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Abstract

This thesis focuses on the coupling and dynamics of magnetic films. Epitaxial FM/Mn/FM [FM
(ferromagnetic): Ni, Co] trilayers with a varied thickness (wedged) Mn layer were grown on Cu(001)
and studied by magneto-optical Kerr effect measurements. The bottom FM film as well as the Mn
film exhibit a layer-by-layer growth mode, which allows to modify both interface roughnesses on
the atomic scale by tuning the thicknesses of the films to achieve a certain filling of their topmost
atomic layers.

For the Co/Mn/Co systems, the onset of antiferromagnetic order in the Mn layer at room
temperature was found at a higher thickness (¢arm) for a filled compared to a half-filled topmost
atomic layer of the bottom Co layer. Magnetization loops with only one step were found for half-
filled topmost atomic layer of the bottom Co film, while loops with two separate steps have been
observed in trilayers with an integer number of atomic layers in the bottom Co film. The small
coercivity of the top Co film shows an oscillation with 1 ML period as a function of the Mn
thickness above 10 ML, which is interpreted as the influence of the atomic-scale control of the
interface roughness on the interface exchange coupling between the antiferromagnetic Mn and the
top ferromagnetic Co layer. The strength of the magnetic interlayer coupling between the top and
bottom Co layers through the Mn layer for an integer number of atomic layers in the bottom Co
layer exhibits an oscillation with a period of 2 ML Mn thickness, indicative of direct exchange
coupling through the antiferromagnetic Mn layer. A long-period interlayer coupling of the two FM
layers with antiparallel coupling is observed and attributed to indirect exchange coupling of the
Rudermann-Kittel-Kasuya- Yosida type.

After deposition of Ni on Mn wedge/atomically filled Co film, the coercivity is enhanced
compared to Mn/Co or Co/Mn/Co samples. In the Ni/Mn/Ni trilayer, the top Ni layer also shows a
higher coercivity than the bottom layer above 8 ML Mn thickness. Comparing the medium energy
electron diffraction oscillations during growth of Mn on Ni and Ni on Cu(001) shows that the
surface roughness is reduced by the Mn layer. This indicates that the coercivity of Ni/Mn depends
on the interface roughness, i.e., a smoother interface shows a higher coercivity.

The magnetization dynamics of Co wedge/Ni bilayers induced by fs laser pulses close to the
spin-reorientation transition (SRT) between out-of-plane and in-plane magnetization has been
investigated by photoelectron emission microscopy with pump-probe measurements. The response
of the magnetization of the Co layer close to the SRT shows a slower recovery after demagnetization
comparing to the region far away from SRT, probably due to a lower Curie temperature.



Kurzfassung

Kurzfassung

Diese Arbeit befasst sich mit der Kopplung und der Dynamik von magnetischen Schichtsystemen.
FM/Mn/FM [FM (Ferromagnet): Ni, Co] Dreilagensysteme mit einer Mn-Lage variable Dicke
(Keilform) wurden epitaktisch auf Cu(001) aufgewachsen und mit Hilfe des magneto-optischen
Kerr-Effektes untersucht. Die untere FM-Schicht und die Mn-Schicht zeigen lagenweises
Wachstum. Dies ermdglicht die Kontrolle der Rauigkeit beider Grenzfliche auf atomarer Skala
durch Variation der Schichtdicken, um einen unterschiedlichen Grad an Abgeschlossenheit der
obersten atomaren Lage zu erreichen.

Im Co/Mn/Co-Dreilagensystem zeigte sich, dass die antiferromagnetische Ordnung der Mn-
Schicht bei Raumtemperatur bei gréoferen Schichtdicken (Mindestdicke zarm) einsetzt, wenn die
oberste atomare Lage der unteren Co-Schicht vollstindig abgeschlossen ist, als wenn diese halb
geflillt ist. Fir halb gefiillte atomare Lagen der unteren Co-Schicht zeigten sich
Magnetisierungskurven mit nur einer Stufe, wéahrend fiir Dreilagensysteme mit einer ganzzahligen
Anzahl an atomaren Lagen Kurven mit zwei voneinander getrennten Stufen beobachtet wurden.
Die kleinere Koerzivitét der oberen Co-Schicht weist oberhalb von 10 ML eine Oszillation mit einer
Periode von einer Monolage als Funktion der Mn-Schichtdicke auf. Diese ldsst sich auf die
Kontrolle der Grenzflichenrauigkeit auf atomarer Ebene und den dadurch erzielten Einfluss auf die
Austauschkopplung an der Grenzfliche zwischen antiferromagnetischer Mn-Schicht und der
oberen ferromagnetischen Co-Schicht zuriickfiihren. Die Kopplungsstirke zwischen der oberen
und der unteren Co-Schicht iiber die Mn-Schicht weist fiir eine ganze Anzahl atomarer Lagen der
unteren Co-Schicht Oszillationen mit einer Periode von 2 ML auf, die auf cine direkte
Austauschkopplung iiber die antiferromagnetische Mn-Schicht hindeuten. Des Weiteren zeigte sich
eine Variation der Kopplung zwischen den FM-Schichten mit einer ldngeren Periode und
antiparalleler Kopplung, die einer indirekten Austauschwechselwirkung im Sinne einer
Rudermann-Kittel-Kasuya-Yosida-Kopplung zugeordnet wurde.

Nach Aufwachsen von Ni auf einer keilférmigen Mn-Schicht auf einer atomar abgeschlossenen
Co-Schicht erhoht sich die Koerzitivitit gegeniiber Mn/Co- bzw. Co/Mn/Co-Proben. Im Ni/Mn/Ni-
Dreischichtsystem zeigt die obere Ni-Schicht ebenfalls eine hohere Koerzitivitét als die untere Ni-
Schicht fiir Mn-Schichten mit einer Dicke oberhalb von 8 ML. Der Vergleich der Intensitéts
Oszillationen der Beugung von Elektronen mittlerer Energie wiahrend des Aufwachsens von Mn
auf Ni sowie von Ni auf Cu(001) zeigt, dass die Oberflichenrauigkeit durch die Mn-Schicht
reduziert wird. Dies deutet darauf hin, dass die Koerzitivitit von Ni/Mn von der Rauigkeit der
Grenzflache abhédngt, d.h. eine glattere Grenzfliache flihrt zu einer hoheren Koerzitivitét.

Die Magnetisierungsdynamik des Co-Keil/Ni-Doppelschichtsystems, die durch fs-Laser-Pulse
nahe des Spin-Reorientierungs-Ubergangs (SRT) von aus- zu in-der-Ebene-Magnetisierung
hervorgerufen wird, wurde mit Photoelektronen-Emissions-Mikroskopie mittels Anrege-Abfrage-
Technik untersucht. Die Reaktion der Magnetisierung der Co-Schicht nahe des SRT zeigt eine
langsamere Erholung nach der Entmagnetisierung, als Weiter entfernt vom SRT, vermutlich auf
Grund der SRT niedrigeren Curie-Temperatur.
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Chapter 1 Introduction

Thales of Miletus first described the phenomenon of magnetism as the attraction of iron by
“lodestone” at around 600 BC. It is assumed that the first direction pointers were made by balancing
a piece of lodestone during the Qin dynasty more than 2000 years ago.' The operation of the
compass for navigation in China started in the late 11th century, and one century later in Europe.
People started the great voyages to explore the unknown world with the help of magnetic compasses.

The advanced applications of magnetism today are related to the technology underlying data
storage and memory.>* Oberlin Smith first proposed magnetic recording in 1888, and later the first
magnetic recording device called telegraphone was patented by Valdemar Poulsen in 1894.%* In the
1950s, the magnetic core memories created by An Wang became the dominant computer memories.
A major breakthrough for the density of magnetic recording came by using read-head sensors with
spin valves based on giant magneto-resistance (GMR). The GMR phenomenon was observed by
Fert et al.’> and Griinberg et al.® independently in 1988. The structure of a typical GMR spin valve
consists of two ferromagnetic (FM) layers separated by a nonmagnetic spacer and an
antiferromagnetic (AFM) layer in contact with one of the ferromagnetic layers. The thickness of
the spacer is chosen such that there is little or no exchange coupling between the two FM layers.
The magnetization of one of the FM layers is pinned by the strong coupling to the AFM layer, and
thus this FM layer is called a “pinned” or reference layer. On the other hand, the magnetization of
the other FM layer is free to rotate to respond to an external field, and thus it is called a “free” layer.
If the magnetic moments in the pinned and free layers are parallel, the current can flow easily
throughout the structure, and the resistance is low. However, if the layers are magnetized
antiparallel, the current is impeded, and the resistance is high. From the variation of the resistance,
we can read the information (“0” and “1”’) from the magnetic disk. In the 1990s, IBM developed
such GMR devices as read-head sensors for magnetic disk drives. Their introduction into the market
in 1997 had an almost immediate impact on the disk drive capacity that has lasted to the present
day.

The future of magnetic storage and memory technology requires smaller bit sizes and faster
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magnetic reversal processes. With increasing the density of the magnetic disk, the size of the
particles or the magnetic pattern and the distance between bits have to be reduced, such that
scientific investigations about the manipulation of the magnetization on the nanoscale and the
interaction or interlayer coupling from other particles or layers become important. Nowadays the
device switching times are about one nanosecond. In advanced recording studies times as short as
100 picoseconds have been achieved.! Studies about the origin of magnetic coupling and spin
transport across interfaces and the time dependence of magnetic reversal processes are essential for
applications. An important challenge is the understanding of the size and speed limits of magnetic
technologies.

This doctoral thesis is about the static and dynamic properties in exchange-coupled ultrathin
films. The interplay of the interlayer coupling together with the exchange bias effect are
investigated in FM/AFM films with tuning the following parameters: FM/AFM interface roughness,
sample temperature, film thickness. Laser-induced magnetization dynamics in Co/Ni films are

presented at the end of the thesis.

1.1 Exchange bias in FM/AFM films

Exchange bias has been extensively studied because of its crucial role in spintronics devices, for
example, hard disk read heads and magnetic sensors. It was first discovered in 1956 by Meiklejohn
and Bean’ when studying the Co/CoO core/shell nanoparticles, in which the magnetization loop
was shifted by -1.0 kOe with a coercivity of 2.2 kOe after field cooling of the sample, as shown in
Figure 1. 1. “Field cooling” means that the material with an FM-AFM interface is cooled through
the Néel temperature (7n) of the AFM, and the exchange bias is induced in the FM layer. The
phenomenon of the shift of the hysteresis loop is referred to as the “exchange bias”.

Exchange bias can be qualitatively understood by assuming an exchange interaction at the AFM-
FM interface.® We use the different stages of spin configuration of an FM/AFM bilayer to describe
the exchange bias behavior as shown in Figure 1. 2. When the system is at a temperature between
Tc and 7w, the direction of magnetic moments in the AFM layer is random, while the ones of the

FM layer are along the external field direction [here the positive direction, Figure 1. 2(a)]. As the



sample is cooling down, the moments in the AFM layer become ordered, and the spins near the
interface to the FM layer will align in the positive direction, as the FM layer, due to ferromagnetic
coupling between the spins in the interface (here ferromagnetic coupling is assumed). The other
spins in the AFM layer will follow the AFM order as shown in Figure 1. 2(b). When the magnetic
field is reversed, the spins in the FM layer start to rotate, while the AFM spins remain unchanged
due to the larger anisotropy. In this case, the interaction between the AFM and FM moments at the
interface energetically favors one of the two directions of the FM layer magnetization. This leads
to a larger field to reverse the FM layer in the direction against the interfacial AFM spins [Figure 1.
2(c)]. When the external field changes back, the FM spins can be switched by a smaller field with
the help of the interaction from the AFM layer [Figure 1. 2(e)]. After a complete measurement, the

loop is shifted to the negative field direction. This is called exchange bias.

Figure 1. 1 Hysteresis loops of Co/CoO particles at 7= 77 K after field cooling (solid line) and zero
field cooling (dashed line). From the work of Meiklejohn et al.’

It is already more than half a century since the first discovery of exchange bias. Many systems
containing FM-AFM interfaces have been studied including particles, thin films, and
inhomogeneous materials. However, the role of many different parameters involved in exchange
bias, like roughness, thickness, anisotropy, spin configuration, or temperature, is far from being
understood. We will list some experiments targeting specific parameters and theoretical models

from literature.'%!!
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Figure 1. 2 Relative orientations of the atomic moments in the FM/AFM bilayer are shown
schematically. The coercive field Hc and exchange bias field He are defined in the figure.

FM and AFM layer thickness dependence: From the previous studies, it seems that the exchange
bias is roughly inversely proportional to the thickness of the FM layer, He ~ 1/tFMm, in the case when
the FM layer thickness is small compared to the domain wall size as shown in Figure 1. 3 (a) and
(b).!*'® However, this linear behavior doesn’t exist in ultrathin films, probably due to
discontinuities in the films.!” These results indicate that the exchange bias is an interface effect. For
the coercivity, generally Hc decreases with increasing FM layer thickness. In NiCr/FeMn/NiFe and
Py/CrAl films (Figure 1. 3), Hc is proportionol to 1/tem and 1/tem??, respectively.'®1°

The dependence of Hc on the AFM thickness is complicated. Figure 1. 4 is an example of a
Mn/Co bilayer. H. is independent of tarm above 20 ML thickness of the AFM layer.?’ As tarwm is
reduced, H. first increases and then decreases sharply and finally tends towards zero at a critical
value of the zarm. Below this critical value of 7arwm, the total anisotropy energy in the AFM layer is
smaller than the interfacial exchange energy, i.e., Kyrpy tary <K Jox (see below). In this case, the
moments in the AFM layer will switch together with those of the FM layer in the external field.
Thus there will be no exchange bias in this AFM layer thickness range. The Hc behavior is also
relate to 7n and 7B, which are thickness-dependent. Therefore, for thin enough AFM layers, the
reduced temperature 7/7s varies with thickness. Apparently, the onset thickness of the exchange

bias depends on the specific system, i.e., the temperature and the interface roughness. For thicker



AFM layers, some experiments reported that He decreases with increasing the AFM layer thickness

in some range. This is probably due to the degeneration of the microstructure or a variation of the

coupling angle between the two layers.
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Figure 1. 3 Dependence of exchange bias He [filled (a) and black (b)] and coercivity Hc [open (a)
and red (b)] as a function of the FM layer thickness for Py/FeMn and Py/CrAl bilayers, respectively.
From the work of Mauri et al.'® and Zhou et al."®
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Figure 1. 4 Room temperature values of Hc and He versus the Mn thickness from MOKE
measurements on Mn(001) wedge/20 ML Co(001) bilayer. From the work of Kohlhepp et al.?

Compensated-uncompensated: Due to the interfacial nature of exchange bias, Hc and He strongly

depend on the AFM/FM interface. One issue is the orientation of the AFM spins. If the net spin on
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the AFM interface averaged over a microscopic length scale is zero, this is called “compensated”.
The other case, when some spins are parallel to each other, such that the surface magnetization is
non-zero, this interface is called “uncompensated”. For example, CoO(001),> NiO(001)** and
FeMn(001)* have a compensated surface, while CoO(111) and FeMn(110) are uncompensated.
Generally, one would expect that He should be zero for compensated surfaces, i.e., NiFe/CoO(100)
and NiFe/CoO(110). However, in other compensated interfaces, like FeNi/FeMn(111),% not only
He exists in these systems, but also it’s value is larger than for uncompensated interfaces of the same
AFM layer. This could be due to a spin rearrangement at the interface. Interface roughness could
induce the locally uncompensated spins that lead to exchange bias over the macroscopic surface.
Other explanation are the formation of domains in the AFM layer,?’ or non-collinear coupling at
the interface.?®

Interface roughness: Most of the studies show that the exchange bias decreases with increasing

roughness,'*?’

although some systems are less sensitive to roughness or behave even in the opposite
way.>® This is independent of the interface magnetization, i.e., compensated or uncompensated.
This is somehow difficult to explain. For an uncompensated AFM surface, roughness creates areas
of different net magnetization, thus the average number of spins pinning the FM magnetization in
one direction will reduce, which decreases He. However, for the compensated case, the surface
remains compensated independent on the interface roughness, so the magnitude of He should be
constant.

There exists a lot of theoretical work for explaining the exchange bias behavior. Here we present
the Meiklejohn-Bean model as described in Figure 1. 2. This model is based on several assumptions:
a, the interface plane is homogeneous; b, the AFM moments at the interface are uncompensated; c,
there is one single domain in both the FM and AFM layer.””

In this model, the energy per unit area of an exchange bias system can be written as

E = —HMppytry cos(8 — B) + Kpytrysin®(B)
+KarmtarmSin®(a) — Joxcos(B — a)
where H is the applied field, Mrm the saturation magnetization, trm and ¢arm the thickness of the
FM and AFM layer, and Krm and Karm the anisotropies of the FM and AFM layer, respectively. Jex
is the interface coupling constant, @, £, and @ are the angles between the Marm and the AFM

anisotropy axis, the Mrm and the FM anisotropy axis, and the applied field and the FM anisotropy

6



axis, respectively (see Figure 1. 5). The first term is the effect of the applied field on the FM layer,
the second and the third term takes into account the effect of the FM and AFM anisotropy, and the
fourth accounts for the consideration of the interface coupling. In the simplest case the FM
anisotropy is assumed to be negligible. Then minimizing the energy with respect to « and f, the

loop shift is found to be

He — ] ex .
Mpmtem

In other words when Kypp tapy > Jex, With keeping « small independently of S, the He is observed.
In contrast, if Kypy tarm <K Jeox, it 1s energetically more favorable to keep small, i.e., the AFM

spins follow the motion of the FM layer, and there is no exchange bias, only an increase in coercivity.

Mg’: M Karm Kem

Figure 1. 5 Vector diagram of angles involved in an exchange bias system.

This model can explain some characteristics of the exchange bias. First, the magnitude of He is
proportion to 1/tem, which fits to most of the experiment results. Second, there exists a critical value

13! improved this equation assuming a larger Karm, in

of tarm as shown in Figure 1. 4. Binek ef a
which case He will reduce and tend to saturate with increasing thickness of the AFM layer. However,
the value of He. is predicted to be several orders of magnitude larger than the experimental results.
To account for these discrepancies, different approximations with additional parameters are
involved to improve in the simple model. For example, the formation of domains in the AFM layer,

or the FM layer, interface roughness, non-collinearity of AFM and FM spins, uncompensated

surface spins.



1.2 Interlayer magnetic coupling in FM/AFM films

Various other models have also been proposed, for example, the Mauri domain-wall model,?%*3

the Malozemoff random interface model,”’** or spin-flop perpendicular coupling.”® We don’t
discuss these in detail in this thesis. Often the individual approximations apply for a specific system
and are not valid for other systems. Therefore, the nature of exchange bias has not been studied

completely, there are still some unsolved issues.

1.2 Interlayer magnetic coupling in FM/AFM films

Magnetic interlayer exchange coupling (IEC) between two separated ferromagnetic (FM) films
across a non-ferromagnetic spacer layer is crucial for many applications in modern magnetic
storage devices and spin electronics. Understanding the interlayer coupling as well as magnetic

properties is important to know the details of the magnetization reversal processes for applications.

35-37 38-44

IEC is found for spacer layers of nonmagnetic metals, antiferromagnetic materials,
insulating and semiconducting spacer layers,3”#*>% for both in-plane and out-of-plane orientation
of the magnetization. The various interactions giving rise to an interlayer magnetic interaction are:
a. direct ferromagnetic coupling, b. Rudermann-Kittel-Kasuya-Yosida (RKKY)-type interlayer
coupling. c. dipolar interactions. Dipolar interactions originating from roughness imperfections of
the layers (“orange peel” effect) lead to a parallel interlayer coupling as first pointed out by Néel.*’
Dipolar interactions are also important when the magnetic layers are not saturated and split into

magnetic domains,*®

or for small samples, where the stray fields from sample edges becomes
important.** The RKKY interaction was first proposed by Ruderman and Kittel*® to describe the
indirect interactions between nuclear spins in a metal, and then extended to electronic magnetic

moments by Kasuya®' and Yosida.’? This model is proposed to explain the magnetic ordering of

metal alloys exchange coupling between the local magnetic moments.

Concerning an AFM spacer layer, direct exchange coupling through the spacer layer may also
contribute to the interlayer coupling. Systems containing AFM layers may also exhibit the exchange

bias effect.>S Interlayer coupling across AFM spacer layers has been studied and adjusted in several
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systems. Griinberg et al.” first found the AFM coupling in Fe/Cr/Fe trilayers. Later this observation



has been confirmed by Carbone and Alvarado®* and by Baibich et al.> However, no coupling
oscillation was observed in early experiments. A single-period oscillatory behavior of the coupling
in sputtered [Fe/Cr] multilayers corresponding to RKKY-type coupling with a period of 12.5 atomic

monolayers (ML) thickness has been reported by Parkin et al.*

Then a short-period oscillation with
a period of 2-3 ML has been observed in epitaxial [Fe/Cr] multilayers, with a large coupling
strength due to the direct d—d hybridization at the interface.*'>> As shown in Figure 1. 6, the
coupling of two Fe layers presents an oscillation with period of 10-12 Cr layers in a Fe/Cr/Fe
sandwich grown at room temperature, while an oscillation with a period of 2 Cr layers has been
observed in a Fe/Cr/Fe with well-ordered Cr interlayer. An oscillation of the sign of the interlayer
coupling with two-ML periodicity has also been reported for an insulating NiO spacer layer in
[Pt/Co]3/NiO/[Pt/Co]s with out-of-plane anisotropy.*> Zhuravlev et al. explained this oscillatory
coupling by the interfacial interaction with the uncompensated NiO spins at the interface, which
alternates in sign for an odd and even number of monolayers of NiO.>® Moreover, the interfacial
exchange coupling strength between FM/AFM/FM decreases with increasing temperature, however,
the IEC through metal materials decreases with increasing temperature while it increases for
insulating layers. A competition between the interlayer and interfacial coupling has been evidenced
in Co/(Cr203, NiO)/Fe trilayers.”” The interlayer exchange coupling dominates at higher
temperatures, while the interfacial exchange interaction exists below the ordering temperature of
the AFM layer. The IEC is most often observed to have a bilinear dependence i.e. to vary as a cosine
function of the angle between the magnetizations in the two FM layers. Riihrig et al.’® found that,

domain structure in a Fe/wedge Cr/Fe(001) trilayer, the moments of two FM layers present with

90° angle configuration, i.e. biquadratic coupling.

Since the spin direction of AFM materials varies on the length scale of the lattice constant, the
exchange coupling between FM and AFM layers depends sensitively on the interface morphology.
Single-crystalline systems provide the opportunity to tune the interface roughness on the atomic
length scale. In particular, systems that exhibit a layer-by-layer growth allow to modulate the
interface roughness by choosing the filling of the terminating atomic layer. The interface coupling
of systems with compensated AFM interface spin structure may be enhanced by the controlled

incorporation of roughness features. Oscillations of the coercivity Hc and the exchange bias field



1.2 Interlayer magnetic coupling in FM/AFM films

He with a period of 1 ML Co thickness were found in expanded face-centered-tetragonal (e-fct)
Mn/Co bilayers on Cu(001), and attributed to the influence of roughness oscillations of the
AFM/FM interface due to layer-by-layer growth of the Co layer.>®® Atomic-scale control of the

AFM-FM exchange coupling was also demonstrated in FeNi/FeMn/Co trilayers.*

Monolayers
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Figure 1. 6 The difference in the magnetic coupling of the Fe layers in an Fe/Cr/Fe sandwich for
the Cr wedge grown on a Fe(001) substrate at room temperature (lower panel) and grown on a
substrate at elevated temperature (upper panel) are obtained by scanning electron microscopy with
polarization analysis. From the work of Unguris et al.*!

