and #92 with Fe thickness of 3 Å ± 3 Å, 6 Å ± 4 Å and30 Å ± 7 Å. Note, the area A is positive and the area B is negative. A (open symbols) andB (filled symbols) are plotted as a function of temperature for an in-plane and an out-of-plane field of 0.5 T. Both areas are non-zero at low temperature for all three samples for thein-plane field as well as for the out-of-plane field, which is evidence for a magnetization inboth directions. The areas decrease towards zero at 300 K for the two thinnest Fe layers of3 and 6 Å, indicating Tc < RT. In contrast, sample #92 with a Fe thickness of 30 Å showsalmost constant areas as a function of temperature. This sample has therefore a Tc > RT.
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Fig. 3.26: Area A and B of the difference spectra (shown in Figure 3.25b) as a function of
temperature with an in-plane and out-of-plane field of 0.5 T for three samples of series 3: (a)
#96, (b) #95, and (c) #92.

A Tc smaller RT has been determined for a 6 Å sample by SQUID measurements of sampleseries 1, too, and a 20 Å sample exhibited a Tc larger than RT.
3.4.3 Summary

From the SQUID measurements of sample series 1 presented in Section 3.4.1, we found aregion ranging from at least 6 to 15 Å, where the Fe layer could be magnetized in plane aswell as out of plane. The latter was the hard axis. Therefore, this region is reminiscent ofthe intermediate phase for the PLD-grown films of between 5 and 7 ML (Section 3.1.4).The in-plane hysteresis loops for Fe layers with 6–20 Å were very similar, with a saturationmagnetization of (0.8 ± 0.1)µB/Fe for H > 20 mT. Compared to the bulk bcc Fe value of2.2µB/Fe, the observed magnetization was reduced by almost a factor of 3, which indicatesthe existence of a large portion of fcc Fe as was suggested from XANES (Section 3.3.6)performed on the same sample series. From these data, we also determined a structural
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change between 6 Å and 15 Å. The hysteresis loops of both samples were also different inan out-of-plane field: the thinner Fe layer was much harder to magnetize in this directionthan the thicker Fe layer. Sample series 2 and 3 may have different structural and magneticproperties. From the very pronounced out-of-plane bcc Fe peak observed in XRD (Section3.3.3), we would have expected a magnetic moment similar to that of bulk.
Magnetization measurements as a function of temperature compared after FC and ZFC re-vealed a blocking temperature of 45–100 K for a 6 and a 20 Å Fe film, which is a fingerprintof superparamagnetism, indicating the films to be discontinuous. From the measurements, wedetermined Tc ≈ 230 K < RT for the 6 Å film. This was confirmed by XMCD measurementsin Section 3.4.2, where a 3 and 6 Å Fe film exhibited Tc < RT. In contrast, a 20 and a 30 ÅFe film had a Tc larger than RT, which was determined by SQUID and XMCD, respectively.

3.5 In-situ Polarized Neutron Reflectometry

As discussed in Section 3.1, the evolution of the magnetic and structural properties of Fedeposited on Cu(100) is very complex and is a function of thickness and growth conditions. Itis therefore of tremendous advantage to monitor these properties directly during growth, sincethen several measurements at different thicknesses can be performed on just one sample withno need for the very time-consuming preparation of several samples with different thicknesses.More importantly, each change in property can be directly attributed to the newly added Felayer ruling out the influence of, e.g. varying properties of substrate or seed layer from sampleto sample, surface oxidation or pollution. Furthermore, every Fe layer can be sputtered at thevery same sputtering conditions, i.e. room temperature, base pressure, or Ar pressure. Thiswas not always feasible for the growth of the sample series introduced in Section 3.3.1 usedfor ex-situ characterizations, thus, excluding a unique interpretation of the data. Therefore,we performed in-situ PNR measurements using our mobile sputtering chamber, which wasinstalled at the neutron beamlines. The basics of PNR were introduced in Section 2.2.2.More special techniques, including the sputtering chamber and the Selene setup realized atthe Amor beamline, are described in Section 3.2.
In this section, I will summarize the in-situ experiments at REFSANS (FRM2, Garching,Germany) and at Amor (PSI, Villigen, Switzerland). I will present the setup of the beamlineREFSANS in Section 3.5.1 followed by the results of the two samples #38 and #62 measured
in-situ at REFSANS in Section 3.5.2. The setup of the beamline Amor is described in Section3.5.3. In Section 3.5.4, the results of the two samples #83 and #89 measured in-situ at Amorwill be discussed. In the final section (Section 3.5.5), the results are summarized and comparedto the results of Section 3.3 as well as to literature.
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3.5.1 Setup and Data Acquisition at REFSANS

To perform polarized neutron reflectometry on Fe thin films during growth, we installed thesputtering chamber at the sample position of the horizontal reflectometer REFSANS at FRM2in February 2012 and August 2012. Sample #38 and #62 were grown during the first andsecond beamtime, respectively. In the following section, I will present the setup used atREFSANS and introduce the sputtering and data acquisition process.
Setup. The neutrons are transported from the moderator to the instrument via the neutronguide NL 2b (Figure 3.27). REFSANS is operated in the TOF mode. Inside the neutronguide, the wavelength band of typically 2–14 Å and the wavelength resolution (1% for sample#62 and 5% for sample #38) is selected by the number of revolutions per second and theposition of the master (MC) and slave chopper (SC). The neutrons leave the evacuated neutronguide, pass the polarizer and the spin flipper. In the first beamtime we used a 3He cell asa polarizer, the polarization of which can be flipped. In the second beamtime, we used apolarizing supermirror as polarizer in combination with an RF spin flipper. The polarizedneutrons enter the chamber through the entrance window, which is additionally shielded witha Cd foil to define the beam laterally. The divergence of the beam is confined vertically bythe slits B1 inside the neutron guide and B2 at the end of the neutron guide, as well as bythe internal slits of the sputtering chamber B3 directly in front of the sample. Additionally,B2, the Cd foil, B3 and B4 was used to reduce the background. The total path from thepolarizer to the sample is supported by magnetic guide fields to prevent depolarization of theneutrons, which are realized by external as well as internal iron yokes. The sample itself was
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B1 B2 B3 B4 

NL 2b neutron guide 

sputtering 

chamber 
polarizer 

& flipper 

SC MC 

guide field sample 

12 m 8.6 m 1.5 m 

REFSANS (side view) 

Fig. 3.27: Diagram of the setup at REFSANS as a side view. From the NL 2b neutron guide,
the neutron beam passes the slave (SC) and the master chopper (MC). Afterwards the neutrons
pass through the slits B1 and B2, the polarizer, and the flipper to enter the chamber. The
neutron beam is defined by the internal slits B3 and is reflected from the sample. Yokes provide
the polarization from the polarizer to the sample. The neutron beam exits the chamber again,
passes the slit B4 and is detected by the detector. The neutron guide and the detector vessel
are evacuated to reduce diffuse scattering. θ is determined by the sample tilt, while 2θ is
determined by lifting the total detector vessel.
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magnetized by applying a current of 12–22 A to the Helmholtz coils, giving rise to a magneticfield of 29 mT. After the beam is reflected by the sample, it exits the chamber through the exitwindow. The external slits B4, moving vertically and mounted on the chamber frame directlyafter the exit window, can block the direct beam. The neutrons enter the evacuated detectorvessel and fly to the 2D (500 x 500) mm2 multiwire 3He detector [99], which can be positionedat between 2 and 12 m to change the angular and the wavelength resolution. The angle ofincidence θ is controlled by the sample table of the sputtering chamber, while 2θ can bechanged by lifting the whole detector vessel.Figure 3.28 shows photos of the beamline with the sputtering chamber installed. The lefthandphoto looks towards the neutron source. The neutron beam exists the green wall on the left,is defined by the slit B2 and passes the He3 polarizer before it enters the sputtering chamber(center). The neutron beam is reflected from the sample surface and exits the chamber again.The beam passes slit B4 and arrives at the detector vessel on the right. The righthand photoshows a view towards the detector. The polarizer is visible in the foreground, followed by thechamber and the detector vessel. The red crane in the back, can lift the total detector vesselto align 2θ. The gas rack is positioned close to the chamber.
Sputtering process. We performed similar measurements during two beamtimes, growingsample #38 and sample #62, respectively. The Cu(100)/Fe samples were prepared as dis-cussed in Section 3.3.1 with the sputter procedure and conditions summarized in Table 3.2,where the Fe layer was sputtered in several steps. The thickness of each layer is controlledvia the opening time of the sample shutter.

detector vessel 

gas rack 

sputtering  

chamber 
3He cell 
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3He cell 

B2 

B4 

Fig. 3.28: Photos of the sputtering chamber installed at REFSANS in February 2012. Left:
view towards the neutron source, where neutrons exit the green wall, pass the slit B2 and the3He polarizer. They enter the sputtering chamber, are reflected by the sample surface, exit the
chamber again, pass the external slit B4 and enter the detector vessel. Right: view along the
detector vessel towards the detector. The gas rack is positioned next to the sputtering chamber.
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Sample #38 Sample #62angle timeno pol timepol angle timeno pol timepol0.125 ◦ 7 min 0.5 h 0.35 ◦ 0.5 h 0.5 h0.25 ◦ 13 min 1 h 7 min 0.80 ◦ 1.5 h 2.5 h0.60 ◦ 1 h 5 h 2.20 ◦ 2.5 h 5 h1.40 ◦ 9 h 20 htotal time: 10 h 20 min 26 h 37 min 4.5 h 8 h

Table 3.5: Summary of the angles of incidence used together with the measurement times per
spin state for the non-polarized and polarized reflectivity curves for sample #38 in February
2012 and for sample #62 in August 2012. The total time denotes the measurement time per
spin state and layer.

Although the wavelength resolution was with 5% five times lower, the reflectivity curve ofsample #38 had to be measured for 2.3 times as long as sample #62. This was due tohigher diffuse background as well as greater substrate roughness. In contrast, for sample#62 we used the new sample table (Section 3.2.1), which was expected to produce lessdiffuse scattering as well as a new Si substrate from a different company, which proved tohave much less roughness (Section 3.3.1). Further, we sputtered Cu at a lower Ar pressure,which reduced the Cu roughness by a factor of 2.5 compared to sample #38 (Table 3.4).
Data Acquisition. Owing to the broad wavelength distribution, a broad Qz-range is simul-taneously recorded for one angle of incidence. However, to obtain a wide Qz-range up to0.12 Å−1, we measured the reflectivity at three to four incident angles. The slit openings wereoptimized for each angle to limit the exposure to the sample area reducing diffuse scattering.The angles used and their corresponding measurement times are summarized in Table 3.5.The measurements for each angular setting were normalized by a subsequent measurementof the direct beam, which was performed for sample #38 with the detector at 2θ = 0◦, and forsample #62 for the same angles as the measurement itself. Figure 3.29a shows the spectrumversus wavelength of a measurement of sample #62 at θ = 1.4◦ compared to the spectrumof the direct beam. The spectrum of the measurement was divided by the spectrum of thedirect beam for normalization, as shown in 3.29b. The small dip in the direct beam spectrumat λ = 4Å is a result of Bragg scattering of the neutrons by the aluminum entrance windowof the detector [77]. The wavelength of the detected neutrons was determined by their time offlight from the chopper to the detector. The plotted spectra are already ballistically correctedfor the effect of gravity on the neutron’s flight path [77]. The reflectivity curve was obtainedby converting λ into Qz , using Bragg’s law Qz = 4π/λ · sin(θ). The different parts of eachangle θ were combined into one reflectivity curve using different scaling factors to ensure thatthe overlapping regions coincide. The combined reflectivity curve was then normalized to theintensity of the total reflection. The reflectivity curves, polarized or unpolarized, were fittedusing Parratt32 [17] or SimulReflec [19]. More details about PNR can be found in Section2.2.2.
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Fig. 3.29: Reflectivity measurement for an angle of incidence θ = 1.4◦ of sample #62 after Cu
deposition. (a) Spectrum of the direct beam compared to the spectrum of the reflectivity of the
sample as a function of wavelength. The latter is normalized by the spectrum of the direct beam
in (b). (c) The reflectivity curve is obtained by converting R (λ) into R (Qz). At θ = 1.4◦ only a
part of the reflectivity curve is measured.

3.5.2 Results from REFSANS

So far, I introduced the setup at REFSANS and the data acquisition process in the previouschapter, I will now present the results of sample #38 and #62 measured in-situ duringgrowth. We carried out polarized and unpolarized measurements before Fe deposition andafter each deposition step of Fe. Here, I will present and compare the unpolarized as well asthe polarized reflectometry data of both sample. These are compared to post growth X-raydata.
Unpolarized Measurement. The unpolarized reflectivity curves as a function of Qz recordedafter each step of sputtering of 2–5 s are plotted with offsets for sample #38 in Figure 3.30aand for sample #62 in Figure 3.30b. As expected, the increasing layer thickness results in anarrowing of the Kiessig fringes. Since a high amount of Kiessig fringes makes fitting easier,we increased the Cu thickness for sample #62, which can be seen in the closer Kiessigfringes of sample #62 with dCu = 431Å±5 Å compared to dCu = 198Å±4 Å of sample #38.
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Fig. 3.30: Unpolarized neutron reflectivity measurements recorded in situ during growth at
REFSANS at FRM2 (a) for sample #38 and (b) for sample #62. Fits are represented by solid
lines and data by symbols. The Fe thickness increases from bottom to top sputtered in steps of
2–5 s sputtering time (see legend), corresponding to 2.5–7.5 Å per step.

This, together with the huge influence of the reduced substrate and Cu roughness of sample#62, can be also seen in Figure 3.31a, which compares the XRR curves of both samplesmeasured ex-situ after the reflectivity measurements at REFSANS. Note that after the lastneutron measurement, both samples were coated with a protective Si layer before they wereremoved from the sputtering chamber. Here, the reflectivity of sample #38 drops much fasterthan that of sample #62. The very pronounced long oscillation with two maxima visible inthe reflectivity of sample #62 corresponds to the Si layer, which is four times thinner thanthat of sample #38.
Note that sample #62 was proved to consist of polycrystalline Cu: the etched substrate wasput inside the evacuated chamber several days before we were able start the Cu deposition.We therefore expect the Fe to be polycrystalline, too. Although XRD measurements provedthat the Cu and the Fe of sample #38 grew epitaxially (Section 3.3.4), XANES measurementsrevealed at least one oxidized Fe layer (Section 3.3.6), which is expected to influence themagnetic properties as well. The oxidization occurred, because the pumps to evacuate thechamber were accidentally shut off after the deposition of the third Fe layer, which then wasexposed to a base pressure of 1 mbar.
The reflectivity curves were analyzed by fitting all neutron data as well as the XRR data.The fits (lines) are plotted together with the data (symbols) in Figure 3.30 and 3.31a. Theneutron data of sample #38 have the worst fits, with huge deviations from the data points. Wesuspect that data processing, including some corrections, was not done properly and needsto be reconsidered. However, the data processing is very extensive and, as discussed later,the analysis of the corresponding polarized data is even more challenging due to the use ofthe 3He polarizer. The data treatment of the polarized data was, therefore, not completed andcannot be compared to the unpolarized data anyway. The data and the analysis of sample#62 are of better quality and provide a good study at least of polycrystalline Fe. On these
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grounds, the repetition of the data treatment of sample #38 is of less importance.An exact determination of the thickness of the ultrathin Fe layers is very challenging owing tothe very similar scattering length density (SLD) values of Fe and Cu, possible interdiffusionor intermixing at the interfaces and the formation of discontinuous layers. The results forboth samples are plotted in Figure 3.31b (filled squares) as a function of sputtering timeto determine and compare the sputtering rates. Error bars are estimated from the resultsobtained by different but almost equally good fits. The thickness was fitted by linear slopes
dFe(t) = RFe · t + dFe(0) (lines) and resulted in:#38: dFe = (0.72± 0.10)Å/s · t + (3.2± 1.2)Å#62: dFe = (1.47± 0.20)Å/s · t + (3.2± 1.0)ÅSurprisingly, the Fe rate RFe of sample #62 is twice as high as that of sample #38, whereas
dFe(0) is the same. Polycrystalline Fe is expected to grow with many defects. These mighthave led to an increase in thickness per sputtering step, which appears as increased rate. TheFe rate determined from XRR data of series 1 together with sample #38 (Section 3.3.2) is(0.99± 0.122)Å, slightly larger than determined from the in-situ neutron reflectometry (NR)measurements of sample #38. The thicknesses determined by XRR from the fits of Figure3.31a are indicated as open squares, which are both larger than the value determined fromthe in-situ NR. This can also be seen from the SLD profiles as a function of sample depth
z based on the XRR and NR fits, which are compared in Figure 3.31c for sample #38 andin Figure 3.31d for sample #62. The SLD profiles obtained by NR correspond to the fit ofthe data after the very last Fe deposition. After the deposition of the protective Si cappinglayer, no further neutron data was collected. For this reason, the SLD profiles differ for X-rayand neutrons at the sample depth of the last Fe layer. Note that the SLD is one order ofmagnitude smaller for neutrons than for X-rays. Despite small differences of the SLD atthe interface of sample #62 and the appearance of a thicker Fe layer when measured withX-rays, the profiles obtained by both measurement methods are in good agreement. Thesmall deviations could be due to the different sensitivity for example of the SiO2 layer, theneutron SLD of which can be better distinguished from the neutron Si SLD. The differencein Fe thickness may arise due to the Si capping, as at its interface intermixing may occur.This intermixing layer can probably not be distinguished from the Fe layer. Rather it appearstogether with the pure Fe layer as a thicker Fe layer.
Polarized Measurements. After every unpolarized measurement shown in Figure 3.30, wealso recorded polarized neutron reflectivity (PNR) data. Since the polarization and thetransmission of the 3He cell is a function of time, the analysis of the polarized data of sample#38 was complicated. As a results, and together with additional problems of data treatment,the data analysis by Wolfgang Kreuzpaintner could not be completed. Therefore, I am onlypresenting PNR of sample #62 measured during the second beamtime using a polarizingsupermirror.Towards the end of the beamtime, the cooling water of the beamline became warmer than
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Fig. 3.31: (a) XRR data of sample #38 and #62 as a function of Qz together with fits (black
lines). (b) Fe thickness versus sputtering time determined from the fits to neutron reflectivity
from Figure 3.30 (filled squares), which are fitted by a linear slope (solid line) and compared
to the thickness determined from XRR fits from (a) (open squares). The SLD profiles based on
those fits are plotted as a function of sample depth z in (c) for sample #38 and in (d) for sample
#62. The SLD profile measured with neutrons corresponds to data recorded after the last Fe
deposition. The Fe layer appears thicker for X-rays, which may be due to the additional Si
capping layer, which was sputtered after neutron reflectometry was performed and may form an
intermixing layer.

usual. This resulted in an increase in temperature of the water-cooled Helmholtz coils, whichcut out at 125◦C to prevent outgassing of the casting compound. The coils did indeed cutout during the spin-down measurement of the third Fe layer at the very last angle, affectingonly Qz > 0.1 Å−1. However, because of the high remanence values observed in similarsamples (Section 3.4.1), the sample should not have lost much of its magnetization. For themeasurement of the fourth Fe layer, we had to reduce the current from 22 A=̂ 29 mT to 12 A=̂ 16 mT to ensure a moderate temperature. From SQUID measurements with an in-planemagnetic field presented in Figure 3.24c, we know that the applied magnetic field was atleast larger than the coercive field and only 4 mT smaller than the saturation field. Therefore,
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Fig. 3.32: (a) PNR data of sample #62 recorded during growth at REFSANS (FRM2) with the
Fe thickness increasing from bottom to top in steps of 2 s (layers 1–3) or 5 s (layer 4) sputtering
time, which resulted in a Fe thickness from 5.5 Å ± 1.5 Å to 19.1 Å ± 2 Å. R+ data is indicated
in red, R- data is indicated as blue symbols. The spin splitting increases with increasing Fe
thickness. (b) Magnetic moment (upper panel) and Fe density (lower panel) as a function of
sputtering time and Fe thickness based on the fits plotted in (a).

we do not expect a strong influence on the magnetization, but it cannot be excluded.
A sequence of PNR data of sample #62 is shown in Figure 3.32a with the Fe thicknessincreasing from bottom to top in steps of 2 s (layers 1–3) or 5 s (layer 4) sputtering time,which resulted in an Fe thickness of 5.5 Å ± 1.5 Å to 19.1 Å ± 2 Å. R+ data is indicatedin red and R- data in blue. The spin splitting increases with increasing Fe thickness. Fora quantitative study, the PNR curves were fitted (lines) using SimulReflec [19]. The fitparameters magnetic moment and Fe density are plotted in Figure 3.32b as a function ofsputtering time (lower axis) and Fe thickness (upper axis). Error bars are obtained fromdifferent models, for which during fitting, one parameter was always kept constant at extremevalues that still provided reasonable fits. The magnetic moment (upper panel) rises with Fethickness up to 11.7 Å and remains constant until 19.1 Å at a magnetization of ≈ 1.1 µB/Fe,smaller than the bulk value of 2.2 µB/Fe. This may also be caused by the reduced externalmagnetic field of the last data set. However, the saturation magnetization was determined to(0.8± 0.1)µB/Fe using a SQUID (Section 3.4.1) of similar samples up to dFe = 20Å. This is,within error bars, in agreement to the magnetic moment determined here.
There may be several reasons for the small magnetization of the first two Fe layers. Firstly,we may not have reached the saturated state: this may be due to an in-plane direction ofthe hard axis or to a strong island growth resulting in superparamagnetism. However, bymeasuring a 6 Å Fe layer using a SQUID, we observed a hysteresis, with the easy axislying in plane and a saturation field smaller than the applied magnetic field. Secondly, the
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layers may have been too thin or had too many defects for a magnetic exchange. Thirdly, Femay have grown as a mixture of bcc and non-magnetic fcc, reducing the net magnetization.Fourthly — and most likely — the Curie temperature was smaller than RT for thinner films,as it was measured by SQUID and XMCD for 3-6 Å Fe layers.Since we know that the magnetic properties correlate strongly with the structural properties,studying the Fe density as a function of Fe thickness (lower panel) may provide furtherinsight into the magnetic properties. Here, the density slightly drops from 5.5 to 10.5 Å andrises again, reaching the bulk value of 8.5 Å−3. The tendency of increasing Fe density withthickness may be due to fewer defects and more filled layers as more Fe atoms are deposited.This would also explain the rise in magnetic moment. The outlier of the first Fe layer pointcould be due to a larger portion of fcc Fe, which has a larger density than bcc Fe andmay also be responsible for the low magnetic moment of this layer. However, due to theRT measurement, these conclusions are very speculative. A more detailed discussion with adirect comparison of SQUID and PNR data will be presented in Section 3.5.5.
3.5.3 Setup and Data Acquisition at Amor Using Selene

