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Abstract

This thesis deals with magnetic exchange interactions in thin ﬁlm magnetic
materials focusing on phenomena related to intrinsic parameters of magnetic,
structural and chemical order. In particular, the investigation is of two magnetic thin ﬁlm systems, a Cu0.94 Mn0.06 /Co multilayer displaying a temperaturedependent magnetic ordering due to exchange coupling originating from dilute
paramagnetic Mn spins, and thin ﬁlms of chemical order modulated FePt3 ,
showing a unique self-exchange bias eﬀect. Detailed real-space models of the
magnetic structure are obtained using polarized neutron reﬂectometry and
high-angle neutron diﬀraction, speciﬁcally chosen to probe interface and bulk
magnetic characteristics, respectively, in connection with complementary structural and magnetic characterization tools.
It will be discussed, how the random distribution of dilute magnetic impurity
centers in the Cu0.94 Mn0.06 /Co multilayers leads to a temperature-dependent
interlayer exchange coupling with a strong biquadratic component. This manifests in an in-plane magnetic domain structure with a canted magnetization,
i.e. a deviation from collinear alignments of external magnetic ﬁeld and magnetization. The domain magnetizations show a high degree of vertical correlation
in the form of columns throughout the multilayer, in which the sense of canting alternates in sign for each subsequent magnetic layer. Detailed analysis of
temperature and ﬁeld dependences of the magnetic structure lead to fundamental exchange energies, which are utilized in constructing a phenomenological
model of exchange interactions between dilute magnetic impurities and the
ferromagnetic layers.
In addition to this, the second study deals with the eﬀect of chemical order
of the constituent atoms in the alloy FePt3 on the magnetic order on atomic
and sub-micrometer scales. Depending on the long-range chemical order, ferromagnetic or antiferromagnetic grains exist below the respective transition
temperatures. As such, the system constitutes a new way of controlling the
magnetic composition of thin ﬁlms without changing the materials composition, stoichiometry or lattice structure. The interfacing of the two magnetic
grains leads to the observation of a unique self-exchange bias eﬀect. Based on

studies in thin ﬁlms of FePt3 with varying degree of chemical order and the evolution of exchange bias with respect to interface and volume of the chemically
ordered grains, a mono-stoichiometric FePt3 ferromagnetic/antiferromagnetic
multilayer is presented. Analysis of the magnetic structure in the artiﬁcially
layered thin ﬁlm elucidates the magnetic composition and origin of the observed
exchange bias. Due to the unique mono-stoichiometric structure, the system
opens possibilities to study magnetic phenomena in perfect lattice-matched
systems.
While diﬀraction is used to investigate the atomic antiferromagnetic ordering, polarized neutron reﬂectometry is used in both investigations to provide
a depth-resolved layer-magnetization throughout the interfaces. In addition,
oﬀ-specular scattering is observed and analyzed in detail, which evaluates the
lateral magnetic domain structure parallel to the interfaces. A separate chapter
of this thesis deals with the commissioning of the instrumental setup enabling
neutron polarization-dependent studies on the time-of-ﬂight neutron reﬂectometer PLATYPUS at the Bragg Institute of the Australian Nuclear Science
and Technology Organisation (ANSTO). A detailed description of individual
components, decoupled polarization eﬃciencies, data acquisition and reduction
is presented. The high degree of polarization (∼99%) over a broad wavelength
spectrum enables magnetic characterizations with a sensitivity of reﬂectivity
signals down to R ∼ 1 × 10−6 .
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1

Introduction: Magnetism and Order in Thin Films
and Multilayers

The understanding of magnetic interactions on length scales comparable to fundamental
exchange distances and of the interplay between structure and magnetism is in the focus of contemporary condensed matter research aiming for modiﬁcation and control of
materials properties [175, 288]. The exploration of such fundamental physical properties
is enabled by advanced thin ﬁlm preparation techniques, which has led to the opportunity to study magnetic correlation phenomena in a broad range of highly sophisticated
material structures and compositions [14, 141, 142, 143]. The success on the “ﬁeld” of
artiﬁcially created magnetic nanostructures has been most prominently featured by the
award of the Nobel prize in physics in 2007 to P. Grünberg and A. Fert for their independent discoveries of the giant magnetoresistance (GMR) eﬀect [17, 26] and is continuously
reﬂected by the rapidly growing branch of technological devices, the so-called spintronics
[15, 61, 347]. The challenge consists of creation, understanding and tailoring of magnetic
materials properties, spatially conﬁned to nanometer length scales [14, 87], most often with
possible technological applications in mind [177, 228, 232]. Next to the crucial behavior
of physical properties due to 3D conﬁnement, intrinsic parameters of structural quality,
chemical composition, chemical and magnetic order, and purity of the system play an important role. This general statement can be substantiated by the fundamental concept of
magneto-electronics, which is based on scattering of conduction electrons from defects, the
most apparent being the interface between two materials with diﬀerent magnetizations.
The interface, containing parameters of the constituent materials, including structural and
electronic commensurability, diﬀusion, short- and large-scale roughness, or lateral correlations, therefore plays a key role in the physical behavior of the system under investigation
1
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and functions as an anchor point for tunability and precise control. Other forms of defects
can occur in the form of additional scattering centers due to impurities and magnetic order/disorder within the “bulk” of the thin layers. All of these aspects essentially play a role
in all three dimensions of the thin ﬁlm structure and it is therefore important to consider
both the structural and magnetic order parallel and perpendicular to the growth direction.

The content of this thesis focuses on the understanding of magnetic phenomena, in particular interlayer exchange coupling (IEC) and the exchange bias (EB)1 eﬀect, in thin ﬁlm
structures, with speciﬁc focus on the interplay between diﬀerent forms of order and magnetism. The following Sections 1.1 and 1.2 provide an outline of the chapters contained in
this thesis. Section 1.3 introduces IEC in magnetic multilayers with ferromagnetic (FM)
layers separated by non-magnetic spacer layers and outlines the exchange energy contributions important for consideration of exchange coupling through disordered dilute magnetic
impurities. A broad overview of the existing models, phenomenology and observation of
EB will be presented in Section 1.4. Experimental conclusions presented in this thesis are
to a large fraction obtained by neutron scattering techniques, which will be introduced in
Chapter 2 and extended in Appendix B [Chapter 7] with the discussion of the polarized
neutron reﬂectometer PLATYPUS.

1.1 Interlayer Exchange Coupling Through Random Magnetic
Impurities in Cu0.94 Mn0.06 /Co
Random dilute magnetic impurities, located in the spacer layer of a Cu/Co multilayer
will be shown to have a crucial impact on the temperature-dependent magnetic structure.
Such an inﬂuence of dilute spin centers and the eﬀect on the underlying exchange coupling in the host material is crucial for many novel materials classes, the most prominent
examples being metallic heterostructures [2, 110, 296], dilute magnetic semiconductors
[75, 76, 137, 218, 219] and oxides [65] or insulators [1]. The importance of magnetic
impurities exceeding the case of metallic multilayers is further underlined by recent investigations of impurity-mediated coupling in half-metallic Heusler alloys [37, 38, 259],
ferromagnet/semiconductor heterostructures [301, 333], dilute magnetic semiconductors
[64, 131, 150, 154], doped insulators [34, 335, 336] and self-assembled nanoparticles within
the multilayer structure [199].

The descriptions presented in this thesis concentrate on the case of metallic multilayers, in particular, a Cu0.94 Mn0.06 /Co multilayer and the IEC mediated by the dilute Mn
impurities [Chapter 3]. Motivation for the choice of Mn dilutions in the Cu spacer layer
1
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is given by the observations of temperature-dependent magnetic eﬀects through magnetotransport studies [135]. The investigations in Chapter 3 show that a random distribution
of the impurity centers within the spacer layer leads to measurable eﬀects on the magnetic
structure and Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, leading to a magnetically ordered state arising from purely disordered impurity centers [256, 257]. The
full magnetic structure, temperature and ﬁeld dependencies are only accounted for by
taking into account all directions of the impurity-mediated IEC, across and parallel to
the interfaces. Following a more detailed introduction to the Cu/Co multilayer system, a
comprehensive structural and magnetic characterization will be presented. Conventional
magnetometry and polarized neutron reﬂectometry (PNR) as well as oﬀ-specular scattering are used to analyze volume and layer-resolved magnetic structures. The analysis leads
to a 3D real-space vector model of a canted magnetization within lateral domains showing
high vertical correlation with antiferromagnetic (AFM)-like structure. The observation of
the magnetic domains highlights the importance of the lateral dimension in the ﬁlm plane.
Although the dilute Mn impurities are not observable with PNR due to limitations in the
sensitivity of the technique, the interaction between the impurity spins and the FM layers manifests in the temperature-dependent magnetic structure of the ferromagnet, which
is quantitatively investigated and connected to diﬀerent contributions to the biquadratic
coupling. The measurements are supported by studies of the magnetic behavior of the Mn
spins using polarized x-ray techniques.
From the analysis of the magnetization and its temperature and ﬁeld dependence, fundamental IEC constants are derived and compared to a newly developed model that takes
into account the 3D positional disorder of the impurity atoms. Based on a single parameter set for the underlying RKKY-type interaction, the model includes exchange energies
from coupling through paramagnetic spins, the so-called loose spin coupling, and a lateral
ﬂuctuation component leading to an additional energy term in the biquadratic coupling.

1.2 Self-Exchange Bias due to Chemical Order in FePt3
Amongst the many phenomena of magnetic exchange coupling, the occurrence of exchange
bias takes a special case and has been investigated with particular focus since its observation in the 1950’s [185, 186]. Phenomenological, the eﬀect is observed in FM/AFM
heterostructures through a shift in the magnetic hysteresis loop along the applied ﬁeld
axis upon cooling in an applied ﬁeld, strong enough to align the ferromagnet, through the
Néel temperature of the antiferromagnet. Recent experiments generalize the requirements
of AFM materials through observations of EB by using a spin-glass [2, 342] and under
zero-ﬁeld cooling conditions [327]. Many of today’s technological devices, such as data
storage media and readout sensors make use of EB as it provides a pinning eﬀect for a FM
layer in spin-valve GMR multilayers [61, 228, 245]. Extensive reviews of the eﬀect can be
3
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found in the literature [23, 134, 210, 211, 245, 287], while the experimental observation of
EB extends over several hundreds of publications in the past four years1 . The most recent
model for EB has been presented by O’Grady et al., whose conclusions are based on AFM
reversal in single domains in polycrystalline thin ﬁlms [216]. No attempt is made in this
thesis to review the full development of EB and material classes involved, but only a brief
introduction into the basic concepts is presented in Section 1.4. Although it is generally
agreed that the occurrence of EB is due to, but by no means restricted to, an interfacial
pinning eﬀect at the boundary between the two diﬀerent magnetic materials, quantitative
descriptions of the eﬀect remain a topic of controversy [245, 287]. To a great extent, this
is due to the large amount of parameters involved, the vast number of samples and sample
shapes studied, such as nanoparticles, polycrystalline, or epitaxial thin ﬁlms, and by the
experimental procedure [216]. The problem of the experimental procedure was addressed
by O’Grady et al., who proposed a measurement protocol for reproducible measurements
of EB [216].