Mn is an interesting AFM material because of its rich phase diagram with different ground states
corresponding to the o (bec), B (sc), y (fcc), & (bee) phases.®! Even small changes of the axial ratio
c/a can induce dramatic changes in the interface coupling. In epitaxial Fe/bct-Mn/Fe (bct: body-
centered tetragonal, a phase), the coupling angle between the magnetization directions of the two
ferromagnetic Fe layers increases from 0° to 180° and then reduces to 90° with a 2 ML Mn
oscillation period.®> For the [Co/Mn] multilayer case, Kai has calculated that the interlayer
exchange coupling both in [Co/a-Mn] and [Co/y-Mn] multilayers shows oscillations with a period

of 2 ML because of the antiferromagnetic order of the Mn layer, while the strength of the interlayer
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coupling in Co/a-Mn was found weaker than in Co/y-Mn, which was interpreted as being due to
the expanded d-band width and the AFM exchange interaction at the interface.*® However, no such

3 and no clear

oscillations with two ML period have been observed in Co/y-Mn multilayers,®
antiferromagnetic coupling between Co layers could be observed in contracted fct Mn/Co
multilayers.* In Co/Mn/Co on GaAs(001), only one Mn thickness regime with antiferromagnetic

interlayer coupling could be observed.%

In this thesis, a detailed study of tuning the magnetic interlayer coupling in single-crystalline
epitaxial Co/e-fct Mn/Co trilayers on Cu(001) is presented. Thanks to the layer-by-layer growth of
both the bottom Co FM layer as well as the Mn AFM layer, the interface roughness can be selected
with atomic precision. We show that in this system all three interlayer coupling mechanisms,
RKKY-type indirect exchange with long-period oscillatory behavior, direct exchange through the
AFM layer with an oscillation period of 2 ML of the AFM layer thickness, corresponding to a
reversal of the coupling direction with an odd/even number of AFM atomic layers, and
magnetostatic Néel-type interlayer coupling are present. The coercivity of minor loops of the top
FM layer exhibits clear oscillations with a periodicity of 1 ML Mn thickness, which can be assigned
to roughness oscillations at the upper Co/Mn interface. The maxima of the strength of the interlayer
coupling due to direct exchange coupling correlate with the maxima of the coercivity. The interplay
of the interlayer coupling together with the exchange bias effect leads to an oscillation of the
apparent exchange bias of the top FM layer. Our results demonstrate that the Mn layer thickness as
well as the atomic-scale roughnesses of the two interfaces can be used to tailor the magnetic

interlayer coupling as well as the coercivities of the FM layers in such FM/AFM/FM trilayers.

1.3 Magnetization dynamics of coupled magnetic layers

The performance of data storage devices depends on how fast the magnetization can be switched.
For example, storing the information in opposite magnetization directions (“0” and “1”) of a
magnetic material, the writing is limited by how fast the magnetic element can be switched.
Therefore the challenge of manipulating the dynamic properties of magnetic films or structures has

attracted much attention. Generally, the ultrafast laser-induced demagnetization process shows
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1.3 Magnetization dynamics of coupled magnetic layers

three steps: 1), the femtosecond demagnetization, ii), the picosecond recovery, iii), the hundred
picoseconds —nanosecond magnetization precession.

In 1996 Beaurepaire et al.*

were the first to employ 60 fs laser pulses to measure nickel thin
films by using pump-probe time-resolved magneto-optical Kerr effect, as shown in Figure 1. 7. A
reduced remanence was observed within the first picosecond. This behavior was later confirmed by
magnetic second harmonic generation®” and photoemission spectroscopy.®® Demagnetization at the
same order of time scale was also found on Co/Cu(001).%° A study on Cu/Ni/Cu demonstrated that
within the initial few hundreds of fs the dynamical evolution of the Kerr ellipticity and rotation can
be affected by state filling effects.”® Laser-induced magnetization precession and spin waves in
canted ferromagnetic thin films were demonstrated in Ref. 71. A phase transition from

antiferromagnetic to ferromagnetic was observed on the sub-picosecond time scale.”>”* The laser-

induced demagnetization also can be accompanied by a magnetization reversal.”* 7
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Figure 1. 7 Time-resolved magneto-optic signal from a remanently magnetized polycrystalline Ni
film of 20 nm thickness on MgF2. From the work of Beaurepaire et al.*®

Several phenomenological models used to describe the ultrafast magnetization dynamics: the
Langevin dynamics based on the Landau-Lifshitz-Gilbert (LLG) equation and classical Heisenberg
Hamiltonian for localized atomic spin moments,’’ Landau-Lifshitz-Bloch micromagnetics,’® and

Koopmans’s magnetization dynamics model (M3TM).” This thesis mainly focuses on the
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magnetization recovery process, so we only describe the LLG equation here:*

aM— M x H +aanM
P eff T M, at

where M is the magnetization, Hefr the effective field including the exchange, anisotropy,
demagnetization, and the external field, Ms the saturation magnetization, y the gyromagnetic ratio,
and a the Gilbert damping coefficient. This equation can be used to resolve the dynamics of
magnetic structures after a perturbation. Laser heating can induce a perturbation to change Hetr, by
changing magnetization, anisotropy, or coupling. The LLG equation with Langevin dynamics can
be used in the atomistic limit to calculate the evolution of the magnetization, which describes the
ultrafast magnetization processes.”’ One of the limitations of the LLG equation concerns time scale
shorter than the time scale of spin-orbit coupling, then the description with a single gyromagnetic

ratio fails and spin and orbital contributions must be considered separately.?!
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1.3 Magnetization dynamics of coupled magnetic layers
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Chapter 2 Experimental details

In this Chapter, we will present details of the sample preparation and measurement techniques,
which were carried out under ultra-high vacuum (UHV) conditions with a pressure of ~ 1071 mbar:
Auger electron spectroscopy (AES), low energy electron diffraction (LEED), medium energy
electron diffraction (MEED), X-ray magnetic circular dichroism photoelectron emission

microscopy (XMCD-PEEM), and magneto-optical Kerr effect (MOKE).
2.1 Surface techniques

All the experiments were performed under UHV conditions. A Cu(001) single crystal was used to
grow the films. In order to obtain a clean and smooth surface the crystal was cleaned by Ar" ion
bombardment and subsequent heating to about 830 K. Before annealing the sample was checked
by AES. The AES uses the Auger effect to determine the cleanliness of a sample and also to
determine the composition of a prepared alloy in surface physics experiments. Auger electrons are
emitted from atoms during relaxation of the core level holes. The energy of Auger electrons is
determined by the electronic structure of the elements which is unique for each element so that the
Auger electrons give the fingerprints of all the elements except H and He.®? A ® 10-155
(Cylindrical-Auger Electron Optics) AES system was employed for the AES measurements. After
each sputtering cycle, the AES spectrum obtained from the Cu(001) surface, which contains three
prominent peaks of the Cu LMM Auger transitions at 778 eV, 848 eV, and 920 eV is inspected. If
there are no other peaks from oxygen or other materials, the annealing of the clean crystal was
started.

Then the sample has been checked by LEED, which is the principal technique for the
determination of surface structures.®®> The LEED experiment uses a beam of electrons of low kinetic
energy (~ 50-200 eV) incident normally to sample. The elastically backscattered electrons produce
a diffraction pattern on a fluorescent screen. Then the LEED images were recorded on a computer
via a CCD camera. An example of the diffraction pattern of the Cu(001) clean substrate for 69.8 eV

electron energy is presented in Figure 2. 1. The vertical lattice constant of the sample can be studied
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2.1 Surface techniques

via LEED/I(V), in which the intensity of the specularly diffracted beam (00 spot) is recorded as a
function of the primary energy of the electrons. The kinematic analysis of the vertical interlayer
distance is based on the approximation that only single scattering processes occur. We will show

these results later.

@10
()

®01
®io

Figure 2. 1 LEED pattern of the Cu(001) substrate for 69.8 eV. Black circles indicate the (01) spots.

The films were grown on the clean substrate by e-beam assisted thermal evaporation. The
electron beam from a hot filament is focused on the tip of a rod of the material to be deposited that
is on a high positive voltage. The growth rate of the film was controlled by the power of the electron
beam on the rod and monitored by the oscillations in the (00) spot MEED intensity recorded during
evaporation. The sample is mounted on the manipulator in the center of the chamber, while the
Auger electron gun and the LEED screen are facing each other. This allows using electrons from
the AES system with a primary kinetic energy of 2 keV in a grazing incidence geometry in
connection with the fluorescent screen of the LEED system to do the diffraction experiments. Figure
2. 2 shows the MEED oscillation curve for the growth of Co on Cu(001). The (00) spot intensity is
plotted as a function of time. The first drop in intensity of the curve at time zero corresponds to the
opening of the shutter. The MEED intensity displays an oscillatory behavior for layer-by-layer
growth of the film, where it is assumed that the maxima in the intensity correspond to a filled
topmost atomic layer. The amplitude of the oscillation decreases with increasing Co thickness, and

above 16 ML Co thickness the oscillation is not visible any more, indicating a rougher surface.
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Thanks to the layer-by-layer growth, the interface roughness on the atomic scale can be modified
by tuning the thickness of the film to achieve a certain filling of the topmost atomic layer. These

results will be presented later.

Co Thickness (ML)
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Figure 2. 2 MEED intensity of the (00) spot recorded during the deposition of 20.2 ML Co on

Cu(001) at RT.
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Figure 2. 3 AES result of 5 ML Mn/10 ML Co/Cu(001). Labels indicate the intensity of Mn, Co,
and Cu, which are used for estimation the thickness of film.

By counting the oscillations in the MEED result, one can extract the thickness of the film,

however, when we prepare a wedged sample, the sample is moving during deposition. In this case,
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2.1 Surface techniques

AES was used to estimate the thickness of film. In the general case of a film (F) grown on a substrate
(S) in a layer-by-layer mode, the Auger intensity of the substrate and the film of thickness dr can
be expressed as below, with the approximation that the attenuation of the Auger electrons within a
material is determined by the mean distance the electrons can travel before an inelastic scattering

event occurs.
IS == Iosse_dF/AS

Ip = ISp(1 — e~ /hs)
here the subscripts S and F indicate substrate and film, respectively. The quantities S; (i = S, F) are
the sensitivities of the Auger transition, the A; are effective attenuation lengths of the Auger
electrons from the respective materials, and Io is the intensity of the primary beam. The intensities
Is and Ir can be evaluated from the Auger spectrum, and the parameters S; and A; can be determined
once the thickness of the film is known from the MEED curves. Once S; and As are obtained, the

film of thickness can be estimated from above equations in the case no MEED data are available.

Ni/Cu(001)

AES peak A S
Ni7is 4.2 0.3
Cu90 4.8 0.9688

Co/Cu(001)
AES peak A Scu/Sco
Coss6 3.5
2.27
Cuo20 545
Mn/Co(001)

AES peak A (\) S
Mnsso 2.61 0.48
Co717 4.1 (3.8) 0.71

Table 2. 1 Parameters of sensitivity of the Auger transition, S, and effective attenuation lengths of
the Auger electrons from the respective materials, A, are used to evaluate the thickness of films.

For the Mn wedge/10 ML Co/Cu(001) films, Figure 2. 3 presents the measured AES results. By

18



using the equation

ICO _ SCO (1 —_ e_dCO/)\Co)e—dMn/XCO

IMTl SMTl (1 — e_dMn/)\Mn)

and knowing the values of S: and Ai, we estimate the thickness of the top Mn layer to 5 ML. A'co is
the correctional value of Aco, which has taken the factor of different interlayer distances for different

films into account.

2.2 XMCD-PEEM

X-ray magnetic circular dichroism combined with photoelectron emission microscopy (XMCD-
PEEM) is a powerful tool to image magnetic domains in magnetic layered systems. XMCD is the
difference of absorption intensities upon changing either the helicity of polarized X rays or the
magnetization direction of the sample. The X-ray absorption spectra (XAS) of ferromagnets are
governed by resonances that occur if core electrons are excited into unoccupied 3d valence states
above the Fermi level. In a ferromagnet, the density of unoccupied states is different for electrons
of spin parallel or antiparallel to the magnetization direction, leading to a spin magnetic moment
defined by the difference in occupation. This difference in the unoccupied states induces a different
probability for the p—>d transition excited by oppositely circularly polarized light. If the
magnetization and light incidence are parallel to each other, there are more transitions possible, and
vice versa. Figure 2. 4 shows as an example the magnetic circular dichroism spectrum of Co films.
Figure 2. 4 (a) presents the X-ray absorption spectra for parallel (solid line) and antiparallel (dashed
line) orientation of X-ray and sample magnetization direction. Figure 2. 4 (b) shows the dichroism
spectrum calculated as the difference in absorption for opposite light helicity. The dichroism at the
L3 and L> edges has the opposite sign, this is due to the opposite sign of the spin polarization of the
electrons excited from the two spin-orbit split levels (2p32=>3d, 2p122>3d).

In this study an Elmitec PEEM installed on beamline UE49-PGM-A of the synchrotron radiation
facility BESSY II in Berlin has been used to investigate the domain structures. The X rays hit the
sample under a 17° grazing angle from the sample surface. The emitted low energy electrons

(energy up to 10 eV) are accelerated by applying -20 kV electric field to maintain their local
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2.2 XMCD-PEEM

information. These fast electrons are passed through several lenses, and are detected by a
multichannel plate and then imaged with a CCD camera. Figure 2. 5 shows an example for 15 ML
Co/15 ML Ni film grown on Cu(001). Panels (a) and (b) are the images obtained at the L3 edge of
Co for positive and negative helicity, respectively. The field of view is 25 pm and each image was
exposed for about 5 minutes. In order to get the magnetic contrast and to eliminate topological

information, the asymmetry is calculated as shown in Figure 2. 5 (¢).
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Figure 2. 4 (a) Co L2, 3 X-ray absorption spectra for Co (10 A)/Cu(5.5 A) recorded with parallel
(solid line) and antiparallel (dashed line) alignment of photon spin and sample magnetization
directions and (b) the difference spectrum. From the work of Stohr et al.3
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Figure 2. 5 (a, b) Two PEEM images obtained at the L3 absorption edge of Co for opposite helicity
and (c) the XMCD asymmetry image of 15 ML Co/15 ML Ni/Cu(001).

The experiments were performed in an ultrahigh vacuum chamber. The Cu(001) crystal was
mounted on the Elmitec sample holder with [001] direction parallel to the sample transfer direction,
which means that the [001] crystal direction is parallel to the incoming X rays [Figure 2. 6 (b, ¢)].
If not mentioned otherwise, XMCD images are obtained with [001] crystal direction parallel to X
rays. The sample preparation is similar to Co/Mn/Co system in the MOKE2 chamber (sec. 2.4).

Here shutter and sample were fixed during deposition, while the wedged layer is formed in the half

20



shadow of the shutter [Figure 2. 6 (a)]. Figure 2. 6 (b) shows the Co/Fe3ssMnes wedged/Cu(001)
films, i.e., the left dark side is the 8 ML Co/20 ML Fe3sMne4 bilayer and the right bright side is only
the 8 ML Co film on Cu(001). The direction of the wedge can be chosen by rotating the shutter

before deposition.

cut marking
[100] [001]

(c)

Figure 2. 6 (a) The sketch for the sample preparation in the PEEM chamber. (b) The Cu(001) crystal
mounted on the sample holder with the [100] crystal direction parallel to the azimuth of the
incoming X rays. (c) The coordinate axis for sample, incoming X rays, and laser.

To measure the magnetization dynamics we use XMCD-PEEM in a stroboscopic pump-probe
scheme as shown in Figure 2. 7. The pump laser (Ti:Sa 800 nm, FWHM 80 fs) operates at 5 MHz
and is synchronized to the 500 MHz master oscillator of the storage ring. The probe pulse is an X-
ray pulse (FWHM 50 ps) using the single bunch mode (1.25 MHz). A computer-controlled
trombone allows varying the pump-probe delay in fine time steps within 2 ns, which in combination

with the shift in multiples of 2 ns in the synchronization, allows to get arbitrary long delays.
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Figure 2. 7 Sketch of the pump-probe setup showing the laser used to generate the pump pulses and
the storage ring in single-bunch mode generating the X-ray probe pulses.
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2.3 Magneto-optical Kerr effect (MOKE)

2.3 Magneto-optical Kerr effect (MOKE)

Magneto-optical Kerr effect is an interaction between magnetic field and light. However, early
searches were first conducted to find the interaction of light with electrical fields. It was believed
that the effect of electrical fields should be stronger than that of magnetic fields. Even Michael
Faraday’s original research was focused on the relation between light and electricity. Until 1845,
he verified that the effect of the magnet was to rotate the polarization plane of the transmitted light
by an angle that depended on the strength of the magnet. Rev. John Kerr discovered MOKE in 1877
when he was examining the polarization of light reflected from a polished electromagnet pole.3>%
In 1898, Kerr was presented the Royal Medal, and the presenter said, it was a wonder that Kerr
learned so much with the “comparatively simple and ineffectual apparatus at his disposal”. Kerr
responded, “simple it may be, but not ineffectual; rude, but not crude”.®” This statement represents
the simple nature of the technique. 1985 the first experimental application of MOKE to surface
magnetism was the study of epitaxially grown ultrathin Fe films on an Au(001) single crystalline
substrate 8% Hysteresis loops were successfully obtained as a function of Fe thickness in the
atomic layer range, which can be as thin as one atomic layer. J. Zak et al. reported Kerr rotation
angle and Kerr ellipticity of a multilayer system, and found that the Kerr rotation signal is
proportional to the magnetization times film thickness for thicknesses < ~ 10 nm.”® Besides its
scientific importance and high sensitivity to the magnetization within the skin depth region, also
the simplicity is another main reason that this technique has been widely used in the field of low-
dimensional magnetism.

Magneto-optics is either described in the context of macroscopic dielectric theory or microscopic
quantum theory’!. Macroscopically, magneto-optic effects arise from the antisymmetric, off-

diagonal elements in the dielectric tensor. Maxwell®?

expressed linearly polarized light as a
combination of the left- and right-circularly polarized components, and the Faraday effect is due to
the different propagating velocities of these two circular modes. Microscopically, as a beam of light
propagates through a medium, the electric field of the light generates motions of the electrons in
the medium. The electrons will perform a left- or right-circular motion with the same radius induced

by the left- or right-circular polarized electric field without external magnetic field. If an external

magnetic field exists along the propagation direction of the electromagnetic wave, there will be an
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additional Lorentz force acting on each electron. The radius for left- and right-circular motion will
be different, and this will lead to correspondingly different dielectric constants. Quantum
descriptions of the magneto-optic effect have focused on the explanation of the larger magneto-
optic effect in ferromagnetic materials. In 1932, Hulme pointed out that the spin-orbit interaction
that couples the electron spin to its motion gives rise to the large Faraday rotation in ferromagnetic
materials®®. Spin-orbit coupling, ~ (V' V"X p) s, results from the interaction of the electron spin with
the magnetic field the electron ‘‘sees’’ as it moves through the electric field -V 7 with momentum
p inside a medium. This interaction couples the magnetic moment of the electron with its motion,

14 showed the change

thus, connecting the magnetic and optical properties of a ferromagnet. Kitte
of the wave functions due to spin-orbit interaction and later Argyres’ gave a full derivation of the
magneto-optic effect in a ferromagnet using perturbation theory.

MOKE has some advantages for measurements of magnetic properties. First, high sensitivity
even for atomic layer thickness of magnetic systems. Second, in-situ MOKE can be mounted inside
a UHV chamber, such that the sample can be measured without capping layer, which could induce
different magnetic properties. Third, the diameter of the laser spot is in the mm range and this can
be used to focus on different thicknesses or compositions of a film on the same substrates. Fourth,
the sample is not damaged by MOKE measurements.

The magnetic property of FM/AFM/FM films is mainly studied by using MOKE in this thesis.
The MOKE set up in our MOKE2 chamber will be presented in sec. 2.4.2, here we describe the
principle of MOKE.

Three geometries for MOKE measurements are shown Figure 2. 8: (a) polar, (b) longitudinal,
and (c) transverse, respectively. These arise from the direction of the magnetic field with respect to
the plane of incidence and the sample surface.

For polar MOKE [Figure 2. 8 (a)], the magnetization is normal to the sample surface and parallel
to the plane of incidence. The signal intensity increases with decreasing incidence angle, and is
maximum at normal incidence. The polar geometry is the only one where MOKE can be observed
at normal incidence.

For longitudinal MOKE [Figure 2. 8 (b)], the magnetization is in-plane and parallel to the plane
of incidence. The signal intensity decreases with decreasing incidence angle. Generally, the

intensity of the longitudinal signal is around one order smaller than in the polar case, such that are
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2.3 Magneto-optical Kerr effect (MOKE)

needs to average over several field sweeps to get a better signal.

Nl ML NA
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Figure 2. 8 Three geometries for MOKE: (a) polar, (b) longitudinal, and (c) transverse. The red and
black arrows indicate the light path and the magnetization direction, respectively.
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Polarizer, 0° Analyzer, 45°
Laser Detector

Figure 2. 9 Longitudinal geometry for MOKE. The laser beam first passes through the polarizer,
reflects from the sample to the PEM, and after transmission through the analyzer is detected by the
photodiode detector.

For transverse MOKE [Figure 2. 8 (¢)], the magnetization is in-plane and normal to the plane of
incidence. Only p-polarized light shows an effect, where the plane of polarization and the plane of
incidence are parallel. In this case a small Kerr vector is generated which is parallel to the reflected
polarization. Whether this increases or decreases the polarization amplitude depends on the
direction of the magnetic field.”

The Kerr rotation angle and the Kerr ellipticity can be measured by AC or DC MOKE. A DC
MOKE set up includes laser, two quasi-orthogonal polarizers, the sample, and a photodiode. The
disadvantage of DC MOKE is that the signal intensity is influenced by the intensity of the laser and
other sources of noise like vibration from the rotary vacuum pump. Using AC MOKE can avoid
these influences. There are two types of AC MOKE, one is to modulate the laser intensity, the other

to modulate the laser polarization. Figure 2. 9 shows the AC MOKE set up used in this thesis. Here
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a photoelastic modulator (PEM) is used. By modulating the polarization of the reflected light, the
PEM allows one to determine the polarization of that light. The PEM consists of an isotropic optical
element, which is kept in a longitudinal mode vibration at the element’s natural frequency of =
50 kHz. The vibration is induced by a matched, piezoelectric quartz crystal transducer.

After passing through the analyzer to the photodiode, the signal is extracted by lock-in amplifiers.
The intensity of light arriving at the photodiode can be written as:”®

I(t) = Ip[1 + 26, cos(Aywt) — 2¢g,sin(Aywt)]

where Io represents the DC intensity, @ is the angular frequency of the PEM oscillations, and Ao

is the retardation amplitude of the PEM. Using a Fourier series expansion and neglecting some

terms, one obtains”®

_ V2V
T4, Ve
o Yevy
T4y Ve

Where Vpc, Virand Varcan be measured by voltmeter, 1f and 2f means 50 kHz and 100 kHz, Ji

and V2 are the Fourier series, respectively.

2.4 Sample preparation

In this section, we will talk about the sample preparation and the MOKE measurements. All of the
experiments except the XMCD-PEEM measurement are done in the MOKE2 vacuum chamber.
The chamber was equipped with Ar" ion sputtering, annealing, three e-beam evaporators, AES,
LEED, MEED, and MOKE in polar and longitudinal geometries. The sample is mounted on an
Omicron sample holder attached to the manipulator which has four degrees of movement (x, y, z,
and ). The manipulator allows the movement of the sample £ 25 mm in the x- and y-direction, a
vertical movement up to 400 mm, and polar rotation by 360°. The movement in the x, y, and polar
direction can be manually performed while the z movements are possible manually as well as via a
programmable stepper motor controller. The sample can be cooled by a liquid helium down to about

40 K, and heated by a resistive heater up to about 830 K.

25



2.4 Sample preparation

The experiments were performed in an ultrahigh vacuum chamber with a base pressure of ~ 1x10°
19 mbar. The Cu(001) single crystal of 10 mm diameter with < 0.1° miscut was used as substrate for
the growth of Co and Ni films. Cu(001) was cleaned by cycles of 1 keV Ar" ion sputtering and
annealing at 830 K for 20 minutes. Prior to deposition, the Cu(001) surface was checked by Auger

electron spectroscopy and low-energy electron diffraction in order to make sure the sample clean.

Co, Ni, Mn films (Co, Ni, Mn rods: 99.99%) were deposited at a pressure lower than 2x1071°,
2x1071° and 4x10°'° mbar, respectively, by electron-beam-assisted thermal evaporation at room
temperature. Typical deposition rates of Co, Ni, Mn were 0.5—1, ~ 1, and ~ 0.3 ML/min, respectively.
Uniformity of the film thickness was checked by Auger electron spectroscopy (AES). Co and Ni
were evaporated using two single Omicron EMF3 evaporators and Mn was evaporated using an
Oxford instruments ENG4 evaporator. All of evaporators had a feedback control of the flux during
deposition. The advantage for ENG#4 is that the evaporation profile is much wider, which it’s useful
to get uniform films. However, the disadvantage is that the target is fixed in position, so the rod
should be refilled very often. Usually all four targets of this evaporator were filled only with Mn

rods, and this will help to evaporate for a long time.