As introduced in Section 3.2.2, a Selene setup can be utilized to reduce measurement time.This is especially important for in-situ growth studies, in which several and very thin layershave to be measured for a detailed analysis. The monitoring of the evolution of the propertiesshould take place on a similar time scale as the growth. To help achieve this, we installed thesputtering system together with the Selene setup at the horizontal reflectometer Amor at thePaul Scherrer Insitute (PSI) in November 2013. Amor is operated in the TOF mode with abroad wavelength band of 4–14 Å. As a result, and given a divergence of 1.4◦ provided by theSelene setup, we used a high intensity neutron beam and recorded the reflectivity in a verywide Qz-range at only one sample angle. By contrast, at REFSANS we used a collimatedneutron beam, with neutrons of higher divergence simply blocked by the slits. The differenceof both methods was illustrated in Figure 3.13. The corresponding section (Section 3.2.2) alsoprovides a description of the basic concept of a Selene setup. In the following section, I willpresent the setup used at Amor and introduce the sputtering and data acquisition process.
Setup. A diagram of the beamline with the Selene setup including two Montel mirrors andthe chamber installed is shown in Figure 3.33. After the beam exits the neutron guide, thewavelength band is selected by the choppers such that δλ/λ = 5.6%. Afterwards, the beam ispolarized by a polarizing supermirror bent like a logarithmic spiral to provide the same angleof incidence for the entire divergent beam on the polarizing coatings. The neutron polarizationcan be flipped by an RF spin flipper. The image that is focused on the sample is defined bythe slit B1, which is adjusted to the limits of the accepting angles of the reflectors. The beamis then reflected from the first and second Montel mirror before entering the chamber throughthe neutron window. To allow full divergence, the internal slits of the sputtering chamber arenot installed. Guide fields at the Selene reflectors and a yoke inside the chamber maintain
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Fig. 3.33: Schema of the Amor beamline with the Selene optics and the sputtering chamber
installed. Neutrons from the neutron guide pass the choppers, the polarizer, and the flipper. The
slit B1 defines the beam shape, which is imaged on the sample after being reflected from two
elliptic reflectors, i.e. Montel mirrors. Guide fields at the Montel mirrors and inside the chamber
maintain the neutrons’s polarization up to the sample. The neutron beam is reflected from the
sample, exits the chamber and hits the detector. The slits B2, B3, and B4 block not properly
reflected neutrons and reduce diffuse background.

the neutron polarization up to the sample. The chamber is positioned such that the sample islocated in the focal point of the second Montel mirror, resulting in a neutron beam footprintof 2 mm2. The beam is reflected from the sample surface, which is tilted to define the sampleangle θ. Note that, due to the divergent beam, there is a wide range of angles of incidence forone θ. Therfore, we will refer to the angle θ as sample angle instead of angle of incidence.The reflected beam exits the chamber and enters the detector vessel (not depicted in Figure3.33), which is flushed with Ar gas to reduce air scattering. The detector vessel and the 3Hedetector can be lifted to adjust 2θ.The beam displacement produced by the Selene setup is exaggerated in Figure 3.33. In reality,the Selene setup is almost horizontal. Note that the profile of the Montel mirror is L-shaped(Section 3.2.2), additionally focusing the beam also in a perpendicular direction to the paperplane, which causes the same beam displacement in the lateral direction. Unfortunately,the Amor beamline does not allow the detector or any other component to be displacedlaterally. Thus, the beam width has to be reduced by 25% using slit B1, such that the totaldivergent beam after passing the Montel mirrors still hits the detector. A long-term strategyto achieve this additional degree of freedom, i.e. the lateral displacement of components, isbeing developed. There are also plans to replace the neutron guide by one with a largerdivergence, which is expected to enhance the intensity by a factor of 4–5. Both measures will
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Fig. 3.34: Photos of the sputtering chamber installed at Amor in November 2013. Left: view
towards the detector, where neutrons enter the second elliptical Montel mirror (bottom) and the
sputtering chamber, where the beam is reflected from the sample surface, exits the chamber again
and enters the detector vessel. The gas rack is positioned next to the sputtering chamber on the
left. Right: view towards the neutron source.

increase the already high performance of the Amor beamline.
Sputtering process. During the beamtime, we sputtered sample #83 and sample #89. TheCu(100)/Fe samples were prepared as discussed in Section 3.3.1 with the sputter conditionssummarized in Table 3.3. Further details about the sputtering chamber can be found inSection 3.11. In contrast to the REFSANS beamtime, this beamtime took place after theimplementation of upgrade 2, which improved the base pressure and changed the sampleposition, leading to an increase in sputtering rate. Accompanied, we sputtered here with afully open valve position.For sample #83, the Helmholtz coils were installed. These had a small leakage or outgassed,resulting in a poor base pressure of 1 · 10−6–4 · 10−6 mbar. Additional, we observed the coilsglowing from time to time when the current was applied. This was accompanied by a furtherincrease of base pressure up to 10−5 mbar. During the measurement, we applied a currentof 19 or 20 A, corresponding to a magnetic field of 25 or 26 mT, sufficient to saturate the Felayer. As the performance of the coils was poor, we removed them and replaced them with a

Sample #83 Sample #89angle timepol angle timepol1.1 ◦ 50 min 2.3 ◦ 15 min2.6 ◦ 2 h
Table 3.6: Summary of the sample angles used at Amor together with the measurement times
per spin state for samples #83 and #89.
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permanent magnet of 60 mT. Thus, the second sample #89 had to be sputtered in a magneticfield. This is not expected to change the homogeneity of the Fe layers, since the Fe atomscoming from the target are not charged.
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Fig. 3.35: Intensity maps log I(λ, θ)
measured at Amor of (a) sample #83
after Cu deposition and of (b) a super-
mirror with m = 5 used for normal-
ization of the intensity map of (a) as
plotted in (c). Supermirror with m = 5
used for normalization of the intensity
map of (a) as plotted in (c).

The sputtering rate should also not be influenced,since the Ar ions moving to the target will be de-flected by this magnetic field on an arc, assumingsingle ionized Ar, with a radius of ≈ 27 cm —much larger than the plasma height of 3-6 cm.The ions will therefore still hit the target. How-ever, the growth mode could change for Fe atomsdepositing in a magnetic field, as reviewed byEnomoto [100]. This would generally have oc-curred if a magnetic field of several Tesla wasapplied or through simultaneous annealing of thesample. The dismounting of the coils improvedthe base pressure to 1.4 · 10−7 mbar for the de-position of the first layer, continuously droppingto 3.2 · 10−8 mbar for the deposition of the 15thlayer 13 h later.
Data Acquisition. The nominal angles used forboth samples and the measurement times per spinstate are summarized in Table 3.6. For the firstsample #83, we recorded the polarized data attwo sample angles to cover a wide Qz-range upto 0.13 Å−1. Due to problems with the encoder ofthe sample rotation and to reduce the measure-ment time, we measured the second sample #89at only one sample angle. The angle was opti-mized to cover the largest possible Q-range up to0.09 Å−1. In addition, we reduced the measure-ment time from 50 min to 15 min per spin stateand layer.The data processing to obtain the reflectivitycurve is exemplified in the following. Figure 3.35ashows a typical color map of the reflected signallog I(λ, θ), here, of a measurement of sample #83at θ = 1.1◦ after Cu deposition as a function of θand λ. The triangle of high intensity at the bottomright corner represents the region of total reflec-tion, while each diagonal stripe corresponds toone Kiessig fringe of the Cu. Figure 3.35b shows
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a similar intensity map of a measurement of a supermirror, with high intensity everywheredue to the large region of total reflection. In Figure 3.35c the data of (a) is normalized by apixel-wise division of the measurement of the supermirror of (b). The horizontal stripe at ≈ 1◦is produced by a misalignment of the elliptical Montel mirrors, where two guide segmentsadjoin and no neutrons are reflected. The wavelength of the detected neutrons was deter-mined by their time of flight from chopper to detector. Each detector channel in x-directioncan be converted into θ.The reflectivity curve was obtained by converting each pixel of I(λ, θ) into I(Qz) using Qz =4π/λ · sin(θ), where Qz was integrated in Qz steps such that δQz/Qz = 2%. For sample#83, which was measured at two sample angles, two different parts of the reflectivity curveat different Qz-values have been recorded. Those were combined into one reflectivity curveusing scaling factors to ensure that the overlapping regions coincide. The reflectivity curveswere then normalized to the intensity of the total reflection and fitted using SimulReflec [19].Further information about PNR can be found in (Section 2.2.2).
3.5.4 Results from Amor

Having introduced the Selene setup at AMOR and the data acquisition process in the previouschapter, I will now present the results of sample #83 and #89 measured in-situ during growth.We carried out polarized measurements before Fe deposition and after each deposition stepof Fe. Here, I will compare the the polarized reflectometry data of both sample, which areadditional compared to post growth X-ray data.The PNR curves of samples #83 and #89 as a function of Qz are shown in Figure 3.36. Eachdeposition step of Fe of 1.5 s sputtering time correspond to ≈ 1 ML with the Fe thicknessincreasing from bottom to top to 23 Å± 5 Å and 26 Å± 12 Å, respectively. The reflectivity R+for spin up neutrons and R- for spin down neutrons, are indicated as red and blue symbols,and the fits as solid lines. For both samples, the Kiessig fringes get closer to each otherand the difference in the R+ and R- signal increases for increasing Fe thickness. During themeasurement of layer 9 of sample #89 (Figure 3.36b), the sample was suddenly misalignedfor some reason and the measurement was useless. This was only observed after continuingthe sputtering process. Thus this measurement could not be repeated. For the final layer, wedecided to sputter three layers at once and only measured the 15th layer.Each layer was fitted (lines in Figure 3.36) to determine the Fe thickness, magnetic moment,and Fe density. XRR measurements were performed ex-situ after the experiment. These areshown in Figure 3.37a for sample #83 and in Figure 3.37c for sample #89. The fits (blacklines) are compared to the PNR fit of the last layer in Figure 3.37b and in Figure 3.37d forboth samples. The corresponding SLD profiles are plotted as a function of sample depth z .This time, the samples were not coated with a Si capping layer after the neutron experiment.
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Fig. 3.36: PNR data measured in situ at Amor (PSI) with the Fe thickness increasing from
bottom to top in steps of 1.5 s sputtering time (a) for sample #83 and (b) for sample #89. R+
data is indicated in red, R- data is indicated as blue symbols, and fits are shown as solid lines.
The spin splitting increases with increasing Fe thickness.

Sample #83, however, has an additional 11th Fe layer that could not be measured by PNRowing to a shut-down of the neutron source. Thus, at z-values of the last Fe layer of sample#83 differ between the SLD profiles based on the neutron fits and the XRR fits. This aside,and apart from the fact that the neutron SLD is one order of magnitude smaller, the neutronprofile reproduces the shape of the X-ray SLD for both samples very well. Since the neutronSLD of Fe is different to Cu, although the X-ray SLDs of both metals are very similar, thenneutrons here are more sensitive.The Fe thickness determined by the PNR fits of both samples (Figure 3.36) is plotted as afunction of sputtering time in Figure 3.38a (filled symbols), fitted by a line with a linear slope(line) and compared to the thickness determined from XRR fits (open symbols). The results of
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Fig. 3.37: XRR measured ex-situ as a function of Qz together with a fit (black line) (a) of sample
#83 and (c) of sample #89. (b) and (d) show SLD profiles based on the fit from (a) and (c),
respectively, and on the neutron fit corresponding to data recorded after the deposition of the
last Fe layer from Figure 3.36 as a function of sample depth z.

the two methods are in excellent agreement for sample #89, while the Fe thickness of sample#83 determined by XRR deviates from the extrapolation of the fit to the 11th Fe layer. BothXRR curves were fitted with FeO as a top layer. We calculated an effective Fe thickness byconsidering the composition and the reduced density of the oxide. The pure Fe layer was,however, fitted to 29 Å± 4 Å, larger than the value of 24 Å expected from the PNR fit. The fitfor the Fe thickness as a function of sputtering time yields:#83: dFe = (1.27± 0.05)Å/s · t + (3.3± 0.3)Å#89: dFe = (1.28± 0.06)Å/s · t − (0.5± 0.1)ÅThe Fe sputtering rates of both samples are in very good agreement, while dFe(0) are different,indicating a different initial growth. The growth could have been influenced by the poor basepressure during sputtering of sample #83 or by the permanent magnetic field during sputteringsample #89. The rates are only 0.3 Å/s smaller than the rates of series 3 estimated from XRR(Section 3.3.2). Since each Fe layer was sputtered for 1.5 s and XRD determined a distanceof the bcc Fe(110) planes of 1.94 Å, we always sputtered the amount of 1 ML. The same fits
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Fig. 3.38: (a) Fe thickness of samples #83 and #89 versus sputtering time determined from
PNR fits from Figure 3.36 (filled squares). These are fitted by a linear slope (solid line) and
compared to the thickness determined from XRR fits from (c) and (a) (open squares). (b) Magnetic
moment and Fe density of samples #83 and #89 extracted from PNR fits of Figure 3.36 as a
function of Fe thickness calculated from the fit.

also provided the magnetic moment and Fe density, which are summarized in Figure 3.38b inthe upper and lower panel and plotted as a function of dFe calculated from the linear fits ofFigure 3.38a. It is obvious, that the magnetic moment is much higher for sample #89, varyingby 15–30% around the bulk value of 2.2µB/Fe (dashed horizontal line), than for sample #83.The latter reaches (1.0±0.1)µB/Fe for dFe ≥ 13 Å, showing a very similar behavior to sample#62 sputtered at REFSANS. In contrast, the magnetic moment of sample #89 rises muchfaster, with the bulk value already reached for the second ML. The Fe density (lower panel)of sample #89 increases, despite an outlier at 5 Å, to 15 Å, where it reaches the bulk value(dashed horizontal line). The density measured for sample #83 coincides with this curvewithin the error bars. This behavior is similar to the evolution of density for sample #62.
3.5.5 Summary and Discussion

This section aims to summarize the results of the in-situ PNR measurements. These are thencompared with results obtained by the ex-situ characterizations of Section 3.3 and Section3.4 as well as results quoted in the literature introduced in Section 3.1.Four Fe/Cu(100) samples were grown during in-situ PNR experiments, the results of whichimproved from sample to sample. The first experiment (Section 3.5.2), during the growth ofsample #38, can be regarded more or less as a test measurement: The 3He-cell leads to apolarization and transmission that varies with time. Thus, the 3He-cell polarizer complicateddata interpretation. In addition, the diffuse background as well as the sample roughnessrequired extremely high measurement times of 28 h per spin state and layer (Table 3.5).Furthermore, the Fe layer partially oxidized after an accidental shut-down of the pumps.The Fe layer grew epitaxially, in contrast to the second in-situ-measured sample #62, the
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substrate of which reoxidized before deposition started. The measurement could be performedin a much shorter time of 8 h per spin state and layer using a supermirror as polarizer. Datatreatment was straightforward, resulting in reflectivity curves up to Qz = 0.14 Å−1. The latterimproved due to upgrade 1 of the sputtering chamber (Section 3.11), which reduced diffusescattering, and to a smoother Si substrate. Both samples were measured at REFSANS(FRM2), which is operated in the TOF-mode.The next two samples were measured at Amor (PSI) (Section 3.5.4), where we used Montelmirrors in a Selene configuration (Section 3.2.2) to focus the beam on the sample and toadditionally provide, besides a broad wavelength spectrum due to the TOF-mode, a divergentbeam of ∆θ = 1.4◦. This allowed us to measure with a high intensity beam recording awide Qz-range at only one angle. The first sample grown in this beamtime, sample #83, wassputtered with a poor base pressure, since the coils installed had a leakage or outgassed.After demounting the coils, the best sputtering and measurement process was performed forsample #89, with a very good base pressure down to 3 · 10−8 mbar and extremely shortmeasurement times. While we measured sample #83 at two different sample angles up to
Qz = 0.14 Å−1 and had testing measurement times of 2 h 50 min per spin state and layer, wedecided to measure sample #89 at only one angle optimized for Qz-values up to 0.09 Å−1(Table 3.6). We also reduced the measurement time from 50 min for the first angle usedfor sample #83 to 15 min, which still provided a high signal-to-noise ratio and clear spinsplitting, which increased with layer thickness.The measurement time of sample #83 was 3 times faster than the measurement time atREFSANS for sample #62 (Table 3.5), which had similar statistics and Qz-range, althoughwe illuminated only a 2 mm2 sample area. Note that if we had measured at REFSANS witha wavelength resolution of 5.6% instead of 1%, we would have saved measurement time, too.However, if the potential of Amor in combination with Selene is fully exploited by realizingthe measures mentioned above, the measurement time will be scaled down to only a fewminutes.The reflectivity curves measured at both instruments exhibited a drop of intensity of fiveorders of magnitude. The value of the drop is often referred to as dynamic range. If thediffuse background of an instrument is high, the dynamic range is reduced. However, forthe measurement at Amor, the reflected signal was still larger than the diffuse background,indicating that the dynamic range is larger than five orders of magnitude.For a quantitative study, all neutron reflectometry curves were fitted. From these fits wedetermined the Fe sputtering rate RFe of 0.72–1.47 Å/s. RFe of sample #62 was increased bya factor of 2 compared to sample #38. This could be attributed to a very poor polycrystallinegrowth with many defects appearing as thicker layer. The Fe rates for sample #83 and#89 were also increased here, as a result of upgrade 2 of the sputtering chamber (Section3.11). While the rate for sample #38 is in good agreement with the rates determined byXRR of sample series 1, the rate determined by XRR of sample series 3 (Section 3.3.2) is20% greater than the rate determined by PNR of samples #89 and #83. The same appliesto the Fe thickness of the in-situ-measured samples: with the exception of sample #89, the
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3.5 IN-SITU POLARIZED NEUTRON REFLECTOMETRY
Fe layer was determined to be 30–45% thicker by XRR than by PNR. Since the contrast inSLD of Fe and Cu is larger for PNR, and as the in-situ measurements had to be fitted withfewer parameters for samples without an oxide layer, this method is more sensitve than XRR.However, the Qz-range recorded by PNR is 2–4 times smaller, which reduces the reliabilityof the fit.Figure 3.39 summarizes the magnetic moment determined by PNR for samples #62, #83and #89 and compares the results to SUQID data of sample series 1 (Section 3.4.1). Inorder that our data can be better compared to the results from literature, the Fe thickness isconverted into the number of monolayers (ML). However, we did not measure the number ofML directly by LEED as it was usually done in publications presented in Section 3.1. Insteadwe used the mean lattice constant determined from the bcc Fe(110) XRD peak for sampleswith dFe > 17 Å to calculate the number of ML with 1 ML= 1.965 Å, which is of courseonly a rough estimate disregarding the evolution of the lattice constant with Fe thicknessas it is expected. Furthermore, the thickness determination by XRR brings about an error of1 Å ≤ ∆dFe ≥ 7 Å, which corresponds to 0.5–3.6 ML.Sample #89 clearly shows a totally different behavior to that of samples #62 and #83 aswell as to sample series 1, with a much higher magnetic moment very close to the bulkvalue (horizontal dashed line), but oscillating around that value. This is reminiscent of regionII of the TD-grown films (Section 3.1), for which the magnetization oscillates owing to the
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Fig. 3.39: Comparison of the in-plane magnetic moment as a function of Fe-layer thickness
of all in-situ PNR results and of SQUID data for sample series 1 (S1). The number of ML
was calculated by the mean lattice constant determined by out-of-plane XRD for films with
dFe > 17 Å and is therefore only a rough estimation. The intermediate regime denotes the
area, in which an out-of-plane magnetic moment was also detected by the SQUID. Regions of
different structures are indicated by the gray shaded areas. These are based on XANES results
on sample series 1 (S1) and on XRD measurement of sample series 2 and 3 (S2+S3).
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interplay of the FM top layer and the odd or even number of AFM buried layers. However,there are too few data points to confirm such behavior for sample #89 and to distinguishit from noise. Moreover, the Neel temperature was measured to be smaller than RT for theTD-grown films [5, 36]. There was also no need to fit the data using a alternating magnetizedor non-magnetic buried layers, as the model of FM layers fitted well. The magnetization ofall curves rises with Fe thickness. Sample #89 already reached the magnetization of bulk ataround 2 ML.Although sample #62 grew polycrystalline and the magnetic field of the last Fe layer wasweaker than the saturation magnetization, the evolution of the magnetization is very similarto sample #83. Both samples have a reduced magnetic moment at 2–6 ML. This is thoughtto originate from a large portion of fcc or from the volume of Fe islands being too small formagnetic exchange. The Fe layers of sample #83 may also be partially oxidized owing to thebad base pressure. An out-of-plane magnetization or a Tc smaller than RT may also explainthe reduction. If we compare our results to the SQUID data of sample series 1 (S1), wherewe indeed observed that Tc < RT for dFe = 3 ML, we can conclude that Tc being smallerthan RT is probably the major contributory factor of the reduced magnetization for samples#62 and #83 around this thickness. This is also in agreement with XMCD data (Section3.4.2).The saturation magnetization measured by SQUID and PNR of 0.8–1.1µB/Fe coincides withinerror bars for samples S1, #62, and #83 and is much smaller than the bulk value or thevalue determined for sample #89. Although the samples #62 and #83 measured by PNRhad drawbacks, i.e. polycrystalline growth and bad basis pressure, respectively, sample series1 used for SQUID measurements were of good quality. Further, the results of the SQUIDmeasurements are thought to be reliable and confirm the PNR data.Although samples #83 and #89 both have an out-of-plane bcc Fe(110) XRD-peak (Figure3.18b) with a FWHM > 3◦, the intensity of the Fe peak is larger by a factor of 6.5 for sample#89 than for sample #83, despite an almost equal Fe thickness. This, together with themagnetization value of bcc Fe, indicates that sample #89 grew as a pure bcc layer. Notethat an fcc portion in sample #89 could not be finally clarified by XRD (Section 3.3.4). Thegrowth conditions of sample #89 differed to sample #83 in the improved base pressure andthe permanent magnetic field of 60 mT. Both parameters could, in principle, be responsible forthe different structural and magnetic properties. The good base pressure required to sputterat a very high argon flux of 25–26 sccm for sample #89 to stabilize the plasma, compared to11 sccm for sample #83, shows that the base pressure p0 has a strong impact on the plasmastability and therefore probably also on the growth conditions.Most studies of the Fe/Cu(100) system were performed using MOKE, so not many absolutemagnetization values were measured. An XMCD study on TD-grown films [101] determinedthe mean spin magnetic moment to 2.8µB in region I and to 0.8µB in region II, while the orbitalmagnetic moment was much smaller. The latter value is similar to the values determinedby SQUID for S1 and PNR for samples #62 and #89, which indicates the formation ofantiferromagnetic (AFM) fcc underlayers with a magnetic top layer as observed for region II
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3.5 IN-SITU POLARIZED NEUTRON REFLECTOMETRY
in TD-grown films and in region III for PLD-grown films. When measured above the Neeltemperature TN ≈ 200 K [5, 36] as it was in our case, the magnetization remains constant.
This would be in accordance with the XANES measurement (Section 3.3.6), the spectra ofwhich were fitted with a very high amount of about 90% fcc Fe. Again, the PNR data could befitted using a pure FM layer, instead of non-magnetic buried layers. The small portion of 6–11% bcc determined by XANES indicates nanomartensite, i.e. bcc Fe in the Pitsch orientation.Indications of the Pitsch orientation were found in off-surface XRD measurements of sample#38. The structural change between 3 ML and 8 ML, here indicated as differently shadedareas in Figure 3.39, does not appear in the magnetic signal of samples #62, #83, or S1.However, the position of the structural change reminds us of the transition from region I andregion II for TD films, where the nanomartensitic phase changes to fcc. The intermediatephase, in which the Fe layer could be magnetized in the out-of-plane as well as in the in-plane direction is indicated by the blue arrow between 3 ML and 8 ML. A similar behaviorwas found for 5–7 ML films by PLD, while TD films could only be magnetized in one direction.Moreover, our XMCD measurements revealed an out-of-plane magnetization, besides for the3 ML Fe layer, also for an 1.5 and 15 ML Fe layer. This measurement was performed at500 mT, while the SQUID measurement was performed at only 10 mT. With the higher field,it is more probable to magnetize the thicker Fe layer perpendicular to the surface.
Overall, we can conclude that sputtered Fe/Cu(100) films show at least two different growthmodes. One growth mode may be dominated by fcc Fe for the first 10 ML similar to TD-and PLD-grown films, which is hard to determine from XRD, but is evident in the XANESspectra. The reduced magnetization is in agreement with a possible fcc structure, for whichthe 6–11% bcc is responsible for the magnetization and may grow in the nanomartensiticphase, as discussed for TD films. The orientation of magnetization is less complex than forPLD-grown films, for which an in-plane magnetization always emerged. A transition to apure bcc cannot be determined from our measurements. It may also be possible that bothstructures coexist.
We also grew one sample, in which bcc Fe seems to grow right from the beginning, alreadyexhibiting the magnetization of bulk bcc Fe for dFe > 1ML. This can be regarded as thesecond growth mode. The exact origin of the different growth modes could not be clarifiedwithin the scope of the thesis. Note that the out-of-plane XRD peak of bcc Fe(110) isespecially pronounced for sample series 3. These were grown without the permanent magnet,but with the improved base pressure. Thus, the latter my dominate the growth. However, theinfluence on the growth seems to be even more complex, since the out-of-plane bcc Fe peakof sample series 3 appeared with two different peak width, which implies a different evolutionof strain.
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3.6 Conclusion