In Chapter 4, a diﬀerent approach to the artiﬁcial magnetic modulation of materials
properties and the creation of the EB eﬀect is presented. From the existing studies on EB,
which are without exception based on combinations of two diﬀerent materials, it can be
concluded that the interface, in particular the interface roughness, plays an important role
in the amount of the observed EB. Therefore, it would be desirable to remove structural effects of the interface and of the commensurability of AFM and FM materials and to study
AFM/FM composite systems that are as structurally well deﬁned as possible [156]. The
example presented in this thesis utilizes a chemical order-disorder eﬀect to create a magnetically modulated FM/AFM structure, consisting of only one material species [255, 258].
The two magnetically ordered phases can coexist in FePt3 , where chemical disorder leads
to ferromagnetism and chemical order results in AFM order [13]. As demonstrated in
this work, the ratio between FM and AFM volumes can be tailored, either in the form of
grains within an epitaxial ﬁlm or in artiﬁcial multilayers, leading to a mono-stoichiometric
AFM/FM exchange-biased system.

Following a brief overview over the speciﬁc properties of FePt3 and chemical order-disorder
transitions in Chapter 4, two examples of magnetic modulations in FePt3 will be introduced. First, thin ﬁlms of FePt3 will be discussed, in which a diﬀerent growth temperature
leads to diﬀerent degrees of chemical order and consequently to diﬀerent volume fractions
of AFM and FM grains. The samples will be investigated using x-ray scattering, in order
to conﬁrm the chemical ordering and epitaxy, and conventional magnetometry, in order
1
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to elucidate the occurrence of EB. High-angle neutron diﬀraction is used to unambiguously conﬁrm the existence of antiferromagnetism connected to the chemically ordered
regions. The second example is an artiﬁcially magnetically modulated FePt3 thin ﬁlm, in
which chemically ordered regions are separated by the application of a growth-temperature
modulation. Correlations between EB and magnetic, as well as structural order are examined by similar means as used for the composite ﬁlms. In addition, PNR is used to
prove the successful FM/AFM layering within an epitaxial ﬁlm. Unlike existing studies
of EB, FM/AFM interfaces of diﬀerent magnetic structure are created within a monostoichiometric epitaxial material. The magnetic behavior of the composite ﬁlms and the
artiﬁcial multilayer is compared in the conclusions of Chapter 4, which summarizes major
observations and draws connections to existing models.

1.3 Interlayer Exchange Coupling: RKKY and Frustration
In general, the phenomenon of IEC between two FM materials separated by a non-magnetic
spacer layer constitutes the centerpiece of many current spintronics devices, as it is oﬀering a new magnetic sensitivity in magnetic data processing and sensors [229, 232, 233].
The technological interest is driven by a large number of tunable physical properties by
changing material, structure or composition of the heterostructure [54, 55, 195, 345]. The
question arises regarding the basic form of IEC in view of the consequences of composition,
interface structure and of the presence, order, and inﬂuence of magnetic impurities. The
remainder of this section will brieﬂy introduce the basic concepts of IEC. This conceptual
introduction is kept independent of the speciﬁc composition, with further details on the
case of Co/Cu multilayers presented in the beginning of Chapter 3.
Phenomenological, the coupling between two FM layers separated by a non-magnetic metal
spacer is described by the energy expression [73]
Eexch = −J1 (m1 · m2 ) + J2 (m1 · m2 )2
= −J1 cos(φ) + J2 cos2 (φ)

(1.1)

.

In Eq. 1.1, m1 and m2 denote the unit vectors of the magnetization in the respective ferromagnets F1 and F2 , oriented at an angle φ with respect to each other [Fig. 1.1][73]. J1 and
J2 are the bilinear and biquadratic exchange coupling coeﬃcients, of which J1 describes
the most commonly observed form of AFM coupling (J1 < 0) or FM coupling (J1 > 0).
Bilinear and biquadratic coupling can be caused by various mechanisms of intrinsic and
extrinsic nature, while here only the origins relevant within this thesis shall be considered.
First, the typical origin of J1 is introduced, the biquadratic term J2 will be discussed later.
The most basic form of IEC is the RKKY interaction, based on an exchange-ﬁeld from the
ferromagnets imposed on the conduction electrons of the spacer layer material [122, 251,
5
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Figure 1.1: (a) Perspective side view and (b) top view of magnetization directions in an
exchange coupled FM/spacer/FM trilayer structure. The magnetizations M 1 and M 2 of the
ferromagnets F1 and F2 , respectively, enclose and angle φ with respect to each other.

341]1 . In metallic multilayers, the interaction leads to the observation of a spacer layer
thickness dependent oscillation between FM (parallel) and AFM (antiparallel) alignment
of the magnetic layers [80]. Already early observations of such oscillatory spacer layer
thickness behavior in diﬀerent metallic systems [58, 99, 168, 233] have been interpreted
within the concept of RKKY coupling [18, 80, 339].

Within the RKKY theory, the eﬀective interaction between two spins Si,j in FM layers separated by a non-magnetic metal with thickness z = (N + 1)dSp (N is the amount of
atomic planes with lattice spacing dSp ), can be described by the Hamiltonian [50, 85, 105]
Hi,j = J(Ri,j )S i · S j ,

(1.2)

in which the exchange integral is given by
J(Ri,j ) =

4A2 mkF4
F (2kF R)
(2π)3 2

;

F (x) =

x cos x − sin x
.
x4

(1.3)

kF = (12π 2 )1/3 /a describes the Fermi-wavevector of the spacer material with lattice parameter a in the free-electron approximation and m the eﬀective electron mass [49]. The
amplitude A is determined by the s-d mixing interaction between the d and s electrons of
the ferromagnet and the spacer material [51]. Integration over the plane of the ferromagnets leads to a simple form of the RKKY exchange energy [50, 51],
J RKKY (z) ∼
1

d2Sp
z2

sin(2kF z) ,

(1.4)

Within the context of this thesis, it is interesting to note that the model of RKKY is originally
formulated for the case of magnetic impurity pairs in a non-magnetic host metal [85].

6

1.3. Interlayer Exchange Coupling: RKKY and Frustration
which shows an oscillating behavior with period ΛRKKY = λF /2 (λF = 2π/kF )1 . In
connection with the aliasing eﬀect [51], this indeed reproduces the oscillation periods and
z −2 decay observed in many metallic multilayers. In Eq. 1.3 and Eq. 1.4 it is important to
note that the parameters of the oscillatory RKKY coupling are primarily determined by
the properties of the spacer layer material, speciﬁcally its Fermi-surface, while amplitude
and phase of the oscillation depends on the choice of the FM material [51, 107]2 . Therefore, in order to tailor the RKKY interaction in a metallic multilayer, it is reasonable to
change the conditions in the spacer material or the interface through which the coupling
is communicated.
While the basic form of exchange coupling has been observed in a variety of material
combinations and thicknesses (see for example recent reviews [106] and references cited
above), extensive experimental studies revealed a diversity of magnetic structures and
temperature dependencies of a coupling not explained by the basic RKKY interaction.
Amongst the most important observations, also with respect to tunability of the IEC between two FM layers, is the observation of biquadratic coupling in form of the energy
J2 [109, 253, 291]. The terminology “biquadratic” originates from Eq. 1.1, in which J2 is
connected to the product of the square of both magnetizations m1 and m2 [73]. While the
bilinear term favors FM or AFM alignment with either a positive or negative sign of J1 ,
the biquadratic term J2 , within the sign convention of Eq. 1.1, is found to be positive and
leads to an energy minimum for perpendicular (i.e. φ = 90◦ ) alignment of the FM magnetizations. A possible explanation for observations of such a behavior in Fe/Cr/Fe(001)
samples [253, 324] was brought forward by Slonczewski, who attributed the presence of
biquadratic coupling to forms of disorder in the system [282].
The ﬁrst form of disorder to be discussed takes the form of lateral variations in the bilinear
coupling strength, for example RKKY-type exchange coupling, on length scales smaller
than the lateral exchange distance [107, 282], leading to a frustration of the moments
across the ﬁlm due to a variable interlayer coupling. Slonczewski introduced this form
of coupling to be caused by lateral ﬂuctuations in the spacer layer thickness in terraces
with a width L smaller than the domain wall thickness in the FM. The lateral size restriction applies because otherwise the ﬂuctuations would lead to a formation of domains with
locally diﬀerent J1 , rather than biquadratic coupling [73]. For the case of 1D lateral terraces with a step height in form of a ﬂuctuation in the bilinear coupling ΔJ1 , the resulting
1

The temperature dependence of the coupling due to the thermal broadening at the Fermi level
will be introduced in Section 3.6.2.
2
The dependence on the thickness of the ferromagnet due to spin-dependent reﬂection from the
spacer/ferromagnet interface is described in [47, 48, 290], but omitted in the discussion presented
here as the FM layer thickness will be kept constant and only variations with the spacer material
will be considered.
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biquadratic coupling energy evaluates to [73]
J2f l =

4(ΔJ1 )2 L
coth
π3A



πdF M
L


,

(1.5)

in which A is the exchange stiﬀness of the ferromagnets with thickness dF M 1 . For a simple
2D lateral ﬂuctuation with similar length scales in both in-plane directions x and y, one
arrives at [155]
J2f l,2D

(ΔJ1 )2 L
= √
coth
4 2πA


√
2πdF M
.
L

(1.6)

Note that the necessary condition for this form of exchange coupling is a lateral variation
in coupling strength, meaning the additional energy term is not restricted to interfacial
roughness or thickness ﬂuctuations, but of rather general nature [111]. For example, the
eﬀect of residual gas-impurity adsorption is shown to lead to a lateral ﬂuctuation mechanism due to inhomogeneous lateral coverage [176, 180, 181]. Further, it is not necessary for
the bilinear exchange coupling to change its sign over short distances, as the biquadratic
exchange relies solely on a ﬂuctuation in the total bilinear coupling strength [107].
The second form of disorder within a magnetic multilayer system is the presence of dilute
impurities. Those can exist in the form of diﬀusion of magnetic atoms from the FM layer
through the interface (or vice versa) [86, 103, 284] or deliberately inserted impurities within
the spacer layer [263, 264]. Slonczewski derived a model treating paramagnetic impurities
within the spacer as localized spins contributing a non-Heisenberg energy to the IEC, the
so-called loose spin coupling [283]. Loose spin coupling assumes a localized magnetic spin
S sandwiched between two FM layers whose free energy F [T, U (φ)] is determined by the
exchange ﬁelds U (φ) emanating from the two ferromagnets, e.g. RKKY-type exchange
ﬁelds as discussed above [81, 283],

F [T, U (φ)] = −kB T ln

sinh([1 + (2S)−1 ]U (φ)/(kB T ))
sinh(U (φ)/(2SkB T ))


.