2.4.1 Wedge sample

Wedge-shaped Mn and Co layers were prepared by placing a shutter in front of the sample as shown
in Figure 2. 10. The manipulator is moved by a computer-controlled stepper motor. Typical wedge
slopes were 0.8—1.4 ML/mm, with a wedge size of § mm. Co, Ni, Mn thicknesses were calibrated
by medium energy electron diffraction (MEED) intensity oscillations during growth and AES. The
total error in the thickness calibration of the bottom Co and Ni layers is about 0.1 ML and 0.3 ML,
respectively. For the Mn wedge, a systematic error of about 10% may be involved in the thickness
determination for a certain position along the wedge, while the statistical error is smaller than 0.2
ML. Since the top Co and Ni layers do not grow in a layer-by-layer mode, its thickness is determined
by the deposition time and the evaporation rate determined by MEED oscillations during the growth
of the bottom Co and Ni layers. This yields an accuracy of about 10% for the top Co and Ni layer
thickness. Structural properties were determined by LEED and MEED, the film thickness and
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composition by AES. The magnetic properties were characterized by longitudinal and polar MOKE.
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Figure 2. 10 Illustration of the growth of a Mn (Co) wedge using a shutter. The sample was moved
by the stepper motor during deposition (not to scale). Usually the wedge size is § mm in 10 mm of
crystal diameter, and the distance between the sample and the shutter is about 5 mm.

2.4.2 MOKE setup

In-situ magneto-optical Kerr effect (MOKE) measurements were performed in the polar and
longitudinal configuration, with a maximum field of 150 mT at sample temperatures between 40 K
and 400 K shown in Figure 2. 11. A photoelastic modulator and the lock-in technique was used,
where the phase of the reflected light was modulated at a retardation of 1/4 of the wavelength. The
diode laser (633 nm wavelength) was focused onto the sample with a beam size of around 0.2 mm.
The Kerr ellipticity was measured along the [100] azimuth of the sample, and all of the MOKE
signals were normalized to the DC intensity at the photodiode detector. All measurements were
performed at RT. The bottom Co layer was magnetized in the negative field direction before

deposition of the Mn layer. No field cooling procedure was applied.
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2.4 Sample preparation
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Figure 2. 11 MOKE setup for polar and longitudinal geometries in the vacuum chamber MOKE2.
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Figure 2. 12 The sketch of the MOKE loops. (a) Magnetization loop with one step, M: remanent
Kerr signal, Hc coercivity, and He exchange bias field. (b) Magnetization loop with two steps
corresponding to a bottom FM layer with higher A® and a top FM layer with lower Hs' (here a
bottom FM layer with higher coercivity is assumed). (c) H'c, H*. and M';, M?: are the coercivity
and remanent Kerr signal of the top FM layer in the positive and negative field minor loop
measurements, respectively. H'*mis defines the shift of the minor loops with respect to zero field.

Figure 2. 12 shows the MOKE loops as analysed in this thesis. Figure 2. 12(a) presents a
magnetization loop with one step, for example the signal of a single FM layer, Mn/FM bilayer, and
the FM/Mn/FM trilayer with small spacer layer thickness. Hc, He, and M: are used in the data

analysis to describe the loop. Figure 2. 12(b) shows a typical magnetization loop for a trilayer
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sample with a thick spacer layer, where two coercivites corresponding to the two FM layers are
measured. Minor loops are used to estimate the interlayer coupling between two FM layers as
shown in Figure 2. 12(c). H'c, H'mis, M'r, and H?c, H*mis, M?: are the coercivity, minor loop shift,
and remanent Kerr signal of the FM layer with lower coercivity in the positive and negative field

minor loop measurements, respectively.

2.4.3 Modification of the vacuum chamber

Shutter: Wedged film were prepared by the shutter. For example, the AFM layer was grown into a
wedged shape to permit the systematic study of the interlayer coupling as a function of spacer-layer
thickness by scanning the laser spot on a single sample. The wedge sample is not only good for
studying the interface roughness but also can save much time. Two shutters were mounted in the
chamber, one horizontal and another vertical. Combining the horizontal shutter and moving the
sample along the z direction, a wedged layer can be prepared (Figure 2. 10). Different depositions

on the left or right half of the sample can be made by the vertical shutter.

Hall sensor, amplifier: The remanent magnetic field of the two cores of the electromagnet are
really large, namely ~ 30 mT in the field range of =+ 150 mT. The values of the magnetic field are
unreliable if just taken from the current through the coils. A Hall sensor (HE144P, Asensor
technology AB, Sweden) was mounted in the chamber to measure the magnetic field online during
the MOKE measurement. The HE144P has 4 pins of 0.4 mm width. Two of them are for the power
input (constant current ~ 1 mA) and another two give the Hall voltage output. The four pins were
contacted by a vacuum feedthrough. The Hall sensor was mounted in the center of one core, and
the distance between the hall sensor and the sample (MOKE measurement position) is about 15
mm. The Hall voltage was calibrated by a gaussmeter in air. The amplifier for the Hall sensor was
made by our electronic workshop, and helps to increase the range of the output Hall voltage and
reduce the noise arising from temperature variations. Compared to measurements without Hall
sensor, the magnetic field data in hysteresis loops was much enhanced using the Hall voltage. The
only problem is that the Hall sensors sometimes just stopped working, such that we had to vent the

chamber and mount a new one. Probably this is because the Hall sensor is designed in air, and not
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2.4 Sample preparation

in ultra-high vacuum. The size of the pins and the distance between pins are very small (~ 0.5 mm),

usually it took one day’s work to spot-weld these to the feedthrough.

MOKE setup: This work was done with the help of Dr. Chii-Bin Wu. It included ordering the
optical parts like laser, the quartz glass viewports, adjusting the lock-in amplifier, adjusting the
geometry, connecting two bipolar operational power supplies ( BOP, 20 A, 20 V) in series write out

and so on.

Iron cores: This work was done with the help of Dr. Yin-Ming Chang. The previous cores had
large remanent magnetic field and a smaller saturation field. Two new cores were made from pure
iron. The advantages of the new design are: First, a smaller remanent magnetic field, namely < 3
mT in the test range of 150 mT. Second, the maximum field at the sample is now should be
above 200 mT instead of 150 mT in the previous cores. Third, one of the cores is fixed into the
chamber, the other can be moved 3=30 mm in order to increase the magnetic field at the sample
further. Fourth, the outer diameter of the cores are fit to match the inter diameter of the existing Cu
coils, which keeps the magnetic field at the sample constant independent of mounting and

unmounting the coils, for example in order to bake the chamber.

Labview programs: The MOKE measurement program was written in Labview, which includes
the interpolation, drift correction to obtain closed loops, and averaging functions. Other Labview
programs are for AES measurements, PID control of the sample temperature, and stepper motor

controller.
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Chapter 3 Structure and magnetic properties of Co/Mn/Co trilayers

In this chapter, we present a full study of (Co/)/Mn/Co samples, in which the thickness of Mn and

Co layers, temperature, and interface roughness were changed to study this system.

Section 3.1 shows the growth and structure of Mn/Co/Cu(001). A brief overview of the Mn
thickness dependence for (Co/) wedged Mn/Co samples will be discussed in sec. 3.2. Details of
different thickness of the Mn spacer layer will be presented in these sections: sec. 3.3 focuses on
the behavior of the coercivity of the bottom Co film with filled and half-filled topmost atomic layers
around the onset of AFM order of the Mn film. Decoupling and RKKY interlayer coupling are
discussed in sec. 3.4. In sec. 3.5, the direct exchange coupling between the two Co layers will be
investigated for different roughnesses of the AFM/FM interface. Results of wedged Co thickness
in Co/Mn/Co trilayers will be presented in sec. 3.6. Part of this section is from the publication: J.

Appl. Phys. 115, 233915 (2014).

3.1 Growth and structure

Figure 3. 1(a) shows typical MEED oscillation curves for the growth of Co on Cu(001) and of Mn
on Co/Cu(001). Both show clear periodic oscillations, indicative of layer-by-layer growth. For Mn
on bottom Co film with filled layer, the amplitude of the oscillations decreases after the first two
monolayers. This can be due to the evolution of the film structure during initial growth of Mn on
Co/Cu(001), when Mn atoms fill the channels between Co islands and thus smoothen the surface.
Subsequently, this surface forms the substrate for the almost perfect layer-by-layer growth of Mn,
which starts from 2 ML thickness.””® For the MEED curve of Mn growth on 10.3 ML Co/Cu(001)
in Figure 3. 1(b), it is clearly seen that Mn first fills up the remaining 0.7 ML of the last Co layer

and then continues to grow layer by layer with 1-ML oscillations.
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3.1 Growth and structure

~7.5 ML Mn/7.0 ML Co/Cu(001)
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Figure 3. 1 MEED intensity of the (0 0) spot recorded during the deposition of Co on Cu(001) and
Mn on Co/Cu(001) at RT. (a) 7.0 ML Co on Cu(001) and 7.5 ML Mn on 7.0 ML Co/Cu(001). (b)
3.2 ML Mn on 10.3 ML Co/Cu(001) at RT. Arrows indicate shutter opening and closing, for
example by down arrows and up arrows, respectively.

Figure 3. 2 (a)—(c) show low-energy electron diffraction (LEED) patterns of Cu(001), 10.2 ML
Co/Cu(001), and 7 ML Mn/10.2 ML Co/Cu(001), respectively. The spot positions are accordant in
the above results, indicating the coherent growth of Mn/Co on Cu(001). LEED-I/V curves of the
specular spot are recorded for the analysis of the interlayer distance d, as shown in Figure 3. 2 (d).
The integer numbers denote the orders of the maxima in the Bragg condition for constructive
interference. The values for d are labeled to the curves in Figure 3. 2 (d). The interlayer distance of
Cu(001) is 1.83 A, which is close to the bulk value of Cu of 1.805 A. 10.2 ML Co/Cu(001) show a
face-centered-tetragonal (fct) structure with d = 1.73 A. A smaller d of 1.70 A is observed for 3.2
ML Mn/10.3 ML Co/Cu(001), corresponding to an axial ratio c¢/a = 0.93+0.01. 7 ML Mn/10.2 ML
Co/Cu(001) reveal a vertical lattice constant of 1.92 A, corresponding to an axial ratio c/a =
1.05+0.01. @ = 1.83 A is used for calculating the axial ratio as we think that Co(001) is grown
coherently on Cu(001), and to cancel out a possible systematic error. The axial ratio ¢/a of Mn on
Co/Cu(001) changes from 0.93 to 1.05 with increasing Mn thickness, corresponding the phase

transition of Mn from contracted to expanded fct structure. Such an expanded face-centered
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tetragonal structure of Mn is consistent with theoretical calculations (c/a = 1.048%%) and previous
experimental work.2*1%%191" Concerning that comparison it should be noted that our sample

temperature during preparation was RT, while it was 330 K in Ref. 20.
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Figure 3. 2 LEED patterns of (a) Cu(001) (69.8 eV), (b) 10.2 ML Co/Cu(001) (70.2 V), (c) 7 ML
Mn/10.2 ML Co/Cu(001) (102.6 eV). (d) LEED-I/V curves of the (00) spot of 7 ML Mn/10.3 ML
Co/Cu(001), 3.2 ML Mn/10.3 ML Co/Cu(001), 10.3 ML Co/Cu(001), and Cu(001). Numbers

indicate the diffraction order of single-scattering peaks. The vertical layer distances resulting from
a simple kinematic analysis are labeled to each curve.

33



3.2 Overview of the Co/wedged Mn/Co trilayers

3.2 Overview of the Co/wedged Mn/Co trilayers

In this section, we will give a brief introduction for the whole Mn thickness range of (Co/) wedged
Mn/Co samples, and compare the results of integer and half-integer number of atomic layers in the
bottom Co film. To avoid any effects related to a too high slopes of Mn thickness, two groups of

samples (10.0 ML, 10.5 ML and 8.0 ML, 8.5 ML thickness of bottom Co layer) were prepared.

3.2.1 Magnetic properties of Co/Mn/ 10.0 ML, 10.5 ML Co
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Figure 3. 3 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for Mn wedge/10.0 ML Co (a-e), 5 ML Co/Mn wedge/10.0 ML Co (fj), 10 ML
Co/Mn wedge/10.0 ML Co (k-0), 15 ML Co/Mn wedge/10.0 ML Co (p-t). Hs' and Hs® label the
switching field of the top and the bottom layer, respectively. The Mn thickness is indicated in the
middle of the figure.

Different thicknesses of the top Co layer in the trilayer samples were prepared in order to study the
thickness dependence of the exchange bias and the interlayer interaction. Let us first look at the

data of 10.0 ML thickness of bottom Co layer samples. (Due to the high coercivity of filled bottom
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Co layer samples, the data of exchange bias field shows a large error bar, so we don’t discuss about

the He for the filled bottom Co layer sample in this section.)
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Figure 3. 4 Coercivity H. (top) and exchange bias field He (middle) of 0 ML (black diamonds), 5
ML (red stars), 10 ML (blue circles) and 15 ML (green squares) Co/Mn-wedge/10.0 ML Co samples
as a function of Mn thickness. At higher Mn thickness, two different switching fields [bottom Co
layer with higher H°, and top Co layer with lower H' (half squares), respectively] are presented
for the trilayer samples. Open stars indicate data extracted from minor loops. Bottom: Kerr signal
in remanence of the same samples.

Figure 3. 3 shows normalized magnetic hysteresis loops of bilayer and trilayer samples, measured
by longitudinal MOKE. The coercivity He, exchange bias field He, and the remanent Kerr signal M
are plotted in Figure 3. 4 as a function of Mn thickness. For the bilayer system, square loops with
low H. start from zero Mn thickness and rise in width at around 4.3 ML Mn thickness indicating
the onset of antiferromagnetic order in Mn at RT (zarm indicates the thickness of the onset of
antiferromagnetic order). Hc with tilted loops continues to increase sharply until 6 ML, Mn
thickness and then with a slower increase up to around 9 ML, after which it then stays about constant.

M: of the bilayer shows nearly constant values for all Mn thicknesses range.

We now turn to the trilayer systems. The loops and Hc show a similar behavior as the bilayer at

Mn thicknesses before tarm. Different thicknesses of the top Co layer of the trilayers exhibit a
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3.2 Overview of the Co/wedged Mn/Co trilayers

similar zarm of around 5.2 ML Mn thickness, which is 0.9 ML thicker than in the bilayer case.
Above tarm, the highest thickness of top Co layer displays the lowest Hc as shown in Figure 3. 3
(5.2 and 9.7 ML Mn thickness). Only the He of 5 ML Co/Mn/10 ML displays a higher value than
the bilayer above 6 ML Mn thickness. This could be due to the thin top Co layer, which has a higher
coercivity than the thick bottom Co layer. The loops at around 8.2 ML and higher Mn thickness
look somewhat different. At 8.2 ML Mn thickness, the trilayers separate into two loops, and exhibit
a reduced M: (one part of the loop of the top 5 ML Co sample is missing because of the limited
field). This could be due to an antiferromagnetic RKKY interaction. For higher thicknesses of Mn,
decoupled loops were observed again in 10 ML and 15 ML Co/Mn/10.0 ML Co samples. It is clearly

seen in Figure 3. 3(t) that the top Co layer has a lower coercivity Hs' and the bottom Co layer has a

higher coercivity H .
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Figure 3. 5 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for Mn wedge/10.5 ML Co (a-f), 5 ML Co/Mn wedge/10.5 ML Co (g-1), 10 ML
Co/Mn wedge/10.5 ML Co (m-r), 15 ML Co/Mn wedge/10.5 ML Co (s-x) with different thickness
of Mn.

Now let us turn to the (Co/) Mn/10.5 ML Co samples. Normalized magnetic hysteresis loops of
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bilayer and trilayer samples and the coercivity Hc, exchange bias field He, and remanent Kerr signal
M: as a function of Mn thickness are presented in Figure 3. 5 and Figure 3. 6, respectively. Square
loops with low H. start from 1.9 ML Mn thickness. The coercivity then increases at around 3.4 ML
(tarm) to reach a maximum (24 mT) at 5 ML Mn thickness (5.1 ML in Figure 3. 5). At higher Mn
thicknesses, the H. dramatically decreases to 10 mT at 7 ML Mn thickness. Above 6.7 ML Mn
thickness, Hc is independent from the Mn thickness. The slight increase of H. after 11 ML Mn
thickness could be due to a small deviation of thickness in the bottom Co layer. The data of He vs
Mn thickness, start to devicate from zero at around 6 ML Mn thickness, where Hc already decreases,
He of the bilayer seems to assume a constant value (1 mT) up to 13 ML Mn thickness. The increase
at higher Mn thickness could be due to the same reason at the increase of of H. at that Mn thickness,

namely a deviation of the thickness of the bottom Co layer.
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Figure 3. 6 Coercivity H. (top) and exchange bias field He (middle) of 0 ML (black diamonds), 5
ML (red stars), 10 ML (blue circles) and 15 ML (green squares) Co/Mn-wedge/10 ML Co trilayer
(bilayer) sample as a function of Mn thickness. For the higher Mn thickness, two different switching
fields (bottom Co with higher Hs°, and top Co with lower H.', respectively) are presented for the
trilayer samples. Bottom: Kerr signal in remanence of the same samples.

Compared to the bilayer sample, the trilayers present a different behavior. At around 2.3 ML [(g,

m, s) in Figure 3. 5], tilted loops are observed with larger Hc and reduced M:. The tarm of the
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3.2 Overview of the Co/wedged Mn/Co trilayers

trilayers is around 3.9 ML Mn thickness similar to the bilayer. Hc maxima of 5 ML (31 mT), 10 ML
(25 mT), 15 ML Co/Mn/10.5 ML Co (20 mT) are located at 5.9 ML, 6.7 ML, 7.1 ML Mn thickness,
respectively. It seems that the maxima shift to higher Mn thickness with increasing top Co layer
thickness. After the maxima, Hc of the trilayer is slightly higher than that of the bilayer. From the
reduced M: at around 8 ML Mn thickness and the data from the trilayer with 10.0 ML thickness of
the bottom Co layer, the second antiferromagnetic RKKY maximum could exist in this thickness
range, however, the loops do not show a clear antiparallel alignment of the two Co layers (7.9 ML
in Figure 3. 5). Above 8 ML Mn thickness, Hc of the 10 ML and 15 ML Co/Mn/10.5 ML Co samples
exhibits a weak oscillation with a period of about 1 ML. This could be due to the interface coupling
at the top Co/Mn interface induced by the layer-by-layer growth of Mn on Co/Cu(001).

Because of one part of the loop is missing at around 8 ML, the exchange bias field He of the
trilayers is unreliable in this thickness range. It is difficult to get the starting thickness of He for the
trilayers. After 9 ML, though the data for H. should be reliable. The value of He of the trilayers are
higher than that of the bilayer up to 13 ML Mn thickness. At higher thicknesses, He shows different
behavior should be due to the different thickness in the bottom Co layer. The details of He for the

bilayer and the trilayer will be discussed in sec. 3.2.3.

38



3.2.2 Magnetic properties of Co/Mn/ 8.0 ML, 8.5 ML Co
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Figure 3. 7 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for Mn wedge/8 (8.5) ML Co, 8 ML Co/Mn wedge/8 (8.5) ML Co, 12 ML Co/Mn
wedge/8 (8.5) ML Co with different thickness of Mn, as indicated in the middle panel.
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The data for bilayers and trilayers with 8.0 ML and 8.5 ML bottom Co layer are presented in this
section. Figure 3. 7 shows normalized magnetic hysteresis loops, measured by longitudinal MOKE.
The coercivity H., exchange bias field He, and the remanent Kerr signal M: for 8.0 ML and 8.5 ML
thickness of the bottom Co layer are plotted in Figure 3. 8 and Figure 3. 9 as a function of Mn

thickness, respectively.

For the 8.0 ML bottom Co layer samples, Hc of the bilayer increases by two shoulders up to 10
ML Mn thickness and then stay at a constant value of 80 mT. The tarm of Mn is around 4.5 ML
thickness at RT. The trilayers show two regions of antiferromagnetic RKKY-type coupling in this
Mn thickness range, which can be clearly seen from the loops at 3 and 9.4 ML Mn thickness (Figure
3. 7). The tarm of Mn is around 5.4 ML thickness. Only one minor loop was observed for trilayers
with 4 and 8 ML top Co layer thickness at the second antiferromagnetic RKKY maximum due to

the limited field range. In the 12 ML Co/Mn/8 ML Co sample, magnetization reversal of the two
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3.2 Overview of the Co/wedged Mn/Co trilayers

Co layers starts decouple from 8.5 ML Mn thickness.

H_. of the bilayer with 8.5 ML bottom Co layer shows a similar behavior as that of the 10.5 ML
bottom Co layer sample, however, Hc slowly decreases to 20 mT after passing the peak maximum
(40 mT) at 6.5 ML, and ¢arm is around 4.1 ML Mn thickness. Hc of the trilayer samples follows that
of the bilayer but with a higher zarm (4.8 ML). Two regions of antiferromagnetic RKKY-type
coupling were found at 3 and 9.5 ML Mn thickness (Figure 3. 8). Separate loops at top and bottom
Co layer were only observed at around 8.5 ML Mn thickness in the whole Mn range. He. starting of

the trilayers is higher than in the bilayer, and the H. value seems to increase with increasing top Co

layer thickness.
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Figure 3. 8 Coercivity H. (top) and exchange bias field He (middle) of 0 ML (black diamonds), 4
ML (red starts), 8 ML (blue circles) and 12 ML (green squares) Co/Mn-wedge/8.0 ML Co trilayer
(bilayer) sample as a function of Mn thickness. At higher Mn thicknesses, two different switching
fields (bottom Co layer with higher Hs°, and top Co layer with lower Hs' (half squares), respectively)
are presented for the trilayer samples. Bottom: Kerr signal in remanence of the same samples. Open
starts and circles indicate the data from minor loops.
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Figure 3. 9 Coercivity He (top) and exchange bias field He (middle) of 0 ML (black diamonds), 4
ML (red starts), 8 ML (blue circles) and 12 ML (green squares) Co/Mn-wedge/8.5 ML Co trilayer
(bilayer) sample as a function of Mn thickness. Half-filled squares are data for the top Co layer for
the separated loops around 8.5 ML. Bottom: Kerr signal in remanence of the same samples. Open
circles indicate the data from minor loops.

3.2.3 Discussion and conclusions

In this section, we summarize the results from the two different groups of samples that were
presented in the last two sections. Figure 3. 10 and Figure 3. 7 are plotted in order to compare these
clearly. We don’t discuss He of the sample with bottom layer with integer number of atomic layers

here, the details of this discussion will be presented in sec. 3.3.

First we should clarify some different phenomena in the results. a), there should be two
antiferromagnetic maxima of the RKKY-type coupling in trilayer samples in the studied Mn
thickness range, i.e., at around 2.5 ML and 8.2 ML Mn thickness. The first maximum was missing
in the 10.0 ML bottom Co layer trilayer samples, and the coupling strength was weaker than we

expected, both could be due to the bigger thickness variation of Mn within the laser spot, or
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3.2 Overview of the Co/wedged Mn/Co trilayers

oxidization of the films could influence the roughness. b), the coercivity of the 10.5 ML bottom Co
layer bilayer and trilayer samples decreases quickly after the maximum, whereas the 8.5 ML case
shows a slow decrease after the peak maximum. We explain the latter by a slithtly inhomogeneous
thickness of the bottom layer. Even a difference of 0.1 ML Mn thickness will influence the

coercivity of bilayer and trilayer a lot. This will be discussed in a latter section.
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Figure 3. 10 Coercivity He (top), exchange bias field He (middle), and remanent Kerr signal of 10.0

ML (black squares) and 10.5 ML (red stars) bottom Co bilayers and trilayers as a function of Mn
thickness.

Now we can list some results from the above samples.