In this chapter of my thesis, I demonstrated that our mobile sputtering system, together withthe Selene setup, is a very powerful tool for monitoring the magnetic properties of thin filmsduring growth. Using this method, we showed that the Fe/Cu(100) thin films can be grownwith different properties. Here, the Fe grew either as bcc with the magnetization of bulk Feof 2.2µB/Fe or with a large portion of fcc with a reduced magnetic moment of 0.8–1.1µB/Fe.Both structures revealed an in-plane magnetization at RT for d > 4 ML. We found indicationsfor the Pitsch orientation in XRD pole figures, indicating nanomartensitic structures, anda structural transition between 3 and 8 ML from XANES spectra. To verify the structuraldetails, other in-situ methods, including STM or RHEED, need to be applied. Off-surfaceXRD measurement should also be extended.During the last measurement at Amor combining the Selene optics with TOF, we were ableto perform 13 measurements within 13 h during the growth of one sample. Here, it turnedout that the sputtering process, i.e. driving guns and sample and controlling the sputterparameters, needed about the same time of 20–30 min as the measurement itself. We expectthe measurement times to reduce to only a few minutes per spin state and layer in thenear future, since some upgrades, i.e. a new neutron guide and the lateral displacementof components, are planned at the Amor beamline. However, one will then also have toreconsider the sputtering process to maintain a similar timescale.
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Chapter 4

Structural and Magnetic Properties of
MnSi(111) Thin Films

While the magnetic properties of bulk MnSi have been widely studied and are well known,controversy still surrounds discussions of the magnetic properties of MnSi thin films. Sincethe discovery of the first magnetic skyrmions in 2009 in MnSi [8, 102, 103], this material hasbeen the most studied material of the B20 compounds. Skyrmions are named after the particlephysicist Tony Skyrme, who proposed particle-like solutions in non-linear meson field theory[104]. This description also applies to magnetic skyrmions, which are chiral spin structuresarranged as vortices with particle-like behavior. A typical hexagonal skyrmion lattice isillustrated in Figure 4.1a. This structure is repeated in parallel play to the hexagonal lattice,forming skyrmion tubes along the external magnetic field throughout the entire magneticdomain. The skyrmion lattice can be represented by three helices separated by 120◦, pointingfrom one skyrmion to the next (Figure 4.1b).Such skyrmion lattices have attracted great interest in the context of new applications. Forinstance, small-angle neutron scattering demonstrated that tiny electric currents generatespin transfer torques sufficient to induce a motion of the skyrmion lattice [9]. The currentdensities required are five magnitudes smaller than for conventional domain motion. Moreover,since skyrmions cannot be continuously transformed into a ferromagnetic state or a differentmagnetic structure without being destroyed, they are topologically protected and thereforeprovide stability [105]. Overall, skyrmions are stable structures which can be easily drivenby tiny electric currents — properties which are predestined for magnetic storage media,provided they can be realized in thin films. Additionally, initial investigations of B20 systemswith reduced dimensionality imply an extension of the skyrmion phase compared to bulk, asit seems to exist partially also in zero magnetic field (Section 4.1). Hence, thin films play acentral role for future applications. It is therefore of great interest to explore the evolutionof the magnetic structure in epitaxial MnSi thin films, which will be the aim of this chapter.The upcoming importance of skyrmions in thin films is reflected in the increasing number of
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(a) (b)

Fig. 4.1: (a) Schema of a hexagonal skyrmion lattice forming skyrmion tubes along B as
illustrated by Markus Garst (Source: [106]). (b) Triple helix structure of the skyrmion lattice
indicated in real-space, with each helix being separated by 120◦ (Source: [107]).

publications in the last two years concerning this topic.
We focused on in-plane magnetic field configuration using neutron scattering for magneticcharacterization, especially grazing incidence small-angle scattering (GISANS) (Section2.2.1). This is a powerful tool to directly investigate the wavevector of a magnetic struc-ture, as it has already successfully been used for bulk MnSi [8]. So far, no one has usedthis technique on B20 thin films. In addition, we used off-specular reflectometry (OSR), atechnique tailored for thin films (Section 2.2.3). This allowed us to measure the wavevector ofa magnetic structure directly. Finally, we carried out polarized neutron reflectometry (PNR)as an indirect method (Section 2.2.2). Using this method, we achieved a study of a very sen-sitive magnetic depth profile, giving us additional information about the spin direction. Fromthis combination of scattering techniques, we obtained a microscopic picture of the magneticstructure of epitaxial MnSi thin films. The investigations were supported by SQUID-VSMmeasurements by Shilei Zhang (University of Oxford).
In the first Section 4.1, I will give a literature overview, briefly introducing the properties ofbulk MnSi and presenting the latest findings on skyrmions in reduced dimensionality. Forthis, I will focus on epitaxial MnSi(111) thin films. Section 4.2 introduces our MnSi(111)thin film samples grown by Thorsten Hesjedal (University of Oxford) and their structuralcharacterization. In Section 4.3, the neutron-scattering experiments are described, includingsome overall considerations and the detailed setup of the used neutron beamlines, NREXand SANS1, at the neutron source Forschungsreaktor München II (FRM II), Heinz Maier-Leibnitz Zentrum (MLZ), Munich. Here, I also specify the data analysis procedure for eachmeasurement technique used. The results measured in an in-plane magnetic field via neutronscattering are presented in Section 4.4 and discussed in Section 4.4.6, where I will alsobriefly discuss the configuration with an out-of-plane magnetic field. Finally, Section 4.5summarizes our findings and draws a conclusion.
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4.1 MnSi in Different Dimensions — a Literature Review

In the first two sections, I will briefly define the B20 material group (Section 4.1.1) and outlinethe well established phase diagram of bulk MnSi (Section 4.1.2). Afterwards, I will review theresearch conducted on the influence of reduced dimensionality on skyrmions (Section 4.1.3)realized as thin crystal plates, as epitaxial thin films and as nanowires. The final Section 4.1.4focuses on the experimental results and on theoretical approaches for epitaxial MnSi(111)thin films.
4.1.1 B20 Crystal Structure

MnSi crystallizes in a non-centrosymmetric cubic B20 structure with space group P213 and alattice constant of 4.56 Å [107]. Owing to the lack of inversion symmetry, the crystal structurecan appear right- or left-handed. As described in the next section, this also results in anadditional term in the free energy density — the Dzyaloshinskii-Moriya interaction. It givesrise to a complicated magnetic behavior, during which incommensurable helical structures,including skyrmions, emerge. Materials crystallizing in a B20 structure are therefore alsocalled chiral helimagnets. They exhibit very similar magnetic phase diagrams. Representa-tives of this B20 structure are, in principle, monosilicides and monogermanides, i.e. MnSi,Mn1−xFexSi, Mn1−xCoxSi, FeGe, MnGe, and the insulator Cu2OSeO3 [108].
4.1.2 Magnetic Properties of Bulk MnSi

At first glance, MnSi is an itinerant ferromagnet. But its magnetic behavior has been dis-covered to be much more complex. All phases are summarized in a B-T phase diagram inFigure 4.2. When cooling bulk MnSi from room temperature in a zero magnetic field, a para-magnetic to helimagnetic transition occurs at Tc = 29.5 K [8]. Here, the spins rotate in theplane perpendicular to the propagation direction of the helix. The helices are left-handed,with a length of LH = 18 nm [107]. Furthermore, applying a magnetic field of Bc1 = 0.1 Tgives rise to a transition to the conical phase, where the wavevector kH of the helices alignsalong the field direction and the spins start to cant towards B until the ferromagnetic stateis reached at high fields above 0.55 T. The critical field of this transition, i.e. Bc2, drops withincreasing temperature. In the regime of the conical phase, the phase diagram includes thefirst example of a new form of magnetic order composed of topologically distinct spin solitons— the skyrmion lattice [8], which is illustrated in Figure 4.1a. The evolution of these magneticproperties is controlled by four different energy scales, which are described near Tc withinthe frame of Ginzburg-Landau theory [8, 109, 110] by the free energy density F :
F [M ] = ∫ d3r[r0M 2 + J(∇M )2 + UM 4 + 2DM · (∇×M )−B ·M + h.O.], (4.1)
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Fig. 4.2: B-T phase diagram of bulk MnSi showing the magnetic phases. Below Tc = 29.5 K
and at small magnetic fields, the spins align helically with kH || <111>. Above Bc1 ≤0.1 T the
helices rotate to kH ||B, with the spins starting to tilt towards B. Above Bc2, the ferromagnetic
phase is reached. In a small pocket below Tc , the skyrmion phase, also called A-phase, is
stabilized. (adapted from: [8, 106], illustrations by Markus Garst)

where the second term represents the ferromagnetic exchange (FM), with J the stiffness. Thisterm favors the spins to align in parallel. The fourth term accounts for the Dzyaloshinskii-Moriya (DM) interaction with the coupling constant D, which is due to spin-orbit-couplingand arises from the lack of inversion symmetry of the crystal. This term favors the spins toalign perpendicular. Based on this ansatz, the minimization of the functional leads to theemergence of helical order [111]. The fifth term represents the Zeeman energy, which favorsthe spins aligning parallel to the magnetic field. Higher order terms are summarized in h.O..The propagation vectors in the helical phase were determined to pin to the <111> direction.This pinning is caused by the h.O. term, which contributes to the free energy density andconsiders higher order spin-orbit coupling stemming from the crystal lattice [109, 111]. In thecase of a cubic lattice, this results in the magnetocrystalline anisotropy
∆F (4) = λ1∑

q
(q̂4

x + q̂4
y + q̂4

z ) |mq|2 + λ2
∫
M4

x +M4
y +M4

z (4.2)
This term is small compared to the previous ones and a magnetic field of just 0.1 T destroysthis pinning and rotates the propagation vector of the helices along the magnetic field.This brief summary does not tackle with the complexity of the magnetic properties. BulkMnSi has been studied for decades [112–114] and was the focus of even more interest after
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the discovery of the skyrmion lattice in 2009 [8]. This has led to intense investigations interms of, for example, the topological Hall effect (THE) [9, 115], the direct observation ofthe skyrmion lattice by magnetic force microscopy (MFM) [116], collective excitations of thedifferent magnetic structures [117, 118], and investigations under uniaxial pressure [119, 120].An overview of the immense quantity of results can be found in [105, 108, 121].
4.1.3 Skyrmions in Reduced Dimensionality

Key issues for the exploitation of the magnetism in epitaxial thin films are the role of surfaceand shape anisotropy, the effects of strain, and finite size effects. These mechanisms result inuniaxial anisotropy with either easy-plane or easy-axis character. And all these mechanismsmay be strong enough to modify the magnetic structure radically. A first step towards theunderstanding of the magnetism of epitaxial thin films is the understanding of the magnetismin freestanding thin crystal plates, for which, at least, a contribution of epitaxial strain canbe excluded.
Thin Crystal Plates. Thin plates obtained from B20 bulk single crystals form a systemwith low dimensionality in one direction. Thus, shape anisotropy based on the long rangedmagnetic dipolar interaction or finite size effects may play an important role. Additionally, anincrease of the ratio of surface to volume atoms can cause the surface anisotropy to dominate.Tonomura et al. [122] investigated a thinned MnSi crystal with a thickness of 50 nm in an out-of-plane magnetic field using Lorentz TEM. As depicted in Figure 4.3a, the authors observedthe propagation vector of the helices to lie in-plane (top), whereas the conical phase (bottom)is totally suppressed. This suppression may be caused by surface anisotropy or by straininduced from the thinning. Although dMnSi > LH , finite size effects can not be excluded. TheLorentz TEM images (Figure 4.3b) reveal the same helix length LH as in bulk MnSi of 18 nm.The lefthand image was recorded in the helical phase at 0 T and the righthand image in theskyrmion phase at 0.18 T. Compared to bulk, they found a decrease of Tc by 7 K and a moreextended skyrmion phase, which even persists below 10 K and up to Tc for a wide field range— from 0.18 to 0.4 T (middle panel of Figure 4.4a).Lorentz TEM was also used to study two other B20 materials, i.e. Fe0.5Co0.5Si [123] andFeGe [124], in the form of thin crystal plates in an out-of-plane magnetic field. An extendedskyrmion lattice was found here too, as well as an in-plane helical state exhibiting the samehelix wavelength as in bulk. While the sample of Fe0.5Co0.5Si had a thickness of 90 nm,the sample of FeGe was wedge-shaped allowing a thickness-dependent investigation. Theauthors observed that, instead of the conical phase, the skyrmion lattice was increasinglyfavored with decreasing FeGe thickness from 75 to 15 nm. The suppression of the conicalphase as depicted at the bottom of Figure 4.3a may be primarily because the helices cannotform one integer repetition along the film normal in the reduced layer thickness of dMnSi ≤ LHwith the helix lengths LH = 70 nm for FeGe and LH = 90 nm for Fe0.5Co0.5Si. Although in
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(a) (b)

Fig. 4.3: (a) Schemes of the helical phase (top) and the suppressed conical phase (bottom) in a
MnSi crystal plate observed in a vertical magnetic field using Lorentz TEM. (b) Corresponding
Lorentz TEM images from the helical phase at 0 T and the skyrmion phase at 0.18 T. Insets are
filtered images. (Source: [122])

those studies the helix periodicity was determined to be the same as in bulk, a reduction ofthe pitch from 62 to 50 nm was spotted in ca. 100 nm thick Cu2OSeO3 crystal plates [125].This study also identified an extended skyrmion phase using Lorentz TEM for the directobservation in real space.However, these systems do not experience uniaxial strain, as is the case for epitaxially grownthin films. Additionally, the surface anisotropy is modified by the adjacent material, e.g. theSi substrate, and not by air as for thin plates. Therefore, different magnetic behavior isexpected than for bulk samples or thin plates, and those differences can be solely attributedto the additional anisotropies: strain or/and interface anisotropy.
Skyrmions in Thin Films. Several recent publications proved the existence of skyrmions inepitaxial thin films. One monolayer of Fe deposited on an Ir(111) surface revealed a skyrmionlattice, which was imaged by spin polarized STM (SP-STM) [126]. Romming et al. were ableto create and destroy single skyrmions in a PdFe bilayer via a spin polarized STM (SP-STM) tip [127]. Another creation of single skyrmions was achieved by a pulsed laser beamirradiating on a 20 nm amorphous Tb22Fe69Co9 film [128].As already mentioned above, epitaxial thin films of B20 materials have also drawn consider-able attention because of their magnetic properties. MnSi(111) thin films are the most studiedB20 thin films for magnetic properties. This will be further discussed in Section 4.1.4.In an out-of-plane magnetic field, Huang et al. [129] found an extended skyrmion phasecompared to bulk by measuring the Hall resistivity of epitaxially grown FeGe(111) thinfilms with 18–300 nm thickness. The resistivity arising as a result of THE was deduced bysubtracting a fit of the resistivity taking into account the normal and anomalous Hall effect.Using this method, Huang et al. found the skyrmion phase, associated with the high THEsignal, to exist even in zero field, with Bc2 being 10 times higher than bulk Bc2. The authors
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(a)
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(b)

(c)
B 

Fig. 4.4: (a) Magnetic phase diagram of a MnSi crystal in different forms (from top to bottom):
as bulk (3D), as a thin plate (2D), and as a single nanowire thinned to 50 nm (1D) as shown
in (b) (adapted from [130]). B was applied perpendicular to the film or nanowire. (c) Phase
diagram for MnSi nanowire with a width of 410 nm and B parallel to the nanowire axis (adapted
from [131]). In all cases of low dimensionality, the skyrmion phase (Skx) is extended compared
to bulk.

determined Tc to be 271 K, thus 7 K smaller than in bulk.Yokouchi et al. [132] also performed Hall measurements in a perpendicular magnetic field onMn1−xFexSi thin films with thicknesses 10 nm≤ d ≤ 20 nm and 0 ≤ x ≤ 0.04. To distinguishthe THE signal from the normal and anomalous Hall effect, they studied the signal at severalsmall inclination angles of the sample relative to the magnetic field. At a critical angle, theskyrmion lattice vanishes, and with it the THE signal. Hence, the difference in signal canbe attributed to the pure THE. Using this procedure, the authors established a B-T phasediagram of the skyrmion phase. It appeared to be wider than for bulk, increasing further for
d < 15 nm, which is in the order of the helical period. Additionally, they observed Tc to be5-25 K larger, depending on doping, than in bulk.Porter et al. [133] carried out initial magnetoresistance and magnetometry measurements onepitaxial FeSi and Fe0.5Co0.5Si. The latter exhibits a Tc of 61 K. By applying an in-planemagnetic field, the same group recently used PNR to observe helices with a period of 9.3 nm
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directed along the film normal in a 50 nm Fe0.7Co0.3Si film [134]. Additionally, the authorsperformed Hall measurements with an out-of-plane field and detected a signal varying as afunction of B and T . Strain in 50 nm Fe1−xCoxSi epitaxial layers was examined in detail in[135]. The samples were determined to exhibit in-plane tensile strain, resulting in an out-of-plane compressive strain. The magnitude of the strain in both directions increased withincreasing doping. Tc increased with doping up to x = 0.4 to 77 K and dropped again above77 K. Similar behavior was observed for bulk, but in epitaxial films Tc was always larger thanthe bulk value.
Skyrmions in Nanowires. A further reduction of the dimensionality to quasi 1D can beachieved by growing nanowires. Single MnSi nanowires with a length of several µm weregrown by chemical vapor deposition (CVD). They exhibited a rhombus as cross section with awidth between 200 nm and 410 nm [130, 131]. Yu et al. [130] used a focused ion beam (FIB) tothin the nanowire and to produce a rectangular cross section with a thickness of only 50 nm.By applying a magnetic field perpendicular to the thinned surface, they observed an in-planehelical phase with the same pitch as in bulk as well as a skyrmion lattice using Lorentz TEM.The phases are depicted in the bottom phase diagram of Figure 4.4a. Tc , with a value of35 K, is higher and the skyrmion phase is larger than for bulk (upper panel). Nevertheless,
Tc also differs to that of a thinned crystal (middle panel). The insets illustrate the magneticfield orientation relative to the sample.In contrast, Du et al. [131] did not change the cross section of their nanowire after growthand applied the magnetic field along the wire axis. Magnetoresistance (MR) measurementsfeatured kinks similar to the MR measurements obtained from bulk indicated the skyrmionphase. By tracking those kinks in the resistance measured vs. B or T , the authors obtainedthe phase diagram of Figure 4.4c. Tc was determined to be 32 K, which is similar to thevalue obtained by Yu et al. The skyrmion phase is extended as well, down to 3 K, and thetransition from helical to skyrmion phase is also similar to the results of Yu et al. But bycontrast, they observed a conical phase above the skyrmion phase, which is not visible in thephase diagram of Yu et al. This may be due to the lack of data points measured by LorenzTEM, the different applied field direction, the spatial confinement in the thinned nanowire,or additional strain arising from dislocations produced by the FIB.
Theoretical Studies Recently, theoretical studies on the formation of skyrmions in two dimen-sions have also been published. Manipulation of the skyrmion via a current was discussed in[136, 137], while other groups reported on the formation of skyrmions in a single nanodisk asa function of its radius [138] and on artificial skyrmions in an array of nanodisks stabilizedin wide temperature and field ranges without the need for DM interaction [139].
4.1.4 Epitaxial MnSi(111) Thin Films

MnSi typically grows along its <111> direction on Si(111) substrates. To overcome thelarge lattice mismatch between MnSi with aMnSi = 4.561 Å and Si with aSi = 5.431 Å, MnSi
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grows with a lattice rotation of 30◦ and its <110> parallel to Si <112> on the Si substrate[140–142]. This leads to tensile strain of (aMnSicos(30◦)−aSi)/aSi = −3.2% [141, 142]. ThoseMnSi(111) thin films are usually grown epitaxially by thermal deposition using either solidphase epitaxy (SPE) [140–144], where Mn or a Mn/Si multilayer is annealed to form MnSior by molecular beam epitaxy (MBE) [10, 13, 145, 146], where Mn and Si are depositedsimultaneously followed by annealing at 400◦C. In the latter case, few monolayers of Mnhave to be annealed on the Si substrate to form a MnSi seed layer prior to the co-depositionof Mn and Si.
Karhu et al. reported a reduction of roughness by a factor of two when using MBE instead ofSPE [145]. Both methods result locally in the formation of MnSi1.7 precipates with a diameterof up to a few hundred nm [140, 145]. Films with fractions of MnSi1.7 up to 11% still show asimilar Tc of 41.4–44.0 K [147]. Samples containing more than 20% show different in-plane andout-of-plane strain [147]. Karhu et al. investigated the strain of the samples grown by SPE[140] and by MBE [147] as a function of thickness using XRD for the determination of out-of-plane strain and using a TEM technique for the determination of in-plane strain. The MBEgrown samples show a slightly higher in-plane strain between 0.5% and 1.2% and slightlyhigher absolute values of out-of-plane strain between -0.25% and -0.5%. A further importantobservation of the same group using TEM, was the finding of domains with right-handed andleft-handed crystal structure [140, 145].
This group also investigated the magnetic properties. Due to surface anisotropy, strain, andshape anisotropy, a uniaxial magnetic anisotropy develops, with the out-of-plane axis eitherthe hard or easy axis for the magnetization. Karhu et al. found higher saturation fields fora magnetic field applied out of plane compared to in plane [140, 147]. This indicates a hardaxis, i.e. easy-plane anisotropy. Consequently, for a helical ground state, one would expectthe kH-vector to align out of plane. This would allow the spins to lie in plane followingthe easy-plane anisotropy of the magnetization. This was also supported by the same groupwhen plotting the remanence normalized by the saturation magnetization as a function ofMnSi thickness, which was measured after applying a high in-plane field of 5 T [145]. Thecurve shows oscillatory behavior with a remanence dropping to zero for certain thicknesses.This could be explained by helices propagating along the film normal and a fixed helix length,resulting in the cancellation of the total in-plane moments for an integer number of helicesfitting into the film. If the thickness is not an integer multiple of the helix pitch, not allmoments cancel out and contribute to the remanence. From this oscillatory behavior of theremanence as a function of thickness, the authors fitted the helix pitch to 13.9 nm. Theydescribe this as being the ground state and independent of the MnSi thickness. Their fitis better for the MBE grown samples than for the SPE grown samples, probably owing toheterogeneities [145]. As a consequence, they performed subsequent investigations only onthe MBE grown samples.
Given the uniaxial anisotropy, different magnetic properties for in-plane and out-of-planemagnetic fields are expected. For this reason, I will discuss both configurations separately.
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Fig. 4.5: B out of plane: (a)–(f ) Lorentz TEM images of a 10 nm epitaxial MnSi film at 0 T
and at 400 mT. The lefthand column shows the raw data, and the right column shows the filtered
images. The insets depict the fast Fourier transforms of the real-space images. The Hall-effect
signal is plotted as a color map in a B-T -diagram for a 10 nm sample (g) and for a 50 nm sample
(h) (Source: [13]). (i) Topological Hall effect (THE) signal extracted from the Hall signal and
plotted as color map in a B-T -diagram for a 20 nm MnSi sample. A high THE signal gives rise
to a skyrmion lattice, as depicted in the inset. The phase diagram is in good agreement with (g)
and (h). The extraction of THE signal was performed by studying the Hall effect signal as the
sample was tilted relative to B, as depicted in (j). Here, the skyrmion lattice vanishes for an
sufficiently large angle. The difference in the Hall effect signal reveals the THE signal, which
drops as a function of tilt angle (Source: [132]).