(1.7)

The angle φ describes the relative orientation of the magnetizations in the ferromagnets
[Fig. 1.1], T the temperature and kB is the Boltzmann constant. In contrast to the
ﬂuctuation mechanism, both bilinear and biquadratic contributions arise, which can be
computed over the diﬀerence in free energy for parallel (φ = 0), antiparallel (φ = π) or
orthogonal (φ = π/2) alignment,
1
J1LSC = [F (π) − F (0)] ,
2

(1.8)

1
J2LSC = [F (π) + F (0) − F (π/2)] .
(1.9)
2
Both energy terms, whose total strength is determined by multiplication with the concentration of the loose spins [107], are additive to other exchange coupling energies and should
1

More general derivations of the biquadratic coupling energy J2 due to lateral ﬂuctuations can
be found in [155]
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show a strong temperature dependence. In fact, the temperature dependence was the main
argument to explain the experimental observation of biquadratic coupling in comparison
to the model [73, 92, 103, 108, 263]. Although several observations of biquadratic coupling
in systems with deliberate inclusions of magnetic impurities have been associated with a
loose spin coupling model, strong assumptions were needed to arrive at a quantitative
agreement. Those were made in the form of dilute spin clusters [108, 263], an absence of
bilinear loose spin coupling due to lateral averaging [295, 296] or unphysical large exchange
ﬁelds [110, 283]. In addition, it can be shown [155, 283] that the biquadratic contribution
is generally smaller than the bilinear term and J2LSC can only dominate at nodes in the
J1LSC oscillation for particular spacer thicknesses and coupling parameter.
Despite other mechanisms that are proposed to cause biquadratic coupling and can act
additive, such as FM coupling through pinholes in an antiferromagnetically coupled multilayer [32, 238], it can be concluded that the loose spin mechanism alone is not able to
account for the biquadratic coupling observed in systems with dilute magnetic impurities.
Therefore, in Chapter 3, an extension of the loose spin coupling in the form of lateral
ﬂuctuations will be introduced.

1.4 Exchange Bias in FM/AFM Heterostructures
The occurrence of EB is a special form of exchange coupling between two magnetic materials, which shall be discussed further in this section. The particular nature of the eﬀect
crucially depends on many parameters, such as the choice of the AFM and FM materials
(EB values range from few mT to several T [211, 216]), the individual material thickness
and shape [3, 5, 162, 216], the exchange interaction between the materials [2, 245, 287],
the structure, roughness and composition at the interface [4, 114, 144, 165, 338], including
pinned and unpinned moments [8, 42, 43, 88, 217], and the spin state of the AFM material
[129, 138, 183, 213, 267, 292, 340]. EB can be described as a unidirectional magnetic
anisotropy [245] occurring in systems of a ferromagnet in direct contact with an AFM
material. Upon ﬁeld cooling of the system through the Néel temperature, a particular
spin structure becomes imprinted in the antiferromagnet, which is based on the exchange
interaction JEB with the FM [244] and/or the AFM setting conditions of external ﬁeld
and temperature [216]. This spin structure acts as a unidirectional anisotropy during
subsequent magnetic ﬁeld reversal [30]. In addition to this, most EB systems also exhibit
an increased coercivity ﬁeld HC . The temperature, below which HEB can be experimentally observed is usually referred to as the blocking temperature TB , which is always
smaller than the Néel temperature TN of the antiferromagnet. This can be related to
the anisotropy energy of the AFM material, which increases continuously below TN , and
thermal activations in the AFM [245].
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Figure 1.2: Directions of the external magnetic ﬁeld H ext and in-plane magnetization M F
in a FM thin ﬁlm with the uniaxial anisotropy direction K F taken as reference (reproduced
from [245]).

The discovery of the loop shift dates back prior the general discovery of IEC through
paramagnetic thin layers [99] and was ﬁrst discovered by Meiklejohn and Bean [185, 186]
in Co particles with a native CoO AFM shell. Experimentally, EB is conventionally investigated using magnetic hysteresis of magnetization vs. external ﬁelds, revealing the EB
ﬁeld HEB as the horizontal oﬀset of the loop center from the origin, coercivity ﬁeld HC
increase and the general magnetization behavior of the ferromagnet. The AFM material,
due to its vanishing macroscopic magnetization, requires more elaborate techniques, such
as high-angle neutron diﬀraction or soft-x-ray scattering.
Despite its usage in technological applications and several existing numerical and analytical models describing the occurrence of EB, the fundamental origin and quantiﬁcation
is still a topic of controversy. Most of the existing treatments of EB are based on the
Stoner-Wohlfarth model [245, 293, 294] which assumes a coherent rotation of the magnetization in a material with uniaxial anisotropy. The in-plane magnetization M F follows
the minimum of the magnetic energy, for example assuming an external ﬁeld along the
easy axis (θ = [0◦ , 180◦ ] in Fig. 1.2),
E(γ) = −μ0 Hext MF tF cos(−γ) + KF tF sin2 (γ) − JEB cos(γ) .

(1.10)

The angle γ describes the orientation of M F in the magnetic layer with thickness tF
and uniaxial magnetic anisotropy K F in an external ﬁeld H ext . The term (JEB cos(γ))
describes the unidirectional anisotropy arising from ﬁeld cooling along the easy axis, which
induces a hysteresis loop shift by [245]
HEB = −JEB /(μ0 MF tF ) .

(1.11)

While Eq. 1.11 represents the basic formula for calculating HEB , it requires precise knowledge of the exchange coupling constant JEB . Further, the interface may not be atomically
ﬂat and can exhibit magnetic and structural domains. As an extension to Eq. 1.10, and
consequently to Eq. 1.11, the anisotropy energy of the antiferromagnet (KAF ) can be
10
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introduced, which makes an angle α with the magneto-crystalline anisotropy of the ferromagnet,
EAF = KAF tAF sin2 (α) .

(1.12)

This introduces the dependence of HEB to thickness of the antiferromagnet, here assumed
to have a ﬁxed long-range AFM spin order. Accordingly, there is now a minimum thickness
for the observation of EB, tcr
AF = JEB /KAF , and the HEB reaches its ideal values (Eq. 1.11)
at inﬁnite thickness of the antiferromagnet. This model is known as the Meiklejohn-Bean
model [184, 186], which gives the general expression for the exchange bias ﬁeld,
HEB = −

JEB
KAF tAF
cos (α0 − γ) = −
sin α0 .
μ 0 M F tF
μ 0 M F tF

(1.13)

The dependence on the exchange coupling strength JEB and the direction of the external
ﬁeld are contained in the rotation of the AFM spins at the coercive ﬁeld of the hysteresis
loop, denoted by α0 [245]. It was shown by several experimental studies that values for
HEB obtained by this model are too large [216]. Therefore, several attempts have been
made to ﬁnd physical explanations for a reduction of the anisotropy, either by changing the
internal spin structure or the stability of the antiferromagnet or by introducing interfacial
components, such as uncompensated spins and domain walls. For example, the condition
of a ﬁxed uniform spin structure in the antiferromagnet is removed within the Néel model
of a partial domain wall evolving in the AFM material, which compensates a fraction of
the exchange coupling energy and thus lowers the theoretically predicted values for HEB
closer to the experimental observations [134]. Without going further into the details of
EB models, most assume a domain state or imperfections in the antiferromagnet or the
interface, mesoscopic in the random ﬁeld model of Malozemoﬀ [169, 170] or microscopically
in the domain state [20, 21, 212, 213] and Mauri model [183], which was later extended
by Kim and Stamps [128, 129, 130, 286, 287]. The partial domain wall model by Kim
and Stamps, in which it is assumed that an AFM domain wall evolves at the interface
due to the interfacial coupling, does however not directly account for the experimentally
observed increase in coercivity and requires the addition of pinning centers due to defects.
In order to overcome this limitation, Radu et al. introduce a spin-glass model, which
introduces a frustrated AFM/FM interface with spin-glass behavior [244, 245]. This spinglass-like interface is similar to the model proposed by O’Grady et al. [216]. In contrast
to the bulk AFM, at the interface region rotatable and frozen spins coexist and give
rise to an increased coercivity. Similar to the partial domain wall model, imperfections
and defects are introduced at the interface to explain the existence of such a spin-glass
phase. Common to most of the existing models is that the interface takes the crucial
role of communicating the exchange anisotropy between the FM and AFM material. This
argument is a center motivation in Chapter 4, which will investigate EB eﬀects based on
purely magnetic interfaces and will connect to the models above.
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Experimental Techniques

In order to investigate the correlative eﬀects between structure, order and magnetism in
nanostructured materials, a sensitivity on magnetizations on micrometer and nanometer
length scales is required well below the surface and across interfaces [14, 222]. Neutron
scattering techniques have become widely employed in the research of magnetic thin ﬁlms
in recent decades [343] and form the main investigation technique in this thesis. Beside the
investigation of the intriguing eﬀects of dilute magnetic impurities and chemical order, this
thesis reinforces [87, 166, 222, 345] the strength of (polarized) neutron scattering techniques
as a unique probe of magnetism on the nanoscale. In addition to the research part of this
thesis, the time-of-ﬂight (TOF) neutron reﬂectometer PLATYPUS will be introduced and
discussed in relation to the expansion to the capability of neutron polarization dependent
studies [Chapter 7], enabling a directional layer-sensitive magnetometry of magnetic thin
ﬁlm and multilayer materials [254].