1. tarm: Bilayers with Co film with half-filled topmost atomic layer show smaller values of
tarMm than in the filled case, i.e., tarm = 3.4 ML and 4.1 ML for 10.5 ML and 8.5 ML Co
thickness, respectively, while farm = 4.3 ML and 4.5 ML for 10.0 ML and 8.0 ML Co
thickness, respectively. All trilayers have a larger zarm than the corresponding bilayer, and

the difference in zarm between the bilayers and trilayers is larger for filled than for half-

filled Co bottom layers (Table 3.1).
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2. H.: The coercivity of the bilayers with completely filled topmost atomic layer of the Co
film shows two times an increase with increasing Mn thickness, i.e., at 4 ML - 7 ML and
at 7 ML -10 ML, and then keeps a constant value (~50 mT for 10.0 ML and ~80 mT for
8.0 ML Co layer). H. of the trilayers displays a similar behavior. Due to the larger farm
value, these two increasing slopes phenomena appear at thicker Mn layers. Furthermore,
the loops of the trilayers show a different behavior due to antiferromagnetic RKKY-type
coupling, and the decoupled magnetization reversal of the two Co layers appears at higher
Mn thicknesses. The second difference between the two samples that can be related to the
different interface roughness is that the H. of the 10.5 ML bottom Co layer sample shows
a sharp maximum at around 5-6 ML Mn thickness and then strikingly decreases to nearly
half the value of this maximum (~10 mT for 10.5 ML and ~20 mT for 8.5 ML Co layer).
This behavior is consistent with data of a wedged Mn/20 ML Co/Cu(001) bilayer,?* and
may thus be explained by assuming a similar interface roughness of our 10.5 ML and the
20 ML Co layers in Ref. 20. A dependence of Hc on the AFM/FM interface roughness has
been observed before in Mn/Co bilayers, and has been attributed to a biquadratic exchange
interaction between FM and AFM spins due to roughness.>”® For the trilayer case, a major
difference to the case of the atomically filled bottom Co layer is that magnetization loops
with only one step are observed for all Mn thicknesses under study. This could be due to
the lower coercivity of the bottom Co layer, as seen from the Mn/10.5 ML Co or Mn/8.5
ML Co bilayers. It is more similar to the coercivity of the top Co layer, which could lead
to a merging of the magnetization reversals, possibly also mediated by stray fields from
propagating domain walls. We will talk about these later in wedged Co/Mn/10.0 ML and
10.5 ML Co trilayers in sec. 3.6.2. Furthermore, above 8 ML Mn thickness the Hc of 10
ML Co/Mn/10.5 ML Co shows an oscillation with a period of around 1 ML Mn thickness,
which can be attributed to the layer-by-layer growth of Mn on Co. We will discuss this
further down in connection with the behavior of the 10 ML Co/Mn/10.0 ML Co trilayers

at higher Mn thicknesses in sec. 3.5.

3. He: The onset Mn thickness for the appearance of the exchange bias field He should be

higher than that of the maximum of the coercivity. Unfortunately, the onset thickness of
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3.2 Overview of the Co/wedged Mn/Co trilayers

He could not be determined from the above results. One reason is that the coercivity
dramatically decreases after the maximum with increasing Mn thickness, and the MOKE
signal averages different thicknesses of Mn due to the large Mn slope. This will lead to an
big error, such that the data for He become unreliable. Another error arises from the RKKY
coupling. Errors also come from the not fully separated two magnetization reversals. One
reliable conclusion about He is that its magnitude for the trilayers is always higher than in

the bilayers, and it seems that the intensity decreasing with top Co thickness increasing.

ouom layer | ¢ o ML Co 85MLCo | 10.0MLCo | 10.5MLCo
Bilayer
4.5 4.1 4.3 34
tarm (ML)
Trilayer
5.4 4.8 52 39
tarm (ML)
Atarv (ML) 0.9 0.7 0.9 0.5

Table 3.1 The onset thickness (zarm) for AFM order in Mn/Co bilayer, and Co/Mn/Co trilayer films.
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3.3 Co/wedged Mn/Co trilayers with thinner Mn layer

In this section, we focus on thinner Mn thicknesses in Co/Mn/Co/Cu(001) trilayers. The aim of this
section is to investigate the trilayer samples with better Mn thickness resolution, comparing to the
overview results in sec. 3.2. The thickness of the two Co layers, temperature, and interface

roughness were changed to study this system.

3.3.1 Temperature dependence of (Co/) wedged Mn/8.0 ML Co

100L 12 ML Co/Mn/8.0 ML Co RT |12 ML Co/Mn/8.0 ML Co 160 K| 12 ML Co/Mn/8.0 ML Co 90 K
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Figure 3. 11 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for 12 ML Co/Mn wedge/8.0 ML Co with different thickness of Mn measured at
RT (left), 160 K (middle), and 90 K (right), respectively.

Different thicknesses of the top Co layer of trilayer samples were prepared and measured by
MOKE at different temperatures. Coercivity Hc and remanent Kerr signal M: are plotted as a
function of Mn thickness in Figure 3. 12. Figure 3. 11 shows selected magnetization loops for 12
ML Co/Mn/8.0 ML Co at RT, 160 K, and 90 K. First let us see the bilayer sample. The Hc vs Mn
thickness presents three sections of increasing slopes from 4 ML-4.7 ML, 4.7 ML-6.5 ML, and
above 6.5 ML Mn thickness. The first increase between 4 ML-4.7 ML Mn thickness has not been

seen in the bilayer sample with larger AMn thickness in sec. 3.2. This first increase of H. is smaller
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3.3 Co/wedged Mn/Co trilayers with thinner Mn layer

than the subsequent one between 4.7 ML and 6.5 ML Mn thickness. The onset of antiferromagnetic
order of Mn is at around 4 ML for the bilayer, while it is 4.7 ML for the trilayers. The different of
tarm between the bilayer and the trilayer samples is exactly the same as for the samples with layer

Mn thickness slope of sec. 3.2.
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Figure 3. 12 Coercivity H. (top) and remanent Kerr signal M; (bottom) of 0 ML (black), 8 ML (blue),
and 12 ML (green) Co/Mn wedge/8.0 ML Co bilayers and trilayers as a function of Mn thickness
at different temperatures (left: room temperature, middle: 160 K, and right: 90K).

We now turn to the trilayer samples. Because both the loops of trilayer samples with 8 ML and
12 ML top Co layer present similar behavior (Figure 3. 12), only the loops for 12 ML Co/Mn/8.0
ML Co are shown in Figure 3. 11 at different Mn thicknesses and different temperatures. Square
loops are observed in the trilayers in this Mn thickness range, and only one antiferromagnetic
RKKY-type coupling is observed at around 2.5 ML Mn thickness [(Figure 3. 11(b)]. The first
increase of Hc with Mn thickness of the trilayers occurs between 4.7 ML and 6 ML Mn thickness,
where H. increases up to 30 mT [(Figure 3. 11(d)], then it decreases until 6.6 ML Mn to 23 mT.
This is the Mn thickness at which the second increase of H. in the bilayer case with Mn thickness
ends (Figure 3. 12). Above 6.6 ML Mn thickness, Hc of the trilayers starts to increase again. In the

last section, we saw that Hc of trilayers with bottom Co layer with half-filled atomic termination
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continued to decrease at these Mn thicknesses.

The H. of the trilayers at lower temperatures (LT) follow the RT case. The values of H. are higher
than at RT due to the stronger antiferromagnetism of Mn at LT. ¢arm at LT is difficult to determine
because it coincides with the Mn thickness of the first antiferromagnetic RKKY coupling maximum.
One obvious difference of He compared to RT is the existence of an additional small increase with

Mn thickness between Mn thicknesses of 4 and 4.7 ML, similar as in the bilayer.

3.3.2 (Co/) wedged Mn/10.0 ML Co

Mn Thickness:

(a) 0.1 ML (b) 1.0 MIJT'

(€) 23 ML | (d) 5.1 ML Z
/ J

30 0 30 30 0 30
Mn Thickness: Ht |

S

(e) 8.1 ML " P
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—_
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Magnetic?:ield (mT) %0

Figure 3. 13 (a—e, f) Hysteresis loops measured with the magnetic field aligned parallel to the in-
plane [100] crystal direction for 10 ML Co/Mn wedge/10.0 ML Co, (e) for 15 ML Co/Mn
wedge/10.0 ML Co. Hs' and H® label the switching field of the top and the bottom Co layer, H'c
and H? the coercivity of the top Co layer in the positive and negative field minor loop
measurements, respectively. H'*mis defines the shift of the minor loops with respect to zero field.
The arrows in (e') represent the magnetization of the different layers. Blue and red curves indicate
positive and negative field minor loop measurements, respectively.

Bilayer and trilayer (Co/) wedged Mn/10.0 ML Co samples with thinner Mn layer were prepared
which served to measure the RKKY-type coupling energy around 8.2 ML Mn thickness. Also the

exchange bias field is discussed for these samples.
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3.3 Co/wedged Mn/Co trilayers with thinner Mn layer

Figure 3. 13 shows normalized magnetic hysteresis loops of a trilayer sample, measured by
longitudinal MOKE. Square loops with low coercivity (H.) start from zero Mn thickness; the tilted
loop at 2.3 ML Mn thickness [Figure 3. 13(c¢)] indicates antiferromagnetic interlayer coupling. The
increase in Hc above 5.1 ML Mn thickness is attributed to the onset of AFM order of Mn. Above 7
ML Mn, one with loops with two separate steps are observed, where the one with the lower
coercivity Hs' corresponds to the top Co layer, the higher coercivity H® to the bottom Co layer

[Figure 3. 13 (e), (e'), (f)]. Minor loops were measured to estimate the size of the interlayer coupling.
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Figure 3. 14 Top: Coercivity Hc (solid symbols) and exchange bias field He (open symbols, note
here the 2-fold zoom of the He. data) of 0 ML (stars), 10 ML (squares) and 15 ML (circles) Co/Mn-
wedge/10.0 ML Co trilayer (bilayer) sample as a function of Mn thickness. Above 7 ML Mn two
different switching fields (bottom Co with higher H®, H°, and top Co with lower H, H.,
respectively) are presented for the trilayer samples. Bottom: Kerr signal in remanence of the same
samples.

The coercivity Hc, exchange bias field He, and the remanent Kerr signal M: are plotted in Figure
3. 14 as a function of Mn thickness. The thickness of the bottom Co layer was always 10.0 ML,
while the Mn and the top Co layer thickness were changed to modulate the exchange bias and

interlayer coupling. Let us first look at the data of the Mn/Co bilayer sample (black stars in Figure
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3. 14). The initial small decrease of H. of the bilayer with increasing Mn thickness, hardly visible
in Figure 3. 14, which could be due to a change of the interface structure. The bare Co/Cu(001) film
reverses mostly by domain nucleation and domain wall (DW) propagation, the additional Mn atoms
could increase the nucleation core, and/or reduce the DW depinning field. Hc of the bilayer starts
to rise at around 4.1 ML Mn thickness, indicating the onset of AFM order in Mn at RT. This
thickness is larger than in previous works (2 ML!%? and 2.5 ML*°). This difference could arise from
the different preparation temperature of Mn [250 K (farm= 2 ML) and 330 K (farm = 2.5 ML),
respectively]. He continues to increase sharply until 6 ML, and then with a slower increase up to
around 12 ML, after which it then stays about constant (not shown), with the same typical two
shoulders as in the other Mn/Co bilayer samples, as discussed before. Exchange bias appears at

around 8 ML Mn thickness.

We now turn to the trilayer systems. Here, both Hc and M: decrease from O to 1.5 ML Mn
thickness, which is most clearly seen in the 15 ML Co/Mn/10 ML Co sample. The higher coercivity
at 0 ML Mn is attributed to the structural relaxation of the strained Co layer by the appearance of
misfit dislocations at the higher total Co thickness when no Mn is present, while with increasing
Mn thickness the Co is divided into two separate layers by the Mn spacer layer. As the Mn thickness
increases, an antiparallel interlayer coupling at around 2.5 ML Mn thickness is observed. Tilted
loops with large H. and reduced M; are observed in that Mn thickness range [Figure 3. 13 (c)]. Even
the maximum available field was not sufficient to saturate the sample at this Mn thickness, which
indicates that the two FM layers are strongly antiferromagnetically coupled to each other. We cannot
exclude that at this thickness (around 2.5 ML Mn) a mixed phase of FM and AFM order exists,
similar to what has been concluded for Mn/Co bilayers, and also contributes to the antiparallel
coupling.'?>!% Competition between direct exchange and indirect RKKY coupling has been also
found in Fe/V(001), where the first AF coupling is missing due to the competition with by the V-

V direct exchange coupling from the transient ferromagnetism exited in the superlattices.'%*

From the increase of H. as a function of Mn thickness, the onset of AFM order of Mn at RT is
deduced as 4.8 ML, which is about 0.7 ML thicker than in the bilayer. This could be related to

proximity effects at the interfaces, which can influence the ordering temperature of an ultrathin
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3.3 Co/wedged Mn/Co trilayers with thinner Mn layer

AFM layer,'® or to a change of the effective thickness due to alloying at the interface.!° Exchange
bias appears at around 9 ML Mn thickness, though a bit weaker than in the bilayer. This may be
attributed to the competition of the two FM layers for the same pinning centers for exchange bias
in the AFM layer.!"” Also here the higher onset thickness compared to the bilayer may be related to

proximity effects and/or a change in the effective thickness.

The reduced remanence is also observed at around 8.2 ML Mn thickness. Figure 3. 13 (e) and (e')
show the major and minor loops at 8.1 ML Mn for 10 and 15 ML Co/Mn/10.0 ML Co, respectively.
One notices that the major and minor loops overcross for the 15 ML Co/Mn/10.0 ML Co trilayer
[Figure 3. 13 (e")]. This is because the thicker top Co layer has the lower coercivity and the higher
total moment compared to the thinner bottom Co layer. When the major loop is measured for a field
sweep from +H [1 in Figure 3. 13 (e")] to —H [3 in Figure 3. 13 (e’)] and back to +H, the top Co
layer reverses back into the positive direction at point 4 with a large change in the Kerr signal while
the bottom layer still stays magnetized in the negative field direction. For the minor loop, in contrast,
a field sweep from +H [1 in Figure 3. 13 (e')] to —Hmin [2 in Figure 3. 13 (¢')] and back to +H, the
bottom Co layer stays magnetized in the positive direction and the top Co layer reverses its
magnetization into the positive direction at point 4', which is at a larger positive field than point 4
of the major loop because of the antiparallel coupling to the bottom layer. The overcrossing occurs

because the thicker top Co layer exhibits the larger Kerr signal.

From the shift field Hmis of the minor loops (Figure 3. 13) we can estimate the interlayer coupling
energy J using J = Ms d 10 (H*mis — H'mis)/2, where Ms = 1440 kA/m is the saturation magnetization,
and d = 1.7 and 2.6 nm for 10 ML and 15 ML top Co layer, respectively, is the thickness of the
magnetically softer FM layer. We obtain a value of —33.8 pJ/m? for both 15 ML and 10 ML Co top
layer samples at 8.1 ML Mn thickness. This confirms that the antiferromagnetic RKKY coupling
strength is independent of the FM layer thickness. The coupling strength is nearly the same as in a
Co/Cu/Co trilayer (= —0.05 mJ/m?) at the second antiferromagnetic RKKY maximum at 11.5 ML
Cu thickness.*
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3.3.3 Discussion and Conclusions

Two antiferromagnetic RKKY-type couplings were observed in the Co/Mn/Co trilayer samples at
around 2.5 ML and 8.1 ML Mn thickness. We first talk about the unexpected antiparallel interlayer
coupling loop at around 2.5 ML Mn thickness. From previous results of Mn/Co/Cu(001), W. L.
O’Brien et al. found that one monolayer Mn has FM order due to the enhanced magnetic moment
of surface Mn atoms in direct contact with the ferromagnetic Co layer. Mn at the interface in thicker
films has a smaller local magnetic moment and is not ferromagnetically aligned.'® M. Caminale et
al. also claim that Mn is FM up to 1 ML thickness, 2 ML-thick islands became AFM, thus implying
an FM-AFM phase coexistence in the 1 < tmn < 2 ML thickness range.'” Our bilayer data shows
that the onset of AFM order is upward shifted compared to Refs. 102,103, so it is possible that also
the Mn thickness for FM-AFM phase coexistence in our data is shifted upwards, even though we
cannot confirm the FM phase in Mn from our MOKE data. We cannot exclude that at this thickness
(around 2.5 ML Mn) a mixed phase of FM and AFM order exists, and by direct exchange coupling,
also contributes to the antiparallel coupling at this Mn thickness. Secondly, for the second
antiferromagnetic RKK Y-type coupling the maximum coupling energy is ~-34 pJ/m?at 8.1 ML Mn
thickness on the Co/Mn/Co sample, which is similar to ~-0.05 mJ/m? obtained at the second RKK Y-
type coupling maxima (11.5 ML Cu) in Co/Cu/Co sample.*®

For the thickness of the onset of AFM order in Mn (¢arm), the value obtained from Co/Mn/Co
trilayers is larger than from Mn/Co bilayers. However, the tarm values for Ni/Mn/Ni and Mn/Ni
samples are identical. This could be due to the different coupling between Mn and out-of-plane Ni
and in-plane Co. We will discuss this later in sec. 4.3.

The coercivities of Mn/Co bilayers and Co/Mn/Co trilayers are enhanced at low temperatures.
For example, Hc at 90 K is twice higher compared to RT at around 6 ML Mn thickness for both
Mn/Co and Co/Mn/Co samples. As expected from finite-size scaling,'%1% tapm is smaller at LT
compared to RT for bilayer and trilayer samples, unfortunately, we cannot determine these values

quantitatively due to the influence from the first antiferromagnetic RKKY-type coupling.
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3.4 Co/wedged Mn/Co trilayers with intermediate thickness of Mn layer

3.4 Co/wedged Mn/Co trilayers with intermediate thickness of Mn layer

In this section, we will talk about the temperature dependent interlayer coupling in Co/7-12 ML

Mn/15.0 ML Co trilayer samples. We still don’t discuss the exchange bias field in this section.

3.4.1 Magnetic properties in (Co/) wedged Mn/15.0 ML Co

—+—Mn/15.0 ML Co —+— Mn/15.0 ML Co —+—Mn/15.0 ML Co ZN
70—+ 10 ML Co/Mn/15.0 ML Co +—+—10 ML Co/Mn/15.0 ML Co 160 K 1% 10 ML Co 80K /8

—e— 15 ML Co/Mn/15.0 ML Co —+— 15 ML Co/Mn/15.0 ML Co 160K —+— 15 ML Co90K Tt/
B0 20 ML Co/Mn/15.0 ML Co +—=— 20 ML Co/Mn/15.0 ML Co 160 K T—=—20 ML Co 90K , &% ¥#*~ =" %% 1

e
/

S, ¢

y——

7 8 9 10 11 12 8 9 10 1 127 8 9 10 11 12
Mn Thickness (ML)

Figure 3. 15 Coercivity Hc (top), exchange bias field He (middle), and Kerr signal at remanence M+
(bottom) of 0 ML (black), 10 ML (red) , 15 ML (blue) and 20 ML (green) Co/Mn-wedge/15.0 ML
Co trilayer (bilayer) samples as a function of Mn thickness. Two different switching fields (bottom
Co layer with higher A", Hc", and top Co layer with lower H', H.'.) are presented for the trilayer
samples.

Figure 3. 15 presents an overview of the MOKE results of trilayer samples with different top Co
layer thicknesses at different temperatures. Let us shortly describe these data. The data for the
Mn/Co bilayer are shown as a reference to compare to the trilayer data. First we look at the results
at RT, two separated steps and a reduced remanence are observed in the loops for around 8 ML Mn
thickness due to the antiferromagnetic RKKY-type coupling. The coupling strength is independent

on top Co layer thicknesses. Decoupled magnetization switching are also found for trilayers with

52



15 ML (10.1 ML Mn thickness) and 20 ML (10.4 ML Mn thickness) thickness of the top Co layer.
Compared to the RT results, only one step is observed in the loop at low temperature (LT) at around
8 ML Mn thickness. This could be due to the strong AF coupling and the limited field range. The
observed loop could that be just the minor loop. The onset Mn thickness (Zdec) for the presence of
two-step magnetization loops decreases with decreasing temperature.

The decoupled magnetization switching is also increasing with decreasing temperature. This is

easily seen in Figure 3. 16.
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Figure 3. 16 Coercivity Hc of 0 ML (black), 10 ML (red), 15 ML (blue), and 20 ML (green) Co/Mn-
wedge/15.0 ML Co trilayer (bilayer) samples as a function of Mn thickness. Two different switching
fields (bottom Co with higher Hs°, H.°, and top Co with lower Hs', H.', respectively) are presented
for the trilayer samples.

3.4.2 Interlayer coupling of different of top Co layers at different temperatures

In this part we mainly focus on the interlayer coupling at different top Co layer thicknesses and
temperatures, extracted from minor loop measurements.
We combine the two LT data for discussion, i.e., trilayer samples with 15 and 20 ML top Co layer

thickness in Figure 3. 17 and Figure 3. 18, respectively. From the different shift of the two minor

53



3.4 Co/wedged Mn/Co trilayers with intermediate thickness of Mn layer

loops, we can see clearly the maximum of the antiferromagnetic RKKY-type coupling at around
8.1 ML Mn thickness, and we can simply estimate the coupling energy at RT using: J = Ms d uo
(Hmis — H'mis)/2, where d = 2.6 and 3.4 nm for 15 ML and 20 ML top Co layer, respectively, is the
thickness of the magnetically softer FM layer. We obtain a value of —23+1 pJ/m? for both 15 ML
and 20 ML Co top layer samples at 8.1 ML Mn thickness. Here the resulting coupling energy is
lower than for the trilayers with 10 ML bottom Co layer at the same Mn thickness (~ —34 pJ/m? see
sec. 3.3.2). This can be attributed to the rougher interface at 15 ML bottom Co layer thickness

compared to the 10 ML case.
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Figure 3. 17 Coercivity (H'c, H¢) (top), minor loop shift (H'mis, H?mis) (middle), and Kerr signal in
remanence of the minor loops (bottom) of 15 ML Co/Mn/15.0 ML Co trilayers at different
temperatures as a function of Mn thickness for positive and negative minor loops.

The coupling strength between the two Co layers above 9 ML Mn thickness, see from the
difference between H'mis and Hmis, increases with decreasing temperature. The coupling strength
seems to oscillate as a function of Mn thickness, with a maximum at around 10 ML and a minimum
at around 11 ML Mn thickness. The period could be 2 ML, which would correspond to direct
exchange coupling through the AFM layer. All the coupling values are offset to the positive, which
can be attributed to an influence of Néel-type magnetostatic coupling between the two Co layers.
At 10.1 ML Mn thickness, we estimate the coupling energy to —21.5+1 uJ/m? and —34+1 pJ/m? for
20 ML top Co layer samples at 160 K and 90 K, respectively.
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Figure 3. 18 Coercivity (H'c, H2¢) (top), minor loop shift (H'mis, H?mis) (middle), and Kerr signal in

remanence of the minor loops (bottom) of 20 ML Co/Mn/15.0 ML Co trilayers at different
temperatures as a function of Mn thickness for positive and negative minor loops.

3.4.3 Conclusions

We studied the temperature and top Co layer thickness dependence of the interlayer coupling in
Co/Mn/Co trilayers with §...12 ML Mn thickness. We conclude the following results:
a) The Mn thickness for separate switching of the two Co layers is decreasing with increasing
top Co layer thickness as well as for decreasing temperature.
b) The decoupled switching field increases with decreasing temperature.
c) The interlayer coupling above 9 ML Mn thickness is parallel, opposite to the AP coupling
for the antiferromagnetic RKKY-type coupling at around 8.1 ML Mn thickness.
d) The maximum coupling energy for the antiferromagnetic RKKY-type coupling at around
8.1 ML Mn thickness is —23+1 pJ/m?. The maximum coupling energy for direct exchange
coupling at 10.1 ML Mn thickness are —21.5+1 pJ/m? and —34+1 pJ/m? at 160 K and 90

K, respectively.
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3.5 Co/wedged Mn/Co with thicker Mn layer

3.5 Co/wedged Mn/Co with thicker Mn layer

In this section, we will focus on the interlayer coupling between the two FM layers through the
AFM layer in the higher Mn thickness range. In order to study the interface roughness dependence
of the interlayer coupling, trilayer samples with three different thicknesses of the bottom Co layer
are presented to study the interplay between direct exchange coupling through the AFM layer,

RKKY-type coupling, and Néel-type magnetostatic coupling.

3.5.1 Co/wedged Mn/15.0 ML Co

0 ML and 20 ML Co/10-14.1 ML Mn/15.0 ML Co samples were prepared and are presented in this
section. From the MEED oscillation of 15.0 ML Co/Cu(001), it shows that the oscillation amplitude

decreases as the Co thickness increases (not shown here), which means a higher surface roughness.
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- /15.0 ML Co E

a
o

— 1 1
20 ML Co/ Her Fs
11.2 ML Mn/

- 15.0 ML Co

N
[é)]

o
T

Normalized MOKE Intensity (a.u.)

-70 0
Magnetic Field (mT)

Figure 3. 19 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for 0 ML and 20 ML Co/11.2 ML Mn/15.0 ML Co samples. Hs' and Hs® label the
switching field of the top and the bottom layer, H'c and H?. the coercivity of the top Co layer in the
positive and negative field minor loop measurements (red, blue), respectively. H'>mis defines the
shift of the minor loops with respect to zero field.

MOKE loops of bilayer and trilayer samples for 11.2 ML Mn thickness are presented in Figure
3. 19. It shows a quite squared loop for the bilayer and a loop with two separated magnetization

reversals for the trilayer. Minor loops were measured to estimate the size of the interlayer coupling.
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Coercivity, minor loop shift, and remanent Kerr signal are plotted in Figure 3. 20 as a function of
Mn thickness. The data presented in sec. 3.2 show that the coercivities (Hs', Hs?) of the major loop
are independent from Mn thickness above ~ 9 ML Mn thickness. Here the coercivity fluctuates as
a function of Mn thickness, see Figure 3. 20(a). However, this could come from the uncertainty of
the bottom Co layer thickness. Even only 0.1 ML thickness difference in the bottom Co layer
thickness will lead to a significant change in coercivity for both bilayers and trilayers. The remanent
Kerr signal of the major and minor loops decreases with increasing Mn thickness [Figure 3. 20(c)].