Tc , however, was observed to be independent of the magnetic field direction and of the MnSithickness. It was determined to be 45 K in [13] and to be 41.6–44 K in [10].
B out of plane. Li et al. [13] identified a skyrmion lattice at 400 mT for 18 K and 30 K and ahelical phase in zero field at 6 K with kH in plane and a pitch of 8.5 nm using Lorentz TEM(Figure 4.5a–f). This group was the first and, so far, the only group to observe the skyrmionsin epitaxial B20 films in real space. To form a phase diagram, they measured the Hall effectand plotted its signal as function of B and T for a 10 nm (Figure 4.5g) and 50 nm (Figure4.5h) MnSi film. A high Hall resistivity, probably due to an additional THE signal, coversa wide region of the phase diagram from 10 to 40 K, indicated in red. Comparison to theLorentz TEM images identified this region as the skyrmion phase.
This in good agreement with the phase diagram of a 20 nm MnSi film observed by Yokouchi
et al. [132] of the same group and shown in Figure 4.5i, with the pure THE signal illustrated
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(a) (b)

Fig. 4.6: B out of plane: (a) B-T phase diagram for MnSi, independent of thickness, as
proposed by Wilson et al. (b) Corresponding theoretical B-Ku phase diagram generalized for all
B20 systems as a function of the uniaxial anisotropy Ku. HD = 0.77 T±0.05 T [11] is the critical
field of the transition to the ferromagnetic state for Ku = 0 and K0 the effective anisotropy. Due
to the negative Ku of MnSi, only the conical phase can establish additional to the paramagnetic
or ferromagnetic state. Since FeGe has a positive Ku, a helical phase, a skyrmion phase and
isolated skyrmions can also occur in this material. (Source: [12])

as color plot. For high THE signal, the expected skyrmion structure is shown in the inset.To distinguish the pure THE signal from the normal and anomalous Hall effect, the authorsmeasured the signal while tilting the sample relative to the magnetic field. They found thatthe skyrmion lattice vanishes for a sufficiently large angle, as schematically depicted in Figure4.5j. The difference in the Hall signal before and after the vanishing of the skyrmion latticecan be attributed to the THE signal. The THE signal drops as a function of tilt angle θ.By contrast, Wilson et al. [12] predicted a pure conical phase with a helical length of 13.9 nmand therefore the absence of the skyrmion phase as depicted in Figure 4.6a. This wasdetermined by the oscillation of the remanence in [145], as discussed above. They calculatedthe solutions for the magnetic structure by minimizing the energy functional for an out-of-plane magnetic field consisting of the FM, DM, and Zeeman terms as well as the uniaxialand magnetocrystalline anisotropy. This ansatz does not include shape anisotropy. Theexchange stiffness constant J of the FM term and the coupling constant D of the DM termwere determined by their ground state helix length of 13.9 nm. Possible solutions of the freeenergy density were an in-plane helicoid, an out-of-plane cone, an in-plane skyrmion latticeand isolated in-plane skyrmions.Using a different ansatz without the cubic anisotropy, but including the shape anisotropy,the same group obtained only one possible solution for the out-of-plane field, that is theout-of-plane cone phase, as was published in an earlier paper [147]. The occurrence of allsolutions was a function of the uniaxial anisotropy Ku. This is illustrated in the H-Ku phasediagram in Figure 4.6b. Owing to the easy-plane anisotropy, which is defined in this paperby a negative Ku, it is not possible to reach the skyrmion phase, but only the cone phase.In contrast, FeGe possesses a hard axis anisotropy, i.e. a positive Ku, and a skyrmion lattice
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is expected according to this phase diagram. Indeed, a skyrmion lattice was observed in theHall signal in [129] as mentioned above (Section 4.1.3). Wilson et al. supported their theoryby magnetization measurements. They argued from the lack of peaks in dM/dH as a functionof H and of T that no first-order transitions occur. In addition, they did not find a hysteresisin the magnetoresistance, which was typical for the skyrmion phase in bulk. In a previouspaper published by the same group, the authors had already stated the existence of the conephase with helices propagating along the sample normal [145]. They drew that conclusionfrom polarized neutron reflectometry (PNR) measurements with an out-of-plane field of 0.2 Tand 0.6 T. They observed a peak in both spin-flip channels at 2π/13.9 nm correspondingto the wavevector of the conical phase with a cone angle of ≤ 54◦. However, the signalwas very weak, and they only presented two measurements that exhibit this feature. Somecollaborators, i.e. Monchesky et al., comment on Li et al.’s Lorentz TEM images, stating theresults to be artifacts from the microscope [148] and demonstrate how to obtain similar imagesthrough misuse of the technique. Li et al. reject the reproach in [149].The saturation magnetic field at 5 K drops from 1.4 to 1.0 T for increasing MnSi thicknessfrom 10 to 40 nm. This in good agreement to Li et al., who obtained similar values for the10 nm and 50 nm films (Figure 4.5).The contradiction between the publications of Li et al. and Yokouchi et al. on the one sideand Wilson et al. on the other concerning the magnetic structure of MnSi thin films in anout-of-plane field cannot be solved within the scope of this thesis, as experiments using thisfield configuration did not show any magnetic signal (Appendix). However, I will discussthose measurements, compare our results to those publications, and draw some conclusionsat the end of this thesis (Section 4.4.6).
B in plane. Karhu et al. published calculations minimizing the energy functional as describedabove, this time including shape anisotropy but no cubic anisotropy. This leads to threesolutions for an in-plane field: an in-plane helicoid, a distorted cone lying in-plane and adistorted skyrmion lattice with the three kH-vectors lying perpendicular to the plane [147].The solutions are again a function of uniaxial anisotropy. Each phase has to be enteredby increasing the field to the ferromagnetic state for a wide range of uniaxial anisotropies.The corresponding H-K phase diagram is plotted in Figure 4.7a. This time the easy-planeanisotropy is defined as positive K , in contrast to the negative K in Wilson et al.’s paperdiscussed above [12].However, the data measured by polarized neutron reflectometry (PNR), presented by Karhu
et al. in the very same paper [147], does not confirm their theoretical results. Figure 4.8aillustrates a typical PNR setup with an in-plane field. As described in Section 2.2.2, thespin channels of the reflectivity R++ and R- - are sensitive to the magnetization componentparallel to the spin polarization, here Mx , while R+- and R-+ are sensitive to My. In thecase of equally distributed right- and left-handed helices, the magnetization profiles form asinusoidal shape (Figure 4.8c) in Mx (z), while the My component is canceled out. Figure 4.8b
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Fig. 4.7: B in plane: (a) Theoretical H-Ku phase diagram generalized for all thicknesses as
a function of the uniaxial anisotropy Ku. HD = 0.77 T±0.05 T [11] is the critical field of the
transition to the ferromagnetic state for K = 0 referring to bulk (Source: [147]) and K0 the
"effective stiffness". The spins possibly arrange as distorted cones lying in the sample plane (i),
as distorted sykrmions with the three kH-vectors perpendicular to the plane (ii) or as helices
propagating out-of-plane (iii) (adapted from [147]). (b) B-T phase diagram of a 26.7 nm MnSi
film, obtained from peaks in the static susceptibility for increasing and decreasing magnetic
fields, consists of a helical phase, a skyrmion phase and a mixture thereof and is therefore
distinctly different from the prediction of (a) (Source: [10]).

shows the PNR data of a 26.7 nm MnSi sample measured by Karhu et al. [147]. R+- andR-+ do not show a signal, which confirms the equal distribution of right- and left-handedhelices. By fitting the reflectivities R++ and R- -, they found a helical phase at 6 K and1 mT (top panel), which appears as a sinusoidal magnetic depth profile as shown in the rightcolumn. As the magnetic field is increased (from top to bottom panel of the right column), moreand more spins align parallel to it and the profile deviates from a clear sinusoidal shape bydeveloping plateaus and forming a soliton-like shape. The oscillatory behavior along the filmnormal still shows the nature of a helix propagating perpendicular to the surface. At a field of0.8 T (bottom panel) the magnetic moment remains constant through the film depth, associatedto the ferromagnetic state or, as they write, to an in-plane conical phase. However, for thatsample — due to its specific uniaxial anisotropy — their theory predicted an in-plane conicalphase for fields much smaller than 0.8 T, as can be seen from Figure 4.7a, in which the 26.7 nmsample is labeled with the number (2). This publication itself is therefore inconsistent. Notethat the value of the uniaxial anisotropy Ku of each sample was calculated via the saturationfields for out-of-plane and in-plane magnetic fields as well as for their ground-state helixpitch of 13.9 nm. This means that their entire theory is based on this experimental value,which in turn determines A, D and Ku.Wilson et al. of the same group then published a phase diagram (Figure 4.7b), which exhibitsa helical phase, a mixed phase consisting of helices and skyrmions and a pure skyrmion phase.
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Fig. 4.8: (a) Schema of PNR in an in-plane magnetic field resulting in helices directed along
the surface normal. R++(Qz) and R−−(Qz) are sensitive to the magnetization component Mx (z),
while R+−(Qz) and R−+(Qz) are sensitive to My(z). (c) Left-handed (LH) and right-handed
(RH) helices contribute to Mx (z). If helices of both chiralities are equally distributed, the My
component canceled out (Source: [150]). (b) Reflectivity data (symbols) of a 26.7 nm MnSi thin
film as function of Qz measured for all four spin channels at 6 K and in an in-plane magnetic
field ranging from 1 mT (top) to 0.8 T (bottom). The figures of the right column show the depth
profiles, i.e. magnetic moment in x-direction as function of z, corresponding to the fits (lines)
of the reflectivties. As the magnetic field increases, the profiles deviate from a pure sinusoidal
shape, with an increasing number of spins aligned parallel to the magnetic field. (Source: [147]).

The phase transitions were determined by magnetometry measurements [10] tracking peaksin dM/dH vs. H , while the identification of the phases was only based on theory. Althoughthis theory was adapted from the previous paper, they did not comment on the contradictionbetween their experimental results and the theoretical phase diagram of the previous paperillustrated in Figure 4.7a, where the distorted conical phase was predicted.In their recent paper, Wilson et al. [11] applied a new approach for an in-plane field, min-imizing the energy functional consisting only of the FM, DM, and the Zeeman term, whichis reduced for helicoids propagating along the film normal with m = M /Ms being the unitvector of the magnetization and m = (sinθ, cosθ, 0):
ω(θ) = J

(
dθ
dz

)2
−Ddθdz − H Ms cos θ, (4.3)

where J is again the exchange stiffness and D the DM coupling constant, which are related by
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J/D = 2π/13.9 nm. The authors calculated the solutions by minimizing this energy density ina layer of finite thickness with free boundary conditions. They argue that owing to the Zeemanenergy, the moments in the center of the film have to be aligned parallel or antiparallel tothe magnetic field, and they use this as a condition for the solutions. The solutions for a29.7 nm MnSi film result in helices as depicted in Figure 4.9a. The pitch of the helix switchesas a function of magnetic field. The authors calculated the critical fields for a sample with athickness of 29.8 nm in [11]. Here, the helix performs 2.0 turns for magnetic fields up to 0.22 T,1.5 turns up to 0.46 T and above this value only 0.5 turns. The fewer the turns, the more thespins can align parallel or antiparallel to the field, which is energetically favored. Moreover,the increasing alignment leads to a deviation from a simple helix with evenly rotating spins.This behavior is reminiscent of the situation discovered in [151], where TEM images of a 70 nmthick Cr1/3NbS2 crystal indicate in-plane helices as ground state. By applying a magneticfield perpendicular to the helix propagation, the magnetic structure changes continuously,forming a chiral soliton lattice whose pitch increases continuously with increasing field. Suchbehavior can be well described by a one-dimensional chiral sine-Gordon model, with solitonsolutions [151]. In contrast, in the case of a helix propagating perpendicular to the film, theevolution with field occurs not in a continuous, but rather in an abrupt manner as soon as theboundary conditions are fulfilled.
Wilson et al. supported their theory by PNR measurements, where they did not fit themagnetic profiles, but directly used the 2D projection of their solutions plotted in Figure 4.9b.These fit perfectly the spin asymmetries (SA), with SA = (R++−R−)/(R+++R−) (Section2.2.2). The SA at 32 mT only does not follow the calculated magnetic structure. Therefore,
(a) (b)

Fig. 4.9: B in plane: (a) Solutions for a magnetic helix in a 29.7 nm MnSi film, where the helix
length reduces with increasing magnetic field (from left to right), providing more spins aligned
parallel to the field. (b) Spin asymmetries of PNR data recorded at 5 K for a 26.7 nm MnSi film
shown in the left column. Fits are indicated as red lines and are based on the magnetic depth
profiles shown in the right column, which are (besides a phase shift in the bottom panel) the 2D
projections of (a). (Source: [11])
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they had to fit the magnetic depth profile to a helix with almost two integer repetitions asexpected, but with a phase shift in comparison to their calculated solution. The magneticfits are considerably different to the fits published in the earlier publication discussed above[147], although the data was recorded at the same temperature and similar fields.The saturation magnetic field at 5 K was found to increase from 0.5 to 0.85 T for increasingMnSi thickness from 10 to 20 nm, where it remains constant within ±0.1 T for thicknesses upto 40 nm [147].They also investigated also the dependence of the helix periodicity as a function of MnSithickness, which was only published in an earlier version of their paper [152]. Here, theyshowed the helix length switching at critical thicknesses for a constant magnetic field. Nev-ertheless, there has to be a reason for the removal of this topic in the final publication.Although they focused on the helical phase in both versions of the paper discussed above[11, 152], they referred to the existence of a skyrmion lattice shown in their previous paper[10] and seem to still regard this as true. The contradiction to the previous paper as wellas the indirect measurement methods make clear the importance of conducting microscopicinvestigations on MnSi thin films using neutron scattering. Using this technique, we will solvethis contradiction and clarify the magnetic properties of MnSi. In this chapter, I will discusshow we measured the magnetic wavevector of the helices directly. The helices are indeedaligned along the surface normal. I will also show that the phase diagram is dominated bythe helical phase — divided, however, into subphases with different helix lengths.
4.1.5 Summary

This section aims to summarize and provide a basis for finding a consistent picture of themechanisms responsible for the magnetic behaviors observed in different forms of B20 crystals.Thin freestanding plates of MnSi [122], FeGe [124], Fe0.5Co0.5Si [123], and CuO2SnO3 [125]in the thickness range of 15–100 nm reveal an in-plane helical ground state with, except forCuO2SnO3, the periodicity of bulk as well as an extended skyrmion phase under a magneticfield parallel to the film normal n. The conical phase is expected to be suppressed, eitherbecause the helix wavevector kH cannot align along the confinement n, which is often referredto as finite size effect, or because surface anisotropy dominates. Shape anisotropy usuallyaligns the spins in plane: this would favor the helices to propagate along the film normal.Both mechanisms are depicted in Figure 4.10. For B20 plates, shape anisotropy seems toplay a minor role. Because thin epitaxial films have a very similar shape, I regard this energycontribution to be rather small compared to other effects.It has been suggested [13] that strain is responsible for an increased Tc , which is in goodagreement to the increase of Tc in epitaxial Fe1−xCoxSi films by 25–30 K [135] and in epitaxialMn1−xFexSi films by 5–25 K (Section 4.1.4), both exhibiting in-plane tensile strain. In contrast,
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Fig. 4.10: (a) Shape anisotropy aims to reduce stray fields by aligning M ⊥ n and preferen-
tially along the longest sample edge. This favors the helix aligning out of plane. (b) The finite
size effect may cause the helices to align along a long sample edge instead of along the strong
confinement along n, forming a sufficient number of integer helix turns.

Tc of an epitaxial FeGe film is reduced by 7 K compared to bulk and was also determined toexhibit in-plane tensile strain [129]. However, the different kind of in-plane strain, i.e. tensileor compressive, could be responsible for an increase or decrease of Tc in nanowires. Thestrain in CVD-grown MnSi nanowires was not examined, but Tc was found to be slightlyincreased. The strain induced by the growth should be very low, since the lattice in thenanowire should be relaxed after some µm of growth. Or, it may be induced by the FIB. Tcis definitely increased by 7 K for the freestanding MnSi plate, while the value has not beendetermined for FeGe and Fe0.5Co0.5Si plates. This change of Tc in MnSi plates could indeedbe induced by compressive strain due to mechanical thinning. Of course, other contributoryfactors cannot be excluded.The thinned MnSi nanowire examined in [130] has a similar thickness to the plates but witha width reduced to 200 nm. Whether this reduction of width is sufficient to introduce anadditional relevant confinement is questionable. As well as Tc , the magnetic phase diagramis also similar to the MnSi plate, exhibiting an in-plane helix with the bulk pitch. Even here,the shape anisotropy is not strong enough to align the spins along the wire.A very similar phase diagram, but with an additional conical phase above the skyrmion phasewas observed for the thick nanowire with a width and thickness of 410 nm [131]. In contrastto the other nanowire study, the magnetic field was applied along the wire. This shouldfavor the spins to align in plane, which would suppress the conical phase. Note that thisphase diagram was determined by tracking features in the static susceptibility and not by areal-space imaging method. On the other hand, the other nanowire study could have missedthe conical phase due to too less data points at high fields.In epitaxial thin films, in contrast to nanowires or plates, the helix pitch differs from the pitchin bulk, as was discovered for MnSi with 8.5 nm [13] or 13.9 nm [145] and for Fe0.7Co0.3Siwith 9.3 nm [134].All magnetic structures observed in B20 thin films are summarized in Figure 4.11. Thecorresponding publications are listed in Table 4.1.
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
(a) (b) (c)

Fig. 4.11: Summary of all magnetic structures observed for B20 epitaxial thin films: (a) the
skyrmion phase and (b) the conical phase were predicted for the magnetic field aligned par-
allel to the surface normal. (c) The helical phase was observed in an in-plane magnetic field.
Corresponding material systems and publications are summarized in Table 4.1.

B out of planeStructure Material In-plane Strain Tc Magn. Anisotr. Method Refskyrmion MnSi tensile > THE, TEM [13]phase Mn1−xFexSi tensile > THE [132]Fe0.7Co0.3Si tensile > easy plane THE [134]FeGe tensile < easy axis THE [129]conical MnSi tensile > easy plane PNR [145]phase Magnetometry [12]Magnetoresist.Calculations
B in planeStructure Material Strain Tc Magn. Anisotr. Method Refhelical MnSi tensile > easy plane PNR [147],phase Magnetometry [11]Magnetoresist.CalculationsFe0.7Co0.3Si tensile > easy plane PNR [134]

Table 4.1: Summary of studies about the magnetic structure of B20 thin films for out-of-plane
(top) and in-plane (bottom) magnetic fields. The observed magnetic structures (1st column)
correspond to the structures shown in Figure 4.11. Tc is indicated relative to the bulk value in
the 4th column.

By applying a magnetic field along the surface normal n (upper table), Hall-effect measure-ments revealed an extension of the skyrmion phase for epitaxial MnSi [13], Mn1−xFexSi [132],Fe0.7Co0.3Si [134] and FeGe [129] — similar to the observation in plates. This is in contrast tocalculations, magnetometry, and magnetoresistance measurements of epitaxial MnSi in [12].This difference may arise as a result of the different measurement method or the differentstructural properties of the samples, e.g. strain. By applying a magnetic field in plane (lower
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4.2 SAMPLE GROWTH AND QUALITY
(a) (b)

Fig. 4.12: (a) The Zeeman energy and the easy-plane anisotropy in MnSi favor kH ||n for an
in-plane field. (b) The Zeeman energy and the easy-axis anisotropy in FeGe favor kH ⊥ n for
a vertical field.

table), the helices align out of plane for MnSi [11] and for Fe0.7Co0.3Si [134].
The case seems to be clear for FeGe in an out-of-plane field (Figure 4.12b) and for MnSi orFe0.7Co0.3Si in an in-plane field (Figure 4.12a): The magnetic field is aligned parallel to theeasy axis and to the easy plane, respectively. For FeGe, this should result in an in-planehelix, while for MnSi and Fe0.7Co0.3Si the helix aligns out of plane, as postulated by Wilson et
al. [11] and as will be demonstrated in this thesis. Here, the interplay of uniaxial anisotropyand Zeeman energy is strong enough to overcome the finite size effect, and the helices canalso be aligned within a confinement.
Note that kH in FeGe has not been measured yet. However, the calculated phase diagramfor an out-of-plane field of Wilson et al. [12] predicts the skyrmion phase alongside thehelical phase shown in Figure 4.12b. Indeed, the latter was observed in the THE signalby Huang et al. [129]. However, for all three materials [129, 135, 147], the type of uniaxialmagnetic anisotropy was calculated using a formula in [147]. The formula is based on theground-state helix length. It is not clear which value was used for FeGe as the helix lengthwas not measured. Furthermore, although the coercive fields of all three materials are largerfor an out-of-plane field than for an in-plane field, they end up with a different magneticanisotropy direction. This maybe due to magnetization curves, which were not corrected fordemagnetization effects.
What happens when the magnetic field is not parallel to the easy axis or easy plane, as is thecase for MnSi under an out-of-plane field? Which energy term dominates: Zeeman energyor uniaxial anisotropy? Is there close competition and does this explain the contradictionbetween results for MnSi thin films of Wilson et al. [12] and Li et al. [13]? Although thesequestions cannot be answered within the scope of this thesis, we will address them againat the end (Section 4.4.6) and consider our measurements, which did not show any magneticsignal.
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
Sample dMnSi Size Instrument Method CommentSI121 (553± 10) Å (19x23) mm2 NREX PNR, OSR Cu cappingSANS1 GISANSSI048 (495± 10) Å (10x12) mm2 NREX PNR no cappingSI008 (390± 10) Å (19x23) mm2 SANS1 GISANS no capping

Table 4.2: Samples used for neutron experiments

4.2 Sample Growth and Quality

The MnSi thin film samples investigated in this thesis were grown by Thorsten Hesjedal(University of Oxford) using MBE. As a first step, the Si(111) substrate was annealed at990◦C for one hour to remove the SiO2 layer. Afterwards, a nominal 20 Å Mn layer depositedon the Si substrate was annealed at 400◦C for one hour to form a MnSi seed layer. Then anominally 500 Å-thick MnSi film was deposited by co-deposition of Si and Mn, which wasin turn annealed at 400◦C for one hour. While Mn was evaporated from an effusion cell, Siwas evaporated by an e-beam. The samples used for neutron scattering are summarized inTable 4.2. An additional Cu layer was grown on top of sample SI121, with the purpose ofenhancing neutron scattering within the MnSi layer in subsequent experiments performed inthis thesis.Figure 4.13a shows XRD patterns of a θ-2θ scan with the Q-vector perpendicular to thesurface (Section 2.1.1). As well as the very sharp Si-substrate peaks, the MnSi(111) and theMnSi(222) peak are observed. This is a strong hint that the samples were grown epitaxially,
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Fig. 4.13: (a) Diffraction pattern of all the MnSi samples investigated, revealing peaks of
the parallel planes MnSi(111) and MnSi(222). All unlabeled peaks correspond to the Si(111)
substrate, indicating epitaxial growth of MnSi(111). The Cu(111) peak occurs as a result of
the capping of sample SI121. (b) Enlarged view of the MnSi(222) peaks, the center of which
deviates only within a range of 0.11◦.
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4.2 SAMPLE GROWTH AND QUALITY
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Fig. 4.14: (a) Reflectometry curves of all the MnSi samples investigated. The black curves are
fits. (b) SLD profiles resulting from the fits as a function of the sample depth z with the surface
of the substrate at z = 0. From the fit, we obtained the MnSi thicknesses of 390 Å (SI008),495 Å (SI048), and 553 Å (SI121).