2.1 (Polarized) Neutrons as a Probe for Magnetism
Next to a wavelength in the range applicable for investigating atomic and mesoscopic
distances, the neutron possesses a high magnetic moment, which makes it an excellent
tool to study magnetism. Since the interaction of the neutron with the material is weak,
neutron scattering represents a non-destructive probe with high depth penetration, suitable to study volume magnetic phenomena below the surface and across interfaces. Due
to vast improvements in instrumental concepts and data analysis, magnetic sensitivity of
very low amounts of materials is achieved on regular basis [87]. Other techniques with
a similar magnetic sensitivity, such as magnetic force microscopy, scanning electron microscopy or polarized x-ray scattering are surface sensitive and do not provide insight into
the magnetic structure of buried moments in layers or interfaces [125]. Volume averaging
13
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techniques, such as conventional magnetometry using vibrating sample magnetometry or
superconducting quantum interference device (SQUID) methods, provide only the volume
average without any spatial information.
PNR, in particular, overcomes this limitation and reveals depth-resolved magnetization
structures well below the surface. High spin-polarization is achieved on a regular basis using polarized supermirrors [140, 250]. Due to the dipole interaction of the neutron with the
magnetic moment, magnetization-vector proﬁles can be obtained in thin ﬁlm and multilayer samples [343]. A special form of neutron reﬂectivity is the observation of oﬀ-specular
scattering, probing the lateral component of the structure and magnetization in the plane
of the sample, parallel to the interfaces. The technique has been successfully used to
elucidate the layer-resolved vectorial magnetization proﬁle [124] in magnetic multilayers
[133, 278], including the observation of lateral domain states [148, 149, 152, 153, 234]
or artiﬁcially lateral patterned systems [91, 305, 306, 307, 308]. PNR is highly sensitive
to interface magnetizations [19, 249, 325, 326], diﬀusion [132, 227] and roughness [146, 235].
A particular challenge arises in studying AFM materials, which have no macroscopic
magnetization. Here, high-angle neutron diﬀraction can be used to measure spin correlations on atomic distances [346] due to the eﬀective magnetic sub-lattice with half-order
periodicity as compared to the structural lattice. High-angle neutron diﬀraction has a
large momentum transfer and probes the structural and magnetic properties on atomic
length scales. While the technique is heavily used on powdered and single crystal bulk
materials, its utilization in thin ﬁlm materials is restricted due to the small amount of
material provided [271]. However, due to the high magnetic sensitivity and instrumental
improvements of novel spectrometers [222], magnetic diﬀraction of textured or epitaxial
ﬁlms [95] can be performed and reveals the magnetic ordering [36, 79, 151], magnetic moments [90, 126, 270], transition temperatures [255, 334] and axial strain [95] within the
thin ﬁlm. High-angle neutron scattering is the only technique to investigate atomic AFM
periodicities and ordering directions within the bulk of the material.
While PNR has been used in both projects presented in this thesis in order to elucidate the depth-resolved magnetic structure, high-angle neutron scattering has been used
in epitaxial FePt3 ﬁlms in order to elucidate the AFM ordering and transition temperature.
In general, complementary techniques are required to unambiguously separate structural
and magnetic information. Such complementary structural investigations are mainly performed with x-rays, whose scattering theory is based on the same optical aspects as the
neutron techniques. Magnetic information is obtained with widely available magnetometry techniques in Physical Property Measurement Systems (PPMS), providing Vibrating
Sample Magnetometry (VSM) and AC susceptibility, and in SQUID magnetometers.
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2.2 Polarized Neutron Reﬂectometry (PNR)
PNR has become a well acknowledged technique for the investigation of magnetic thin ﬁlm
materials and extensive reviews covering descriptions of the basic principles towards full
theoretical evaluations of the technique can be found in the literature [7, 45, 46, 83, 87, 89,
167, 222, 314, 344]. The following description concentrates on spin-dependent reﬂectivity
from magnetic samples. In addition, only the key aspects are captured [344] to aid the
understanding of the technique and results presented in Chapters 3 and 4.

The general principle of a PNR experiment is illustrated in Fig. 2.1a, in which a polarized neutron beam with polarizations P collinear to the external ﬁeld direction Hext
impinges onto the magnetic thin ﬁlm surface under shallow angles of incidence αi . Only
elastic scattering events are considered, i.e. the energy of the neutron E =
served. The spin-dependent reﬂectivity is deﬁned in the polarization channels

2 k02
2mn is conR++ , R−− ,

R+− and R−+ , in which the ﬁrst superscript describes the direction of the incoming and
the second superscript the direction of the outgoing neutron polarization. The orientation of the neutron spin is labeled with (+) for parallel and (-) for antiparallel alignment

Figure 2.1: (a) Schematic of a PNR experiment with a polarized neutron beam incident
onto the sample surface under an angle αi . After interaction with the sample, neutrons are
scattered into outgoing angles αf , which deﬁnes the momentum transfer Q = ki − kf between
the wave vectors of the incoming and scattered neutron beam (b).
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with respect to the external magnetic ﬁeld. Neutron spin channels with no change in the
polarization upon reﬂection will be introduced as non-spin-ﬂip (NSF) channels, while a
change in the polarization direction denotes spin-ﬂip (SF) scattering, whose intensity will
be shown to be proportional to the magnetization component perpendicular to the neutron polarization. Depending on the angle of incidence and the structure of the sample,
neutrons are reﬂected under scattered beam angles αf with respect to the sample surface.
A plane wave model with an incident wave vector |ki | = 2π/λ [45], and an outgoing wave
vector kf is shown in Fig. 2.1b. Note, while in Fig. 2.1a the outgoing angle αf is used
to characterize the scattered neutron beam, in the plane wave model the conventional
scattering angle 2θ is used. Both notations are equivalent, but within the discussion of
PNR αf will be used to illustrate some peculiarities of PNR regarding the direction of the
momentum transfer Q = kf − ki .
Figure 2.2 summarizes the notations for the incoming and scattered neutron waves and the
directions of external ﬁeld and in-plane sample magnetization. The momentum of the incoming neutron wave can be separated into an in-plane component κi and an out-of-plane
component ρi . Neutron waves reﬂected from the surface are separated into the momentum
transfers κx and κy in the plane of the sample and ρf along the direction normal to the
sample surface.

Specular reﬂectivities are deﬁned under the condition of an in-plane momentum conservation law κi = κx and κy = 0, leading to the condition αi = αf . Therefore, the momentum

Figure 2.2: 3D schematic model of the neutron reﬂection process. ρi and κi are the vertical
and longitudinal projections of the incoming wave vector ki of the neutrons. The reﬂected
wave is described by projections ρf , κx and κy . The neutron polarization P is displayed in
the plane of the sample parallel to the external ﬁeld H ext . The magnetization M of the thin
ﬁlm is indicated with the two in-plane components M|| , parallel to the external ﬁeld H ext ,
and M⊥ , perpendicular to H ext (reproduced from [344]).
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transfer component QZ normal to the sample surface is given by
QZ = ρi − ρf = 2ρi =

2π
· (sin αi + sin αf ) .
λ

(2.1)

Eq. 2.1 illustrates two possibilities to scan the momentum transfer normal to the surface,
either by scanning the angle of incidence within a monochromatic reﬂectometer [Section
2.3.1] or by varying the wavelength λ in a TOF instrument [Chapter 7].
Lateral periodicities in the plane of the sample can break the translational symmetry
and lead to an in-plane momentum transfer QX , for which κi − κx = 0 and therefore
αi = αf . Such in-plane momentum transfers are called oﬀ-specular scattering, with
QX = κi − κx =

2π
· (cos αf − cos αi ) .
λ

(2.2)

Here, no grazing incidence diﬀraction is considered, which involves a momentum transfer
in the third direction QY . This form of scattering is not observed due to the relaxed
collimation Δθy along the corresponding direction θy . Therefore, the momentum transfer
κy can be neglected.

2.2.1

Specular Reﬂectivity (αi = αf )

In three dimensions, the neutron plane wave Ψ(k, r) = eikr satisﬁes the time independent
Schrödinger equation [188],



2
−
 + V (r) Ψ = EΨ ,
2mn

(2.3)

in which V (r) = V (x, y, z) deﬁnes the interaction potential of the neutrons with mass mn
and the medium. Specular reﬂectivity assumes no material-density ﬂuctuations V (x, y)
in the plane of the sample, i.e. the potential is presented as a step function of the depth
variable z. For this condition, the neutron wave function Ψ(k, r) can be factorized to
the product Ψ(k, r) = exp(ik(x, y)r(x, y))Ψ(z), in which k(x, y) and r(x, y) represent the
respective in-plane wave vector and radius projections.
The nuclear part of the interaction potential,
Vnuc =

2π2
mn

n

,

is proportional to the scattering length density (SLD),

n
= N bn =
Ni bn,i ,

(2.4)

(2.5)

i

in which Ni is the atomic number density and bn,i the nuclear coherent scattering length
of the ith -isotope in the material1 . Owing to its magnetic moment μ, the neutron interacts
1

In contrast to the scattering length for x-rays, which shows a linear behavior with an increasing
number of electrons, bn varies substantially across the table of elements and therefore oﬀers diﬀerent
contrasts as compared to x-ray reﬂectometry [74, 311].

17

CHAPTER 2. EXPERIMENTAL TECHNIQUES
with the magnetic induction B of the sample [191], which provides a Zeeman potential
with corresponding operator
V̂m = −(μ̂ · B) .

(2.6)

The operator μ̂ = γn μn σ̂ contains the gyromagnetic ratio γn = −1.913 of the neutron and
the nuclear magnetron μn . σ̂ is the Pauli spin operator acting in a 2D spin space [167, 188,
344]. In all cases discussed herein, the magnetic ﬁeld, which is the same inside and outside
of the sample and can therefore be neglected, is applied parallel to the sample surface. The
magnetization is M displayed in the ﬁlm plane characterized by an angle γ with respect to
the y-axis [Fig. 2.2]. Even in arbitrary directions of external ﬁeld and magnetization, the
component of the induction normal to the sample surface is continuous and therefore does
not contribute to the scattering contrast. For the case of a homogeneously magnetized
sample along the y-direction and collinear polarization P = P ey [Fig. 2.2], the neutron
polarization dependent interaction potential thus reads
V± = Vn ± Vm =
m

2π2
(
mn

n

±

m

) .