The square loop observed at around 11 ML Mn thickness changes to a more tilted loop at thicker

Mn thickness.
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Figure 3. 20 (a) Coercivity H'c (H>"), (b) shift field H'*mis (exchange bias H:>%) and (c) M (M)
of minor (major) loops for a 20 ML Co/Mn wedge/15.0 ML Co trilayer as a function of Mn
thickness. Heou [green stars in (b)] indicates the exchange coupling field between the two Co layers
[Heow= (H’mis — H'mis)/2]. Solid lines are intended to guide the eye.

Now let us turn to the data of the minor loop shift [Figure 3. 20(b)]. The positive and negative
H?mis and H'mis show the same value with opposite sign. Both present an oscillation with about 2

ML period. Actually only from these data one could not claim a 2-ML-period oscillation, however,
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3.5 Co/wedged Mn/Co with thicker Mn layer

we deduce this behavior from data shown later and assign this to the direct exchange coupling
between the two FM layers through the AFM layer. The green stars in Figure 3. 20(b) indicate the
interlayer coupling field calculated from the minor loop shifts. Using equation J = Ms d 0 (Hmis —
H'mis)/2, Heou=2.6 - 5 mT, and d = 3.4 nm, the interlayer coupling energy is calculated to be in the
range of ~ 12.7-24.5 uJ/m?.

3.5.2 Co/wedged Mn/10.0 ML Co

Bilayer and trilayer samples with an integer number of atomic layers in the bottom Co film (10.0
ML) were prepared and are examined in this section. Figure 3. 21 displays the loops for bilayer and
trilayer samples at a Mn thickness of 13.5 ML. Tilted loops are observed at this Mn thickness. Two
minor loops overlap in the trilayer with 15 ML top Co layer (also for 10 ML). Coercivity and
remanence of the minor loop measurements of the top Co layer are presented in Figure 3. 22. Both
show an oscillation with 1 ML period as a function of the Mn layer thickness. The coercivity reflects
the AFM—FM exchange coupling strength. Its oscillation can be explained by the modulation of the
atomic-scale interface roughness at the upper Co—Mn interface due to the layer-by-layer growth of
Mn on Co [Fig. 1 (d)]. The atomic-scale roughness at the interface influences the coupling between
the FM and the AFM layer, which manifests itself in the enhancement of the coercivity.''? Since
the minor loops are somewhat tilted and not fully saturated at remanence, their remanence follows
the coercivity. We note that the oscillation amplitudes also depend on the thickness of the Mn layer.
The amplitude decreases with increasing Mn thickness due to the rougher interface between the top
Co and the Mn layer. Around 12.5 ML Mn thickness, the amplitude of the Hc oscillation is 12 mT
and 4 mT for the 10 ML Co and 15 ML Co/Mn/10.0 ML Co trilayers, respectively. At the same
time, the amplitude of the oscillation in the remanence is about around 50% and 20% of the
saturation value for the 10 ML Co and 15 ML Co/Mn/10.0 ML Co trilayers, respectively. The
smaller amplitude of the Hc or M; oscillation for the thicker Co layer can be understood by the
coupling to the AFM layer: Hc ~ 1/tem.

The minor loops of the top Co layer also display some horizontal loop shift. This exchange bias
of the top FM layer as extracted from the minor loops seems to oscillate with a 2 ML period like

the minor loop shift field Hmis (Hetop in Figure 3. 22). However, this might be an artifact induced by
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the interlayer coupling. The bottom layer exhibits a small negative exchange bias, which manifests
itself by a loop shift along the positive field axis, since the Co was saturated along the negative field
direction during Mn deposition. Because the two steps of the two Co layers in the magnetization
loops are a bit tilted and not completely separated, and the bottom layer switching fields are not
symmetric around zero field due to the exchange bias, the difference between the switching fields
of the two steps is smaller in the negative field side than in the positive. When the minor loop H' is
measured, the top layer reverses when the switching field in the negative direction is reached. If the
two steps partly overlap, some part of the bottom layer is also already reversed. So H'mis becomes
larger if there is an antiparallel coupling between the two layers, and becomes smaller if the two
layers are coupled parallel to each other. When the minor loop H? is measured, the switching fields
of the two Co layers are more distinct on the positive field side, and H?mis is less influenced by the
interlayer coupling. So by adding H'mis and H’mis to calculate the exchange bias, it will show a
positive shift for parallel coupling and a negative shift for antiparallel coupling. This may fully

explain why Hetop shows the same oscillation as Hmis.
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Figure 3. 21 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for 0 ML, 10 ML and 15 ML Co/13.5 (13.7) ML Mn/10.0 ML Co trilayer (bilayer)
samples. Hs' and H® label the switching field of the top and the bottom layer, H'c and H>: the
coercivity of the top Co layer in the positive and negative field minor loop measurements (red, blue),
respectively. H'“mis defines the shift of the minor loops with respect to zero field.
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3.5 Co/wedged Mn/Co with thicker Mn layer

20f ' ' ' 10 ML Co/Mn/10.0 ML Cof
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Figure 3. 22 (a) Coercivity H. (solid symbols), shift field Hmis (open symbols) and (b) M: of minor
loops for a 10 ML Co/Mn wedge/10.0 ML Co and (c, d) of a 15 ML Co/Mn wedge/10.0 ML Co
trilayer as a function of Mn thickness, red and blue data indicate in the positive and negative field
minor loop measurements, respectively. Hetop [black stars in (a) and (¢)] indicates the exchange bias
field of the top Co layer [Hetop= (H'mis + H?mis)/2]. Solid lines are intended to guide the eye.

11 12

The interlayer coupling energy evaluated from H'ms and H’mis is plotted in Figure 3. 23 as a
function of Mn thickness. It exhibits an oscillation with a period of 2 ML Mn thickness above a
thickness of 10 ML. Such an oscillation may be attributed to direct exchange interaction across the

AFM layer. The amplitude of the observed oscillation is about five times smaller compared to the
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case of Fe/bct-Mn/Fe.**%? Another observation is that the oscillation is not around zero, but shifted
to the positive side, corresponding to ferromagnetic coupling. This offset of the oscillation points
towards an additional Néel-type magnetostatic coupling between the two Co layers.*’” The positive
and negative maxima of the coupling strength coincide with the maxima of the coercivity, cf. Figure
3. 22 (a). We conclude that the strength of the interlayer coupling by direct exchange follows the
AFM-FM exchange coupling at the interface, which is reflected by the coercivity of the FM layer.

The antiferromagnetic coupling around 13.7 ML Mn thickness is probably the superposition of
the short-period interlayer coupling and the third antiferromagnetic maximum of the long-period
RKKY coupling. We can thus estimate the relative weight of these two contributions to the coupling
at this thickness comparing to the adjacent minima in Figure 3. 23. Both, the direct exchange
coupling and the RKKY-type coupling, seem to contribute about equally to the antiferromagnetic
coupling (= 10 mJ/m? each). This coupling strength is nearly the same as in Co/Cu/Co trilayers at
the third antiferromagnetic RKK'Y maximum at 17 ML Cu thickness.*> However, the amplitude of
the oscillations of the coupling energy with 2 ML period is one order of magnitude smaller
compared to the value obtained for about the same spacer layer thickness in Co/FeMn/Co
sandwiches.*® We note that the amplitude of the oscillations is slightly larger for 15 ML top Co layer
thickness than in the 10 ML case. This could be an artifact from an error in the Co thickness
determination, or the manifestation of an effective thickness of the top Co layer smaller than the

actual thickness.
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Figure 3. 23 Interlayer coupling field (right) and energy (left) extracted from the shift of minor
loops as a function of Mn thickness. Solid lines are intended to guide the eye.
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3.5 Co/wedged Mn/Co with thicker Mn layer

3.5.3 Co/wedged Mn/9.6 ML Co

Trilayer samples with 9.6+0.1 ML bottom Co layer were prepared in order to compare to the case
of bottom Co layer with integer number of atomic layers. From the data shown in the previous
chapters we know that the decoupling magnetization field became less and less when the thickness
of the bottom Co layer changes from integer to half-integer atomic filling. In agreement with that,
the difference between Hs' and H® is smaller in trilayers with 9.6 ML bottom Co layer as shown in

Figure 3. 24 than in the 10.0 ML Co case in Figure 3. 21.
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Figure 3. 24 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction of a 15 ML Co/19.8 ML Mn/9.6 ML Co trilayer. Hs' and Hs° label the switching
field of the top and the bottom layer, H* the coercivity of the top Co layer in the negative field
minor loop measurement, respectively. Hmis defines the shift of the minor loops with respect to
zero field.

Coercivity, shift field, and remanent Kerr signal of minor and major loops are plotted in Figure
3.25. H shows a nearly constant value, whereas the Hs' presents an oscillation with 2 ML period.
H?¢ of the minor loops shows an oscillation with 1 ML period, which is the same behavior as the
one observed with a layer of 10.0 ML thickness, and can be attributed to the layer-by-layer growth
of Mn on Co. The absence of 1-ML-period oscillation in Hs' could be due to the combined effect of
exchange bias and interlayer coupling, as discussed for the last sample. This can also induce an
oscillatory behavior in the exchange bias of the top layer (/<" in Figure 3. 25) due to the overlap of

the two steps in the magnetization curve. The H’mis exhibits an oscillation with a period of 2 ML
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thickness due to direct exchange interaction across the AFM layer. A deeper trough at around 19.3
ML is probably the superposition of the direct interlayer coupling and the fourth antiferromagnetic
maximum of the RKKY-type coupling. From the minor loop shift values in Figure 3. 25 and Figure
3. 22(c), which decrease with increasing Mn thickness, we can deduce that a), the interlayer
coupling energy is about the same for bottom Co layers of 9.6 and 10.0 ML thickness; b), at around
19.3 ML Mn thickness in the trilayer with 9.6 ML bottom Co layer, the contribution from the fourth

antiferromagnetic maximum of the RKKY-type coupling and the direct exchange coupling are

about equal to each other.
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Figure 3. 25 (a) Top: Coercivity H*. (Hs>"), shift field H?mis (exchange bias H:>") and M?: (My) of
minor (major) loops for a 15 ML Co/Mn wedge/9.6 ML Co trilayer as a function of Mn thickness.
Bottom: Kerr signal in remanence of the same samples.

3.5.4 Discussion and conclusions

Combining these three Co/Mn/Co samples with different interface roughnesses, we discuss now

the behavior of the following parameters:

Coercivity He: The coercivity of the top Co layer shows an oscillation with 1 ML period as a

function of the Mn layer thickness for trilayer samples with bottom Co layer of 10.0 ML as well as
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3.5 Co/wedged Mn/Co with thicker Mn layer

9.6 ML thickness, which is attributed to roughness oscillations at the upper Co-Mn interface
induced by the layer-by-layer growth of Mn on Co. These observations demonstrate the influence
of the interface structure on the magnetism of the Co/Mn/Co system, and that atomic-scale steps at
the interface play an important role in the interlayer interaction and thus for the magnetic properties
of the coupled system. And also the oscillation amplitude of the 1-ML-period oscillation of H.
becomes weaker with increasing bottom Co layer thickness. It is absent in the trilayer sample with
15.0 ML bottom Co layer. This could be due to the hither roughness of the thicker Co layer.

Remanence M:: From the comparison of loops of trilayer samples with bottom Co layer of 15.0
ML, 10.0 ML and 9.6 ML thickness, one can see that more strongly tilted loops are observed for
the bottom Co layer of 10.0 ML, i.e., for the smoother lower interface. It similar behavior of bilayers
was been reported previously, where the loop of a 25 ML Mn/10.5 ML Co bilayer showed slightly
less slanting than the one of 25 ML Mn/10.0 ML Co.%’ Furthermore, the oscillation of M: with 1
ML period of Mn thickness was only observed in the Co/Mn/10.0 ML trilayer, which also confirms
that the more tilted loops exist in Co/Mn/10.0 ML trilayer: If the loops are tilted and not fully
saturated at remanence, their remanence follows the coercivity, and thus exhibit such an oscillatory
behavior.

Direct exchange coupling: The direct interlayer coupling between the two Co layers in the three
samples exhibits an oscillation with a period of 2 ML Mn thickness. From the minor loop shift we
can estimate the exchange coupling energy, J, and obtain values in the range of ~12.7-24.5 uJ/m?
and ~0-15 pJ/m? for bottom Co layers of 15.0 ML and 10.0 ML. For Co/Mn/9.6 ML Co, only minor
loops of one side have been measured, such that we could only compare these data to the results of
the other two samples. From the comparison of these data, we conclude that the coupling energy of
the direct exchange coupling is the same for the three different Co/Mn/Co samples.

Néel-type coupling: As discussed in the last paragraph, shifts the coupling oscillations to the
positive side, corresponding to ferromagnetic coupling. Such an offset thus points towards an
additional Néel-type magnetostatic coupling between the two Co layers.

RKKY-type coupling: The third and fourth antiferromagnetic maximum of RKKY-type coupling
were found in Co/Mn/10.0 ML Co (at 13.7 ML Mn thickness) and Co/Mn/9.6 ML Co (at 19.2 ML
Mn thickness), respectively, due to the different Mn thickness range. From estimating the relative

weight of RKKY-type and direct exchange coupling contributions to the antiferromagnetic coupling,
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it seems that both contribute about equally to each other.

The interplay between direct exchange coupling through the AFM layer, RKKY-type coupling,
and Néel-type magnetostatic coupling determines the overall magnetic interlayer coupling in this
system. The detailed atomic and magnetic structure at the AFM/FM interface, i.e., lattice mismatch,
uncompensated spins, or strain relaxation can also have an influence on the coupling behavior. For
applications in nanotechnology, controlling the magnetic properties of coupled systems by atomic-
scale manipulation is an interesting possibility. Here, we have shown that it can be used as an
independent parameter in addition to the AFM layer thickness to tune the magnetic properties of an

FM layer coupled by interlayer coupling to another FM layer.

3.6 Co/Mn/Co trilayer with Co wedge

In order to study the contribution of the Mn/bottom Co interface on the interlayer coupling, bilayers
and trilayers with wedged Co, as well as with half-filled and fully filled topmost atomic layer of

the bottom Co film are presented in this section.

3.6.1 Co/Mn/wedged Co

N
o

Normalized MOKE Intensity

o

Magnetic Field (mT)
Figure 3. 26 Major and minor hysteresis loops measured with the magnetic field aligned parallel to
the in-plane [100] crystal direction for 10 ML Co/15 ML Mn/8.9 ML Co.
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Figure 3. 27 Top: Co thickness dependence of Hc of [100]-MOKE loops for 15 ML Mn/Co wedge

bilayer (black color) and 10 ML Co/15 ML Mn/Co wedge trilayer (blue color) samples. Bottom:

Kerr signal in remanence of the same samples, the red squares indicate only Co-wedge sample as

reference. Solid lines are intended to guide the eye.
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Figure 3. 28 (a) Coercivity He, (b) shift field Hmis, and (c) M: of minor loops for a 10 ML Co/15 ML
Mn/Co wedge trilayer sample as a function of Co thickness. Green stars in (b) denote the interlayer
coupling field. Solid lines are intended to guide the eye.

15 ML Mn/Co wedge bilayers and 10 ML Co/15 ML Mn/Co wedge trilayers were prepared and
are discussed in this section. Their Hc and M: are plotted as a function of the bottom Co layer
thickness in Figure 3. 27. Figure 3. 26 shows the minor and major magnetization loops for 10 ML

Co/15 ML Mn/8.9 ML Co. First, we talk about the results for the bilayer. Both H. and M: of 15 ML
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Mn/Co wedge present an oscillation with 1 ML period as a function of the Co thickness. The
maxima of Hc are at the integer numbers of atomic layers in the bottom Co film, whereas the minima
are at the half-filled terminating atomic layer of the bottom Co film. This is consistent with our
results on Mn wedge/half-filled and filled topmost atomic layer Co film bilayers. Similar results
have been also reported by J. T. Kohlhepp et al>**° for a Mn/Co wedge bilayer. They explained the
big difference of H. for different interface roughness at 16 ML Mn thickness by a biquadratic
exchange interaction at the interface, in such a way that the interface of Mn/integer number of
atomic layers of Co has a stronger orthogonal coupling compared to the Mn/half-integer number of
layers Co case. The amplitude of the oscillation should be reduced with increasing Co layer
thickness, however, from our results we cannot confirm this behavior because of the large error due
to the limited field range. M: also follows the same oscillation as H.. This can be ascribed to the
tilted loops, as was discussed before.

Now we turn to the 10 ML Co/15 ML Mn/ Co wedge trilayer. Two separate steps show up in the
loops as presented in Figure 3. 26. The bottom Co layer has a higher coercivity Hs', and the top Co
layer has a lower coercivity Hs®. However, only one step was observed for half-filled topmost
atomic layer of the Co film. Figure 3. 27 presents Hc and M: as a function of the bottom Co layer
thickness. Both Hs' and H® show an oscillation with 1 ML period as a function of the Co thickness,
however, the phase is different. Hs® follows the behavior of the bilayer, i.e., the maxima of H" are
on integer numbers of atomic layers in the bottom Co film. Compared to H°, the phase of H' is
shifted upward by around 0.3-0.4 ML Co layer thickness. Oscillates Hs® between 20 and about 80
mT, while the maximum field value decreases as the bottom Co layer thickness increases. In
contrast, oscillation of Hs"is between 12 and 20 mT. The oscillation of M: follows the one of Hs’.

Coercivity, loop shift, and remanent Kerr signal of the minor loops are plotted in Figure 3. 28 as
a function of bottom Co layer thickness. Both the H'c, 2. as well as H'mis, Hmis follow the behavior
of the coercivity of the top Co layer. The interlayer coupling also seems to oscillate with a 1 ML

period of bottom Co layer thickness.

3.6.2 Wedged Co/15 ML Mn/10.0 ML and 10.5 ML Co

In the last section, we showed that the Hc of the two FM layers and the interlayer coupling can be
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3.6 Co/Mn/Co trilayer with Co wedge

modulated by the interface roughness of the Mn/bottom Co layer interface. Two separated steps
disappeared for the bottom Co film with half-filled topmost atomic layer. In order to investigate
more details, we prepared two samples: wedged Co/15 ML Mn/10.0 ML and wedged Co/15 ML
Mn/10.5 ML Co trilayers. The Mn spacer layer with 15 ML thickness was chosen due to two results:
a), this thickness is thick enough to decouple the two Co layers; b), this thickness is not at maximum

of the RKKY coupling.
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Figure 3. 29 Hysteresis loops measured with the magnetic field aligned parallel to the in-plane [100]
crystal direction for 13.5 ML Co/15 ML Mn/10.0 ML Co. Blue and red loops are the positive and
negative field minor loop, respectively.
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Figure 3. 30 (a) Coercivity (Hs' top Co layer, H® bottom Co layer) and (b) M: of 15 ML Mn/10.0
ML Co bilayers (orange) and Co wedge/15 ML Mn/10.0 ML Co trilayer (black) samples as a
function of top Co layer thickness. Blue and red stars in (a) and (b) indicate coercivity (H'c, H?c)
and M: of positive and negative minor loops for the same sample, respectively.
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Figure 3. 29 shows the major and minor loops for 13.5 ML Co/15 ML Mn/10.0 ML Co.
Coercivity and remanent Kerr signal of major and minor loops are presented in Figure 3. 30 as a
function of top Co layer thickness. Two separate steps are observed for top Co layer thickness
greater than 7 ML. The step at higher coercivity Hs" corresponds to the bottom Co layer, this value
should be independent of the top Co layer thickness. Two ranges of lower values of H® could come
from the defects of like scratches the substrate. The top Co layer was a lower coercivity Hs°, which
shows a decrease with increasing top Co layer. This is expected if the coercivity is dominated by
contributions from the interface. The coercivity of the minor loops follow the data of the top Co
layer, without showing any oscillation. Furthermore, the M: of major and minor loops show a linear
increase with increasing FM layer thickness.

Now we turn to the Co wedge/15 ML Mn/10.5 Co trilayer sample. Its Hc and M: as a function of
top Co layer thickness and one representative magnetization loop results are plotted in Figure 3. 31.
The change of the bottom Co layer thickness by only 0.5 ML leads already to significant changes
in the magnetization loops. One-step magnetization reversal is observed for all Mn thicknesses
under study, with a low coercivity. This is probably due to the similar coercivity of the two Co
layers, such that the two layers couple by domain wall interaction during magnetization reversal,

leading to a one-step loop.
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Figure 3. 31 Top: Coercivity Hc of Co wedge /15 ML Mn/10.5 ML Co trilayer as a function of top

Co layer thickness. The red dot indicates the result for the 15 ML Mn/10.5 ML Co bilayer. Bottom:

Kerr signal in remanence of the same samples. Inset: Magnetization loop of the 13.5 ML Co/15 ML

Mn/10.5 ML Co trilayer.
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3.6 Co/Mn/Co trilayer with Co wedge

3.6.3 Discussion and conclusions

In the last two sections, we discussed the interlayer coupling and coercivity in Mn/Co and
Co/Mn/Co samples dependent on the Mn/bottom Co interface roughness. The coercivity of major
and minor loops as well as the remanent Kerr signal show an oscillation with 1 ML period as a
function of the bottom Co layer thickness. In the bilayer, the value of the coercivity can be tuned
between 65 mT and 20 mT with the help of the Mn/Co interface roughness. The maximum
coercivity is at integer numbers of atomic layers in the bottom Co film. The magnetic properties of
trilayers are also influenced by the interface between Mn and bottom Co layer. In the trilayer
samples, the coercivity of the bottom Co layer shows a similar behavior as in the bilayer case, which
means a higher coercivity at integer numbers of atomic layers at the bottom Co layer. The coercivity
of the top Co layer inherits the 1-ML-period oscillation as a function of the bottom Co layer
thickness, but the phase is shifted by 0.3-0.4 ML. The interlayer coupling strength between the two
FM layers also follows this phase-shifted oscillation.

Something also to notice is that only one step is found in the magnetization loops of Co/Mn/Co
trilayers when the bottom Co layer thickness is a half-integer number of atomic layers. One possible
explanation was already offered, that this could be due to the similarity of the coercivities of the
bottom and the Co layers, which could lead to a merging of the magnetization reversals, possibly
also mediated by stray fields from propagating domain walls. Another possible explanation is that
the two Co layers couple to each other. Figure 3. 31 shows that the coercivity of the trilayer doesn’t
change so much when the top Co layer thickness changes from 5 ML to 24 ML. Another, higher
coercivity step should be observed if they were separated from each other.

Our results demonstrate that the atomic-scale roughness of the Mn/bottom Co layer interface can
be used to tailor the magnetic interlayer coupling as well as the coercivities of the FM layers in

such FM/AFM/FM trilayers.
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Chapter 4 Structure and magnetic properties of Co(Ni)/Mn/Co(Ni)

In this chapter, we will talk about the (Co/)N1/Mn/10.0 ML Co and (Co/)Ni/Mn/15 ML Ni samples,
compare the results of different ferromagnetic films adjacent films to the Mn layer. In sec. 4.1, the
MEED curves and the magnetic domain structures, measured by PEEM, for Ni/Mn/Co trilayers are

presented. MOKE data for (Co/)Ni/Mn/10.0 ML Co and (Co/)Ni/Mn/15 ML Ni will be discussed

in the sections 4.2 and 4.3.
4.1 Growth and structure

4.1.1 MEED curves of Co(Ni)/Mn/Co(Ni)

-
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Figure 4. 1 MEED intensity of the (00) spot recorded during the deposition of 15 ML Ni on 6.3 ML
Mn/10.0 ML Co at RT. The inset shows the MEED pattern of 6.3 ML Mn/10.0 ML Co before
deposition of Ni. Arrows indicate shutter opening and closing, for example by down arrows and up

arrows, respectively.