because in a polycrystalline sample the (102) peak and the (112) peak would be five timesand three times more intense than the (111) peak, respectively. The MnSi(222) peaks of thethree samples are in the range of 2θ = 72.06◦–72.17◦ (Figure 4.13b). In comparison to theexpected value of bulk MnSi of 2Θ = 71.7◦, there is a reduction of the (222) plane distanceof less than 1%. From the FWHM in the range of 0.37–0.45◦ and the peak position θ, thecrystallite length along the sample normal for sample SI121, for instance, can be estimatedusing the Scherrer formula [93]:
L = K · λ

FWHM [rad] · cos(θ) = 1 · 1.541 Å0.37π/180 · cos(36.09◦) = 295 Å, (4.4)
where K is the Scherrer form factor, which is ≈ 1, and λ the Cu Kα wavelength of the X-raysource. The crystallite size for samples SI008 and SI048 can be calculated to be 264 Å and243 Å, respectively. Thus, the samples contain crystallites with a size of about 50–70% of thelayer thickness.To check the interface quality and layer thicknesses, we carried out XRR measurements(Section 2.1.2). Figure 4.14a shows the reflectivity as a function of Qz for all three samples.The data were fitted using Parratt32 1.6 [17]. The SLD profile resulting from the fits (blacklines in Figure 4.14a) is plotted in Figure 4.14b as a function of sample depth z , where theSi/MnSi interface is at z = 0 and the surface at z � 0. The Si/MnSi interface roughness isbetween 22 Å and 30 Å.Recent electron backscattering diffraction (EBSD), carried out by Susannah Speller (Depart-ment of Materials, University of Oxford), revealed equally distributed right- and left-handeddomains in nominal 300 Å and 500 Å samples. Hence, the samples exhibit similar qualitiesas the samples used by Karhu, Wilson et al. [10–12, 145, 147].Finally, our samples were investigated by torque magnetometry by Matthias Brasse. The
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
magnetic anisotropy was determined as easy plane with an uniaxial anisotropy constant of1.2 kJm−3 for a nominal 30 nm film and of 7.9 kJm−3 for a nominal 10 nm film [153]. Whilethe first value is in good agreement with the value determined by Karhu et al. [147], thesecond is 4 times smaller.
4.3 Neutron-scattering Experiments

We performed neutron-scattering experiments with in-plane and out-of-plane magnetic fields.Here, we will report only on neutron experiments conducted with an in-plane magnetic field,since out-of-plane experiments did not show a magnetic signal. However, the latter arepresented in the Appendix and briefly discussed in Section 4.4.6. At FRM II, we appliedgrazing incidence small-angle neutron-scattering (GISANS) measurements to MnSi(111) thinfilms at the instrument SANS1 as well as polarized neutron reflectometry (PNR) and off-specular reflectivity (OSR) measurements at the instrument NREX. All these methods werealready introduced in Section 2.2. Both instruments have a 2D detector, allowing Qy and
Qz to be measured directly. We only observed magnetic signals along Qz and not along Qy,which allowed us to perform off-specular reflectivity measurements at NREX to obtain Qx-
Qz-maps. The setup used at SANS1, as well as the data analysis for GISANS, are presentedin the first Section 4.3.1. Afterwards, I will discuss some preliminary considerations importantfor the measurement techniques themselves (Section 4.3.2). In Section 4.3.3, I will present thesetup of NREX and discuss the data analysis for OSR and PNR.
4.3.1 Setup and Data Acquisition at SANS1

Setup. At SANS1 (FRM II) we performed GISANS measurements (Section 2.2.1) at a wave-length of 5.5 Å with δλ/λ = 10% and using the setup shown in Figure 4.15. The sample normalwas the MnSi <111> direction. The magnetic field B was fixed parallel to the sample plane.The sample was aligned parallel to either the MnSi <112> edge or the MnSi <110> edge.For ω = 0, the incident beam was aligned with ki ⊥ <111> and ki || B. The sample,together with the magnet, could be tilted with respect to the sample horizon to change theangle of incidence (angle ω) and rotated around the sample normal (angle χ ). Both degreesof freedom were used to run so-called rocking scans to find the maximum of a Bragg peak,corresponding to a magnetic structure, which fulfills the Bragg condition. The resulting curve,i.e. the intensity of Bragg peak vs. rocking angle, is called the rocking curve. Its FWHMdepends on the instrument resolution as well as on the magnetic structure itself. When thesample is inclined with ω 6= 0, the reflected spot also occurrs on the detector, with kf formingan angle relative to ki of 2ω. For periodic magnetic structures, i.e. helices, along the <111>direction, two Bragg spots evolve along Qz at the detector. These are symmetrical around thedirect beam spot. The lower spot is weaker, owing to the attenuation of the signal transmitted
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4.3 NEUTRON-SCATTERING EXPERIMENTS

Fig. 4.15: Setup used at SANS1 (FRM II). For ω = 0, the sample normal <111> of the MnSi
thin film is aligned with ki ⊥ <111> and B ⊥ <111>. The sample and the magnet were
fixed to each other and were either aligned with B || <112> or B || <110>. The reflected
spot occurs for ω 6= 0. The magnetic structure, i.e. a helix propagating along <111>, gives
rise to magnetic Bragg spots along Qz . The sample can be rocked using the angles ω or χ.
On the detector, two Bragg spots occur in both directions of <111> with the lower spot being
weaker due to the transmission through the sample. The strongest spot is that of the direct
beam, while the reflected is much weaker. The wavevector of the helix is referred to as kH , the
value and direction of which can be read off the detector position of the Bragg spot relatively
to the position of the direct spot.

through the sample. The strongest spot belongs to the direct beam, while the reflected beamis much weaker. From the position of the magnetic Bragg spot relative to the position of thedirect spot, the helix wavevector kH can be determined. Here, for kH || <111>, ω is therelevant rocking angle to reach the maximum intensity of the Bragg peak at the detector.The detector can be positioned along the detector tube, but it cannot be tilted. The beamsize is determined by a pinhole in front of the sample, allowing the same resolution in Qzand Qy. The beamline can be used with the sample aligned horizontally or vertically, whichonly changes the instrument angle we use to define the angle of incidence. We measured atconstant angles of incidence between 0.57 and 0.66◦. The reason for that is discussed in thenext section. All incident angles, together with the corresponding Qz-values of the reflectedspot, are summarized in Table 4.3.
Data Acquisition. To prevent missing a magnetic Bragg peak with a non-zero Qy, we con-ducted rocking scans around the surface normal, i.e. χ in horizontal geometry, in a wide
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
Geometry Sample ki,B Incident angle Qz,Ref lexhorizontal SI121 <112> χ = 0.652◦ 0.0263 Å−1vertical SI121 <110> ω = 0.657◦ 0.0258 Å−1vertical SI008 <110> ω = 0.569◦ 0.0227 Å−1

Table 4.3: Sample geometries at SANS1

range, with 4◦ ≤ ∆χ ≤ 8◦, for each measurement. However we did not find a magnetic Braggpeak and we summed up all the images of the rocking scan. For the sake of convenience, Iwill, independently of the sample geometry, refer to the incident angle as ω and describe therotation around the surface normal with χ .Each detector image was recorded after field cooling (FC) from 60 K and was subtractedby a background measurement performed in the same way at 60 K. Finally, the data wasnormalized to the counts measured at the monitor, which is located in front of the sample andcontinuously absorbs a portion of neutrons to measure the current neutron flux. This normal-ization, therefore, takes into account intensity fluctuations. For each set of measurements, thedirect beam was also measured without the beam stop and sample. Grasp V6.72 [154] wasused for data analysis. The center of the direct beam at the detector was fitted and then setas the zero point of Qy and Qz . All Qy and Qz values were calculated via the detector’s y and
z channel relative to the zero channel. The detector image was then smoothed by the option"Gauss 2pxl FWHM" or "Gauss 3pxl FWHM". For a detailed study, intensity profiles along
Qz will be compared for different temperatures and fields. The error bars of the averagedintensities were calculated by Grasp.
4.3.2 Preliminary Considerations

As we performed GISANS measurements with a non-zero incident angle, the reflected spotwas observed on the detector. In this section, I will show where the reflected spot and theBragg spot occurred on the detector and how we could distinguish between them. Thisdescription will also explain our motivatation for the usage of off-specular reflectivity (OSR)at NREX, which will be introduced in the next section, 4.3.3.
GISANS, Reflectivity, or Both? Figure 4.16a shows a typical detector image at SANS1for ω = 0.4◦ with the bright reflected beam along <111> and the rectangular beam stoplowering the intensity of the direct spot in the detector center. By scanning ω, the reflectedspot moved along the z-direction. By integrating the intensity in the red box sketched inFigure 4.16a for each ω, one obtains the reflectivity curve shown in Figure 4.16b, i.e. theintegrated intensity as a function of ω. At 0◦, the reflected intensity is absorbed by thebeam stop. By increasing the angle, the reflected spot passes the beam stop, where totalreflection still occurs, as indicated by the high-intensity plateau. Above the critical angle of
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Fig. 4.16: SI121 measured at 27 K, 0.5 T: (a) Detector image at SANS1 with reflected beam for
ω = 0.4◦. The dark rectangle in the center is due to the beam stop. (b) The integrated intensity
of the red box in (a) as a function of ω reveals the reflectivity curve.

the sample, the intensity drops steeply as expected and exhibits Kiessig fringes. Since weintegrated the intensity not only of the reflected spot, but of the region within the entire redbox, the contribution of the off-specular intensity in this curve is high. However, a typicalreflectivity curve is still observable. This proves the alignment and the correct understandingof the spot. Figure 4.16a does not reveal any magnetic Bragg peaks, due to the fact that itis much weaker than the reflected beam. To see it, the background has to be subtracted first.
Bragg Condition. Figure 4.17a shows a detector image of the reflected beam measured atSANS1 for ω = 0.85◦, 27 K, and 0.5 T. To find a magnetic Bragg peak, we rocked ω and χ to
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Fig. 4.17: SI121 measured at 27 K, 0.4 T at SANS1: (a) Detector image for the incident angle
ω = 0.85◦ showing the reflected beam with high intensity. The dark rectangle in the center is
due to the beam stop. (b) Along Qy integrated intensity of the white sector in (a) as a function of
Qz for 0.95◦ ≤ ω ≤ 1.65◦. Owing to the background subtraction, spikes remain at the position
of the reflected beam, which superimpose the magnetic Bragg peak (black arrow) as shown in
the inset.
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS

fulfill the Bragg condition and succeeded in finding a magnetic Bragg peak along <111>. Inthis direction, only the ω scan was necessary to find the maximum of the rocking curve. Wesubtracted the background image, which was measured at 60 K above the Curie temperature,and integrated the intensity along Qy within the white sector indicated in the figure. Theresulting intensity profiles are plotted in Figure 4.17b for several ω. The sharp spikes inintensity are due to small intensity differences of the specular spot at 27 K and 60 K, indicatingsmall changes of sample position or sample bending. As shown in the inset, the underlyingintensity reveals the magnetic Bragg peak. The figure shows the maximum of the magneticBragg peak at Qz ≈ 0.05 Å−1 (arrow in Figure 4.17b), which is reached for ωBragg = 1◦–1.5◦when the reflected beam moves across it. Indeed, the reflection coincides exactly with theBragg peak. This is always the case for a k-vector of a magnetic structure parallel to thesample normal, since the Q-vector of the specular reflection is also parallel to the samplenormal (Figure 4.18). Assuming kH is exactly perpendicular to ki with kH = 0.05 Å−1, onewould have to rock to ω = 1.25◦ to fulfill the Bragg condition.Owing to the bad signal-to-noise ratio and the high spikes formed after background subtrac-tion of the ω scan shown in Figure 4.17b, an extraction of the rocking curve was not possibleand thus remains unknown. To observe a clear magnetic signal, we must not measure at theexact Bragg condition, i.e. the maximum of the rocking curve, but elsewhere at the rockingcurve. Only then, the specular spike does not conceal the magnetic Bragg peak. Fortunately,we found that the intensity of the Bragg peak was still high enough even far from the Braggcondition when measured at SANS1, as can been seen for sample SI008 and SI121 in Figure4.19. Here, we measured for longer than in the scan of Figure 4.17b. Again, the backgroundimage was subtracted and the intensity integrated along Qy within a sector. In Figure 4.19athe magnetic Bragg peak is observable even within ∆ω = 0.55◦. In Figure 4.19b, the inci-

Fig. 4.18: The scattering vector is defined by Q = ki − kf . For reflectivity measurements,
the incident angle is θi = θf = θ resulting in a scattering vector with a pure Qz component.
By scanning θ the modulus of Q changes as shown for a small θ (black scattering triangle)
compared to a larger θ (red scattering triangle). Since the wavevector of the helix kH (green) is
also directed along z, the specular reflection will coincide with the Bragg peak when measured
at the Bragg angle.
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Fig. 4.19: Along Qy integrated intensity in the white sector as shown in Figure 4.16a showing
the intensity profile of the magnetic Bragg peak as function of Qz for two different incident
angles ω measured at SANS1 on (a) sample SI008 and (b) sample SI121, respectively. The
spike of the reflected beam occurs at Qz < 0.03 Å−1, when not measured at the exact Bragg
condition. The Bragg peak is still visible in (a) within ∆ω = 0.55◦, while in (b) it has vanished
for ω = 0.27◦.

dence angle ω = 0.65◦ results in the appearance of the reflected spot at low Qz . This isstill separated by ∆Qz = 0.024 Å−1 from the Bragg peak. At ω = 0.27◦, no Bragg peak wasobserved.In summary, the specular beam hides the Bragg peak when measured directly at the Braggcondition. Moreover, the rocking curve is quite broad, which is mainly due to the coarseresolution of δλ/λ = 10% at SANS1. An additional major contribution from the magneticstructure itself cannot be excluded at this point. However, this enables us to measure atconstant angles of incidence which are smaller than the Bragg angle (Table 4.3), such thatthe reflected spot is separated from the Bragg peak.
4.3.3 Setup and Data Acquisition at NREX

Setup. The monochromatic instrument NREX (FRM II) is a beamline dedicated to reflectome-try using a neutron beam with a fixed wavelength of λ = 4.31 Å. Although the sample-detectordistance is much smaller than at SANS1, the Qz resolution was higher owing to a very goodwavelength resolution of 2%. In contrast, the resolution in Qy was quite coarse: in orderto illuminate the total sample, the horizontal slits are usually widely open. Since we didnot investigate Qy values in PNR or off-specular reflectometry (OSR), the resolution in thisdirection was not relevant. The sample geometry, as shown in Figure 4.20a, was very similarto the setup used at SANS1. Again, we applied the magnetic field in plane, i.e. B ⊥ <111>.For reflectometry, the incident angle is typically referred to as θ. The sample together withthe magnet can be tilted to align θ. Additional, the detector can be tilted by 2θ to realize θ-
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(a) (b)

(c) (d)

Fig. 4.20: Setup used at NREX (FRM II) as side view. (a) For θ = 0, the sample normal <111>
of the MnSi thin film is aligned with ki ⊥ <111>. The reflected spot occurs for θ 6= 0. The
magnetic structure, i.e. a helix propagating along <111>, gives rise to a magnetic Bragg peak
along Qz . The detector can be tilted to perform θ-2θ-scans moving the reflected spot across the
Bragg peak. The scattering vector can be described by Q = ki − kf . The specular reflectivity
only considers data with θi = θf = θ resulting in a scattering vector with a pure Qz component,
while (b) also considers the off-specular reflectivity with θi 6= θf for data analysis using the
same setup and same scan-type as in (a). Here, one is sensitive also to the Qx component of
the wavevector of the magnetic structure. The in-plane magnetic field is aligned for θ = 0 (c)
with B ⊥ ki and B || <112> for PNR and (d) with B || ki || <110> for OSR.

2θ scans. For θ = 0, the surface normal was again aligned with ki ⊥ <111>. This resultedin the evolution of helices with the wavevector kH || <111> with a Bragg peak along Qz .However, OSR accounts for slightly tilted helices and measures the additional Qx component.Then, Qx-Qz maps reveal the Bragg sheets (Section 2.2.3) of kH in the off-specular regime,i.e. for angles θf 6= 2θi. The setup is plotted in Figure 4.20b for one specific off-specular kf .The in-plane magnetic field was aligned for θ = 0 with B ⊥ ki and B || <112> for PNR(Figure 4.20c), while it was aligned with B || ki ||<110> for OSR (Figure 4.20d).
PNR. Polarized neutron reflectometry (Section 2.2.2) was applied to measure magnetic mo-ments in plane and as a function of sample depth. For this purpose, one has to use apolarizer. We performed θ-2θ scans to record the specular reflectivity, using an analyzerfor all four spin channels (R++, R- -, R+-, R-+) and no analyzer for two spin channels(R+, R-). The latter two measures only the component of the magnetization parallel to themagnetic field. The PNR data was recorded after zero-field cooling (ZFC) from above Tc ,i.e. 55 K, to 10 K, followed by zero-field heating (ZFH) to the desired temperature. Subse-
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4.3 NEUTRON-SCATTERING EXPERIMENTS
quently, all fields chosen at this temperature were applied in ascending order. From here,measurements at higher temperatures were performed, followed by ZFH, whereas lower tem-peratures were applied after heating up to 55 K and by subsequent ZFC. For data analysis,we calculated the spin asymmetry, which can be written as: SA = (R− − R+)/(R− + R+)or SA = (R−− − R++)/(R−− + R++) (Equation 2.4). This, together with the reflectivity, wasfitted using the program SimulReflec [19].
Off-specular Reflectivity. In a test measurement, we demonstrated successfully that wecan accomplish SANS at NREX for a bulk MnSi sample, for which the phase diagram iswell known. From that, we assumed that it could also be possible at NREX to see the samemagnetic SANS peaks under grazing incidence in a thin sample. As discussed above (Section4.3.2), GISANS could not be measured at the maximum intensity of the Bragg peak. At NREXthe Qz resolution is much better than at SANS1, which reduces the width of the rocking curve.Therefore, we could not directly observe the magnetic Bragg peaks in the GISANS image bymeasuring below the Bragg angle. As we did not find Bragg peaks along Qy at SANS1, wedecided instead to measure the off-specular reflectivity by running θ-2θ scans. From these weobtained Qx-Qz intensity maps which allowed us to observe the corresponding Bragg sheetsof the specular Bragg peak in the off-specular regime (Section 2.2.3). A Qx-Qz scatteringmap can be deduced from a θ-2θ scan by integrating along the y-Channels and calculating
Qx and Qz from Figure 4.20b using Equations 2.5 and 2.6

Qx = 2π
λ

(cos(θf )− cos(θi))
Qz = 2π

λ
(sin(θf ) + sin(θi)) ,

with θi (= θ) and θf being the initial and final angle as depicted in Figure 4.20b. As forthe SANS1 data, all intensity maps were again measured after FC from 60 K, normalized tothe counts at the monitor and subtracted by background data, measured at 60 K and alsonormalized to the counts at the monitor. In the following data analysis, we excluded thespikes at the position of the specular beam — again resulting from background subtraction(Section 4.3.2) — by considering only data points with Qx values lower than Qx of thespecular beam, i.e. Qx < −3 · 10−6 Å−1. To obtain intensity profiles along Qz , the Qx-
Qz intensity data set I(Qx , Qz) was arranged by increasing Qz values reducing the dataset to I(Qz). This resulted in a very high data density and the intensities of every 100adjacent Qz values were summed up. Using this method, we lost information about Qx .However, generating I(Qx ) profiles by using data points in the region of one Bragg sheetgives us the rocking curve superimposed by the spikes at the position of the specular beam.Extracting the pure rocking curve is, one more, not possible, so this profile does not provide anyadditional information. The corresponding error of the intensity was estimated by scaling theintensity by the mean monitor counts to obtain the intensity with absolute values of the signal
ISignal and background IBG . The total error after background subtraction was ∆I(Qx , Qz) =√
ISignal(Qx , Qz)/(∆t)2 + IBG(Qx , Qz)/(∆t)2. The error of the intensity after summing up 100adjacent points reduced then to ∆I ′(Qz) = √∑100

i=1 (∆I(Qz,i))2. Afterwards the error was again
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scaled down by the mean monitor counts.
4.4 Results

Having introduced the setup and measurement techniques in the previous chapter, I will nowpresent the results obtained for MnSi thin films when measured in an in-plane magnetic field.In the beginning, I will report on data performed on sample SI121, for which all measurementtechniques were applied: grazing incidence small-angle neutron scattering (GISANS), off-specular reflectivity (OSR), and polarized neutron reflectometry (PNR) — all with the purposeof identifying the magnetic phases of the MnSi thin film as a function of magnetic field andtemperature. Since the k-vectors of a magnetic structure can be measured directly by GISANSand OSR, this data is presented and discussed in the first section, 4.4.1. Afterwards, I willinvestigate the influences on the results, i.e. the effect of the in-plane magnetic field direction,the cooling history, and the used instrument (Section 4.4.2). Using those results, I will discussthe data in more detail and extract a first phase diagram (Section 4.4.3). Next, the results ofPNR are presented and the phase diagram updated (Section 4.4.4). The results of GISANSand off-specular reflectivity will serve as a model for fitting the PNR data, where one can onlymeasure the k-values indirectly. In Section 4.4.5, the results are compared to data recorded onsamples SI008 and SI048. Finally, in Section 4.4.6, I will summarize the presented results anddiscuss their implications, together with the results of unsuccessful measurements performedin an out-of-plane field and presented in the Appendix.
4.4.1 Direct Phase Determination using GISANS and OSR

A direct investigation of the wavevector of a periodic magnetic structure is possible usingGISANS and OSR, which enable the observation of the corresponding magnetic Bragg peakand the magnetic Bragg sheet in reciprocal space, respectively. In this section, I will describethose results qualitatively. As described in Section 4.3.1 and 4.3.3, the magnetic field wasaligned in plane and for ω = 0 or θ = 0 parallel to ki.
GISANS. Figure 4.21 shows some exemplary detector images of sample SI121 with dMnSi =553 Å, recorded at SANS1 (Section 4.3.1) at 15 K and subtracted by the background image.The detector channels have been converted to Q-values and the scattered intensity is encodedin color. In the center of the detector images, a rectangle of low intensity occurs, which issurrounded by high intensity: this is the direct beam shadowed by the beam stop. Slightlyabove this, there is a smaller spot of high intensity indicated by the yellow arrow. This isthe spike at the position of the specular spot resulting from background subtraction. At 0 T(Figure 4.21a), two magnetic Bragg spots are located symmetrically around the direct beam.The lower one has less intensity (Bragg peak A’), as it is attenuated, owing to the transmissionthrough the sample, whereas the upper one was recorded on the reflecting side of the sample
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4.4 RESULTS
(Bragg peak A). Both Bragg spots are elongated along Qz . Applying an in-plane magneticfield along <110> of 0.4 T results in the detector image of Figure 4.21b. The intensity ofeach spot drops and splits into two Bragg spots: A and B, and A’ and B’. An increase of thefield to 0.55 T (Figure 4.21c) leaves only the spot B and B’, while at 0.8 T (Figure 4.21d) theBragg spots have vanished.
Since the coordinates of the maximum intensity of the Bragg spots are at zero Qy and non-zero Qz , the first three detector images (Figure 4.21a-c) reveal periodic magnetic structuresalong the surface normal, i.e. the <111> direction, which can be interpreted by two phases.Phase 1 exhibits the magnetic Bragg peak A and A’ (Figure 4.21a) and phase 2 exhibitingthe magnetic Bragg peak B and B’ (Figure 4.21c). As we will show later on (Section 4.4.3),
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Fig. 4.21: GISANS at SANS1: Detector images of sample SI121 (dMnSi = 553Å) as intensity
color maps in counts per monitor vs. Qz and Qy at 15 K and (a) 0 T exhibiting peak A (phase 1),
(b) 0.4 T exhibiting a double peak (intermediate phase), (c) 0.55 T exhibiting peak B (phase 2)
and (d) 0.8 T showing no magnetic signal. The dark rectangle in the center is due to the
beam stop shadowing the direct beam. The yellow arrow indicates the position of the reflected
beam. Peaks A and B evolve above the reflected side of the sample, while peaks A’ and B’ are
attenuated due to the transmission through the sample. The insets show the sample geometry
with <111> || kA || kB and for ω = 0 B || ki.
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
the state in Figure 4.21b belongs to an intermediate phase consisting of phases 1 and 2. Inreciprocal space, the positions of the Bragg peaks can be represented by the wavevectors kAand k′

A of phase 1 and kB and k′
B of phase 2, with kA = k ′A, kB = k ′B , kA > kB . In real space,the corresponding magnetic structure can be described as helices propagating along <111>with the helix length LA < LB . The phase corresponding to Figure 4.21d does not reveal anyBragg spots, which is due either to a field polarized phase, a paramagnetic phase, a k-vectorexceeding the accessible Q-range, or to the method not being sufficiently sensitive.