(2.7)

Ni μi ,

(2.8)

is the magnetic SLD of the material,
m

= N bm =



Ni bm,i = C

i


i

with μi in units of magnetic moment per formula unit in μB and C = mn μn μB /(2π2 ) =
2.645 × 10−5 Å/μB [89]. For the case of a ﬁnite angle γ between polarization and sample
magnetization, a matrix notation for the interaction potential is used to account for nondiagonal elements in Vm ,



 

2π2
V++ V+−
bn 0
b y bx
N
=
+
.
V−+ V−−
bx −by
0 bn
mn

(2.9)

The interaction potential can therefore be separated into diagonal (V±± ∼ (bn ± by ) =
(bn ± bm cos γ)) and non-diagonal elements (V±∓ ∼ bx = bm sin γ) and the Schrödinger
equation becomes a set of two coupled equations,
 2

Q2Z
δ
2m
−
+
V
(z)
Ψ+ (z) −
++
δz 2
4
2
 2

Q2Z
δ
2m
− 2 V−− (z) Ψ− (z) −
+
δz 2
4


2m
V+− Ψ− (z) = 0
2
2m
V−+ Ψ+ (z) = 0 ,
2

(2.10)

where the substitutions E = 2 k02 /2mn and k0 = Qz /2 have been included. The wave functions Ψ+ (z) and Ψ− (z) describe the probability amplitudes to ﬁnd a neutron polarization
either parallel (+) or antiparallel (-) to the y-direction. Therefore, if the magnetization
M inside the sample has a ﬁnite component M⊥ due to an angle γ with respect to the
polarization and non-zero elements V±∓ exist, the neutron spin starts to precess and SF
scattering occurs. The SF potentials V±∓ are purely of magnetic origin, while NSF potentials V±± contain nuclear and magnetic information on the projections M|| . Therefore,
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by measuring all four spin conﬁgurations of the reﬂectivity, involving SF and NSF from
either positive or negative incident polarization, the x-y-components of the magnetization
M can be quantitatively resolved.
Solutions of the Schrödinger Eq. 2.10 are written in the form of a superposition of plane
waves Ψ± (z) = teikz,± z +reikz,± z , for which a substitution results in two coupled equations,
Q2Z
− 4πN (bn + by )]Ψ+ (z) − 4πN bx Ψ− = 0
4
Q2
−4πN bx Ψ+ (z) + [−kz2 + Z − 4πN (bn − by )]Ψ− = 0 .
4
[−kz2 +

(2.11)

Solving Eq. 2.11 leads to two pairs of solutions,
kz,+ = ±
kz,− = ±

Q2Z
− 4πN [bn + bm ] ,
4
Q2Z
− 4πN [bn − bm ] ,
4

(2.12)

for the wave vector inside the respective medium at position z [167, 344]. Eq. 2.12 shows
that due to the magnetic media the degeneracy of the two neutron spin states is lifted,
similar to the birefringence eﬀect in optically active media, and there exist two diﬀerent
wave numbers for total reﬂection,
QZ,c± = 2k sin αc,± =

16π(

n

±

m)

=

16πN (bn ± bm ) .

(2.13)

Amplitudes of the reﬂected (r2 ) and transmitted (t2 ) waves for polarization dependent
wave functions are obtained from the boundary conditions, which, in the case for a single
homogeneous ﬁlm on a substrate leads to a matrix equation1 [29, 84, 89, 167],


t
ik3




=

cos(k2 tM )
−k2 sin(k2 tM )

1
k2

sin(k2 tM )
cos(k2 tM )



1+r
ik1 (1 − r)


,

(2.14)

relating the transmission and reﬂection coeﬃcients t and r to the (polarization dependent)
wave numbers in the respective medium (k1 = vacuum, k2 = ﬁlm, k3 = substrate) and the
ﬁlm thickness tM . Solving Eq. 2.14 leads to a reﬂectance matrix [344],

 

R+ cos2 ( γ2 ) + R− sin2 ( γ2 ) (R+ + R− ) cos( γ2 ) sin( γ2 )
r++ r+−
,
=
r−+ r−−
(R+ − R− ) cos( γ2 ) sin( γ2 ) R+ sin2 ( γ2 ) + R− cos2 ( γ2 )

(2.15)

in which the R± are the Fresnel reﬂection amplitudes for neutron polarizations parallel or
antiparallel to the magnetic induction in the ﬁlm,

R± =

QZ /2 −

Q2Z /4 − Q2Z,c±

QZ /2 −

Q2Z /4 − Q2Z,c±

.

(2.16)

1

The general expression of the transfer matrix (super-matrix) for arbitrary amounts of layers
is for example documented in [89, 167, 314].
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The resulting spin-dependent reﬂectivities for a single magnetic ﬁlm on a substrate are
1
R++ = |r++ |2 = |R+ (1 + cos γ) + R− (1 − cos γ)|2 ,
4
1
++
2
R
= |r−− | = |R+ (1 − cos γ) + R− (1 + cos γ)|2 , and
4
1
R+− = R−+ = |r±∓ |2 = |R+ − R− |2 sin2 γ .
4

(2.17)

The reﬂectivity of a multilayer with an arbitrary number of layers can be calculated by
recursive application of the transfer matrix in Eq. 2.14 with deﬁned thicknesses tM and
wave numbers in each material layer. This general matrix equation is well reported in
[29, 89, 167, 242] and is not repeated here. The evaluation of a full polarization dependent reﬂectivity from a magnetic multilayer has, however, been exercised, leading to a
simple simulation program for spin-dependent specular reﬂectivities. Figure 2.3 shows an
example of reﬂectivity simulations performed to illustrate peculiarities of spin-dependent
reﬂectometry from a perfectly ﬂat Cu/Co multilayer. A similar magnetic multilayer will
be discussed in Chapter 3, with the small but important diﬀerence of dilute magnetic
impurities within the Cu spacer layer.

Figure 2.3: Example PNR proﬁles of (a) 500 Å Co on Si Substrate, with magnetization
parallel to the neutron polarization and (b) at an angle of γ = 20◦ . (c) Example reﬂectivity of
a [Cu/Co]×30 multilayer with Co magnetizations antiparallel aligned. (d) Reﬂectivity of the
same multilayer as in (c), but instead of AFM alignment, a canting of γ = ±20◦ in subsequent
layers is simulated. Note that the simulated structure is arbitrary and canting should not occur
in perfectly ﬂat Co/Cu multilayers without impurities, but the layering is chosen similar to
the structure studied in Chapter 3, with the important diﬀerence of dilute magnetic impurities
in the spacer layer. Resulting diﬀerences to the simple simulations above become apparent in
Section 3.3.

20

2.2. Polarized Neutron Reﬂectometry (PNR)
Eq. 2.17 can be used to calculate the reﬂectivity also if a simpliﬁed version of PNR is
applied in which only the incident polarization of the neutrons is deﬁned but no spin
analysis of the scattered beam takes place. Due to the missing outgoing spin information,
no separation between NSF and SF reﬂectivities can be made and Eq. 2.17 becomes
γ
γ
R+ = R++ + R+− = |R+ |2 cos2 ( ) + |R− |2 sin2 ( ) , and
2
2
−
−−
−+
2
2 γ
2
2 γ
R =R +R
= |R+ | sin ( ) + |R− | cos ( ) .
2
2

(2.18)

The reﬂectivity of an unpolarized beam from a magnetic sample is,
1
1
R0 = (R+ + R− ) = (|R+ |2 + |R− |2 ) .
2
2

(2.19)

The important information here is that the magnetic reﬂection potentials are contained
in an unpolarized measurement and two critical momentum transfers for total reﬂection
+
exist with Q−
Z,c < QZ,c . It is important to note that the position of the two critical edges

does not depend on the angle γ of the in-plane magnetization, which only redistributes
the intensity between the reﬂectivities R+ and R− [243].
In conclusion, PNR in specular reﬂectometry is able to resolve the magnitude and direction (|γ|) of the magnetization M inside the media under consideration1 . Next to the
magnetization, nuclear structural information are included in the reﬂectivity, such as the
density and scattering length. The distance tM , over which the total SLD

=

n

+

m

is

constant, i.e. the layer thickness, enters the calculation via the boundary conditions for
the wave functions. Due to the additional phase shift of the neutron waves upon reﬂection from diﬀerent interfaces [316, 344], one can observe Kiessig fringes with periodicities
proportional to the total sample thickness and Bragg peaks from chemical and magnetic
periodicities Λ along the direction normal to the surface,


QZ,Bragg ≈

Q2c

2π
+ n
Λ

2
,

(2.20)

in which n is the order of the Bragg reﬂection [344].

2.2.2

Oﬀ-specular Scattering (αi = αf )

Lateral periodicities can break the in-plane translational symmetry of the sample and the
assumption of a homogeneous scattering potential along the in-plane directions (x, y) is
no longer fulﬁlled. The case of such in-plane periodicities can lead to the observation of
oﬀ-specular scattering with a ﬁnite momentum transfer QX = κi − κx = 0 and accordingly αi = αf and also θy = 0 [Fig. 2.2 and Fig. 2.4]. Such oﬀ-specular scattering can
originate from lateral periodic structures on large or atomic scales [77, 319], for which
The sign of canting is not uniquely determined since only the mean square < sin2 (γ) > is
probed [344].
1
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Figure 2.4: Full scattering geometry for specular and oﬀ-specular PNR. Due to the in-plane
magnetic domains with magnetization m under an angle Δγ with respect to the layer average
magnetization M (γ), the momentum transfer Q is no longer perpendicular to the surface but
has a component QX in addition to QZ . Oﬀ-specular scattering angles with αf = αi are
indicated towards the dotted line αf = αi .

the scattering is concentrated in oﬀ-specular Bragg peaks. This type of scattering is conventionally called grazing incidence neutron diﬀraction (GIND) [102, 315, 318]. A second
form of oﬀ-specular scattering with a diﬀuse proﬁle along QX originates from structural
[280] or magnetic roughness, or random in-plane magnetic domains [Fig. 2.4 and Fig.
2.5][35]. This form of scattering becomes important in the consideration of the PNR from
Cu0.94 Mn0.06 /Co multilayers and is therefore discussed in more detail below.
Similar to specular reﬂection, oﬀ-specular scattering is a coherent phenomenon of constructive interference from neutron waves scattered from diﬀerent regions within the coherence
volume on the sample [124]. This 3D coherence volume [281] with a ﬁxed phase relationship between the neutron waves is deﬁned by the instrumental setup, i.e. the wavelength
resolution and the collimation of the neutron beam. For the time being, the wavelength dependence of the 3D coherence volume and the resolution Δλ shall be neglected. However,
the wavelength resolution is taken into account for simulations of PNR via a resolution
function and shall be discussed in Section 2.2.3 [320, 321].
An estimate of the area Acoh (lx , ly ) of the coherence volume projected onto the sample surface1 can be made over the angular divergences Δαi , Δαf and Δθy , which deﬁne
the uncertainty in the momentum transfer ΔQX and ΔQY in the corresponding in-plane
1