MEED oscillation curves for the growth of Co on Cu(001) and of Mn on Co/Cu(001) have been
presented in sec. 3.1. Both show clear periodic oscillations, indicative of layer-by-layer growth.
Figure 4. 1 shows a MEED intensity curve for the growth of Ni on 6.3 ML Mn/10.0 ML Co at RT.
The oscillation is still clearly seen up to 15 ML Ni thickness. The MEED curve recorded during the
growth of Ni on 15.1 ML Mn/10.0 ML Co is presented in Figure 4. 2. Here the amplitude of the
oscillation is really weak. This could be due to the higher roughness of the 15.1 ML Mn film
compared to the 6.3 ML Mn layer. The inset shows the p(1x1) LEED pattern of 15 ML Ni/15.1 ML
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4.1 Growth and structure

Mn/10.0 ML Co/Cu(001), which indicates a coherent growth of Ni/Mn/Co on Cu(001). These spots
are less sharp than the ones of 10.2 ML Co/Cu(001) in Figure 3. 2.
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Figure 4. 2 MEED intensity of the (00) spot recorded during the deposition of 15 ML Ni on 15.1

ML Mn/10.0 ML Co at RT. The inset shows the LEED pattern of 15 ML Ni on 15.1 ML Mn/10.0

ML Co (135.8 e¢V). Data missing around 650s is due to crash of recording software. Red circles

indicate the (01) spots. Down and up arrows indicate shutter opening and closing, respectively.
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Figure 4. 3 MEED intensity of the (0 0) spot recorded during the deposition of 15 ML Ni on Cu(001)
and of 15 ML Ni on 1.5 ML Mn/15 ML Ni/Cu(001) at RT.

Figure 4. 3 (a) shows the MEED curve for deposition of 15 ML Ni on Cu(001) at RT. The
amplitude of the oscillation decreases with increasing Ni thickness, and above 5 ML Ni thickness
the oscillation is not visible any more, indicating a rougher interface. This results is similar to

pervious reflection high-energy electron diffraction data, i.e. around 6 visible oscillations for Ni
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deposition on Cu(001).!"! After deposition of 1.5 ML Mn on top of 15 ML Ni/Cu(001), two periods
of oscillation are observed for deposition of Ni on 1.5 ML Mn/15 ML Ni/Cu(001), which indicates
that the interface roughness is reduced by the 1.5 ML Mn layer on 15 ML Ni/Cu(001). For the thick

Ni film, the variation of the background dominates the MEED curve.

4.1.2 Magnetic domain structure of Ni/Mn/Co

15 ML Ni/0-25 ML Mn/0-15 ML Co crossed-wedge films have been prepared on Cu(001) and
investigated by PEEM in detail. Figure 4. 4 shows PEEM images for different thicknesses of that
sample, using the X-ray magnetic circular dichroism (XMCD) contrast at the Co L3 and N1 L3 edges,
respectively. An accuracy of about 20% for the Mn and Co layer thicknesses may be involved in
the thickness determination for a certain position. The Mn thickness from (d) to (i) is decreasing or
constant. Domains with four different directions of magnetization are found in the 15 ML Ni/15
ML Co bilayer sample (i, 1), which is attributed to a four-fold anisotropy along the <110> azimuth
directions.!!>!3 Comparing the asymmetry value of Ni XMCD, the data from (e), (f), (g), (h) show
the same level as the one in (i) between the two maxima. The value of asymmetry in (d) is 1/2.5
compared to others, as shown by the line scans in (a-c). The value of asymmetry is normalized to
the same signal-to-background ratio by the following steps: 1) scan the XAS data for Ni, Co, and
Mn elements in each position of obtained XMCD results. i1) find the absorption intensity for each
elements at L3 edge (Ie) and pre-edge energy (Ip). iii)) XMCD contrast image multiply by [1 + Ip/(Ie
—Ip)] for corresponding element.

Let us see these XMCD results one by one. (d) and (d’) are the domain structures of Ni and Co,
respectively, of 15 ML Ni/25 ML Mn/5 ML Co. Smaller rounded domains in Ni are indicative for
the typical stripe domain pattern, the magnetization is probably perpendicular to the film plane
(“out-of-plane”). No domain wall was found in the Co image, it could be a big domain. The size of
the Ni domains becomes bigger with decreasing Mn spacer layer thickness (15 ML Ni/5 ML Mn/5
ML Co), as shown in (b, c¢). This could be due to the weak coupling to the bottom Co layer, the
magnetization in Ni layer is probably still out-of-plane. Even though the asymmetry is larger than
in (d), the smaller value in (d) could be due to the lateral resolution. Comparing the domain pattern

of Ni and Co in (f) and (f’), both show some common domain boundary and partly
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4.1 Growth and structure

antiferromagnetically (AF) -coupled domain structures. These AF-coupled domains probably are

the result of the competition between the coupling energy and the anisotropy energy.
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Figure 4. 4 (d-g) and (d’-g’) are the XMCD-PEEM images at the Ni and Co L3 edge of 15 ML
Ni/Mn wedge/Co wedge/Cu(001), respectively. (d, d”) 15 ML Ni/25 ML Mn/5 ML Co, (e, ¢’, f, f”)
15 ML Ni/SML Mn/5 ML Co, (g, g’, h, h’) 15 ML Ni/4 ML Mn/5 ML Co, (i,1’) 15 ML Ni/15 ML
Co. (a), (b), and (c) are the line scans along the red lines printed in each XMCD image (d), (e), and
(f) after normalization to the same signal-to-background ratio. Red arrows inside (i’) show local
magnetization directions.
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15 ML Ni on Mn prefer the out-of-plane magnetization with smaller domain size as shown in (d),
while the coupling from the Co layer through the Mn spacer layer would like to make spin in Ni
layer in-plane. During deposition of the Ni film on top, the anisotropy energy in the Ni layer
becomes stronger with more Ni being present, and then the spins like to rotate in order to reduce
the anisotropy energy. In this case, the domains in Ni change from bigger structures like Co layer
to smaller domains and some antiferromagnetic domains are formed probably due to the lower

)’114,115 in

energy during the domain reconstruction. Compared to the results of Co/Cu/Ni/Cu(001
these samples the stronger coupling from the top Co film restructures and changes the
magnetization in the Ni film from out-of-plane to in-plane with increasing Co layer thickness. One
of the results is that the Ni layer shows more domains than the Co layer. One thing to notice in (e)
and (f) is that some fine domains with less contrast are observed, this could be due to the magnetic
ripple, which the in-plane component of the Mn spins is laterally statistically fluctuating, leading
to small domains after capping the top Ni layer.!'® In the samples with thinner Mn layer (g, g’) and
(h, h”), the domains in the Ni film present more similar structures as the Co domains, i.e., more
sharp edges of the domains, due to the stronger coupling. At the end, in the 15 ML Ni/15 ML Co

bilayer sample, the Ni layer is completely totally coupled to the Co layer, and domains with four

different directions of magnetization are found in (i, 1°).
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4.2 Co/Ni/wedged Mn/10.0 ML Co

4.2 Co/Ni/wedged Mn/10.0 ML Co
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Figure 4. 5 Hysteresis loops measured by polar and longitudinal MOKE for a Mn/Co bilayer,
Ni/Mn/Co trilayers and Co/Ni/Mn/Co four-layers at RT. The magnetic field is aligned parallel to
the in-plane [100] crystal direction.
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Figure 4. 6 Top: Coercivity H. (solid symbols) and exchange bias field He (open symbols) of Mn/Co
bilayer, Ni/Mn/Co trilayers and Co/Ni/Mn/Co four-layers as a function of Mn thickness. Bottom:
Kerr signal in remanence of the same samples. Only 15 ML Ni/Mn/10.0 ML Co measured by polar
(P, blue) and longitudinal (L, red) MOKE, others are the data from longitudinal MOKE.

15 ML Ni, 3 ML Co/15 ML Ni and 5 ML Co/15ML Ni on Mn wedge/10.0 ML Co and bare Mn
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wedge/10.0 ML Co samples were prepared and measured by longitudinal (L) and polar (P) MOKE
at RT. If not mentioned, otherwise data are for longitudinal MOKE. Typical hysteresis loops and
coercivity Hc and exchange bias field He as a function of Mn thickness are shown in Figure 4. 5 and
Figure 4. 6, respectively. Wide square loops indicative of AFM order of Mn are observed in 6.6 ML
Mn/10.0 ML Co, while additional 15 ML Ni on top trilayer enhance the coercivity. A strikingly
decreased coercivity is observed for another 5 ML Co layer on top.

Now we turn to the Mn thickness dependent MOKE data for these samples. The Mn/10.0 ML Co
bilayer was already discussed in the previous sections. Here one notices that H. increases slightly
just before the onset of AFM order in Mn, i.e. from 3 to 4.1 ML Mn thickness. Caminale et al.
reported a coexistence of FM and AF phases of Mn in the 1 < fmn < 2 ML thickness range in
Mn/Co/Cu(001) at 250 K, and the H- in this thickness looks slightly higher than FM of Mn.!?? So
we cannot exclude that the slight increased H. for Mn thicknesses between 3 and 4 ML should be
due to the coexistence of FM and AFM phases in the Mn layer.

After deposition of 15 ML Ni on top, first we measure the longitudinal MOKE in order to see
how the top Ni layer influences the behavior of the bottom Co layer through the Mn layer. The
coercivity H. starts at a little higher value than for bare Mn/Co below 0.8 ML Mn thickness, and at
a higher remanent Kerr signal, which comes from the coupling of Co and Ni layers through the thin
Mn layer. This will be clearly seen in the polar MOKE results later. Hc stays at the same value as
for bare Mn/Co until at around 3 ML Mn thickness, which means that the top Ni layer doesn’t
influence the bottom Co or Mn layer in this thickness range. A higher zarm of around 5.0 ML Mn
thickness is found, which is similar to the case of Co/Mn/Co trilayers, where also another top FM
layer shifted zarm upwards compared to bare Mn/Co bilayers. The Hc of Ni/Mn/Co displays two
slopes of increase with Mn thickness. The first increase of Hc brings the coercivity over the value
of the bilayer after about 5.8 ML Mn thickness. This behavior of a higher coercivity in Ni/Mn/Co
compared to Mn/Co is similar to 4 ML Co/Mn/8.0 ML Co versus Mn/8.0 ML. From the slightly
reduced M: from 15 ML Ni/Mn/10 ML Co to Mn/10 ML Co as well as the enhanced coercivity, we
can explain that this could be due to a change of the Mn spin structure by the top Ni layer.

Now we see the 15 ML Ni/Mn/10.0 ML Co results measured by polar MOKE. There is no out-
of-plane signal until 1.7 ML Mn thickness, which indicates that the Ni magnetization is strongly

coupled along the in-plane direction due to the bottom Co layer. With increasing Mn thickness, the
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4.2 Co/Ni/wedged Mn/10.0 ML Co

coupling between Ni and Co layers becomes less, such that the out-of-plane component can be
measured by polar MOKE. The Hc data show an influence of the coupling up to 3 ML Mn thickness.
The tilted polar MOKE loop of the trilayer with 1.7 ML Mn thickness is shown in Figure 4. 5(¢).

The slightly higher Hc in polar MOKE between 3.3 ML and 4.5 ML Mn thickness compared to
that of 3 ML Mn thickness is probably due to the FM-AFM phase coexistence in the Mn layer,
which upward shift the transition range due to the additional top layer. zarm is similar to the
longitudinal result, i.e., 4.7 ML of Mn thickness. We note that the H. for the polar MOKE data of
15 ML Ni/Mn/10.0 ML Co is around 5 mT before the onset of AFM order of Mn, which is much
higher than 0 ML Ni, 15 ML Ni/Mn/10.0 ML Co of longitudinal data (~1 mT). We will talk about
this in the next section. Above tarm, He increases over the value of the Mn/10.0 ML Co bilayer at
around 5.4 ML, and assumes an intermediate value between the bilayer and trilayer (longitudinal)
up to 9 ML Mn thickness.

At last we deposit Co on top in order to make the Ni top layer magnetization in-plane to know
the coupling between the bottom in-plane Co layer and the top Co-Ni ferromagnetic layer. First we
deposit 3 ML Co. Tilted loops like the one shown in Figure 4. 5(c) are observed by polar MOKE,
indicating a hard axis. We therefore measure over the complete Mn thickness range by longitudinal
MOKE. Then we deposit 2 ML Co more and obtain results similar to the 3 ML Co case, which
means the magnetization of the Ni layer is already saturated along the in-plane direction due to the
Co. From the M: data, we could deduce that 5 ML Co and 15 ML Ni are about equivalent to the
signal of 8 ML Co, such that we can imagine this sample as an 8 ML Co/Mn/10.0 ML Co trilayer.
However, the coercivity of 5 ML Co/15 ML Ni/Mn/10.0 ML Co above ¢arm is much smaller than
that of ~ 8 ML Co/Mn/8.0 ML Co or 10 ML Co/Mn/10.0 ML Co. So the in-plane Ni plays a role
that decreases Hc, which is opposite to the fact that out-of-plane Ni increases Hc in the Ni/Mn/10.0

Co sample.

4.3 Co/Ni/wedged Mn/15 ML Ni

In this section, the bottom Co layer is replaced by an out-of-plane magnetized Ni layer in order to

study the magnetic coupling between Mn and Ni, as well as in Ni/Mn/Ni. Two different Mn
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thickness wedge ranges are used in order to cover the coupling range from coupled to decoupled.

Polar MOKE is the default measuring configuration in this section.

|+ 6.5MLMn/15 ML Ni 1 ==
Polar Polar A AR S pa

R S — 1 30MLNi
i 15 ML Ni/6.5 ML Mn/15 ML Ni

F(a) T(b) g
\&/ \~/

t : b ;
~ 5 ML Co/15 ML Ni/6.5 ML Mn/15 ML Ni { -~ 5 ML Co/15 ML Nif0.5 ML Mn/15 ML Ni
T - 5ML Co/15 ML Ni/6.5 ML Mn/15 ML Ni | |

| Polar —FJ_-’_"J:Longitudinal

Normalized MOKE Intensity (a.u.)

] A aaaa
H——’f i + I / i/ 1
i /______, e L _—
e | 1
©) 1(d)
-50 0 50

50 -50
Magnetic Field (mT)
Figure 4. 7 Hysteresis loops measured by polar (a, b, ¢) and longitudinal (d) (magnetic field aligned
parallel to the in-plane [100] crystal direction) MOKE for bilayer, trilayer, and four-layer at RT. (a),
6.5 ML Mn/15 ML Ni, (b), 30 ML Ni (red) and 15 ML Ni/6.5 ML Mn/15 ML Ni (black), (c) 5 ML
Co/15 ML Ni/6.5 ML Mn/15 ML Ni, (d) 5 ML Co/15 ML Ni/0.5 ML Mn/15 ML Ni (red), 5 ML
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Figure 4. 8 Hysteresis loops measured by polar (a, b, ¢) and longitudinal (d) (magnetic field aligned
parallel to the in-plane [100] crystal direction) MOKE for bilayer, trilayer and four-layer at RT.
Blue and red loops are the positive and negative field minor loop, respectively. (a), 15 ML Mn/15

ML Ni, (b) 20 ML Ni/15 ML Mn/15 ML Ni, (c-d), 5 ML Co/20 ML Ni/15 ML Mn/15 ML Ni.
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Figure 4. 10 Coercivity (H'c, Hc) and minor loop shift (H'ms,

HPwis) for positive and negative minor

loops for 15 ML Ni/Mn/15 ML Ni trilayers as a function of Mn thickness. Bottom: Kerr signal in
remanence of the minor loops. The inset shows the loop for 15 ML Ni/10.3 ML Mn/15 ML Ni.

On bilayers with a Mn wedge (0-20 ML)/15 ML Ni/Cu(001)

, subsequently 15 (20, 25) ML Ni is

deposited on top to form trilayers, finally by deposition of 5 ML Co four-layers have been prepared.

80



Multilayer films were prepared and measured layer-by-layer in order to study the interaction
between the layers. Results are shown in this section. Selected magnetization loops are presented
in Figure 4. 7 and Figure 4. 8. Coercivity H., exchange bias field He, and remanent Kerr signal
versus Mn thickness are shown in Figure 4. 9.

First we talk about the Mn/15 ML Ni bilayer sample. Square loops are observed up to 20 ML Mn
thickness, with Hc around 1.2 mT up to 3.2 ML Mn thickness. Then H. sharply increases up to 25
mT at 8.5 ML Mn thickenss, after this H. stays constant. Compared to the Mn/Co bilayer, there are
two things we should point out. First, the farm here (~ 3.2 ML) is smaller than in the Mn/Co case
(~ 4.1 ML). Second, 15 ML Ni/Cu(001) should be very rough from the MEED data, so its H.
behavior should be similar to Mn/Co bilayers with half-integer number of atomic layers in the
bottom Co layer. In these Mn/Co bilayers, the H. of rougher bottom Co layer (8.5 or 10.5 ML)
decreased rapidly after the maximum at around 6 ML Mn thickness. Here the H. of Mn/15 ML Ni
is nearly the same as in Mn/10.0 ML or 8.0 ML Co bilayers.

15 ML Ni were deposited on top of the Mn/Ni bilayer in order to investigate the interlayer
coupling of two out-of-plane-magnetized Ni layers through the AFM Mn space layer. Below 2 ML
Mn thickness, the Ni/Mn/Ni trilayers show a low Hc and higher M: compared to the data above 2
ML Mn thickness. This could be due to the structural relaxation of the strained Ni layer by the
appearance of misfit dislocations at the higher total Ni thickness. The jump of H. starts from 1 ML
Mn thickness, which could come from the two interface surfaces between the top Ni and Mn,
bottom Ni and Mn layers induced by the Mn spacer layer. Another possibility of higher H. could
come from the coherent Mn atoms when the Mn layer reaches 1 ML thickness. Hc increases from
3.2 ML Mn thickness, and shows three steps of increment at around 5 ML and 6.2 ML Mn thickness.
Two separate steps in the loops are observed above 10 ML Mn thickness. The bottom Ni layer
shows the lower Hc, which is the same as in Mn/Ni data, whereas the upper Ni layer has a higher
H.. Both of them stay more or less constant at higher Mn thicknesses in our sample. Putting 5 ML
more Ni on top gives the similar results, except for two differences. One is that the first and second
increase of He with Mn thickness are the same as for the 15 ML top layer. Another is that the
separate step in the magnetization loops related to the top Ni layer shows a low H. due to thicker
FM layer.

Let us now compare the results of bilayer Mn/Ni, trilayer Ni/Mn/Ni, and four-layer Co/Ni/Mn/Ni.
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4.3 Co/Ni/wedged Mn/15 ML Ni

First, Mn/Ni bilayer shows the lowest Hc in these samples in the Mn thickness range between 2 and
3 ML, which can be explained by two results. a) the top out-of-plane Ni layer has a higher Hc in
Ni/Mn/Ni, this is confirmed later by the separated steps in loops in which the top Ni layer shows a
higher H. than the bottom one due to the smoother bottom interface between Ni/Mn layers. b) the
H. of the top layer of trilayer samples with 20 ML Ni is higher than for a 15 ML Ni layer, this can
be attributed to the influenced more misfit dislocations in the thicker Ni layer.

Second, both 15 ML and 20 ML Ni/Mn/Ni show the similar farm at about 3.3 ML Mn thicknessas
compared to the Mn/Ni bilayer (3.2 ML). This is different to the bottom Co layer case, in which the
tarm of the trilayers (Co/Mn/Co and Ni/Mn/Co) is higher than in the bilayer (Mn/Co).

Finally, 5 ML Co were deposited on top to study the interaction between the in-plane-magnetized
top layer and the out-of-plane-magnetized bottom layer. The polar signal starting from 1.3 ML Mn
thickness indicates that at this Mn thickness the two FM layers are sufficiently decoupled to enable
the out-of-plane magnetization of the bottom Ni layer independently from the in-plane top layer.
H. is around 8 mT before the onset of AFM order in Mn, a slightly higher value for zarm of around
3.8 ML is observed, after which the coercivity increases abruptly. After passing the maximum peak
(42 mT at 6.5 ML), Hc reduces slowly and keeps a constant value of around 32 mT between 10 and
20 ML Mn thickness. This coercivity is higher than that of Mn/15 ML Ni as well as that of the
bottom layer of 15 ML Ni/Mn/15 ML Ni. This higher Hc could be attributed to canted spins in Mn
or in the bottom Ni layer induced by the coupling to the in-plane Co layer.

Longitudinal MOKE was used to measure the in-plane signal in 5 ML Co/20 ML Ni/Mn/15 ML
Ni. A higher 7arm of about 4.4 ML is observed, after which H. increases up to 25 mT at 6.5 ML Mn
thickness, then decreases to around 15 mT at 10 ML Mn thickness. This behavior of H. is similar
to Co/Mn/Co trilayers with half-integer number of atomic layers in the bottom Co layer.

Figure 4. 10 presents the results from minor loop measurements of a 15 ML Ni/Mn/15 ML Ni
trilayer as a function of Mn thickness. It shows that Hc, Hmis, and M: are nearly constant,
independently of the Mn thickness. Compared to the oscillatory behavior of Hc, Hmis, and M: in
Co/Mn/Co samples, for example Figure 3. 22, RKKY-type or direct exchange coupling is not
observed in this Ni/Mn/Ni trilayer sample.

82



4.4 Summary

We now compare the results from the last two sections, i.e., Co/Ni/Mn wedge/10 ML Co and
Co/Ni/Mn wedge/15 ML Ni, while the Co/Mn wedge/10.0 ML Co trilayer serves as a reference. In
the following, P and L mean polar MOKE and longitudinal MOKE, respectively.

We divide the discussion into three parts with respect to the thickness of Mn. 1) 0 < tmn < ~4 ML,
the Mn is in FM and FM-AF phase; 2) ~4 < fmn < ~9 ML, the coercivity starts to increase in this
thickness range due to the AFM order of Mn; 3) ~9 < tmn < ~20 ML; the coercivity stays constant
independent from the Mn thickness, independent switching of the two FM layers is observed in this
thickness range.

1. 0 <twin <~4 ML

a) Bilayer, Mn/15 ML Ni (P) and Mn/10.0 ML Co (L):

The coercivity is constant in this Mn thickness range for Mn/15 ML Ni (~ 1.2 mT) and Mn/10.0
ML Co (~ 1.2 mT) bilayers. A slightly higher Hc around 1.5 mT is found at Mn thicknesses between
3 ML and 3.5 ML, probably due to the FM-AF phase coexistence in the Mn layer, as described for
Mn/Co bilayers by Caminale’ group.!'??

b) Trilayer, 20, 15 ML Ni/Mn/15 ML Ni (P), 15 ML Ni/Mn/10.0 ML Co (P and L), 10 ML
Co/Mn/10.0 (10.5) ML Co (L):

The 15 (20) ML Ni/Mn/15 ML Ni trilayer shows a higher Hc in 0 - 1.5 ML [5.6 (7.6) mT] and
1.5 -3 ML [9 (10.8) mT] Mn thickness range. The loop of 15 ML Ni/Mn/10.0 ML Co (P) starts
from 2 ML Mn thickness with a coercivity of around 5.5 mT. A slightly higher H. is found between
3.5 ML and 4 ML Mn thickness, probably due to the FM-AF phase coexistence in the Mn layer.
Below 2 ML Mn thickness no out-of-plane signal is observed because the Ni layer is strongly
coupled along the in-plane direction by the Co bottom layer. 15 ML Ni/Mn/10.0 ML Co (L) and 10
ML Co/Mn/10.0 (10.5) ML Co (L) show similar loops as the respective bilayers. From the above
results, for the out-of-plane direction (MOKE results), the top Ni layer increases H. in the trilayers
compared to the bilayers in (Ni/)Mn/Ni. This could be due to misfit dislocations or to the smoother
interface between the top Ni and the Mn layers; for in-plane (MOKE results), the top Ni (Co) layer
doesn’t obviously change Hc in the trilayer compared to the Mn/10.0 ML Co bilayer, the slightly
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4.4 Summary

higher Hc in Co/Mn/Co could be attributed to misfit dislocations.

¢) Four-layer, 5 ML Co0/20 Ni/Mn/15 ML Ni (P and L), 3 ML Co/15 ML Ni/Mn/10.0 ML Co (L):

The polar signal in 5 ML Co/20 Ni/Mn/15 ML Ni starts from 1.5 ML Mn thickness with an Hc
around 8 mT. This coercivity is much higher than in the Mn/15 ML Ni bilayer (~ 1.2 mT), but a bit
smaller than in 15 (20) ML Ni/Mn/15 ML Ni [9 (10.8) mT]. We explain this assuming that the top
5 ML Co layer couples to the top 20 ML Ni and also the Mn layer, and this will change the spin
configuration in the Mn layer, leading also to a change of the coupling between the Mn and the
bottom Ni layer. Or the spins in the bottom Ni layer present a canted state, which would also change
the coupling between the Mn and the bottom Ni layer and thus affect the coercivity. He decreases
from 13 to 6 mT in the Mn thickness range from 0 to 4 ML in 5 ML Co/20 Ni/Mn/15 ML Ni in the
longitudinal geometry, which is a similar H. as in the polar measurements. 5 ML Co/15 Ni/Mn/10.0

ML Co shows nearly the same Hc (1 mT) as the corresponding bilayer or trilayer.