Off-specular Reflectivity. Qx-Qz scattering maps, obtained as described in Section 4.3.3 onthe same sample but at NREX at 15 K, are shown in Figure 4.22. In contrast to the GISANSmeasurement of SANS1, the signal is measured only above the horizon and is integratedalong Qy. Further, the Bragg peak at Qx = 0 is not visible, because it is superimposed by thespikes of the specular intensities (dark blue and dark red vertical stripes). Figure 4.22a showsa scattering map recorded at 30 mT, exhibiting one magnetic Bragg sheet corresponding topeak A (black arrow) in the off-specular regime. It appears as a horizontal high-intensitystripe at constant Qz . This phase corresponds to phase 1 as determined by GISANS. Thescattering map of Figure 4.22b exhibits two Bragg sheets corresponding to peaks A andB in the off-specular regime (two horizontal stripes indicated by arrows) and was thereforerecorded in the intermediate phase. In this setup geometry, 0.24 T was the maximal reachablefield, and thus phase 2 was not accessible. In the next sections, the data is discussed in moredetail and more quantitatively using intensity profiles along Qz .
(a)

- 0 . 0 0 1 0 . 0 0 00 . 0 0

0 . 0 5

0 . 1 0

A  

 

Q z(1/
Å)

Q x ( 1 / Å )

- 5 . 0 E - 0 7

0 . 0

5 . 0 E - 0 7

1 . 0 E - 0 6

1 . 5 E - 0 6

3 0  m T (b)

- 0 . 0 0 1 0 . 0 0 00 . 0 0

0 . 0 5

0 . 1 0
Co

un
ts/

Mo
nit

or

 

 

Q z(1/
Å)

Q x ( 1 / Å )

- 5 . 0 E - 0 7

0 . 0

5 . 0 E - 0 7

1 . 0 E - 0 6

1 . 5 E - 0 6

A

0 . 2 4  T

B

Fig. 4.22: Off-specular reflectivity at NREX: Scattering map of sample SI121 (dMnSi = 553 Å)
in counts per monitor vs. Qx and Qz measured at 15 K. The vertical stripes at Qx = 0 correspond
to the specular reflection. The magnetic Bragg sheets (horizontal stripes of high intensity) can
be observed at constant Qz in the off-specular regime and show (a) peak A of phase 1 at 30 mT
and (b) the double peak of the intermediate phase at 0.24 T. The setup is plotted as inset, which
is equivalent to the setup used at SANS1. The results are in good agreement with data recorded
by GISANS at SANS1 (Figure 4.21).
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4.4 RESULTS
4.4.2 Influence of Measurement Conditions

In this section, I will confirm the stability and reproducibility of the results in terms ofinfluences of the in-plane magnetic field direction, the cooling history, and the instrumentused. I will therefore compare the intensity profiles of sample SI121 (dMnSi = 553 Å) of themagnetic Bragg peak versus Qz for different measurement conditions. I will only discuss theBragg peaks above the sample horizon, i.e. peak A and peak B (Figure 4.21), as they aremuch more intense than peak A’ and peak B’ measured in transmission. The intensity profileswere obtained as described in Section 4.3.3 and 4.3.1.
In-plane Magnetic Field Direction. All GISANS data measured at SANS1 were recordedwith an in-plane field. For ω = 0, the incident beam was aligned with ki ||B, as depictedin Figure 4.15, and the sample was oriented with either ki ||<110> or ki ||<112>. Figure4.23 compares the intensity profiles of the Bragg peak A of phase 1 versus Qz at 0.05 T for
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Fig. 4.23: Intensity of Bragg peaks of sample SI121 (dMnSi = 553 Å) vs. Qz recorded at
SANS1 for B || <110> and B || <112> using different measurement times (see label). Data
was measured in phase 1 at 0.05 T and (a) 15 K, (b) 25 K, (c) 27 K, and (d) 35 K. The comparison
shows that the profiles are the same for different in-plane field directions.
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both directions. For all four temperatures from 15 K (Figure 4.23a) to 35 K (Figure 4.23d) theprofiles are in good agreement. Different statistics are due to different measurement times. Iconclude that there is no indication for a magnetic in-plane uniaxial anisotropy.
Cooling History. We checked the stability of the phase 2 at SANS1 by comparing the profileof peak B after ZFC and FC (Figure 4.24a) as well as after FC in a low field of 0.4 T and ina very high field of 5 T (Figure 4.24b). The intensity of the profile recorded after ZFC is onlyless than 20% higher than that of the profile recorded after FC, both measured at 15 K and0.05 T. The profiles at 27 K and 0.4 T — both recorded after FC but at different field values— are exactly the same.
Instrument. Finally, we prove that the profiles are reproducible, even when using differentinstruments. Figure 4.25 compares the profiles of the magnetic Bragg peaks at 15 K (Figure4.25a–b) and 27 K (Figure 4.25c–d) measured in a small field typical for phase 1 (Figure4.25a–c) and in a middle field typical for the intermediate phase (Figure 4.25b–d). All NREXintensities are scaled by one and the same factor to fit to the SANS1 data, so that therelative intensity is comparable. In Figure 4.25a the profile of peak A recorded at SANS1is less than 20% higher than the profile from NREX. This could be due to a small drop inthe intensity by applying a field of 30 mT, which was the permanent magnetic field at thesample without applying current to the coil. The maximum intensities for all other graphs(Figure 4.25b–d) coincide for both instruments using the same scaling factor. The doublepeak of the intermediate phase (Figure 4.25b and d) is more pronounced for the NREX data.Especially for the peak at a lower Qz value, i.e. peak B, measured at 15 K and 0.24 T (Figure4.25b), the intensity recorded by NREX is much higher than for the SANS1 profile. Weexpect the incoming amplitude associated with the reflectivity, which decreases with Qz , to be
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Fig. 4.24: Intensity of Bragg peaks of sample SI121 (dMnSi = 553 Å) vs. Qz recorded at
SANS1 in phase 2. (a) Comparison of profiles recorded after ZFC and FC at 15 K and 0.5 T
with B || <110>. (b) The comparison of profiles obtained after FC in 0.4 T and 5 T, measured
at 27 K and 0.4 T with B || <112> shows that the profiles for different cooling histories are the
same.
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Fig. 4.25: Intensity of Bragg peaks of sample SI121 (dMnSi = 553Å) vs. Qz recorded at SANS1
and NREX: (a) and (b) at 15 K and (c) and (d) at 27 K. (a) and (c) correspond to phase 1, while
(b) and (d) correspond to the intermediate phase. Every NREX profile was scaled by the same
factor to fit to the SANS1 data.

responsible for this. In contrast, for GISANS, we measured at a constant angle of incidenceproviding a constant incoming amplitude. Nevertheless, the characteristic features to identifythe phases are the same for all data recorded by both instruments, and even the shape isexactly the same for three out of four data sets.We were therefore able to show that our data is reproducible, at least for data acquired awayfrom phase transitions.
4.4.3 Properties of Phases

So far, I have introduced the phases and showed their stability and reproducibility for sampleSI121 (dMnSi = 553 Å). In this section, I will discuss the features of the phases in detailand determine the phase boundaries of the same sample. As discussed above, it is possibleto directly compare the results recorded with the in-plane field directions B || <110> and
117



CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
B || <112> and to compare data obtained from SANS1 and NREX. I will therefore use allthe data to give a detailed analysis of the phases and to localize the phase transitions. Onceagain, intensity profiles are generated from the magnetic Bragg peak emerging on the side ofthe reflecting surface as a function of Qz . All measurements are recorded after FC from 60 K.Figure 4.26a provides an overview of the magnetic Bragg peak profiles in each phase. For thepurpose of clarity, error bars are only added in Figure 4.26a. In phase 1, peak A dominatesat kA = 0.067 Å−1 ± 0.002 Å−1, while peak B, at kB = 0.052 Å−1 ± 0.002 Å−1, is very small.In the intermediate phase, peak B clearly contributes to the total shape and a double peakevolves, forming a mixture of phases 1 and 2. In phase 2, only peak B remains. This figurealso compares the profiles to no magnetic signal. It cannot yet be determined what type ofphase this is. The magnetic Bragg peaks A and B correspond to helices directed along thesurface normal with a helix length LA = 94 Å ± 3 Å in phase 1 and LB = 121 Å ± 5 Å inphase 2. Consequently, the helix length increases as the magnetic field increases. Althoughthe intermediate phase represents a continuous phase transition from phase 1 to phase 2, wedefine artificial boundaries for this intermediate phase (IP) by creating reasonable criteria.In the following, we will refer to the transitions to and from the intermediate phase as "phasetransitions", although there is no thermodynamic transition. All profiles were fitted by aGaussian, plotted as a thick line. From the single peak fitting of peak A at 0 T and 15 K andof peak B at 0.5 T and 27 K, we fixed the shape, the baseline and roughly the limits for thepeak centers and the FWHM for the double peak fitting. All characteristic features of theprofiles discussed in this section were determined from the fits. In the following section, I willdiscuss the properties of the phases in detail, referring to the amplitude, the peak position, theFWHM, and the integrated intensity. The results are then summarized in a phase diagram.
Amplitude. Figure 4.26b shows all profiles corresponding to phase 1, which establishes formagnetic fields with 0 T≤ B ≤ 0.1 T. By increasing the magnetic field or temperature, theintensity of peak A, i.e. ImaxA = I(kA), undergoes a very marked decrease of >20% comparedto the highest peak intensity ImaxA = 51 recorded at 0 T and 15 K. The intensity of peak B,i.e. ImaxB = I(kB), is lass than 40% of the intensity of peak A and vanishes in the slope ofpeak A. The intermediate phase shows a more complicated behavior, which can be seen fromFigure 4.26c. I therefore divided this phase into three regimes, a–c. All shapes possess theclear double peak for magnetic fields between 0.17 T and 0.4 T, but the relative and absoluteintensities of peaks A and B are different. In all regimes, the intensity of peak A has dropedto ImaxA <36, while the intensity of peak B is ImaxB ≥ 14.In regime a (Figure 4.26d), ImaxA ≥ 30 is as high as in phase 1, while peak B has increasedto 40% · ImaxA < ImaxB < 60% · ImaxA . Only the measurement at 15 K and 0.2 T does not showsuch an intense peak B. The reason for this is not known. The high intensity at peak A isprobably an outlier and the profile corresponds to regime b.In regime b (Figure 4.26e), the overall intensity has dropped by about 20% compared to regimea (ImaxA < 26) and the peak B increased to 60% · ImaxA ≤ ImaxB < ImaxA . In regime c (Figure 4.26f),it is the other way round, with 80% · ImaxB ≤ ImaxA < ImaxB resulting in peak A being less intense.
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Fig. 4.26: All magnetic peak profiles of sample SI121 (dMnSi = 553 Å) measured at SANS1
or at NREX at temperatures between 15–35 K and B || <110> or <112> (see legend). (a)
Overview of the different shapes of all phases. In (b)–(h) the profiles are arranged by shape and
phase. Thick lines represent Gaussian fits. 119



CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
In phase 2 (Figure 4.26g, 4.26h), the intensity of peak A drops further to ImaxA ≤ 50% · ImaxB .
The evolution of the maximum intensity of peaks A and B is summarized in Figure 4.27a for15 K (upper panel) and 27 K (lower panel). At zero field (phase 1), ImaxA is higher than 40 anddrops steeply with increasing field, while the intensity at the peak position B is ≈ 9. Phase 1can be determined by ImaxB ≤ 40% · ImaxA . As soon as ImaxB starts rising to ≥ 14, we determinethe magnetic structure to enter the intermediate phase with 40% · ImaxA < ImaxB < 60% · ImaxA as
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Fig. 4.27: Results of Gaussian fits: (a) The maximum intensity of peaks A and B as a function
of magnetic field B for 15 K (upper panel) and 27 K (lower panel) shows that the intensity of
peak A drops, while the intensity of peak B rises. (b) Modulus of the magnetic wavevector kH ,
i.e. peak position, along Qz vs. the magnetic field B for 15 K and 27 K. The size of the symbols
is scaled with the peak amplitude. Black lines A and B are horizontal fits of peak position kA
and kB . (c) FWHM as a function of magnetic field B of peaks A and B drops, with peak A being
broader than peak B. In all images, phases 1 to 2 are highlighted in gray. Dotted vertical lines
depict the transition from the intermediate phase (IP) to phase 2 for 15 K (green) and for 27 K
(red).

120



4.4 RESULTS
described above. The crossover of the intensity curves of peaks A and B, corresponds to thetransition from regime b to c. Afterwards, both peaks drop, with peak A dropping quickly to
ImaxA ≤ 50% · ImaxB , which we determine as the transition to phase 2 occuring at higher fieldsfor 15 K (dotted green line) than for 27 K (dotted red line).For the sake of completeness, I also want to mention an additional small peak around Qz =0.10 Å−1 for the NREX data. This Q-range was accessible for the OSR measurement but notfor the GISANS measurements at SANS1. This peak is most pronounced in phase 2 at 20 Kfor 0.24 T and at 27 K for 0.17 T and vanishes at 15 K for 30 mT and at 27 K for 0.24 T. Sinceit has only 20% of the intensity of peak A and it does not show similar systematic behaviorto peak A and peak B, I have not taken it into account for further descriptions.
Peak Position. Another important feature to evaluate as a function of magnetic field is thecenter of peaks A and B, i.e. the wavevector kH of the magnetic structure. This is depictedin Figure 4.27b for 15 K and 27 K, where the black lines are horizontal fits regarding thepeak position of peaks A and B. Again, the dotted vertical lines define the transitions from theintermediate phase to phase 2 (green for 15 K, red for 27 K). The fits reveal the peak positionsof kA = 0.067 Å−1± 0.002 Å−1 and kB = 0.052 Å−1± 0.002 Å−1, resulting in LA = 94Å± 3 Åand LB = 121Å± 5 Å. The helix with length LA fits into the MnSi layer 5.9 times, while thehelix with length LB fits only 4.6 times. FWHM. A second characteristic feature is the FWHMdropping from 0.025 to 0.01 Å−1 with increasing magnetic field as depicted in Figure 4.27cfor peak A. This is due either to increasing domains or to more definition of the spin structurewith increasing magnetic field. Indeed, PNR measurements will show (Section 4.4.4) that anincreasing number of spins align parallel or antiparallel to the increasing magnetic field, andthus the spin structures become more defined.The FWHM of peak B shows a similar behavior, and is about 0.005 Å−1 smaller. However,due to the reduced number of turns for helices with the increased length LB one would haveexpected a broader FWHM. This can again be explained by the spin structure, which is evenmore defined for fewer helix turns, since the regions of spin rotation are also reduced andeven more spins align parallel or antiparallel to the magnetic field.Note that the error bars for the FWHM of peak A in phase 2 and of peak B in phase 1 arehuge, since then always one peak is hidden in the shape of the other peak and fitting becomesmore ambiguous.
Integrated Intensity. The intensity integrating both magnetic Bragg peaks within one sectoras indicated in the detector image in Figure 4.21a is plotted as a function of magnetic field(Figure 4.28a) for 15 K and 27 K and as a function of temperature (Figure 4.28b) for 0.05 Tand 0.4 T for data recorded at SANS1. The intensity drops when the magnetic field orthe temperature are increased, as the magnetic state undergoes a phase transition to theferromagnetic, the paramagnetic, or a different phase. That cannot be identified at this point.
Phase Diagram. The above classified phases are illustrated in the B-T -phase diagram ofFigure 4.29, in which the filled squares originate from data recorded at SANS1 and the open
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Fig. 4.28: Intensity within one sector integrating both magnetic Bragg peaks of the SANS1
detector images plotted (a) vs. magnetic field for 15 K and 27 K and (b) vs. temperature for
0.05 T and 0.4 T. The magnetic signal drops with increasing temperature or field, which indicates
a phase transition.

squares from data recorded at NREX. The points associated with the phases are encodedvia color ranging from black (phase ) and red (intermediate phase) to green (phase 2) andadditionally separated by lines, illustrating the boundaries. Data of gray squares did notshow any magnetic signal. For an exact determination of the phase boundaries, differenttechniques, such as MOKE or Hall effect measurements need to be used, which was notwithin the scope of this thesis. Above phase 2, we expect, based on results obtained for bulk,a ferromagnetic phase and, above Tc , a paramagnetic phase. The data presented in the nextsection will provide more information.
To conclude, we observed three different magnetic phases, always with a periodic structureparallel to the surface normal. The length of this periodic structure, a helix, changes as afunction of field with a wavevector kA = 0.067 Å−1 ± 0.002 Å−1 corresponding to a helixlength of LA = 94 Å±3.0 Å at low fields in phase 1 and of kB = 0.052 Å−1 ± 0.002 Å−1corresponding to a helix length of LB = 118.5 Å ± 12.4 Å at high fields in phase 2. Theintermediate phase is a mixture of phases 1 and 2, representing a broad phase transition andcontaining different domains with both helix pitches. Bragg peaks with smaller kH valuescannot be identified, because they will overlap with the reflected spot located at low Q of
Qz = 0.011 Å−1 or Qz = 0.026 Å−1 for GISANS, whereas for OSR, the minimum accessible
Qz is 0.028 Å−1. Further, smaller kH-vectors are due to longer helix lengths and thereforefewer helix turns, which causes the Bragg peak to become even broader and as a consequenceless detectable.
Discrete helicoidal states for an in-plane field were also predicted in [12], as illustrated inFigure 4.6a. Here, the ground state helix length of 13.9 nm was much larger than our observedhelix length in zero field.
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Fig. 4.29: Preliminary B-T phase diagram of sample SI121 with dMnSi = 553 Å based on the
data recorded at SANS1 (filled squares) and NREX (open squares). Phase 1 (black squares) and
phase 2 (green squares) show magnetic Bragg peaks along MnSi<111> with kA = 0.067 Å−1
and kB = 0.052 Å−1, respectively. The intermediate phase (red squares) exhibits both magnetic
Bragg peaks. Data indicated by gray squares do not show any magnetic signal.

4.4.4 Indirect Phase Determination using PNR

So far, we have investigated the direction of the magnetic wavevector of the helices and itsbehavior as a function of magnetic field and temperature. However, we have not presentedany information about the direction or absolute value of the magnetization. Using PNR, whichdepends on the vertical magnetic profile in the sample (Section 2.2.2), we will show that asthe magnetic fields increases, more and more spins align parallel or antiparallel to it. Thecombination of PNR and GISANS, or off-specular reflectivity, is therefore a powerful toolto determine the details of the magnetic structure. Again, we investigate sample SI121 with
dMnSi = 553Å. The setup at NREX is described in Section 4.3.3. Since PNR data have to befitted, resulting sometimes in different equivalent models, the magnetic profile was obtainedonly indirectly. Although data interpretation is difficult, the PNR method is very sensitive tosmall magnetic moments. The magnetic field was again applied horizontally, i.e. in plane,but this time — in contrast to GISANS and OSR — perpendicular to ki.
Reflectivity Curves. By using a polarizer and an analyzer in front of and behind the sample,all four spin-flip channels of the reflected beam can be measured — again, as a function of
Qz , as is depicted in Figure 4.30 at 35 K for three different magnetic fields. The intensity
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Fig. 4.30: PNR at NREX: Reflectivity of sample SI121 (dMnSi = 553Å) vs. Qz for all four
spin channels measured at 35 K and (a) 0.02 T, (b) 0.18 T, and (c) 0.44 T. The intensities of the
spin-flip channels R+- and R-+ replicated the curves of the non-spin-flip channels R++ and
R- - but with an intensity by two orders of magnitude smaller, indicating that we measured only
spin leakage. The difference between R++ and R- - implies a magnetic structure.

in the spin-flip channels R+- and R-+, which are sensitive to the in-plane magnetizationcomponent perpendicular to the magnetic field, are two orders of magnitude smaller than theintensity in the non-spin-flip channels R++ and R- -. The curves also replicate the shape ofR++ and R- -. This means that we only measured the spin leakage, which is due to the beampolarization of 97%. This is the case for all the measurements recorded at three magneticfield values, which, as I will show later, correspond to three different phases. Accordingly,there is either no in-plane magnetization component perpendicular to the magnetic field orit is cancelled out within one plane. A cancellation of this component can be explained byequally distributed right- and left-handed helices, since then the spin components of each
z-plane cancel out in that direction, as is shown in Figure 4.8c. This is confirmed by Karhu
et al., who revealed right-handed and left-handed domains in the crystal structure by TEM[145] as well as no spin-flip signal in PNR measurements (Figure 4.8b) on a 26.7 nm samplefor an in-plane magnetic field [147], too.
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R++ and R- - are definitively different, showing a spin asymmetry. This is why the spins arealigned parallel or antiparallel to the magnetic field direction. The signal difference appearsmainly between 0.04 Å−1 < Qz < 0.08 Å−1 and does not remain constant in the total Qz-range, hinting at a complicated magnetic structure rather than a ferromagnetic state. FromGISANS and OSR measurements, we expect a helical or conical magnetic structure, whose
kH vectors lie in the range of the observed spin asymmetry. To obtain more information aboutthe microscopic magnetic structure, we fitted the magnetic profile to the data. Owing to thelack of distinct features in the spin-flip channels, we continued the measurements without ananalyzer in order to gain intensity. Consequently, we only discuss the spin asymmetry (SA)of R+ and R- or R++ and R- -, depending on what has been measured.
Spin Asymmetries. Figure 4.31 shows all spin asymmetries (Section 4.3.3) as a functionof Qz measured in magnetic fields between 30 mT and 0.44 T for 5 K and 35 K. For thepurpose of clarity, error bars are only added to one curve of each figure. Figure 4.31a givesan overview of the SAs of all three phases at 35 K for magnetic fields 0 T< B < 0.44 T.The magnetic field range at NREX was too small to reach a higher phase than phase 2,such as the ferromagnetic phase. The SAs in phases 1 and 2 are distinctly different. Theposition of the first dip (SA<0) does not change considerably from phase to phase, but theamplitude increases with increasing phase. The SA of phase 1 has a very pronounced dipat Qz = 0.057 Å−1. For very small magnetic fields, this dip is sharp, and we refer to thecorresponding state as regime 1a. By applying a larger magnetic field, the SA has a broaderdip extended to smaller Qz of 0.05 Å−1, assigning it to regime 1b. The SA of the intermediatephase is very similar to the SA of phase 1, but increased at Qz = 0.06 Å−1 to zero. At this Qzvalue in phase 2, the SA is even greater but drops at Qz = 0.044 Å−1. Due to the fact thatthe intermediate phase exhibits characteristic features of phase 1 and phase 2, it confirms theconclusion drawn from GISANS that is a mixed state.
Regimes 1a and 1b are summarized for 35 K in Figure 4.31c and for 5 K in Figure 4.31d.They all share a negative SA at 0.06 Å−1. At 35 K, the curves measured at 30 mT and 0.02 Tbelong to regime 1a, with a higher SA at 0.05 Å−1. The difference between regime 1a and 1bat this Qz value is better defined at 5 K, where the curves of regime 1a seem to continuouslyshift to more negative values for increasing magnetic fields. In phase 1, a continuous shiftwith increasing field was also observed in the Bragg-peak intensity in Figure 4.27a, whichwas also more pronounced at low temperatures, i.e. 15 K.
The SAs in the intermediate phase at 35 K and 5 K (Figure 4.31e and f) are all very similar.Only the SA at 35 K and 0.27 T is a bit above zero, at 0.06 Å−1, probably because it is closeto the transition to phase 2. The SA at 5 K and 0.27 T shows a small peak at Qz = 0.058 Å−1,but is smaller than zero, presumably being close to the transition to phase 1. The SA ofphase 2 was only measured for 35 K (Figure 4.31b) and was positive at 0.06 Å−1. At 5 K weought to have measured at higher magnetic fields to reach the next phase, but this was notpossible with the magnet used at NREX.
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Fig. 4.31: SA of sample SI121 (dMnSi = 553Å) calculated from PNR plotted vs. Qz and
measured at 35 K and 5 K for magnetic fields between 30 mT and 0.44 T. (a) Overview of different
phases measured at 35 K. Spin asymmetries arranged by shape and phase: (b) phase 2 at 35 K,
phase 1 (c) at 35 K and (d) at 5 K, the intermediate phase (e) at 35 K and (f) at 5 K.