The coherence volume in 3D includes the uncertainty in the momentum transfer QZ , ΔQZ ∼
2π/λ (Δαi )2 + (Δαf )2 + (αi + αf )2 (Δλ/λ)2 ∼ 1/lz [314], which needs to be regarded when calculating the reﬂectivity [see also Section 2.2.3].
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Figure 2.5: Shape of the coherence area Acoh (x, y) projected on the sample surface, covering
several of the in-plane magnetic domains with arbitrary domain magnetization. The coherence
area typically extends tenths of μm along the x-direction (lx ) and only several Å along the
y-direction (ly ) [314].

directions QX and QY [314],
2π
1
(αi Δαi )2 + (αf Δαf )2 ∼
,
λ
lx
2π
1
ΔQy ∼
Δθy ∼
.
λ
ly

ΔQx ∼

(2.21)
(2.22)

As previously noted, within the setup of PNR, scattering along the y-direction is not
observed due to the relaxed collimation Δθy and the associated large uncertainty in the
momentum transfer ΔQy

ΔQX and ly

lx [Fig. 2.5]. Usually, the neutron coherence

area is substantially smaller than the lateral dimensions of the sample and the observed
intensity is an incoherent summation of all intensities coherently scattered from within the
coherence areas distributed over the sample. Large scale lateral inhomogeneities of the
sample, i.e. diﬀerent scattering conditions between the coherence volumes are therefore
averaged and cannot be distinguished. With the limitation of Δθy being neglected, the
equations for the out-of-plane and in-plane momentum transfer QZ and QX can be written
in terms of αi and αf [Fig. 2.4] [314],
2π
· (sin αi + sin αf ) and
λ
2π
QX = κi − κx =
· (cos αf − cos αi ) ,
λ
where at αi = αf only specular reﬂection is observed.
QZ = ρi − ρf = 2ρi =

(2.23)
(2.24)
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The condition for oﬀ-specular scattering from magnetic in-plane domains now requires
that the extension of the domains ξx along the lateral coordinate x is substantially smaller
than the coherence length lx . If the domains are in the order of the length of the coherence ellipsoid or larger (ξx ≥ lx ), an incoherent sum of intensities specularly reﬂected from
individual domains is observed. If the domain size is smaller than the coherence area,
neutrons are coherently reﬂected from the domains. Such small domains are quantiﬁed
with a magnetization m and a canting angle Δγ with respect to the mean magnetization.
This mean magnetization averaged over the domains crossed by the coherence ellipsoid
is determined by M and canting γ with respect to the incident neutron polarization and
contributes to specular reﬂectivity, as it can be seen as one large domain with ξx = lx .
The in-plane domain magnetizations m(Δγ) describe ﬂuctuations of the mean magnetization M (γ), which create NSF (longitudinal ﬂuctuations in m along x) and SF (transverse
ﬂuctuations along y) oﬀ-specular scattering.
Oﬀ-specular scattering from random in-plane domains, similar to those described in Chapter 3, is described within the framework of the distorted-wave born approximation (DWBA)
[280], which has been detailed for polarized neutron oﬀ-specular scattering in [312, 313,
314, 317, 319, 344]. Within DWBA, lateral ﬂuctuations are represented by a small correction Vp (x, y) to the local scattering potential V (r),
V̂ (r) = V̂ (z) + V̂p (x, y) ,

(2.25)

with V̂ (z) representing the depth dependence of the scattering potential averaged over
the lateral coordinate and responsible for specular reﬂectivity. The reference potential
V̂ (z) is chosen such that the lateral average < V̂p (x, y) > = < V̂ (x, y, z) − V̂ (z) > = 0
[314]. Similar to the scattering potential, the neutron wave function Ψ∗ (r) is separated
into scattered waves from laterally averaged regions Ψl (r), which is treated according to
Section 2.2, and a scattered wave Ψp (r) caused by the residual perturbation potential
operator Vp (x, y)1 ,
Ψ∗ (r) = Ψl (r) + Ψp (r) .

(2.26)

This new wave function and the potential is substituted into the Schrödinger Eq. 2.3,
leading to solutions for Ψp in terms of matrix Green functions Ĝ(r, r  ) [314],
Ψp (r) =

2m
2

dr  Ĝ(r, r  )V̂p (r  )[Ψl (r) + Ψp (r  )] .

(2.27)

By projection of Eq. 2.27 onto the wave function of ﬁnal states, the solution for the
scattering amplitude in DWBA can be obtained (see [314] and [344] for a more detailed
description of the mathematical formalism).
1

Note that potentials and wave functions are neutron spin-dependent in analogy to Section 2.2.
The explicit labeling of the spin dependence has however been dropped in the potential operator
V̂ (r) and Ψ∗ (r) for clarity reasons.
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In short, the ﬁrst step of the DWBA is an evaluation of the exact wave functions for
neutrons interacting with the mean reference potential V̂ (z) following the principles of
the previous section. A second step is a perturbation calculation using these derived wave
functions and the perturbation potential operator V̂p (x, y), which is the diﬀerence between
the actual potential and its mean value.
For the case of random in-plane magnetic domains, the perturbation potential amplitude is given by the lateral ﬂuctuations of the domain magnetic moment m with respect
to the mean magnetization M [312]. The magnetic scattering operator V̂p (x, y) is given
by the domain form factor [317], which can be described in analogy to neutron small angle
scattering (SANS) with an in-plane height-height correlation function deﬁned in reciprocal space [116, 317]. In a 1D SANS approximation [96], 2D Gaussian size distributions
of in-plane domains can be described by a modiﬁed Voigt function decaying at larger QX
with a power law [320]. A simpliﬁcation of the more complicated Voigt function can be
made by assuming a modiﬁed Lorentz function [Fig. 2.6],
< (|Δm(QX )|)2 > =

< |Δm|2 >
.
[1 + (QX ξ)2 ]η

(2.28)

In Eq. 2.28, < |Δm|2 > describes the mean square of the in-plane projections of adjacent
domain magnetizations onto the x-direction and therefore the scattering length contrast
between the objects. The parameter ξ, in accordance to the Guinier approximation [96,
101], deﬁnes the in-plane “gyration radius” of domains, which resembles the domain width
along the scattering direction (x). η can be used to regulate the size distribution of the
domains and therefore the extended tail of the oﬀ-specular scattering [Fig. 2.6]. For a
relatively narrow size distribution, η = 1 gives the familiar Lorentz function. The next
section and Chapter 3 will introduce a Gaussian function for the domain form factor,
which will be reasoned by experimental limitations in the accessible scattering region.

Figure 2.6: Example domain correlation functions obtained from Eq. 2.28 for two diﬀerent
average domain sizes ξ [a) ξ = 0.5 μm , (b) ξ = 0.1 μm] with < |Δm|2 >= 1 and diﬀerent
domain size distributions regulated by η.
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2.2.3

Fitting and Simulation of Specular and Oﬀ-specular PNR

The analysis of polarized neutron specular reﬂectivity and oﬀ-specular scattering presented in this thesis has mainly been performed with the software Multilay500, Multidif
and SIMULREFLEC [221]. Multilay500 and Multidif have been provided by B.P. Toperverg for the analysis of reﬂectivity from Cu0.94 Mn0.06 /Co multilayers [Chapter 3] [321],
which shows a strong oﬀ-specular scattering component in the SF channels R−+ and R+− .
SIMULREFLEC is a freely available software developed by F. Ott [221], which can be conﬁgured for either x-ray reﬂectometry or PNR. This software has been used to analyze the
x-ray reﬂectivity data presented in this thesis, as an independent simulation of the results
obtained with other software, and for ﬁtting and simulating the PNR data of the FePt3
self-exchange bias multilayer system [Chapter 4]. This section presents a brief introduction into the ﬁtting and simulation parameters in the software, without going into details
of the ﬁtting algorithm or programming implementation of the PNR principles discussed
in Sections 2.2.1 and 2.2.2.
Multilay500 and Multidif
Fitting of specular PNR data is performed with the software Multilay500, which has input parameter similar to the oﬀ-specular simulation routine Multidif. Both programs are
based on the supermatrix or superrecursion formalism [252, 318], introduced in the previous sections, and oﬀ-specular scattering is calculated within the framework of DWBA. In
general, both software routines are conﬁgured for the particular problem investigated, i.e.
substantial preliminary information is included and not directly accessible [320]. This information includes the absence of specular SF and oﬀ-specular NSF signals, which imposes
the restriction to the mean magnetization to be collinear, i.e. truly parallel or antiparallel
in each layer1 . Both programs calculate reﬂectivities independently scaled on a constant
background and allow for an inverse illumination correction for direct comparison with
measured data that does not need to be fully reduced. The scaling towards the data is
provided by the total reﬂectivity edge of the R++ and R−− channels, which are scaled to
unity. Finite polarization eﬃciencies of the polarizing supermirrors and spin ﬂippers in
the instrument can be taken into account in the model ﬁtting, i.e. no correction of the
data for ﬁnite polarization has to take place.
While Multilay500 can ﬁt a pre-deﬁned model to a dataset provided, the software Multidif
only allows simulation of a model superlattice structure with a deﬁned form of in-plane
correlation. The choice of the in-plane correlation function is ﬁxed (see below). As a
general procedure, ﬁrst specular data of the sample in a well-deﬁned state (e.g. saturated)
is ﬁtted to obtain a depth dependent, laterally averaged structural and magnetic model.
This model is then compared between diﬀerent datasets with diﬀerent external conditions
1
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and the specular structural parameters adjusted to obtain a consistent nuclear parameter
set. The magnetic information in the model is allowed to vary between diﬀerent temperatures and external ﬁeld conditions.
For the structural model, the input parameters are the number of layers, nuclear and
imaginary neutron SLD and a roughness parameter σ. This roughness is implemented
following the Nevot-Croce approximation deﬁning the roughness as uncorrelated shortrange height ﬂuctuations. The width of the roughness deﬁnes the thickness over which
the interface is smeared according to an error function [205, 280]. Magnetic information is
included in the layer model via a magnetic SLD. The direction of the magnetization can
be described via the two angles, γ, describing the mean magnetization, and Δγ, quantifying the magnetic ﬂuctuations. In the specular reﬂectivity ﬁtting Δγ is not accessible
and therefore only the reduction of the magnetization, measured by the magnetic SLD,
according to < cos(Δγ) > is included.
In-plane magnetic domains are calculated according to the Gaussian-like correlation function