2.4 ML < tya <~9 ML

a) Bilayer, Mn/15 ML Ni (P) and Mn/10.0 ML Co (L):

In the Mn/15 ML Ni bilayer, H. starts to increase at around 3.2 ML Mn thickness indicating the
onset of AFM order in Mn, via three shoulders (13.8 mT at 5 ML, 20 mT at 6.2 ML), to reach a
maximum of 25.5 mT at 8.5 ML Mn thickness. Mn/10.0 ML Co shows a larger ¢arm of about 4.1
ML, and two shoulders (40.5 mT at 7 ML), then reaches a maximum of 50 mT at 8.5 ML Mn
thickness.

b) Trilayer, 20, 15 ML Ni/Mn/15 ML Ni (P), 15 ML Ni/Mn/10.0 ML Co (P and L), 10 ML
Co/Mn/10.0 (10.5) ML Co (L):

The Ni/Mn/Ni trilayer shows the same zarm of about 3.3 ML Mn thickness as the Mn/Ni bilayer.
For the 15 ML Ni/Mn/10.0 ML Co, both the in-plane and the out-of-plane components show a larger
tarm of about 4.7 ML compared to the corresponding bilayers (4.2 ML). This is also observed in
the Co/Mn/Co system. It could be due to the interaction between the in-plane Co spin, out-of-plane
Ni spin and in-plane Mn spin. Although J. T. Kohlhepp et al. showed that the 2D AFM ordered
state of Mn does not depend on the spin direction of the FM films,*® this point still needs more
experiments and theoretical work in the future.

¢) Four-layer, 5 ML Co/20 ML Ni/Mn/15 ML Ni (P and L), 3 ML Co/15 ML Ni/Mn/10.0 ML Co

84



(L):

After depositing 5 ML Co on 20 ML Ni/Mn/15 ML Ni, we would expected the polar MOKE
signal only from the Mn/15 ML Ni bottom part of the sample and shown the same behavior to
Mn/15 ML Ni bilayer. However, the H. strikingly increases at Mn thicknesses above 3.8 ML to the
maximum (42 mT) at 6.4 ML Mn thickness. The H. from the in-plane component presents a similar
behavior as that of the out-of-plane component, where H. reaches a maximum (24 mT) at 6.4 ML
Mn thickness before decreasing for further increasing Mn thickness. A bit larger farm is found of
about 3.8 ML Mn thickness compared to bilayer or trilayer. For the 3 ML Co/15 ML Ni/Mn/10.0
ML Co sample, a larger tarm and an even lower H. are observed compared to top 10 ML or 15 ML
Co layer on Mn/10.0 ML Co. This indicates that the presence of the Ni layer decreases the Hc in
the Co/Ni/Mn/Co sample.

Let us now talk about zarm in the above samples:

In the bilayer case, Mn/15 ML Ni shows a smaller fapm (~ 3.2 ML) than Mn/10.0 ML Co (~ 4.1
ML), but has a similar value to Mn/10.5 ML Co bilayer (~ 3.4 ML), as shown in Table 4. 1. In
previous experiments on Mn/20 ML Co/Cu(001) and Mn/2 ML Co/14 ML Ni/Cu(001),”” it has been
reported that farm of Mn is 2.5-2.6 ML for both systems at RT. From this result, it is shown that the
critical thickness for the formation of AFM order in Mn does not change if the magnetization
direction of the FM layer is changed from in-plane to out-of-plane. The authors of Ref. 97 state that
the 2 ML Co in Mn/2 ML Co/14 ML Ni/Cu(001) prevent direct contact of Mn with Ni and thus the
possible formation of unwanted NiMn alloys and ill-defined growth. Compared to our results,
Mn/15 ML Ni has a similar tapm to Mn/10.5 ML Co, which is consistent to Mn/20 ML Co/Cu(001)
and Mn/2 ML Co/14 ML Ni/Cu(001) in Ref. 97. As we discussed in the sec. 3.2.3, both Mn/10.5
ML Co and Mn/20 ML Co bilayers show a similar coercivity behavior with increasing Mn thickness,
and explained by assuming a similar interface roughness of our 10.5 ML and the 20 ML Co layers
in Ref. 97. However, the Mn/10.0 ML Co shows a higher zarm, this could be related to the interface
roughness, i.e., the smoother interface will change more the effective Mn thickness, leading to a
higher tarm.

Compared to the results of FeMn with a 3D spin structure, a shift of 3-4 ML of tarm value of
FeMn layer by changing the Ni FM layer from out-of-plane to Co in-plane magnetization was

found.'® The explanation is that both the spins in Ni and Co layer couple to the spins in the FeMn
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4.4 Summary

layer with different exchange coupling. For our results, one explanation is similar to FeMn’s results,
that the spin structure in Mn/FM is changed by intermixing at the interface, dependent on the
magnetization direction in the FM layer, i.e., in the Ni and Co layer. And this effect strength
dependents on the interface roughness, i.e., the Mn/10.0 ML Co has a higher zarm than Mn/10.5 ML
Co bilayers, which means that the effective Mn thickness is reduced more by the coupling to the
filled topmost atomic layer of Co layer. Another possibility is that a NiMn alloy is formed at the

Ni/Mn interface, and that this leads to a shift of zarm of the Mn layer.

Samples tarm (ML)
Mn/10.5 ML Co/Cu(001) 34 (L)
10 ML Co/Mn/10.5 ML Co/Cu(001) 4.1 (L)
Mn/10.0 ML Co/Cu(001) 4.1 (L)
10 ML Co/Mn/10.0 ML Co/Cu(001) 4.8 (L)
15 ML Ni/Mn/10.0 ML Co/Cu(001) 4.7 (P), 5.0 (L)
Mn/15 ML Ni/Cu(001) 3.2 (P)
15 ML Ni/Mn/15 ML Ni/Cu(001) 3.3 (P)
5 ML Co/20 ML Ni/Mn/15 ML Ni/Cu(001) 3.8(P), 4.4 (L)

Table 4. 1 The obtained onset of antiferromagnetic order in the Mn layer (¢arm) for the different
systems in this thesis at RT

If the bilayer is Mn/10.0 ML Co, a top Co layer will increase tarm for the trilayer in-plane
component, and a top Ni layer will also increase zarm of the trilayer for both the in-plane and the
out-of-plane component. If the bilayer is Mn/15 ML Ni, the top Ni does not shift zarm of the trilayer,
whereas farm is upshifted in 5 ML Co/20 ML Ni/Mn/15 ML Ni both in longitudinal and polar
MOKE. Table 4. 1 presents different farm from the studied systems.

In the trilayer Co/Mn/Co case, the higher zarm is found than their bilayer case, this can be
explained by that two side of Mn surfaces coupled by Co layer. However, in the Ni/Mn/Ni sample,
the similar zarm is observed compared to Mn/Ni bilayer. And we know that the top Ni and Mn
interface is smoother than Mn and bottom Ni case from the MEED results (Figure 3. 1). Even in
this case, the farm doesn’t upshift in the Ni/Mn/Ni trilayer. We can conclude that the Mn and
adjacent Ni layer has less coupling than that of Co layer, and this coupling is independent on the

surface roughness of the Mn and Ni interface.
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From the above discussion about farm, a) The coupling between the Mn and adjacent FM film is
dependent on the in-plane or the out-of-plane magnetization in the FM layer. The higher tarm is
found in Mn/Co than the Mn/Ni bilayer, this could be due to the in-plane spins in Co layer is more
efficient to reduce the effective Mn thickness by alloying or proximity effects at the interface. b)
This interface effect is more obviously in the smoother surface between Mn and Co layers, i.e., the

onset of antiferromagnetic order of Mn starts later in filled topmost atomic layer of bottom Co film.

3.9 ML < twa <20 ML

a) Bilayer, Mn/15 ML Ni (P) and Mn/10.0 ML Co (L):

Above 9 ML Mn thickness, Hc is independent of the Mn thicknes.

b) Trilayer, 20, 15 ML Ni/Mn/15 ML Ni (P), 10 ML Co/Mn/10.0 ML Co (L):

Two separate steps are observed in the loops of 20 (15) ML Ni/Mn/15 ML Ni. The one with lower
switching field, with the same H. as in Mn/Ni, is corresponding to the bottom Ni layer, the higher
H. comes from the top Ni layer. However, this is opposite for 10 ML Co/Mn/10.0 ML Co, where
the lower H. arises from the top Co layer. This is attributed to the interface roughness between the
FM and Mn layers. The MEED [Figure 3. 1: Co/Cu(001) and Mn/Co/Cu(001), Figure 4. 3:
Ni/Cu(001) and Ni/Mn/Ni/Cu(001)] and LEED [Figure 3. 2: Mn/Co/Cu(001)] results show that the
interface roughness between bottom Co and Mn layers is smoother than that of the top Co/Mn
interface, whereas this is opposite for the Ni/Mn/Ni trilayers. The above results confirm that in the
FM/Mn/FM system, the FM layer with smoother interface between FM and Mn shows the higher
coercivity than the FM layer with the rougher interface.

¢) Four-layer, 5 ML Co/20 ML Ni/Mn/15 ML Ni (P and L):

In the polar MOKE loops, the Hc of 5 ML Co/20 ML Ni/Mn/15 ML Ni is higher than that of the
Mn/15 ML Ni bilayer. This could be due to a change of the Mn spin direction induced by the
coupling to the in-plane-magnetized Ni/Co layer. This could lead to the changed coercivity of the
bottom Ni layer in the Co/Ni/Mn/Ni sample compared to the Mn/15 ML Ni bilayer. In the
longitudinal MOKE measurement, H. is low, which is similar to the Co/Mn/Co or Co/Ni/Mn/Co

data.
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Chapter 5 Magnetic characterization of Co/Ni and Co/FexMnix

bilayers

Control of fast magnetization reversal dynamics on microscopic lengthscales is an important topic
for many technological applications. The basic mechanisms governing the precessional dynamics
in coupled bilayers after optical excitation are only partly understood. As the effective is changed,
the system will start to precess. For the Co wedge/Ni bilayers on Cu(001) as we used, the
magnetization direction of FM layer depends on the competing magnetic anisotropies, namely
perpendicular anisotropy in the Ni layer, and in-plane anisotropy in the Co layer.!'” The spin-
reorientation transition (SRT) region from out-of-plane to in-plane magnetization will be formed
with Co thickness increasing. The effective field is sensitive close to the SRT due to the metastable.
The excitation by a fs laser pulse leads to changes in the magnetic properties of the sample such as

118-120 which will change the effective

magnetization, magnetic anisotropy, or interlayer coupling,
field within the system.

In this chapter, experiments done at BESSY Il with the Elmitec PEEM installed on beamline
UE49-PGM-A will be presented. They cover the static and dynamic magnetic properties of Co/Ni
and Co/FexMnix bilayers. Using the XMCD-PEEM, domain images from the FM layers were
obtained, while magnetization dynamics was studied using PEEM with time-delayed pump (fs laser)
—probe (X-ray) measurements. In particular, the effect of laser excitation close to a SRT is
investigated, with the aim to explore the precessional motion of the magnetization. Domain
structures, effect of laser irradiation, and laser-induced dynamics close to the SRT in the Co/Ni
bilayer are presented in sec. 5.1, along with the result of micromagnetic simulations. In sec. 5.2, we

focus on the static magnetic properties and the consequences of thermal treatments on Co/FexMni-

x bilayers.
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5.1 Co wedge/15 ML Ni/Cu(001) bilayers

5.1 Co wedge/15 ML Ni/Cu(001) bilayers

5.1.1 Magnetic domain configuration
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Figure 5. 1 Domain pattern close to the SRT in Co/Ni/Cu(001). (a) Magnetic domain image at the
Co L3 edge, (b) at the Ni L3 edge, (c) at the Co L3 edge for 90° different incidence azimuth. Red
dashes lines indicate the SRT, pink ellipses in (a), (b) and blue lines in (a), (c) indicate the same
region. The big arrow shows the direction of the Co layer thickness wedge.
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Figure 5. 2 Effect of laser irradiation on the magnetization of the Co/Ni bilayer imaged at the Ni L3
edge. (a) no laser, (b) domain pattern is erased by strong laser irradiation, bl: 0.85 W, b1: 0.85 W
only right side, b1: 0.45 W only right side, (¢) magnetization pattern recovery after laser irradiation.
Red circles mean the same region, red dashes lines indicate the SRT, and the blue triangle presents
the direction of shrinking domain size near to the SRT.
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5.1 Co wedge/15 ML Ni/Cu(001) bilayers

Laser
: ;faray

0-5 ML Co/15ML Ni/Cu(001)

Figure 5. 3 Effect of laser irradiation on the magnetization of the Co/Ni layer close to the SRT
imaged at the Co L3 edge. (a) image before exposure to the laser pulses, (b) with laser power of
0.30 W, (c¢) laser power 0.35 W, (d) after removing the laser spot from the sample, (¢) image of
electrons emitted by laser for 0.35 W. Red line means the SRT, magnetization in left bottom part is
in-plane while is out-of-plane in the rest part, and blue circles indicate the same region.

A Co wedge/15 ML Ni/Cu(001) bilayer sample was prepared at RT and then transferred to the
PEEM. The domain configuration of the as-grown state at a Co thickness of 0-5 ML is shown in
Figure 5. 1. Figure 5. 1 (a) shows the XMCD images at the Co L3 absorption edge. In the imaged
area the Co thickness increases from left top to right bottom as indicated. Domain structures at the
Ni L3 edge were also obtained at the same region, see Figure 5. 1 (b). The pink ellipses in Figure 5.
1 (a) and (b) point out the same position in the Co/Ni bilayer, as imaged for Co and Ni domains.
The Co and Ni images show the same domain structures, which means the two FM layers are
strongly magnetically coupled to each other. The XMCD contrast change along the Co wedge near
to the red lines [clearly seen in Figure 5. 1 (a)], which indicates the spin reorientation transition. ffl
The sample was then rotated by 90° (in-plane) to image the same region at Co L3 edge as shown in
Figure 5. 1 (c¢). Compared to the blue lines in Figure 5. 1 (a) and (c), it shows that the domain
contrast is the same on the left side of the red line, while it is different on the other side. This
confirms that the magnetization to the left of the red line is perpendicular to the film plane (“out-
of-plane”), while on the other side the magnetization is in the film plane (“in-plane”). Because the
XMCD asymmetry depends on the angle between the incident X rays and the magnetization

direction, the contrast of the in-plane magnetization changes while the out-of-plane magnetization
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is not changed during sample rotation, so the changed domain contrast confirms in-plane
magnetization.

When the Co layer thickness is increased, the coupled magnetization of the Co/Ni bilayer
changes from out-of-plane to in-plane. This can be easily understood by the competition of the
anisotropies of the Co and Ni layers. 15 ML Ni have an out-of-plane magnetization on Cu(001),
while Co prefers the in-plane magnetization. Co has also a larger magnetic moment than Ni, such
that the contribution of Co will increase the shape anisotropy with increasing Co layer thickness,
and the magnetization will start to rotate from out-of-plane to in-plane at a critical Co layer
thickness, shown as red lines in Figure 5. 1. The XMCD contrast of the in-plane domains is stronger
than that of the out-of-plane domains. This is because the X rays hit the sample under a 17° grazing
angle, which make the XMCD contrast more sensitive to the in-plane magnetization. This also helps
to distinguish the magnetization direction in domain structures. On the right bottom side of Figure

5.1 (a), there are small size of domains this could be due to the roughness of substrate.

5.1.2 Effect of laser irradiation

Now we see how the domain structures are influenced by the heating by the laser. Figure 5. 2 (a)
shows domain structures of the Co/Ni bilayer imaged at the Ni L3 edge. A sharp change of the
domain pattern at the critical Co layer thickness for the SRT is marked by red lines in the picture.
Smaller in-plane and bigger out-of-plane domains lay on each side of the SRT. Then the laser spot
with size of a 20 um x 40 um was moved to sample, centered in the region as labeled by the red
circle. Figure 5. 2 (bl) was obtained during exposure to the laser with power of 0.85 W. Strong
laser irradiation erases the magnetic domain pattern. When the laser is shifted such as to leave the
left half of the field of view without laser irradiation, the domain structure in the left hand side
comes back, while no domains are seen in the right hand side in Figure 5. 2 (b2). Then the laser
power was reduced to 0.45 W. In this case also at the right hand side domains are recognized [Figure
5.2 (b3)]. After turning off the laser, the domain structure around the laser exposure region was
imaged again and is shown in Figure 5. 2 (c¢). Compared to the as-grown domain structure in Figure
5. 2 (a), for the in-plane region, the domains became bigger after laser heating. For out-of-plane,

the previous bigger domains divide into smaller domains, and the size of domains is larger when
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5.1 Co wedge/15 ML Ni/Cu(001) bilayers

their position is more far away from the laser irradiation position, in other words smaller domains
are formed along the increasing temperature gradient.

We focus now on the effect of laser irradiation in the region close to the SRT. In Figure 5. 3 (a),
the as-grown Co wedge/15 ML Ni bilayer was imaged at the Co L3 edge. Red lines indicate the SRT.
The stripe domain pattern with out-of-plane magnetization changes to big domains with in-plane
magnetization with increasing thickness of the Co layer. Now the laser is put on the sample. An
image of the electrons emitted by the laser for 0.35 W is shown in Figure 5. 3 (e), where the laser
spot is at the center of the field of view. Figure 5. 3 (b) presents the Co L3 XMCD image with a
laser power of 0.3 W. Comparing the same region marked by a blue circle in Figure 5. 3 (a) and (b),
a few domains have disappeared in the lower part of the blue circle, while some domains became
dim in the upper part. When the laser power is increased to 0.35 W, the magnetic domain pattern in
the center is totally erased due to the heating by the laser. After removing the laser, the domain

pattern reappears as shown in Figure 5. 3 (d).

5.1.3 Laser-induced magnetization dynamics

We now turn to the time-resolved investigation of the magnetization dynamics close to the SRT in
the Co/Ni films on Cu(001). The position of interest is shown in Figure 5. 4 (d). The two magnetic
layers are rigidly coupled to each other by direct exchange. The thickness of the Co layer increases
from right top to left bottom, leading to a change of the easy axis of magnetization of the bilayer
from out-of-plane to in-plane. Red lines indicate the SRT. Figure 5. 4 (d) shows a static domain
image at the Co L3 edge of 1-3 ML Co/15 ML Ni/Cu(001). After locating the SRT, the laser spot is
moved on this area. From the image of the electrons emitted by the laser in Figure 5. 4 (c) it is seen
that most of this area is covered by the laser spot. The next task is to find the suitable laser power.
The domains are erased if the power is too high, as shown in Figure 5. 4. On the other hand, the
power should be above a critical value, otherwise no dynamics will be detected. Once all these
things are prepared, the experiment can be started.

Figure 5. 4 (d), (e), and (f) present domain images at delay times -0.13, 0.0, and 1.0 ns,
respectively. The reduction of the magnetic contrast at delay zero shows the ultrafast

demagnetization of the Co/Ni films by the laser pulses. At delay zero the laser and the X-ray pulses
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hit the sample at the same time. The domain structure recovers at later delay times. As an example

the image at 1.0 ns is shown in Figure 5. 4 (f).
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Figure 5. 4 Time-resolved magnetization dynamics close to the SRT in Co/Ni/Cu(001). (a) XMCD
contrast of four areas as a function of delay time for a laser power of 0.38 W. Area 1, canted
magnetization at the SRT; area 2, in-plane magnetization close to the SRT; areas 3 and 4, far from
the SRT, in the in-plane region. (b) Example of histogram data from a given area, (c) image of
electrons emitted by the laser at 0.38 W power, (d-f) Co XMCD magnetic domain images at delay
times -0.13, 0.0, and 1.0 ns. Red lines in the XMCD images indicate the SRT, the magnetization in
the left part is in-plane, while it is out-of-plane in the rest of the image.

We chose four different areas to analyze the time-resolved data. The temporal response to the fs
laser of the local magnetization in the marked areas is shown in Figure 5. 4 (a). The data points
represent the XMCD contrast between the two oppositely magnetized domains, extracted from
histogram plots like the one shown in Figure 5. 4 (b). The magnetization in area 1 is canted as the
XMCD contrast is lower than in the in-plane case. The blue data points for area 1 show that the

contrast does not changed much at delay zero, and the magnetization recovers slowly as a function
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5.1 Co wedge/15 ML Ni/Cu(001) bilayers

of time [Figure 5. 4 (a)]. Area 2 near to the SRT presents an obvious demagnetization at delay zero,
and then the magnetization recovers slowly, as in area 1. Areas 3 and 4 are in the in-plane region
and far away from the SRT. Also here a demagnetization is found at delay zero, but then a faster
recovery is present in these data. The contrast from the out-of-plane areas mainly show a steady

change with delay time.

5.1.4 Micromagnetic simulations

In order to understand the experimented results, micromagnetic simulations using the OOMMF

12 with two-dimensional periodic boundary conditions'?* were performed. These consist of

code
time-dependent micromagnetic simulations using the Landau-Lifshitz-Gilbert equation with a two-
temperature model, following the procedure described in Ref. 78, to simulate the laser-induced
magnetization dynamics.

First, we assume a Gaussian shape of 50 fs duration and different fluences for the laser pulse.
During the laser-induced demagnetization, the external excitation is transferred into several
subsystems. We assume a single channel in which the photon energy is transferred to the electrons
and from there to the lattice. The magnetization is assumed to be coupled to the electron temperature

Te within a two-temperature model,'??

dT
Ce d_te = _Gel(Te - Tl) + P(t),
dT;
G E = Gel(Te - Tl)

where Ce and Ci are the electron and lattice specific heat constants, Gei is a coupling constant,

and P(¢) is the laser fluency. Here we assume as a simplification Ce =7 and ¥ = 3.8%10% J m™ K-
1Cr=2.8x10° T m™ K, G = 1.8x10° W m K1.1>* The Te(¢) and Ti(f) can then be determined
from the above rate equations for given laser fluencies.

Second, the magnetization M(¢) can calculated in a mean-field approximation corresponding to
the Curie temperature depending on the thickness of the film.

Third, the different magnetization leads to changes in the exchange stiffness 4 and the magnetic
anisotropy K, modeled by approximate relations K(£)~M(¢)* and A(t)~M(1)*.”®

The above values are all the input parameters used in the dynamic simulations. Here we show
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two examples. The first system is a 3 ML Co/15 ML Ni bilayer with a Curie temperature of 600
K for both layers. The simulation size is 100x500x4 nm® (x, y, z) with cell size 2x2x1 nm?, with
2D periodic boundary conditions in x and y directions. Material parameters used for Co and Ni are:
saturation magnetization Ms = 1.38x10° and 4.9x10° A/m,'*>!2 exchange stiffness constant 4 =
3x10!" and 9x107'? J/m, and magnetocrystalline anisotropy constants Keuic = 6.5x10* and Ku =

2.9x10° J/m3,12>127 4 = 1.95x10°!! J/m for Co and Ni interface, respectively.
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Figure 5. 5 Simulated magnetization dynamics of 3 ML Co/15 ML Ni/Cu(001) with two-
dimensional periodic boundary conditions (x, y) for different maximum electron temperatures.
Black and red curves are the data for the Co magnetization obtained for maximum electron
temperatures of 500 K and 615 K, respectively. The blue and white curves present the results of
both Ni and Co magnetization obtained for a maximum electron temperature of 750 K, respectively.
The simulated curves are slightly vertically offset for clarity. The inset is the top view of the static
spin state, red and blue colors indicate spins along the +x and —x direction.

The static magnetization of the system is shown in the inset of Figure 5. 5. The stripe domain
direction is along the x direction, the size of the domain wall is about 100 nm, and the stripe width
around 300 nm. The colored continuous lines in Figure 5. 5 show the results for the magnetization
component along x integrated over the marked by a red rectangle in the inset. Different curves
correspond to three different maximum electron temperatures reached during the laser excitation.
From these simulation results, an oscillatory behavior becomes evident starting at about 200 ps after

the laser pulse, which increases in amplitude for increasing laser power. For the highest laser power
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5.1 Co wedge/15 ML Ni/Cu(001) bilayers

shown here, corresponding to a maximum electron temperature of 750 K, the simulation shows a
similar behavior as the experimental result in area 4 [green curve in Figure 5. 4(a)]. Note that the
simulations still need to be convoluted with the experimental time resolution determined by the
synchrotron bunch width (about 50 ps) to compare to the experimental data close to time zero.
Another thing is that the magnetization of Ni and Co layer show the same behavior, which indicate,
that the two FM layers strongly couple to each other.