Figure 4.32 enables a direct comparison between the SAs of 5 K and 35 K recorded at thesame magnetic fields of 0.18 T associated with phase 1 (Figure 4.32a) and in the intermediatephase, where we had to apply different fields (Figure 4.32b). In both cases, the SA is sharper
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Fig. 4.32: Comparison of the SA measured at 5 K and 35 K in (a) phase 1 and (b) the intermediate
phase, with the amplitude of the measurement at 5 K higher than at 35 K.

at 5 K than at 35 K, having higher amplitudes.
Phase Diagram. This classification of the phases is illustrated by adding the PNR data tothe phase diagram of Figure 4.29, resulting in the phase diagram of Figure 4.33. It becomesapparent that the PNR data still shows a signal in phase 2, whereas GISANS data did notshow a signal anymore. We therefore infer that PNR is far more sensitive. Consequently,the phase transition from phase 2 and to the ferromagnetic state Bc as well as Tc cannotbe determined by GISANS. Instead it was determined by magnetometry using a SQUID-VSM by Shilei Zhang (University of Oxford) of a similar sample, which resulted in a Tcof 42.5 K (vertical blue line) and in Bc < 0.95 T (blue dots). Matthias Brasse determined1.2 T< Bc <0.75 T for a nominal 10 nm and 30 nm sample by torque magnetometry [153] withthe magnetic field canted to the surface normal by 15–45◦. Due to the easy-plane anisotropy,these values are bit increased. Nevertheless, these values are in good agreement with thePNR data as well as with other publications [10, 13, 147].This phase diagram looks very similar to the phase diagram published by Wilson et al. [10],as shown in Figure 4.7b. However, their indication of the phases is in variance with [11],although the phase boundaries above 25 K are similar. Those phase transitions were identifiedfrom kinks in dM/dH curves, which were measured as field sweeps for several temperatures.Below 25 K, the phase boundaries deviate strongly for increasing and decreasing field anddo not fit to our data. Wilson et al. spotted a very narrow additional phase directly belowthe ferromagnetic phase stated for the total temperature region below Tc . In that range, wewere not able to record data by PNR, since the accessible magnetic field range was toosmall. The value of Tc is in good agreement with the Tc range stated in [11] of 41.4–44.0 Kfor 12.8–29.8 nm samples.
Magnetization Models. Given the very similar profiles of the SA of each phase, it is sufficientto fit one curve of each phase. Since the intermediate phase is a mixture of phase 1 andphase 2, the magnetic depth profile of this phase should also be a superposition of phases 1
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Fig. 4.33: B-T phase diagram of sample SI121 with dMnSi = 553Å based on the data recorded
by GISANS or off-specular reflectometry (filled squares) and by PNR (open squares). Phase 1
(black squares) and phase 2 (green squares) show a magnetic Bragg peak along Qz with kH =0.067 Å−1 and kB = 0.052 Å−1, respectively. The intermediate phase (red squares)) exhibits
both magnetic Bragg peaks. Data indicated by gray squares do not show any magnetic signal,
which reveals that PNR is more sensitive than GISANS. Blue dots denote Bc as the critical
field of the transition to the field polarized state and the blue dotted vertical line indicates the
Curie temperature Tc . Both parameters were determined by Shilei Zhang (University of Oxford)
for a similar sample using a SQUID-VSM. All data are in good agreement.

and 2. The ratio changes almost continuously, however, I will concentrate on the results ofthe fits for phase 1 at 35 K and 30 mT and for phase 2 at 35 K and 0.44 T in Figures 4.34aand b. The data is indicated by squares, while the fits are drawn as lines. Using SimulReflec[19] it was possible to simultaneously fit R++ and R- - as well as the SA. Owing to thelarge set of parameters, several fit solutions are possible. However, by restricting ourselvesto a periodic structure, the number of reasonable fits is drastically reduced. The period, theamplitude, and the phase shift of the periodic magnetic depth profile are very sensitive to thefit quality.The fits are shown in Figure 4.34c for phase 1 and in Figure 4.34d for phase 2. The squaresillustrate the data and the line the fit, which is based on the same model as the fit of R++and R- -. This model, i.e. the magnetic moment as a function of MnSi depth z , is illustratedfor both phases in Figure 4.34e. The magnetic model of phase 1 is a sine function with5.5 turns, a period of 96 Å ± 5 Å, and an amplitude of 0.1 µB/atom. A sinusoidal shape isexpected for a helix, since we measure only the magnetization component parallel to the
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Fig. 4.34: PNR data of SI121 (squares) for R++ and R- - with fits (lines) at 35 K and (a) 30 mT
(phase 1) and (b) 0.44 T (phase 2). Corresponding SA data (squares) with fit (turquoise line) for
(c) 35 K, 30 mT and (d), 35 K, 0.44 T. (e) Magnetic profile as a function of MnSi depth z, which
results from the fits of R++, R- -, and SA. The helix length increases from LA = 96 Å ± 5 Å
with 5.5 turns in phase 1 to LB = 120 Å ± 26 Å with 4.5 turns and additional distortion of the
sinusoidal shape in phase 2.

129



CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS

magnetic field, which is the 2D projection of a helix. The model of phase 2 deviates fromthe pure sinusoidal shape, because more spins align parallel or antiparallel to the magneticfield with an increased amplitude of 0.17 µB/atom. Removing the negative amplitudes of aperiodic structure after the first and third turn improved the fit significantly. This profilecould be due to the contribution of a second structure from different domains that is notvisible in the GISANS measurement. We therefore regard the magnetic structure to consistof two periodic structures, appearing as the superposition of a short-wave and a long-waveprofile. Compared to phase 1, the short-wave magnetic structure has only 4.5 turns and alonger period of 120 Å±26 Å. Therefore, it is in excellent agreement with GISANS and OSR,revealing the helix length of LA = 94Å ± 3 Å in phase 1 and LB = 121Å ± 5 Å in phase 2.Wilson et al. [11] also fitted the SA measured at 5 K with a sinusoidal magnetization profile inzero field and a distorted sinusoidal shape together with a different periodicity for 0.2 T and0.4 T. Further, they fitted the amplitude of the profile in µB/atom being twice as high as ourresults (Figure 4.9b), which is probably due to the much lower temperature. The differencemay also be influenced by the different MnSi thickness of 26.7 nm investigated by Karhu et
al..
4.4.5 Comparison of Different Samples

In the previous sections, I presented the data of sample SI121 with a MnSi thickness of553 Å ± 10 Å and a Cu capping layer of 351 Å ± 10 Å. The expected effect of an enhancedneutron scattering as a result of the Cu capping was not observed. In the following section, Iwant to discuss the influence of the MnSi thickness on the helix length and number of helixturns. We performed GISANS measurements at the SANS1 on sample SI008 with a MnSithickness of 390 Å±10 Å and PNR measurements on sample SI048 with a MnSi thickness of496 Å±10 Å. Both samples were grown without a capping layer. However, no major influenceof the Cu capping is expected, since it is amorphous and nonmagnetic, and therefore has noimpact on the MnSi crystal or magnetic structure.
Sample SI008. The setup of the GISANS measurement on sample SI008 was as depicted inFigure 4.15: B was aligned in plane and for ω = 0 parallel to ki, but this time essentiallyparallel to MnSi <110>. Figure 4.35 directly compares the intensity profiles at 15 K and 0 Tfor samples SI121 and SI008. It is obvious that the intensity is twice as high for SI121 thanfor SI008. The intensities can be compared, since the reflected spot was detected at similar
Qz values of 0.0258 Å−1 for SI121 and 0.0227 Å−1 for SI008, and is therefore at a similarposition on the rocking curve of the magnetic Bragg peak. The FWHM of the Bragg peakmeasured on sample SI008 is, with a value of 0.037 Å−1 ± 0.002 Å−1, much greater than theFWHM of the Bragg peak determined from sample SI121 of 0.026 Å−1± 0.002 Å−1. This is adirect consequence of the reduced MnSi thickness of sample SI008, resulting in fewer helixturns and , hence, a broader Bragg peak.
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Fig. 4.35: Comparison of intensity profiles of the Bragg peak in phases 1 for sample SI121 and
sample SI008 measured at 15 K and zero magnetic field. The Bragg peak of the thinner sample
is broader and less intense.
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Fig. 4.36: All intensity profiles measured on sample SI008 (dMnSi = 390 Å) at SANS1 (a) at
5 K and (b) 15 K for several magnetic fields between 0–0.7 T. Peak A dominates in zero field and
drops continuously with increasing field.

Figure 4.36 shows all intensity profiles versus Qz of the magnetic Bragg peaks measuredon sample SI008 for 5 K and 15 K. The intensity of the Bragg peak of both figures is at themaximum for zero magnetic field. This phase corresponds to phase 1, with the position ofBragg peak A at Qz = 0.059 Å−1 ± 0.002 Å−1. By applying a magnetic field of only 0.1 T,the intensity is reduced by 40% and an additional peak B appears at 0.037 Å−1 ± 0.003 Å−1,with a higher intensity than peak A. Hence, the magnetic state has already changed to theintermediate phase. With a further increase of the magnetic field up to 0.5 T, the intensity ofpeak A drops continuously at both temperatures. The intensity of peak B remains constant forthe field scan at 15 K but starts dropping for 0.5 T and 0.6 T at 5 K. By using the same criteriafor phase 2 as for sample SI121, namely that peak A should have less than 50% of intensityof peak B, the profiles measured with magnetic fields at 0.3 T and higher are situated inphase 2. The intensity profile of 0.7 T at 15 K still shows a magnetic signal with intensity inpeak B. Consequently, we did not reach the ferromagnetic state. The shapes of the profiles
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
for 5 K and 15 K are very similar, despite a slight drop of intensity, which demonstrates agood reproducibility of the measurement. The transition fields are reduced by about 0.15 Tcompared to SI121.
Sample SI048. The setup of the PNR measurement for sample SI048 was the same as forthe PNR setup used for SI121: B was aligned in-plane and perpendicular to ki, but thistime always parallel to MnSi <112>. Again, all data were recorded after ZFC, starting fromat least 55 K. However, the very first data measured for 4 K at 30 mT, 0.1 T, and 0.34 T wererecorded after heating up to only 35 K, since at this stage we believed this temperature tobe above Tc . Additionally, these data have worse statistics owing to a shorter measurementtime. All data were measured with a polarizer only. The reflectivities R+ and R- aredepicted in Figure 4.37 as a function of Qz at 27 K for 0.1 T (a), 0.22 T (b), and 0.44 T (c)— each measured in a different phase, as shown below. The Kiessig oscillations are moreregular than the oscillations of Figure 4.30 of SI121, owing to the single layer MnSi withouta copper capping layer. The curves measured for spin-up and spin-down clearly split as earlyas Qz = 0.015 Å−1, indicating a considerable magnetic moment. To draw further conclusions,
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Fig. 4.37: PNR at NREX: R+ and R- reflectivities of SI048 (dMnSi = 496 Å) measured at
27 K for (a) 0.1 T, (b) 0.22 T and (c) 0.44 T. The difference between R++ and R- - is a hint for a
magnetic structure.
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fitting is necessary.
Figure 4.38a gives an overview of the phases identified from the SA data. Like the reflectivitycurves, the spin asymmetries are distinctly different from those of sample SI121 (Figure 4.31),since the copper capping layer of SI121 has a larger scattering length density compared toMnSi. Regime a in phase 1 features only a small SA at low Qz values but a clear dip (SA<0)around 0.045 Å−1 and a small peak (SA>0) at 0.055 Å−1. In regime b, the SA increases atall dips but remains constant at the peaks. In the intermediate phase, the curve increasesat the first peak at 0.014 Å−1 and slightly at the first two dips. The transition to phase 2 isaccompanied by an asymmetric broadening of the first two dips, a decrease of dip 3, and adecrease of the last peak, which shifts from 0.055 to 0.052 Å−1.
The SAs measured for different B and T values in phase 1 are shown in Figure 4.38b. Forthe purpose of clarity, error bars are only added exemplarily for some SAs. The SA for30 mT corresponds to regime a with a lower amplitude, while the spin asymmetries for 0.1 Tcorrespond to regime b. Probably due to the larger error bars of the SA at 4 K caused byshorter counting time, an additional peak evolved at Qz = 0.046 Å−1, and thus we regard itas an outlier.
Figure 4.38c shows only the spin asymmetries of the intermediate phase at 4 K. The mea-surements of 0.27 T and 0.34 T were recorded in a shorter time than at 0.18 T, which results inmore noisy curves. The rest of the curves recorded in the intermediate phase are illustratedin Figure 4.38d. The classification of the SA into the intermediate phase or phase 2 is not asstraightforward as for sample SI121, because the SA only alters slightly and transitions morecontinuously from the intermediate phase into phase 2 with increasing field. For example,a part of the last peak of the curve measured at 27 K and 0.22 T has already dropped tozero at 0.056 Å−1, but has not yet shifted to 0.052 Å−1, and the amplitude of the last dip isalready reduced. The curves of Figure 4.38e associated with phase 2 have not all undergonea broadening of dip 1 and dip 2, as for example, is the case for the curve at 27 K and 0,27 T.Nevertheless, compared to the intermediate phase, the last peak of all curves has shifted from0.055 to 0.052 Å−1. All the above introduced criteria for phase 2 are best fulfilled for 27 Kand 0.44 T.
Some measurement points above 30 K were recorded with a shorter measurement time. Be-cause the spin asymmetries at 0.18 T between 35 K and 39 K were similar, they were addedup to reduce the noise and are depicted in Figure 4.38f. Together with the SA of 33 K, theyhave the characteristic peak at 0.055 Å−1 as well as the dip at 0.045 Å−1, as in phase 1 andthe intermediate phase. The first peak is much broader and the first dip less pronouncedthan expected for phases 1 to 2. Most conspicuous is the sharp dip at 0.033 Å−1 for 33 K. Incontrast, the curve at 39 K and 0.41 T has a sharp peak at 0.03 Å−1 for 33 K. To confirm theexistence of additional phases, one has to map this region in the phase diagram with higherstatistics.
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Fig. 4.38: SA calculated from PNR of SI048 (dMnSi = 496 Å) plotted versus Qz and measured
at 4 K, 20 K, and 27 K for magnetic fields between 30 mT and 0.44 T. (a) Overview of the different
phases. Spin asymmetries arranged by shape and phase: (b) phase 1, the intermediate phase
(c) at 4 K and (d) at 20–27 K, and (e) phase 2.

The results are summarized in Figure 4.39 as a B-T phase diagram. For an estimation ofthe phase boundary to the ferromagnetic and paramagnetic states, I again used the samemeasurement results obtained via SQUID-VSM by Shilei Zhang (University of Oxford) from
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Fig. 4.39: Phase diagram of sample SI048 with dMnSi = 496 Å based on the data recorded
by PNR. Data shown by black, red, and green squares indicate the phases from 1 to 2. Data
indicated by gray open symbols show a magnetic signal, but cannot be attributed to one of the
three phases. Blue dots denote Bc as transition to the FM state and the blue dotted vertical
line marks Tc . Both were determined by Shilei Zhang (University of Oxford) for a similar sample
using a SQUID-VSM.

the sample with d ≈ 500 Å, as shown in the phase diagram of sample SI121. From themagnetometry measurements of [147], we know that the transition to the ferromagnetic stateremains fairly constant at 0.85 T±0.1 T for thicknesses above 18 nm. The data of each phaseis again color-coded, with black indicating phase 1, red the intermediate phase, and greenphase 2. The data above 30 K, which was not measured for long enough to identify the phasesexplicitly, are drawn as gray symbols, with different symbols indicating different SAs. Thephase transitions occur at fields about 0.1 T higher for sample SI048 than for sample SI008.Figure 4.40 shows the fits of phases 1 and 2 from data measured at 27 K. The model, whichwas used for the fit of the reflectivity (Figure 4.40a) and of the SA (Figure 4.40b) is shownin Figure 4.40c. Due to the high number of fit parameters, several equivalent models fit well.As a result and owing to the GISANS results, we took only periodic functions into account.Phase 1a, measured at 30 mT, features a sinusoidal magnetic depth profile with 3.5 turns, with
LA = 142Å± 8 Å. Although the fit was not very sensitive to the exact shape, i.e. rectangularor sinus profile, it was very sensitive to the phase, the period, and the amplitude. By applyinga higher field of 0.1 T corresponding to phase 1b, more and more spins align parallel to themagnetic field, resulting in a higher amplitude of the periodic structure, smaller regions ofspin rotation and broader regions of positive magnetic moment. The amplitude increases
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from 0.08µB in phase 1a to 0.18µB in phase 1b. By applying the maximum field of 0.44 T,the magnetic profile represents almost a constant magnetization of 0.3µB . However, thefit improves by inserting some sharp dips with negative magnetization. Good results can beobtained for one to four such interruptions, where, in particular, a dip at z = 125Å resulted ina strong improvement of the fit. The other sharp dips did not have such an high impact on thefit. Since we expect a reduction of the repetitions by one compared to phase 1, we show thefit for two drops corresponding to 2.5 turns. Neither this fit nor the fits with more drops resultin a real periodic function, as the drops are not equidistant. It is apparent that the first dip,which dominates the fit, is at the same depth as the minimum of the profiles of phase 1. Thismay originate from a pinning possibly stemming from a structural dislocation at this depth.Alternatively, this depth profile is a superposition of two periodic structures, as was alreadysuspected for sample SI121. The mean period of the 2.5 oscillations is LB = 163Å ± 60 Å.
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Fig. 4.40: (a) Reflectometry data of SI048 (dMnSi = 496 Å) for R+ (filled squares) and R-
(open squares) with fits (lines) at 27 K and 30 mT (phase 1, regime a), 0.1 T (phase 1, regime b)
and 0.44 T (phase 2). (b) Corresponding SA data (squares) with fits (lines). (c) Magnetic profile
as a function of MnSi depth z, which results from the fits of R+, R-, and SA. With increasing
magnetic field, more spins align parallel to the magnetic field and the helix length increases.
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Fig. 4.41: Critical fields of phase transitions as a function of MnSi thickness at 4-5 K: Bc1 marks
the transition from phase 1 to the intermediate phase and Bc2 from the intermediate phase to
phase 2. Bc2 > 0.44 T of SI121 cannot be determined exactly owing to a lack of data points. At
15 K it was determined to 0.4 < Bc2 < 0.45.

Thickness Dependence. Figure 4.41 compares the critical fields for the phase transition fromphases 1 to 2 (Bc2) and from phase 2 to 3 (Bc2) for 4–5 K for all three samples. This shows acontinuous and similar increase of Bc1 and Bc2 with increasing MnSi thickness from SI008 toSI121. Values of the kH-vector and the helix length LH are compared in Table 4.4. There is notrend of helix length in zero field, i.e. the ground state helix length LA, as a function of MnSithickness. The length appears to be the longest for the 496 Å sample and the shortest for the553 Å sample, while the thinnest sample has a helix length lying in between the two. Overall,the helix length of phase 1 was found to be 94–142 Å. In contrast, a constant ground-statehelix length was proposed by Karhu et al. [145] with a pitch of 13.9 nm.While the number of helix turns is almost the same for SI008 and SI048 in both phases, itis about two times larger for the thickest sample SI121. Nevertheless, the helix turns reducefrom phases 1 to 2 within the error bars by one integer for all samples. However, this propertyis quite speculative for sample SI048, which is only based on fit results of PNR data. Further,the interpretation of the intermediate phase originates from the assumption that the magneticbehavior is similar to the other two samples.We did not find any strong indications of an influence of the copper layer of SI121. Theproperties are defined primarily by the MnSi thickness.
4.4.6 Summary and Discussion

We succeeded in getting a picture of the microscopic magnetic structure of epitaxial MnSithin films as a function of in-plane magnetic field and temperature. This can be drawn as aphase diagram. In this section, I will firstly state the main results, discuss their meaning, and
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Sample dMnSi Phase kH direct Ldirect Lindirect Number of turnsSI121 (553± 10)Å 1 (0.067± 0.002)Å−1 (94± 3)Å (96± 5)Å 5.9± 0.52 (0.052± 0.002)Å−1 (121± 5)Å (120± 26)Å 4.5± 0.4SI008 (390± 10)Å 1 (0.059± 0.002)Å−1 (107± 4)Å - 3.6± 0.32 (0.037± 0.003)Å−1 (170± 15)Å - 2.3± 0.3SI048 (496± 10)Å 1 - - (142± 8)Å 3.5± 0.32 - - (163± 60)Å 2.5(?)
Table 4.4: Summary of kH-vectors of the helices along MnSi<111>, determined directly by
GISANS or OSR and indirectly by PNR for all samples.