Q2X ξ 2
< |Δm|2 > ξ
√
< |Δm(QX )| >=
,
exp −
2
2π
2

(2.29)

in which < |Δm|2 > describes the average in-plane ﬂuctuation of the magnetization projected onto the axis perpendicular to the neutron polarization [Fig. 2.2]. The domain
size of lateral magnetic domains for oﬀ-specular simulation is provided via the average
lateral correlation length ξ. In the program, oﬀ-specular scattering is absolutely scaled to
the specular reﬂectivity ridge of the NSF intensity. Further, the oﬀ-specular simulation
software provides a replication factor in units of bilayers, which provides a measure for
correlations of small domains between the layers in depth. In other words, the replication
factor measures how often the particular domain structure is coherently reproduced over
the thickness of the multilayer.
Resolution is taken into account via convolution of the theoretical curve with a Gaussian function,
fres = √

1
2
2
e−x /(2σ ) ,
2πσ

(2.30)

whose dispersion, or standard deviation σ, resembles the instrumental resolution. For
oﬀ-specular calculations, divergences of incident and scattered beam can be included individually, but they have been kept equal as a ﬁrst approximation in the simulations
presented in this thesis. These divergences are also used to calculate the projection lx of
the coherence volume onto the propagation direction.
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SIMULREFLEC
Calculations with SIMULREFLEC are performed using an exact recursive matrix formalism to simulate the reﬂectivity of unpolarized x-rays or polarized neutrons from a sample
with an arbitrary amount of layers. The layer model is deﬁned in an Excel-like table
with nuclear input parameters deﬁned as the layer thickness, material density, coherent
scattering length (real part) and imaginary scattering length for treating of absorption
and the root-mean-square (RMS) roughness of layers σ. The input data for ﬁtting has
to be properly reduced, i.e. illumination correction, background subtraction and proper
scaling of the total reﬂectivity edge to unity have to be performed prior to the ﬁtting. In
the case of polarized neutrons, polarization eﬃciencies of the devices in the instrument are
not taken into account and should therefore be corrected for in the data. However, since
the eﬃciencies of the polarizing elements in the instrument NERO are close to 100 % [Eq.
2.34], changes to the reﬂectivity in the NSF channels are small. Therefore, if only NSF
intensities have been measured, as it is the case for FePt3 [Chapter 4], the correction for
the ﬁnite polarization has been neglected. Magnetic properties of the individual layers are
taken into account via the input of the magnetization in units of μB and two angles θ and
φ, describing the orientation of the magnetization within the layers. For the simulations
in this thesis, θ = 90◦ is ﬁxed, leaving the magnetization in the plane of the thin ﬁlm
sample with angle φ1 towards the neutron polarization and external ﬁeld. Instrumental wavelength resolution and angular divergence are deﬁned as a Gaussian distribution
about a central wavelength or incident angle (monochromatic or TOF calculations) with
a full-width-half-maximum (FWHM) according to the experimental resolution. Further
description of the program is available at [221].

2.3 The Polarized Neutron Reﬂectometer
This section focuses on the instrumental aspects of a polarized neutron experiment and
explains the general setup of a neutron reﬂectometer. Most of the PNR has been performed
on the monochromatic neutron reﬂectometer NERO [285] [Section 2.3.1]. In addition to
the experiments investigating magnetic exchange and reversal in thin ﬁlms and multilayers,
this project commissioned and calibrated the polarization components of the TOF neutron
reﬂectometer PLATYPUS [118] [Chapter 7]. The general procedure of data reduction is
explained separately in Sections 2.3.2 and 7.2 for NERO and PLATYPUS, respectively,
due to the inherently diﬀerent data structure of the two instruments.

2.3.1

The monochromatic neutron reﬂectometer NERO

The monochromatic neutron reﬂectometer NERO is located at the former research reactor
of the Geesthacht Neutron Facility at the Helmholtz Zentrum Geesthacht, Germany [285].
A general outline of the instrument is shown in Fig. 2.7. The instrument is attached to
1
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Figure 2.7: Schematic top view of the monochromatic neutron reﬂectometer NERO at the
Helmholtz Zentrum Geesthacht (from [285]).

the beamline 8 (NG-1) [Fig. 2.7] and uses a pyrolitic graphite monochromator to create
a monochromatic neutron beam with wavelength λ = 4.33 Å and wavelength resolution
Δλ/λ ≤ 0.02. NERO is constructed with a horizontal scattering geometry, i.e. the
scattering plane spans in the horizontal directions along the sample normal [Fig. 2.8a].
Shape and divergence of the incident neutron beam along the horizontal direction in the
scattering plane [Fig. 2.8a] are controlled over the combination of two slits, S1 and S2 [Fig.
2.8b]. In all experiments, the beam width was ﬁxed to either 0.5 mm for incident angles
αi ≤ 1.1◦ and 0.95 mm for incident angles αi ≥ 1.0◦ . The incoming beam collimation and
therefore the angular divergence Δαi of the incidence angle αi can be calculated over the

Figure 2.8: Schematic of a vertical sample geometry and incoming and scattered angles of
the neutron beam (a) and schematic of neutron beam collimation using two slits S1 and S2
(b).
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slit geometries,


Δαi = arctan

d1 + d 2
2L12


.

(2.31)

The resulting divergence for the two beam settings used in the experiments are Δαi (0.5) =
0.02◦ and Δαi (0.95) = 0.037◦ . At small angles of incidence, the footprint LB of the
neutron beam can extend beyond the sample length LS , which leads to a reduction in the
divergence since the sample acts as a slit itself. Therefore, the angular resolution becomes
a function of the momentum transfer QZ until the crossover angle sin(αicross ) =

dB
LS

is

reached. The footprint of the neutron beam on the sample surface is calculated over [104]


L2S
(2.32)
(d1 + d2 )
α i L B = d2 ·
L12
using the instrumental distances in Fig. 2.8b. The total resolution of a neutron reﬂectometry experiment is deﬁned over the combined angular and wavelength resolution,
ΔQ
=
Q

Δαi Δλ
,
+
αi
λ

(2.33)

which is implemented in the ﬁtting and simulation routines used in this project to analyze
the data.
The detector arm of NERO can be rotated around the sample in a range of -20◦ ≤ 2θ ≤
100◦ , with 2θ being the scattered angle with respect to the incident neutron beam [Fig.
2.9]. Detection of neutrons takes place by a 2D position sensitive detector (PSD) with
an active area of 250×250 mm2 and lateral resolution of 3 mm. Therefore, specular reﬂectivity and oﬀ-specular scattering events are detected simultaneously and under similar
experimental conditions, i.e. no additional rocking scans are necessary.
During the experiment, the detector rotation follows the specular reﬂected beam from
the sample in standard θ/2θ condition, keeping the detector channel for detection of specular intensities constant. The angle quantifying the oﬀ-specular scattering, ϕ = αf − αi ,

Figure 2.9: Elements of the polarized neutron reﬂectometer NERO.
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is given by the pixel width of the detector channels, which corresponds to ϕ = 0.04538◦ ,
measured from the sample location. Specular reﬂectivity (ϕ = 0) and oﬀ-specular scattering are therefore generally deﬁned over αf = αfspecular + ϕ = αi + ϕ, which can be used to
allocate the [QZ , QX ] value to the data.
The instrument is equipped with a transmission-type supermirror polarizer [Fig. 2.9]
[140, 190, 192], providing an incident beam polarization directed antiparallel to the mirror
saturation direction. Two Mezei-type spin-ﬂippers [189], positioned in front and behind
the sample table, allow a change of the incoming or scattered neutron spin direction. Analysis of the neutron spin takes place by a spherical wide-aperture fan supermirror [300],
which discriminates spin states of neutrons scattered into a broad range of wave vector
transfers. The position sensitive detector of NERO detects only neutrons reﬂected from
the analyzer supermirror stack, leading to a schematic of the neutron spin propagation as
shown in Fig. 2.10 and measurement conditions as listed in Table 2.11 .
Table 2.1: Neutron spin states for diﬀerent ﬂipper settings in NERO.

Flipper 1

Flipper 2

Intensity and Reﬂectivity

oﬀ

on

I 01 ⇔ ↓↓ ⇔ R−−

oﬀ

oﬀ

I 00 ⇔ ↓↑ ⇔ R−+

on

oﬀ

I 10 ⇔ ↑↑ ⇔ R++

on

on

I 11 ⇔ ↑↓ ⇔ R+−

1

The superscript on the intensity I denotes the status of the ﬁrst and second spin-ﬂipper as “on”
(superscript 1) or “oﬀ” (superscript 0). The reﬂectivity is labeled in the conventional superscript
notation with ﬁrst (second) superscript describing the direction of the incoming (scattered) neutron
spin as parallel “+” or antiparallel “−” to the external guide ﬁeld direction.

Figure 2.10: Neutron spin state during propagation through NERO.

31

CHAPTER 2. EXPERIMENTAL TECHNIQUES
A static guide ﬁeld over the ﬂight path between the supermirrors couples to the sample
ﬁeld provided by a 1 T electromagnet on the sample stage, prevents precession of the neutron polarization and therefore depolarization of the neutron beam. The guide ﬁeld and
the sample ﬁeld are directed perpendicular to the neutron propagation direction, which
therefore limits the accessible ﬁeld from the 1 T electromagnet to values parallel to the
guide ﬁelds (here deﬁned as positive ﬁelds). Measurements of the neutron polarization
gave a ﬂipping ratio of 40, which is equivalent to a polarization of
P =

I+ − I−
1
= 0.975 .
=1−
+
−
I +I
F

(2.34)

A low-temperature sample environment is established with a 30 K closed-cycle refrigerator
on the sample stage in the center of the pole-shoes of the electromagnet.