However, when comparing to the experiment, one has to keep in mind that the oscillation arises
from the domain wall area, as marked in Figure 5. 5, while the areas of uniform magnetization do
not show any oscillation, only the demagnetization at time zero (not shown here). In the
experimental results, on the other hand, mainly the contribution from the magnetic domains is

detected. So we can not compare these two results directly.

o
T
1

M/M
‘o
R
N
i x
<

o
N
—

0.0f .

1 " 1 i 1 " 1

0.0 05 _. 1.0 1.5
Time (ns)

Figure 5. 6 Simulated magnetization dynamics with a maximum electron temperature of 508 K of
2.5 ML Co/15 ML Ni/Cu(001) with two-dimensional periodic boundary conditions in x and y
directions for different Curie temperatures of the two layers (Co, 450 K; Ni, 540 K). Black and red
curves are the data of Co and Ni magnetization obtained for the maximum electron temperature of
508 K, respectively. The inset shows a top view of the static spin state.

So what could be improved in the simulation? There is no external field during the measurement.
One possibility is that the Ni and Co layers show a different response to the laser pulse. Therefore,
we simulated a second system, in which the Co and Ni layers have different Curie temperatures.

This leads to a different parameter gradient at the same temperature induced by the laser. The
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simulation process is the same like for the first one, only the parameters are different. The
simulation size is 100x500x7 nm® (x, y, z) with cell size 2x2x1 nm?, with 2D periodic boundary
conditions in x and y directions. Material parameters used for Co and Ni are: saturation
magnetization Ms = 1.38x10° and 4.9x10° A/m, exchange stiffness constant 4 = 3x10"!! and 9x10
12 J/m, and magnetocrystalline anisotropy constants Keuvic = 6.5x10* and Ku = 2.9%10° J/m?, Curie
temperature 7c = 450 and 540 K,''' respectively. The inset in Figure 5. 6 shows the static
magnetization of the bilayer. The magnetization dynamics of the Co and Ni layers is plotted as the
magnetization as a function of time after the laser irradiation. The Co layer with the lower Curie
temperature presents a slower magnetization recovery than Ni for the same maximum electron
temperature. With decreasing influence of the demagnetization with time, the two layers became
more strongly coupled to each other and show the same oscillation.

Now we talk about a possible origin of the oscillations. For the first simulated system as shown
in Figure 5. 5, the parameters (M, 4, K) are changed after the laser pulse. Their changes do not
balance each other in the area around the SRT, the width of the domain wall will be changed. This
region then starts a precession. For the second case, the two FM layers with different Curie
temperatures as shown in Figure 5. 6, the spins in the two layers will reach the same temperature
(between the two Curie temperatures) after the laser illumination. The spins in the layer with lower
Curie temperature try to align randomly, while the magnetization in the layer with higher Curie
temperatures tries to keep the previous state. By the coupling between these two layers they affect
each other, such that the system starts a precession before eventually they will come back to the

state before the laser illumination.
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5.2 Co/FexMnx bilayers

FexMnix film was obtained by using the mixed FesoMnso rod, the concentration of material can be
checked by XAS. Co film deposits on the top of the FexMnix/Cu(001) in order to reduce the
oxidation. Section 5.2.1 will discuss the Co, Fe, and Mn XMCD images for 8§ ML Co/22 ML
Fe3sMnes/Cu(001) in, and angle dependence of the Co XMCD in the § ML Co/28 ML
Fe4oMneo/Cu(001) film. While sec. 5.2.2 will presents thermal treatments of 5 ML Co/25 ML

FesaMnae/Cu(001) bilayer.

5.2.1 Magnetic domain configuration
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Figure 5. 7 (a-c) Co, Fe, and Mn XMCD domain patterns obtained at the respective L3 edges of the
same area of a 8 ML Co/22 ML Fe3sMne4/Cu(001) sample. (d) Line scans along the red line printed
in each XMCD image after normalization to the same signal-to-background ratio as described in
sec 4.1.2. The arrows in (a) indicates the beginning of the scans (note the different scales of the

asymmetry data).

8 ML Co/22 ML Fe3sMne4 are prepared on Cu(001) and imaged by PEEM. The exposure time

for all of the images was around 10 mins. Figure 5. 7 (a) shows the Co XMCD domain image. Small
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domains are obtained in the as-grown bilayer due to the magnetic interaction between Co and
Fe3sMnes. A ferromagnetic signal is also found for Fe and Mn, as shown in the Fe and Mn XMCD
images in Figure 5. 7 (b) and (c¢). The Fe domain structures are the same as for Co, indicating that
the uncompensated Fe moments are coupled to the Co layer. A comparison of line scans along a
certain line in the Co and Fe images, is presented in Figure 5. 7 (d). The pixel scale is the same as
for the corresponding domain image, the asymmetry of Fe is half value to Co data. Both Fe and Co
asymmetry data shows three levels, indicating the three magnetization direction in the scanned
position. The Mn XMCD image is shown in Figure 5. 7 (c), the contrast is really less compare to
Co or Fe. The domain structures in Mn looks the same to Co but has the opposite magnetization
direction. Blue data in Figure 5. 7 (d) presents the asymmetry scan in the same position to Co and
Fe. The line shows the different sign compare to Fe and Co, indicating the antiferromagnetic couple

to Fe and Co. Furthermore, the intensity is much less, which is 10 times smaller than Co case.
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Figure 5. 8 Angle dependence of the Co L3 XMCD images in 8§ ML Co/28 ML Fe40Mneo/Cu(001)
film. Arrows labelled X-ray show the direction of incoming X rays, arrows inside (d) and (e)
indicate local magnetization directions. (a-d) shows the same position, while the (e) and (f) present
the same position.

The angle dependence of the Co L3 XMCD of the Co/FexMnix bilayer is measured in order to
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5.2 Co/FexMnl-x bilayers

determine the magnetization directions of the domains of the Co layer. The 8 ML Co/28 ML
Fe4oMneo/Cu(001) sample is used for this task. The direction of the crystallographic orientation of
the Cu(001) substrate and the direction at the incoming X rays are shown in Figure 5. 8, in panel
(a), the X-ray incidence is parallel to the [001] direction of the substrate, then the sample is rotated
and an XMCD image is recorded each 15° In these Co images, domains of four different
magnetization directions are identified. The arrows in Figure 5. 8 (d) indicate the directions. The
maximum XMCD contrast for domains marked by white and blue arrows is between Figure 5. 8 (c)
and Figure 5. 8 (d), for which the angles between the X-ray incidence and the [001] direction of the
substrate are 30° and 45°, respectively. This means the easy axis of magnetization of Co is along
the [110] direction of Cu(001), which is the same as for Co on Cu(001). Here either the Co layer

doesn’t couple sufficiently to FesoMneo, or the FesoMneo is not in the AFM state in this sample.

5.2.2 Thermal treatments

As shown in Figure 5. 7 (a), a Co layer that grows on the thicker FezsMne4 film presents small
domains due to the magnetic interaction. These small domains are a metastable states and will
rearrange to larger domains to minimize the energy at a higher temperature. Here is an example for
thermal treatments of Co/FesaMna4e bilayers. Co images are recorded during different temperatures
on a 5 ML Co/25 ML FesaMna6/Cu(001) sample. Figure 5. 9 (a) shows the small domain structure
of Co at RT. (b-h) are the images obtained at different temperatures during heating the sample. Each
XMCD image needs around 5 mins, the sample position is somehow moving during the image
acquisition due to the temperature increase. The sequence of images in Figure 5. 9 (a-h) shows that
the small magnetic domains with white color become smaller and subsequently disappear. The
number of small domains consequently decreases with increasing sample temperature. Images (1),
(j), and (k) show difference images between the XMCD images presented in panels (a-b), (c-d), and
(g-h), respectively. The white color indicates the disappearance of part of a white domain between
the two images. It is clearly seen that small domains shrink at their edges. The size of small domains
becomes smaller in this way with increasing temperature. In the end the smaller domains disappear
completely, like the white dots in Figure 5. 9 (j), which correspond to disappearing domains

between Figure 5. 9 (c) and (d). At a sample temperature of 430 K, as shown in Figure 5. 9 (h),

102



there are only a few white domains left. After this thermal treatment, no domain structures on the

whole sample were left at which the dynamic measurement could have been performed.

(8) (h)o

Figure 5. 9 Co L3 XMCD images in 5 ML Co/25 ML FesaMn46/Cu(001) at different times during
heating of the sample, (a) RT, (b) 305 K, (¢) 315 K, (d) 330 K, (e) 370 K, (f) 386 K, (d) 408 K, and
(e) 430 K. Images (i), (j), and (k) show the difference between the images presented in panels (a-
b), (c-d), and (g-h), respectively.

(k
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5.3 Discussions and conclusion

The static Co and Ni XMCD domain images of a Co wedge/15 ML Ni/Cu(001) bilayer show the
same magnetic domain structures, indicating strong exchange coupling between the two FM layers
(Figure 5. 1). The spin-reorientation transition of the bilayer from out-of-plane to in-plane is
obtained with increasing Co layer thickness. After heating this area by a strong laser beam as shown
in Figure 5. 2, the domain structures become big in the in-plane region, while smaller stripe domains
are formed in the out-of-plane area. The width of the stripe domains is narrow near to the laser
irradiation position, which could mean that the narrow domains are the stable state in this bilayer
thickness range. Narrow domains are also found close to the SRT, as has been found in previous
results of Co/Ni/Cu(001)'?® and Fe/Ni/Cu(001).'2>!3° The domain density of the perpendicular
magnetization increases towards the SRT line in the Co/Ni/Cu(001) sample. In Fe/Ni/Cu(001)
bilayers, it has been found that the stripe domain width decreases exponentially as the system
approaches the SRT point.”*® The formation of perpendicularly magnetized domains with
decreasing size upon approaching the spin reorientation transition can be explained by
magnetostatic stray field energy minimization for decreasing domain wall energy.'?®

For a certain power of the laser beam on the SRT region as shown in Figure 5. 3, it is found that
the domains near to the SRT changed more easily than other areas in the same temperature range,
which could be either due to a lower Curie temperature or to a fast movement of domains. Here we
can not distinguish between a conventional paramagnetic phase and a dynamical stripe phase. After
the laser is stopped, the domains start to recover and reconstruct, but in detail are different compared
to the previous ones. A similar result was reported on Fe/Ni/Cu(001) samples, where the stripe
domains start to melt in some regions near to the SRT with increasing sample temperature, and
these region is further expanding at higher temperatures.'?’

In order to investigate the magnetization dynamics in the canted magnetization range after the
excitation by the laser, pump-probe experiments has been performed in the region of the SRT on
the Co wedge/15 ML Ni/Cu(001) sample. The dynamic results are presented in Figure 5. 4. Four
marked areas show the demagnetization around zero delay, two areas near to the SRT indicate a

slower magnetization recovery, which could be due to the lower Curie temperature in these areas.
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Another two in-plane areas more far away from the SRT show a fast magnetization recovery. Due
to the small signal-to-noise ratio in these data, we cannot reveal the precession in this sample. The
precession frequency of the magnetization with in-plane areas seems to be higher than in out-of-
plane regions. The dynamic results from out-of-plane areas main show a steady change with delay
time.

We also did the simulation to explain the experiment results. The first simulated system is 3 ML
Co/15 ML Ni with identical Curie temperature of both layers (600 K). From the results in Figure 5.
5, it shows that the Ni and Co layers are coupled to each other, and that after the demagnetization
the magnetization at the position of domain walls starts to precess, while the amplitude of the
precession increases with increasing maximum electron temperature. The simulation data for a
maximum electron temperature of 750 K (Figure 5. 4) would fit to the experimental data of area 4
in Figure 5. 5. However, since this temperature is higher than the Curie temperature of the sample,
in this case the domain structures might be different after every pulse. Furthermore, the simulation
data arise from an area inside a domain wall, while the experimental results mainly stem from inside
the domains.

For the second simulated system, 2.5 ML Co with a 7c 0f 450 K and 15 ML Ni with a 7c of 540
K (Figure 5. 6), a large domain with uniform magnetization was assumed for the simulation. Here
the Co data show a slower recovery after demagnetization than the Ni ones due to the lower 7.
Subsequently both the Ni and Co magnetizations start to precess with the same frequency. In the
experiment only results for Co are obtained, such that it is not possible to prove this assumption.

Combining the experiment and the simulation results, we conclude a full demagnetization of the
Co layer at delay zero. The regions near to SRT show a slower recovery process than the areas
which are more far away from the SRT. This difference could be due to a lower Curie temperature
of the regions near the SRT. Similar results have been observed for different laser fluencies, i.e.,
the magnetization recovery time slows down as the laser pump fluence is increased.!!>-!3! After the
magnetization has recovered, the system seems to precess, unfortunately, we cannot confirm this
from our experimental results because of the small signal-to-noise ratio. The simulation data present
precession with a frequency in the GHz range.

The small magnetic domains seen in the Co, Fe and Mn XMCD images in Figure 5. 7 from a 8

ML Co/22 ML Fe3sMnes/Cu(001) sample, indicate a magnetic interaction between the two layers.
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5.3 Discussions and conclusion

Ferromagnetic Fe and Mn are induced by the Co layer. The ferromagnetic Fe moments and the Co
magnetization are ferromagnetically coupled to each other, while the ferromagnetic Mn moments
with the weaker XMCD contrast is antiferromagnetic ally aligned to both Fe and Co. Offi et al.'*?
had reported this phenomenon, i.e., a net magnetic moment is induced in Fe and Mn when the Co
film is in contact with FesoMnso, independently of the paramagnetic or antiferromagnetic state of
the FesoMnso thin films. In their experimental results, the direction of the net magnetic moment of
Mn is either parallel in Co/FesoMnso/Cu(001) or antiparallel to Co and Fe in FesoMnso/ Co/Cu(001).
The explanation was that this is related to the sensitivity of the magnetic state of the Mn atoms to
the structural and magnetic environment in which they are embedded.

From the thermal treatment experiment of 5 ML Co/25 ML FesaMnas on Cu(001) in Figure 5. 9,
it was found that overall the size of in-plane domains is getting larger with increasing sample
temperature. The main changes of the domain pattern arise from the boundaries of the domains.
The temperature dependence of stripe domains in out-of-plane Ni films on Cu(001) has been
reported, it shows a thermal melting of the magnetic stripe domain pattern when approaching the
Curie temperature.' It has been observed that the mobility of the domains follows an exponential
behavior. This has been attributed to thermally activated processes.!?

From the large domains observed for Co in 8 ML Co/28 ML Fes0oMneo/Cu(001), as shown in
Figure 5. 8, by an angle-dependent measurement of the XMCD contrast the magnetization direction
has been determined as <110>, and not along [001], as expected for Co coupled to an AFM
Fe40Mneo layer.

We investigated several Co/FexMn1+/Cu(001) samples, however in, all of these the Co layer was

magnetized along <110>. The problem of sample could be due to the bad pressure during deposition.
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Summary and outlook

The static magnetic properties of FM/Mn/FM (FM: Ni, Co) trilayers epitaxially grown on a Cu(001)
single crystal have been investigated in detail. The bottom FM film as well as the Mn film exhibit
a layer-by-layer growth mode deduced from the oscillations in the medium energy electron
diffraction intensity recorded during deposition. The AFM 7y phase of expanded-fct Mn is
demonstrated by low energy electron diffraction I(V) curves after deposition of Mn on Co/Cu(001).
The magnetic behavior of the trilayers has been studied by magneto-optical Kerr effect (MOKE)
measurements and photoelectron emission microscope (PEEM) experiments with x-ray magnetic
circular dichroism (XMCD) as magnetic contrast mechanism. Laser-induced dynamic magnetic
properties of Co/Ni/Cu(001) have been studied using PEEM with time-delayed pump (fs laser) —
probe (X-ray) measurements. The following main results have been obtained:

For the Co/Mn/Co system: 1), it was found that trilayer samples, and particularly those with filled
last atomic layer of the bottom Co layer, show a higher onset thickness of Mn for AFM order (zarm)
at RT compared to Mn/Co bilayer samples, for example, farm is 3.4 (4.0) and 4.1 (4.8) ML for 10.0
(10.5) ML bottom Co film thickness in Mn/Co bilayers and Co/Mn/Co trilayers, respectively. At a
Mn thickness above tarm, He of bilayers with filled bottom Co layer increases as a function of Mn
thickness until 8-10 ML Mn thickness, after which it then stays about constant until 14 ML Mn
thickness, for example, 60 mT for 11 ML Mn/10.0 ML Co. H. of bilayer samples with half-filled
bottom Co layer in contrast, shows a sharp maximum at around 5-6 ML Mn thickness and then
strikingly decreases up to 14 ML Mn thickness, for example, 10 mT for 11 ML Mn/10.5 ML Co.
We conclude that the FM/AFM coupling is stronger for integer atomic layer filling at the interface.
All samples with Mn thicknesses above 6-7 ML showed a small exchange bias of <10 mT with a
relatively larger error. ii), Above 8-10 ML Mn thickness, magnetization loops with two separate
steps have been observed in trilayers with bottom Co layer thicknesses of 8.0, 9.6, 10.0, 15.0, and
20 ML. These decoupled loops start at lower Mn thickness for higher top Co layer thickness as well
as for lower sample temperature. For the decoupled loops, the step with lower coercivity

corresponds to the top Co layer, the one with higher coercivity to the bottom Co layer. This could
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be related to the interface roughness. The interface between Mn and bottom Co layer is smoother
than that between the top Co and the Mn layer, such that the bottom Co layer shows a higher
coercivity due to stronger FM/AFM coupling. However, magnetization loops with only one step
were observed in Co/Mn/10.5 ML Co trilayers. This could be due to similar coercivities of the
bottom and top Co layers, which could lead to a merging of the magnetizations reversals. iii), the
coercivity and remanence of the top Co layer show an oscillation with 1 ML period as a function of
the Mn layer thickness, which we attribute to roughness oscillations at the upper Co-Mn interface
induced by the layer-by-layer growth of Mn on Co. The strength of the direct exchange coupling
between the two Co layers, by the AFM Mn layer deduced from minor-loop measurements, exhibits
an oscillation with a period of 2 ML Mn thickness in the range of 0-15 uJ/m?. Comparing three
different bottom Co layer thicknesses (9.6, 10.0, 15.0), the interlayer exchange coupling energy is
independent on the interface roughness and the thickness of the top Co layer. iv), a long-period
RKKY-type oscillatory coupling was observed with a periodicity of ~5.6 ML of Mn thickness with
antiferromagnetic maxima at 2.5, 8.2, 13.7, 19.2 ML Mn thickness. The first AFM coupling
maximam at unexpectedly low Mn thickness could be also linked to an FM-AFM phase coexistence
in the Mn layer. The RKKY coupling energy at the second maximum is -33.8 pJ/m? for both 15 ML
and 10 ML Co top layer on Mn/10.0 ML bottom Co layer. From estimating the relative weight of
RKKY and direct exchange coupling contributions to the antiferromagnetic coupling at the third
and fourth antiferromagnetic maximum, it seems that both contribute about equally.

For the Ni/Mn/Co system: 1), The Ni layer shows layer-by-layer growth on the Mn/Co film, the
p(1x1) LEED pattern of 15 ML Ni/15.1 ML Mn/10.0 ML Co presents a lower contrast than that of
Cu(001), indicating a rougher surface roughness. From the PEEM data of 15 ML
Ni/Mn/Co/Cu(001), big domains with in-plane magnetization were found in the Co layer for all the
samples. Stripe domains with out-of-plane magnetization were observed in the Ni layer for thicker
spacer layer (15 ML Ni/25 ML Mn/Co). With decreasing spacer layer thickness (4-5 ML), the
domain size in the Ni layer is getting bigger, similar as the Co domains. Some regions with
antiparallel coupling between Ni and Co layers are found. In the 15 ML Ni/15 ML Co bilayer,
identical domains with four different grayscale contrasts were observed in both the Ni and Co layers
due to the strong direct coupling. ii), the longitudinal MOKE results showed that zarm is increased

by the deposition of 15 ML Ni on Mn/10.0 ML Co from 4.0 ML to 4.6 ML Mn thickness. Above
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tarM, the Hc 1s higher in the trilayer than in the bilayer, which is similar to the case of 5 ML Co on
Mn/10.0 ML Co. Considering the coercivity, it seems that the top 15 ML Ni layer acts like another
5 ML Co layer on the bilayer. farm of the trilayer in polar MOKE shows a nearly the same value
(4.7 ML). Combing the zarm results of Co/Mn/Co/Cu(001) and Ni/Mn/Co/Cu(001), the top Co or
Ni FM layer will upshift the valued farm, for example, from 4.1 to 4.7 ML Mn thickness in 10 ML
Co/Mn/ 10.0 ML Co and 15 ML Ni/Mn/10.0 ML Co samples. This shifted zarm is independent of
whether there is an in-plane or out-of-plane magnetization configuration.

For the (Co/)Ni/Mn/15 ML Ni system: 1), the top Ni layer shows two MEED oscillations during
deposition on a Mn/15 ML Ni bilayer. This indicates that the top Ni/Mn interface is smoother than
the Mn/bottom Ni one. ii), for polar MOKE, the Mn/15 ML Ni and 20 ML Ni/Mn/15 ML Ni samples
show the same 7arm of 3.2 ML, while tarm for 5 ML Co/20 ML Ni/Mn/15 ML Ni is increased to 3.8
ML. Combining the data from Co/Mn/Co and Ni/Mn/Co, a), if the bottom FM layer has in-plane
magnetization, the presence of the top FM layer increases farm. b), if the bottom FM layer has out-
of-plane magnetization, farm of trilayer and bilayer are the same only if the top layer has also out-
of-plane magnetization. This could be related to a 2D spin configuration in Mn with in-plane
direction. The coupling between the Mn spin structure and the adjacent FM layer could then be
different for different magnetization directions of the FM layers, i.e., the Mn/FM interface spin
structure is influenced by the spin direction of the FM layer. The coupling or interaction across the
interface is stronger with an adjacent FM layer with in-plane magnetization. iii), above 8 ML Mn
thickness, two steps are observed in the magnetization loops, where the step with the lower
coercivity corresponds to the bottom Co layer, and the one with higher coercivity to the top Co
layer. As discussed before, the interface roughness between Mn and the bottom Ni layer is higher
than that of the top Ni/Mn interface. Here the rougher interface roughness shows the lower
coercivity, which indicates a weaker coupling at the rougher interface. This result is consistent to
Co/Mn/Co trilayer data as well as the Mn/filled Co and Mn/half-filled Co layer bilayer result. iv),
after deposition of 5 ML Co on 20 ML Ni/Mn/15 ML Ni, the coercivity of polar MOKE
measurement is higher than that of Mn/15 ML Ni as well as that of the bottom layer of 15 ML
Ni/Mn/15 ML Ni. This higher H. could be attributed to canted spins in Mn or in the bottom Ni layer
induced by the coupling to the in-plane Co layer. For the longitudinal MOKE results, the behavior

of H. is similar to Co/Mn/Co trilayers with half-integer number of atomic layers in the bottom Co
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layer. v), in our Ni/Mn/15 ML Ni trilayers, neither the direct coupling nor the RKKY-type coupling
were found in these samples.

Combining the MOKE results of the FM/Mn/FM samples, 1) FM layers with smoother interfaces
with Mn show a higher coercivity than FM layers with rougher interfaces. 2) The coupling between
the Mn and adjacent FM film is dependent on the in-plane or the out-of-plane magnetization in the
FM layer. The higher tarm is found in Mn/Co than the Mn/Ni bilayer, this could be due to the in-
plane spins in Co layer is more efficient to reduce the effective Mn thickness by alloying or
proximity effects at the interface. This interface effect is more obviously in the smoother surface
between Mn and Co layers, i.e., the onset of antiferromagnetic order of Mn starts later in filled
topmost atomic layer of bottom Co film.

0-5 ML Co/15 ML Ni bilayers on Cu(001) have been investigated in detail. The spin-reorientation
transition (SRT) between out-of-plane and in-plane magnetization was imaged by PEEM. The
domain structures near to the SRT were more easily changed by the laser irradiation than in other
regions. These change were irreversible. The response of the magnetization in the Co layer to the
laser pulse excitation shows a slower recovery close to the SRT after demagnetization, probably
due to a lower Curie temperature.

The FM/wedged Mn/FM can be future studied by PEEM in detail, from the XMCD contrast we
can estimate the coupling angle between the two FM layers. The surface roughness of the Mn/FM
could be investigated by scanning tunneling microscope. Combining with the MOKE data, we can
get a full understanding of the coupling of these system. For the magnetic dynamic studying, Ni/Co
system for example, both the Ni and Co signals should be recorded in the PEEM experiment. The
system with simple domain structures should be an alternative choice to study laser-induced
dynamic, which will increase the signal-to-noise ratio. This precession results should be compared
to other data from high-frequency measurements, like ferromagnetic resonance, time-resolved

MOKE.
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