compare them to literature. Secondly, I will discuss the case for an out-of-plane field, as weperformed measurements using this geometry that did not show any magnetic signal. Thosemeasurements are presented in the Appendix.The MnSi(111) films were grown epitaxially by Thorsten Hesjedal (University of Oxford)using MBE, with a vertical crystallite size of 240–300 Å (Section 4.2). The SLD profiles ofthe three samples appeared to be very similar, with a Si/MnSi roughness of 22–30 Å. Ona similar sample, EBSD demonstrated that two chirality domains are present (SusannahSpeller, University of Oxford). Analog results were obtained for the magnetic domains byPNR with an in-plane magnetic field. In these results, we did not observe any features inthe spin-flip channels (Section 4.4.4). Consequently, the in-plane spins perpendicular to themagnetic field must cancel out. This finding suggests that right- and left-handed helices areequally distributed. A similar property for the magnetic as well as for the crystal domainsof MnSi(111) films was observed in [145, 147] using TEM and PNR as already discussed inSection 4.1.4.The neutron-scattering experiments were supported by magnetometry measurements per-formed by Shilei Zang (University of Oxford). The in-plane saturation magnetic field wasdetermined to be around 0.9 T at 10 K, which is in good agreement to the saturation magneticfields measured by Wilson et al. [10]. Tc with 42.5 K was determined to be similar to thosevalues from literature [10, 13], but is larger compared to the bulk value of 29.5 K [8].
B in plane. By applying an in-plane magnetic field, we found kH-vectors corresponding tospin helices directed along MnSi <111>, the surface normal (Section 4.4.1). Those kH-vectorswere identified along Qz by Bragg peaks using GISANS, by Bragg sheets using OSR, andby the magnetic depth profile using PNR (Section 4.3). We found intensity along Qx in theOSR measurement by measuring the magnetic Bragg sheets (Section 4.4.1), which representthe rocking curve and hence only the distribution of the helices with small tilts along the
x-direction. The rocking curve of the Bragg peak cannot be measured, since its maximum issuperimposed by the reflected spot (Section 4.3.2). Certainly, we can exclude any additionalmagnetic wavevectors in the y-direction provided kH has a modulus in the accessible Qyrange with a similarly intense Bragg peak, since we also rocked in this direction by ±2◦ inthe vertical configuration and by ±8◦ or ±4◦ in the horizontal configuration. In contrast, wecannot exclude a magnetic wavevector along the x-direction, which was the magnetic field
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direction in the GISANS setup. This stems from the setup geometry used, for which the Braggcondition could not be obeyed for any wavevector aligned parallel to x .An important result of this thesis is that the helix length, and therefore the number of helixturns, changes with magnetic field (Section 4.4.1). By increasing the magnetic field B, moreand more spins align parallel to B. To achieve this, the magnetic structures favor a reductionof the spin rotation, resulting in longer helix length, as was predicted recently by Wilson et
al. [11] (Figure 4.9a). It seems reasonable to surmise, that the helix length increases stepwiseuntil only one half of the period remains before it shifts completely to the ferromagnetic state.However, Wilson et al. were not able to measure this behavior directly. We revealed thatthis transition happens by the formation of an intermediate phase, in which some domainsstill have helices with the shorter length of phase 1 and in other domains the helices alreadyhave the longer length associated with phase 2. The transition to more and more domainswith longer wavelength occurs continuously with increasing magnetic field. This can be seendirectly in the evolution the corresponding Bragg peaks recorded by GISANS and OSR(Section 4.4.3): phase 1 exhibited peak A, phase 2 peak B and the intermediate phase bothpeaks. In fact, the intermediate phase represents a broad phase transition from phase 1 tophase 2 and is no conventional phase with a thermodynamical phase transition. However, fora quantitative study, we defined reasonable criteria for its boundaries, as for example fromthe Bragg peak profiles: the lower boundary was defined by ImaxB > 40% · ImaxA , above whichpeak B increases, while peak A drops. The upper boundary was defined by ImaxA > 50% · ImaxB .The corresponding magnetic fields are the so-called critical fields. In the case of PNR, thephases were classified according to their SA shape (Section 4.4.4). This was in excellentagreement with the phases determined by GISANS and OSR.We found that the magnetic phases are stable with respect to the cooling history or thein-plane magnetic field direction, but this was not tested for data close to a phase boundary(Section 4.4.2). Moreover, we were able to demonstrate that two different techniques usedat two different instruments give the same results. This confirms the high reliability andreproducibility of the data.We discovered that the number of turns reduces from phase 1 to phase 2, within error bars,with a step size of one, as can been seen from Table 4.4. The number of helix turns reducedfrom 5.9 to 4.5 for SI121, from 3.6 to 4.5 for SI008 and from 2.5 to 3.5 for SI048. The largernumber of helix turns of SI121, compared to those of SI008 and SI048, is a result of thelarger MnSi thickness. Integer or half-integer steps also occurred for the simulated fieldscan in [11] discussed in Section 4.1.4. Here, Wilson et al. calculated the critical fields fora sample with a thickness of 29.8 nm. Up to 0.22 T the helix made 2.0 turns, up to 0.46 T 1.5turns, and above this value only 0.5 turns. The authors could fit this model to PNR data.Those phase transitions deviate from their measured phase transitions in a previous paper[10] (Figure 4.7b), in which they identified the phases differently, namely as a helical phase(phase 1), a mixed phase of helicoids and skyrmions (phase 2), and a pure skyrmion phase(phase 3). However, the phase transitions observed in [10] for a 26.7 nm sample fit quite wellto the phase transitions we observed at least for T > 25 K for sample SI121 with a thickness
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of 553 Å. Note that in the earlier paper, the identification of the phases was only based ontheory. Their new theory of discrete states does not include an intermediate phase, as itcan be identified in our GISANS measurements, and still does not deny the existence of askyrmion lattice.We discovered, that the spins do align more and more parallel or antiparallel to the in-planemagnetic field. This is thought to explain the change in helix length and can be seen in themagnetic depth profile obtained by PNR (Section 4.4.4). Whereas in zero magnetic field, theprofile has a sinusoidal shape, as the field increases, the profiles become distorted, evolvingplateaus with positive magnetization and a steep zero-crossing to small regions with negativemagnetization. In addition, the magnetic moment per atom rises with increasing field up to0.2µB for sample SI121 and up to 0.3µB for sample SI008. Similar profiles were fitted byKarhu et al. [147], but with a larger magnetic moment of maximum 0.4µB , as for bulk MnSi[107]. The PNR were measured at 5 K, whereas our data was recorded at 27 K and 35 K forsample SI008 and SI121, respectively. As a result, the differences in the magnetic moment canbe explained by the decrease of magnetization for increasing temperature. This sinusoidalmagnetic profile with low amplitude explains the small SA in zero field. By contrast, theBragg peak in GISANS at zero field is most intense (Section 4.4.3). There are two possiblereasons for this: In zero field most of the domains consist of the starting helix. It is possiblethat in the presence of a small magnetic field of some 10 mT is applied, first domains alreadychange their helix length. These are too few to form a Bragg peak besides the first Braggpeak. Alternatively, the distortion of a uniform helix by a small magnetic field, with morespins aligning parallel to it, might already influence the Fourier transformation. In general,a continously intenstiy drop is expected for an increasing field until the Bragg peak hasvanished in the ferromagnetic state. In addition, we know that the FWHM of the Bragg peaksdrops for increasing magnetic fields. We explain this by the spin structure becoming moredefined for parallel or antiparallel alignment to the magnetic field.Another very important result is that the helix length and the critical fields of the phasetransitions, determined by definition, are a function of MnSi thickness (Section 4.4.5). Thecritical fields increase with increasing thickness: Bc1, which marks the transition from phase 1to the intermediate phase, increases, for example, at 4–5 K from 0.05 T±0.05 T for 390 Å to0.22 T±0.05 T for 553 Å. Similarly, Bc2, which marks the transition from the intermediatephase to phase 2, increases from 0.25 T±0.05 T for 390 Å above 0.45 T for 553 Å.The helix length of phase 1 deviates between 94 and 142 Å and of phase 2 between 121 and163 Å. This contradicts Karhu et al. [145], who state the existence of a ground-state helixlength of 13.9 nm for all thicknesses up to 40 nm.It was suggested, as discussed above, that when the field is increased the helix repetitionsare pushed out by steps of one integer or half-integer until the ferromagnetic state is reached[11]. We only observed, within error bars, steps of one integer. This could indeed occur forthe thinner SI008 sample, where the turns above phase 2 have to be pushed out twice moreto reach the ferromagnetic phase. Including the mixture phases would result in at least fouradditional phases. Unfortunately, we were not able to measure PNR in this region owing to
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4.4 RESULTS
the limiting magnetic field. In the case of the 553 Å sample, there ought to be eight additionalphases at high fields, with the helix turns reducing from 4.5 to 0.5 with intermediate phasesin between. But given the small field range between the last measured point belonging tophase 2 and the ferromagnetic state determined by SQUID, this seems to be implausible.Note that Wilson et al. found the step size of helix turn jumps changing from 0.5 to 1 withincreasing field. Therefore, we can no exclude that the helix turns maybe pushed out in evenlarger steps above phase 2. Alternatively, the region above phase 2 can be dominated bydifferent phases, which cannot be observed in our GISANS and OSR experiments. PNR datarevealed first hints, that phase 2 may partially consists of two different structures: At 0.44 T,the magnetic depth profiles of SI008 and SI121 measured at 27 K and 35 K, respectively,seem to be a superposition of two periodic structures. Hence, the magnetic structures at largemagnetic fields are not totally clarified.For this open question to be answered, the phases need to be investigated at larger magneticfields in more detail. Given that GISANS becomes more and more difficult with fewer helixturns, I suggest performing PNR measurements. These turned out to be a powerful tool todiscover small changes in the magnetic depth profile. To definitely prove the evolution of Bc1and Bc2 as well as the helix length as a function of MnSi thickness definitely, one has toapply GISANS on SI048 to confirm the PNR model and PNR on SI008 to confirm the phasetransitions. In addition, further investigations of MnSi samples with different thicknesseswould help achieve a proper overview of the thickness dependence.As also briefly mentioned above, GISANS is not sensitive to kH parallel to ki. To excludean additional magnetic Bragg peak with kH parallel to the magnetic field, one would haveto apply the in-plane field B perpendicular to ki. This would easily prove the existence ofmore complicated structures with either different populated domains or several different kHvectors, as is expected for the skyrmion phase. Unfortunately, this measurement could not berealized at this time, as the FRM II neutron source has been shut down for several months,but it is scheduled for December 2014. However, nobody has found any indication for such acomplicated structure in an in-plane field, and we would have noticed hints in the magneticdepth profiles obtained by PNR. There were some anomalies in the SA of sample SI048 above30 K (Section 4.4.5), but these may equally stem from noise due to low acquisition times.Although PNR, GISANS, and OSR are suitable methods to identify the phases, a detailedmapping of the phase diagram is time consuming. Different techniques need to be appliedto define the exact phase transitions, enabling measurements to be accomplished on a muchshorter time scale and to be freely accessible. Since we have identified the microscopicpicture, such measurements could easily complete the details of the phase diagram.
B out of plane. So far we have only discussed measurements carried out in an in-planefield. We also conducted measurements with an out-of-plane field that did not deliver anymagnetic signal. These measurements are presented in the Appendix. From this, we deducedsome assumptions regarding the magnetic structure for an out-of-plane field. In the literature(Section 4.1.4), there are two contradictory predictions for MnSi(111) epitaxial films: Li et al.[13] showed TEM images of in-plane helices with a helix length of 8.5 nm and a hexagonal
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
skyrmion lattice in agreement with THE measurements by Yokouchi et al. [132]. In contrast,Karhu and Wilson et al. [12, 145] state the existence of a pure conical state with the helixaligned out of plane and a length of 13.9 nm. Note that we determined the helix to alignout of plane along MnSi<111> at 0 T after ZFC from the paramagnetic state. This thereforeseems to be the magnetic ground state of the system. This is in contradiction to Li et al. [13],who observed the helices in plane at 0 T using Lorentz TEM.We performed GISANS measurements at SANS1 on SI121 with ki parallel to B and per-pendicular to the sample surface, as depicted in Figure 5.1a. If there had been a hexagonalskyrmion lattice perpendicular to the surface, as it is claimed by Li et al. [13], accordingto Bragg’s law the hexagonal lattice would have lain directly in the scattering plane. Wemeasured right in the center of Li’s skyrmion phase, i.e. at 27 K and 0.5 T, but observed noBragg peaks (Figure 5.1b). Although the magnetic structure may not be very well long-rangeordered, as was stated by Li et al. [13], we still should have been able to see even a broadBragg peak, since only 3.5 helix turns produced a Bragg peak in the helical phase. Wetherefore regard the existence of the conical phase in an out-of-plane field as being morelikely.To confirm the statement by Karhu et al. [145] and Wilson et al. [12] that a conical phasewith kH directed out-of-plane exists, GISANS measurements with ki parallel to the surface,but B perpendicular to the surface have to be performed. In the case of long-range order, aBragg peak along Qz should be directly observed. This experiment is also planned as partof the beamtime scheduled in December 2014.We applied PNR in an out-of-plane field measuring all spin channels (Figure 5.2a). We didnot find any SA in the non-spin-flip channel, nor did we find features in the spin-flip channels(Figure 5.2b). We do not expect a SA of the non-spin-flip channels, since the neutron spin isparallel to the scattering wavevector Qz . In contrast, the spin-flip channels are sensitive to allmoments perpendicular to Qz , i.e the in-plane moments. We measured at magnetic fields andtemperatures similar to those at which Li et al. [13] or Wilson et al. [12] predicted or alreadymeasured the magnetic structures. We measured at 10 K and 0.25 T up to 0.1 Å−1 and shortmeasurements up to 0.037 Å−1 between 0.10 and 0.28 T at five different fields at 10 K, and twodifferent fields at 39 K. It is possible for the short measurements, that we could have missedthe features, but not for the long measurement. Karhu et al. [145] also performed PNR withan out-of-plane field for all spin channels. They observed a small peak in the spin-flip signalafter cooling the sample in a high in-plane magnetic field of 0.8 mT and providing a small in-plane magnetic field in the order of some mT during the actual out-of-plane measurement at0.2 T. They attributed the peak to a conical state. The authors suspect the missing long-rangeorder as being responsible for the necessity of this complicated field-cooling process.There are several possible explanations for the lack of magnetic signal in our PNR signal:1. We did not measure for long enough, losing the signal in the background.2. The moments cancel out within one plane. This will happen in the case of a skyrmionlattice with three kH-vectors lying in plane, as predicted by Li et al. [13]. This results ina constant magnetic depth profile and a cancellation of all in-plane spins as a result of the
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4.5 CONCLUSION
spin rotation within one plane. This will also appear for helices with kH in plane, as againobserved by [13].3. The magnetic structure does not show any long-range order but forms a glassy state, asalready suspected by Li et al. [13] and Karhu et al. [145].However, these explanations do not allow us to solve the contradiction. For Mnsi thin filmsin an out-of-plane field, the Zeeman energy competes with the easy-plane anisotropy asdiscussed in Section 4.1.5. Both energy contributions favor the opposite spin alignment.Therefore, one explanation for the contradiction could be that the out-of-plane field leadsto a frustrated system, where different magnetic structures are possible — small changesin cooling history may be sufficient to yield totally different results. Li et al. do not writeanything about the cooling history, and it is also odd that they only show three TEM imagesand determine their phase diagram by Hall measurements. However, the phase diagram wasconfirmed by Yokouchi et al. [132], who extracted the THE signal from the Hall measurements.Alternatively, the samples investigated by us, Li et al., and Wilson et al. may possessdifferent strains influencing the magnetic anisotropy. Furthermore, it is not clear, whetherLi et al. and Yokouchi et al. used the MBE growth method or the SPE growth method forthe sample investigated by Lorentz TEM, as they used both methods for different samples.The preparation of the samples, that are necessary for Lorentz TEM may also influence themagnetic anisotropies. Wilson, Monchesky et al. [12, 148] suggest artifacts in Lorentz TEMas being responsible for the results obtained by Li et al., which in turn is disputed by Li et
al. [149]. However, the theory of Wilson et al. is still not proved by a direct experimentalmethod.
4.5 Conclusion

In this chapter of my thesis, I gave a literature review (Section 4.1), presented the samples(Section 4.2) and the neutron scattering techniques with an in-plane magnetic field (Section4.3), and described the results obtained from three MnSi(111) thin film samples with differentMnSi thicknesses (Section 4.4).We were able to derive a detailed microscopic magnetic picture of epitaxial MnSi thin filmsin an in-plane field. This revealed helices aligned out of plane and showed the helix pitch toincrease with increasing magnetic field. Similar properties were predicted in [11]. However,we were the first group to directly measure the kH-vector of the magnetic structure in a B20epitaxial film. In addition, we found that the helix length and the critical fields for the helixlength transition change as a function of MnSi thickness.It appears that the magnetic properties of thin films are totally different from bulk or free-standing crystal plates. From the literature study in Section 4.1.4, we infer that the shapeanisotropy does not effect the magnetic structures. In contrast, finite size effects seem todominate the magnetic properties in reduced dimensionality as is also the case in plates,
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CHAPTER 4: STRUCTURAL AND MAGNETIC PROPERTIES OF MNSI(111) THIN FILMS
where an extended skyrmion phase was observed. In addition to the mechanisms in thinplates, strain is induced in epitaxial thin film owing to the lattice mismatch stemming from thegrowth, which was found to play a crucial role. This mechanism competes with the finite sizeand the Zeeman effect. For systems in which the Zeeman effect and the uniaxial anisotropyinduced by strain favor the same spin structure, the finite size effect may be overcome. Twodifferent magnetic structures are predicted for epitaxial MnSi thin films, when this is notthe case: the skyrmion lattice together with an in-plane ground-state helix [13] and the pureconical phase [12]. For a complete understanding of the competition between the mechanisms,further investigations need to be done on the properties of MnSi thin films to find the reasonfor this contradiction.

144



Chapter 5

Conclusions and Outlook

In this work, I showed that polarized neutron reflectometry is a powerful tool to investigatethe structural and magnetic properties of thin films. We found that ultrathin Fe layer canbe grown either as pure bcc or with a large portion of fcc on a Cu(100) seed layer. Sincethe portion of the fcc Fe altered with Fe thickness, monitoring the magnetic and structuralproperties in situ during growth was of particular importance (Chapter 3). This would alsohave been important for MnSi thin films. I have shown that MnSi(111) thin films change themagnetic helix length as a function of MnSi thickness (Chapter 4). Therefore, it would beof enormous advantage to be able to measure the evolution of helix length directly duringgrowth.The disadvantages of low neutron flux compared to X-ray techniques can be overcome inthe near future: We have already achieved measuring times of 15 min per spin state andlayer using PNR in combination with the Selene concept (Section 3.2.2) at Amor (PSI).Particularly short measurement times are likely for in-situ measurements during growth,since the latter takes place within the order of seconds. In-situ growth chambers, e.g. MBEs,PLDS or sputtering chambers, easily installed at a neutron beamline or, better, integratedinto a neutron beamline, are therefore of particular interest for monitoring the growth of thinfilms. Measurement times will be further reduced when the Selene setup is realized at theEuropean Spallation Source (ESS) in Lund, Sweden. It is planned that the neutron sourcewill start its operation in 2019 [155]. The concept of a reflectometer called ESTIA withthe Selene concept was recently endorsed by the Scientific Advisory Committee of the ESS[156]. The high brilliance of the ESS together with longer Montel mirrors, which provide alarger footprint on the sample, will reduce the measurement times by a factor of 1000 [156].Consequently, a comparable PNR measurement could take place within less than one second.This is on the same time scale as the growth and the evolution of the properties of the layerscan then be monitored in real time.The applications of this technique go far beyond the material systems investigated in this the-sis. Several systems change their magnetic properties as a function of thickness. For example,
145



CHAPTER 5: CONCLUSIONS AND OUTLOOK
the interface between LaAlO3 and SrTiO3, exhibits superconductivity and ferromagnetism ina specific thickness range of the LaAlO3 layer [157, 158]. The origins of these propertiesare not fully understood and research monitoring those properties during growth would be ofgreat benefit.
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Appendix

MnSi(111) Thin Films Measured in an In-Plane Magnetic
Field

In Chapter 4, I only presented neutron data of MnSi(111) thin films with the magnetic fieldapplied in plane. We also performed PNR and GISANS measurements in an out-of-planemagnetic field, which are presented in this section. These, however, did not reveal anymagnetic signal. Possible reasons are discussed in Section 4.4.6.
GISANS. GISANS was performed on sample SI121 at SANS1, using a similar setup asdescribed in Section 4.3.1. Here, we simply rotated the sample to place it on its edge suchthat the magnetic field and the incoming neutron beam are perpendicular to the sample plane,as shown in Figure 5.1a. The MnSi <111> direction was then parallel to B and ki. Again,the sample, together with the magnetic field, can be rocked using the angles χ and ω. Likefor GISANS with an in-plane field applied, we performed rocking scans with ∆χ = ±4◦ and

(a) (b)

- 0 . 0 5 0 . 0 0 0 . 0 5

- 0 . 0 5

0 . 0 0

0 . 0 5

9

1 5

1 5
1 6

 

 

Q x(1/
Å)

Q y ( 1 / Å )
0 . 00 . 0 4 50 . 0 9 00 . 1 30 . 1 80 . 2 20 . 2 70 . 3 10 . 3 60 . 4 00 . 4 50 . 4 90 . 5 40 . 5 80 . 6 30 . 6 70 . 7 20 . 7 60 . 8 10 . 8 50 . 9 00 . 9 40 . 9 91 . 01 . 11 . 11 . 21 . 21 . 31 . 31 . 31 . 41 . 41 . 51 . 51 . 61 . 61 . 71 . 71 . 71 . 81 . 81 . 91 . 92 . 02 . 02 . 12 . 12 . 12 . 22 . 22 . 32 . 32 . 42 . 42 . 52 . 52 . 62 . 62 . 62 . 72 . 72 . 82 . 82 . 92 . 93 . 03 . 03 . 03 . 13 . 13 . 23 . 23 . 33 . 33 . 43 . 43 . 43 . 53 . 53 . 63 . 63 . 73 . 73 . 83 . 83 . 93 . 93 . 94 . 04 . 04 . 14 . 14 . 24 . 24 . 34 . 34 . 34 . 44 . 44 . 54 . 54 . 64 . 64 . 74 . 74 . 74 . 84 . 84 . 94 . 95 . 05 . 05 . 15 . 15 . 15 . 25 . 25 . 35 . 35 . 45 . 45 . 55 . 55 . 65 . 65 . 65 . 75 . 75 . 85 . 85 . 95 . 96 . 06 . 06 . 06 . 16 . 16 . 26 . 26 . 36 . 36 . 46 . 46 . 46 . 56 . 56 . 66 . 66 . 76 . 76 . 86 . 86 . 96 . 96 . 97 . 07 . 07 . 17 . 17 . 27 . 27 . 37 . 37 . 37 . 47 . 47 . 57 . 57 . 67 . 67 . 77 . 77 . 77 . 87 . 87 . 97 . 98 . 08 . 08 . 18 . 18 . 18 . 28 . 28 . 38 . 38 . 48 . 48 . 58 . 58 . 68 . 68 . 68 . 78 . 78 . 88 . 88 . 98 . 99 . 09 . 09 . 09 . 19 . 19 . 29 . 29 . 39 . 39 . 49 . 49 . 49 . 59 . 59 . 69 . 69 . 79 . 79 . 89 . 89 . 99 . 99 . 91 0 . 01 01 01 01 01 01 01 01 01 01 01 01 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 41 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 51 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 61 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 71 81 81 81 81 81 81 81 81 81 81 81 82 7  K ,  0 . 5  T

Ä  B  

1 8

1 5

0

1 2

9

6

3

Co
un

ts/
Mo

nit
or

Fig. 5.1: (a) GISANS setup with an out-of-plane field at SANS1. The MnSi sample is aligned
with <111> || ki ||B. (b) Intensity map of sample SI121 measured at 27 K, 0.5 T using the setup
shown in (a).
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Fig. 5.2: (a) PNR setup with MnSi <111>|| B at NREX. (b) PNR curves of sample SI048
measured at 10 K and 0.25 T for all spin channels as a function of Qz together with a fit
accounting for spin leakage.

∆ω = ±2◦ to find a magnetic Bragg peak. With this setup, we searched for a skyrmionlattice, as was claimed to exist by Li et al. [13]. The intensity map recorded at 27 K and 0.5 Tas a function of Qx and Qy is plotted in Figure 5.1b. There are no magnetic Bragg peaksvisible.
PNR. PNR measurements were performed on SI048 at NREX using a polarizer and ananalyzer to record all four spin channels. The setup with the magnetic field applied alongthe surface normal, i.e. MnSi <111> , is shown in Figure 5.2a. With this setup, we triedto measure kH of a helical structure propagating along the surface normal as indicated inthe figure. Figure 5.2b shows the reflectivity curves of all spin channels. The non-spin-flip channels R++ and R- - are, as expected, very similar, showing no SA as Q ||M .In this geometry, PNR is not sensitive to out-of-plane moments. In contrast, Q ⊥ M isfulfilled for the spin-flip channels R+- and R-+, since in an out-of-plane field the spins areflipped for in-plane magnetization components. Thus, the spin-flip channels are sensitive tothe magnetization. However, R+- and R-+ are two orders of magnitude smaller than thenon-spin-flip channels and replicate those. Yury Khaydukov fitted the spin-flip channels byaccounting for a polarization of polarizer and analyzer of 99.8%. This fitted the curves verywell and indicates, that we measured only the spin leakage and no magnetic signal. Forright- and left-hand helices, we would expect a magnetic peak in R+- and R-+ at the Qzvalue of the helix wavevector, as was observed by Karhu et al. [145]. The correspondingdiscussion can be found in Section 4.4.6.
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