2.3.2

Data reduction procedure of NERO

The data acquisition and reduction with NERO takes place in the LabView based instrument control software Scanview [157]. Depending on the incident channel on the
PSD, neutrons are binned in x-y-registers. The immediate view of the acquired data is a
Scanpoint vs. rowdetector − Y plot [Fig. 2.11, top right], in which the detected intensity
is integrated over the x-direction on the detector. The Scanpoint axis identiﬁes the step
of the motor, which is moved during the acquisition, i.e. angle of incidence αi for a normal
reﬂectivity scan. The specular ridge of the reﬂectivity therefore proceeds vertical through
the plot [Fig. 2.11, top right] and can be extracted as a 1D intensity vs. αi -plot after an
integration over channels representing the width of the specular ridge [Fig. 2.11, bottom].
Suﬃcient coverage of signal, accounting for the broadening of the specular beam on the
detector is achieved by integration of 6 detector channels, approximating to a region of
0.25◦ around the specular ridge. Plots of specular reﬂected intensities therefore include
resolution eﬀects, which broaden the beam. In order to extract oﬀ-specular scattered intensities, the 2D data is extracted directly and can be processed as a pixel matrix. For
this, the row detector channel in which the neutrons are registered is translated into the
scattering angle ϕ between the specular ridge and the observed oﬀ-specular intensity and
subsequently into the oﬀ-specular scattering angle αf = αfspecular + ϕ = αi + ϕ. The
intensity data, in either matrix or 1D format, is corrected by a count rate of a neutron
beam monitor reﬂecting the total incoming intensity and background subtracted. The
background is determined by a region on the detector separated from the specular ridge
[ROI B in Fig. 2.11]. A last step for the data reduction, before a scaling of the total reﬂectivity takes place is a geometrical correction in order to compensate for over-illumination.
No correction of the ﬁnite polarization is included in the data reduction. Instead, the polarization is taken into account in the ﬁtting and simulation of the data on Cu0.94 Mn0.06
[Chapter 3], while it has been neglected for data on FePt3 [Chapter 4], where only NSF
data has been recorded and the correction does not change the ﬁtting result. Therefore,
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Figure 2.11: Screenshot of the data reduction software Scanview.

the complete data reduction can be gathered in one formula, in which I is the measured
intensity, IB the background, IM the monitor count and αcross the crossover angle at which
the beam width fully illuminates the sample,
Icorr =

(I − IB ) sin αcross
×
.
IM
sin αi

(2.35)

The crossover angle is determined by the total sample length and the beam width used in
the experiment, and a correction for over-illumination should only be performed as long
as sin αcross < sin αi .

2.4 High-Angle Neutron Diﬀraction
Neutron diﬀraction of epitaxial magnetic thin ﬁlms can yield unique information on magnetic ordering of atoms, such as AFM structures, and magnetic transition temperatures.
In contrast to PNR, which is insensitive to magnetic order on the atomic scale due to
a small scattering vector Q, high-angle diﬀraction can be used to resolve structural and
magnetic periodicities of atoms on crystallographic positions. This section introduces the
basic concepts of high-angle neutron diﬀraction [44, 62, 265, 275] and the TAS TAIPAN
used in the diﬀraction experiments reported in Chapter 4. Most of the underlying notations, such as the wave vector |k| = 2π/λ and the energy E =

2 k 2
2mn ,

as well as the

plane wave sketch of the scattering process can be transferred immediately from PNR
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Figure 2.12: (a) Schematic of the scattering process and wave vectors of incoming (ki ),
diﬀracted (kf ) and transmitted (kt ) beam. (b) Schematic of the vector triangle for evaluation
of the momentum transfer Q on the reciprocal lattice of the specimen.

[Fig. 2.1b and Fig. 2.12]. In order to distinguish between the two techniques, the conventional diﬀraction notation of the scattered beam direction 2θ with respect to the incident
neutron beam direction will be used. Following De Broglie’s wave-particle hypothesis, the
scattering particle corresponding to the wave k can be given a momentum P = k, such
that Q represents the momentum transfer during scattering with the scattering vector
deﬁned by Q = ki − kf [Fig. 2.12b]. The magnitude of the scattering vector is deﬁned
over the scattering angle 2θ,
Q = |Q| =

ki2 + kf2 − 2ki kf cos(2θ) =

4π
sin θ .
λ

(2.36)

If the momentum transfer matches a reciprocal lattice vector |G| = 2π/d of the crystalline
material with lattice spacing d, this can be written in a more familiar form as Bragg’s law
n × λ = 2d sin θ .

(2.37)

A diﬀraction experiment measures the intensity distribution as a function of the scattering
vector by changing the scattering angle 2θ. This diﬀracted intensity is directly proportional
to the cross section of the scattering object, which can be written in its general form as
the double diﬀerential cross section [275],
kf  mn 2
d2 σ
=
|kf , α |V |ki , α|2 δ(ω + Ei − Ef ) ,
dΩdEf
ki 2π2

(2.38)

in which α and α describe the initial and ﬁnal states of the sample, which also accounts for
inelastic processes. The delta function ensures energy conservation between initial energy
Ei , ﬁnal energy Ef , and energy transferred to the neutron ω. With a weighted average
(with occupation probability Pα ) over the initial states and a summation over the ﬁnal
states of the sample, Eq. 2.38 reads,
  m n 2
kf 
d2 σ
=
Pα
|kf , α |V |ki , α|2 δ(ω + Ei − Ef ) .
2
dΩdEf
ki α
2π

α
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In the Born approximation, the matrix element can be evaluated treating incident and
outgoing neutrons as plane waves,
kf , α |V |ki , α = V (Q)α |



eiQr l |α ,

(2.40)

l

with
drV (r)eiQr

V (Q) =

(2.41)

and r l describing the coordinates of the scattering centers. The double diﬀerential cross
section can be expressed over the scattering law S(Q, ω). This is the Fourier transformation in space and time of the pair-correlation function G(r, t) relating to the scattering
power density at positions r and r  in the sample,
d2 σ
1
∼ S(Q, ω) =
dΩdEf
2π

+∞

dte−iωt

d3 reiQr G(r, t) .

(2.42)

−∞

The proportionality factors are determined by the type of radiation and the speciﬁc interaction potential V (r) of the system studied. For the case of a purely nuclear scattering
potential the Fermi-pseudo potential,
V (Q) =

2π2
bδ(r − r l ) ,
mn

(2.43)

can be used and the double diﬀerential cross section becomes [275]
kf
d2 σ
= N b2 S(Q, ω) , with
dΩdEf
ki
1 
S(Q, ω) =
2πN 

(2.44)

+∞

dte−iQr l (0) eiQr l (t) eiωt .

(2.45)

ll −∞

Due to the fact that b is diﬀerent for diﬀerent isotopes of the given element, and for
diﬀerent directions of nuclear spins to the neutron spin, the total cross section of nuclear
scattering contains coherent and incoherent contributions,
σnucl = σcoh + σinc = 4π < b >2 +4π(b− < b >)2  ,

(2.46)

where the angle brackets denote the averaging over the random distribution of scattering
lengths in the sample. Time averaging of Eq. 2.45 gives the scattering law for coherent
elastic nuclear scattering,
S(Q, ω) = δ(ω)

1  i Q (r − r  )
e
 .

N 

(2.47)

ll

In case of a Bravais lattice of a single species with unit cell volume v0 and reciprocal lattice
vector G the scattering cross section can therefore be written as

dσ
(2π)3
=N
< b >2
δ(Q − G)e−2W ,
dΩ
v0
G

(2.48)
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in which the extra factor e−2W describes the Debye-Waller factor arising due to ﬂuctuations
of the atoms about their equilibrium positions. A generalization for diﬀerent atomic
isotopes or species at diﬀerent positions r j in the lattice gives [275]
dσ
(2π)3 
=N
δ(Q − G)|Fn (G)|2 ,
dΩ
v0
G

(2.49)

with static nuclear structure factor
Fn (G) =



< bj > eiGr j e−Wj .

(2.50)

j

Due to the dipole-dipole interaction of the neutron magnetic moment μ with the magnetic
moments of the atoms on the lattice, one can deﬁne a magnetic scattering amplitude1 ,
pj = σm gSf (Q) ,

(2.51)

valid for purely spin atomic moments with amplitudes S. g is the Landé factor and gS the
magnetic moment of the atom in units of μB . f (Q) is the magnetic form factor, deﬁned
as the Fourier transformation of the normalized unpaired spin density ρS (r)[275]2 ,
ρS (r)eiQr dr .

f (Q) =

(2.52)

Taking into account the magnetic moment and the initial and ﬁnal neutron spin state, Eq.
2.39 and 2.40 are generalized to

  mn 2
kf 
d2 σ
SS

=
Pα
|α
|
eiQr l Ul i f |α|2 δ(ω + Ei − Ef ) .
2
dΩdEf
ki α
2π

l

α

Si Sf

Here Ul

(2.53)

describes the atomic scattering amplitude for spin transitions Si to Sf ,
Si S f

Ul

=< Sf |bl − pl S ⊥,l · σ|si > ,

(2.54)

in which b is the nuclear coherent scattering length. pl S ⊥,l describes the magnetic scattering amplitude projection perpendicular to the scattering vector and thus takes into
account that only perpendicular moments to Q contribute. Since only diﬀraction of unpolarized neutrons is considered, the spin-dependent nuclear amplitude is neglected in Eq.
2.54. According to nuclear only scattering, the diﬀerential cross section for coherent elastic
magnetic scattering is obtained,
(2π)3 
dσ
= NM
δ(Q − GM )|FM (GM )|2 ,
dω
vM
GM
where FM is the magnetic structure factor

FM (GM ) =
pj S⊥ eiGM rj e−Wj .

(2.55)

(2.56)

j
1

σm = γe2 /(2me c2 ) = 2.695 × 10−5 Å.
The explicit calculation of the magnetic form factor will be presented in the corresponding
section of the discussion on FePt3 in Chapter 6.
2
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Depending on the observed Bragg peak, diﬀerent amounts of nuclear and magnetic scattering are observed in the measured intensity. Therefore, in a comparison with theoretically
calculated nuclear and magnetic peak intensities, information on the magnetic ordering
can be derived and magnetic atomic moments can be obtained, which is explicitly performed in Appendix A [Chapter 6] for the example of magnetic and nuclear structural
peaks of face-centered-cubic FePt3 epitaxial ﬁlms.

2.4.1

The Thermal Triple-Axis Spectrometer TAIPAN

Magnetic investigations in thin ﬁlms are limited by the small volume of material and the
limited intensity diﬀracted from the ﬁlm with respect to the, in most cases, single-crystal
substrate. Unfortunately, in most cases, instrumental background of a neutron diﬀraction
experiment prevents the observation of low intensity magnetic scattering events, which can
be an order of magnitude smaller than structural nuclear diﬀraction. A neutron triple-axis
spectrometer (TAS) can overcome most of the issues connected with thin ﬁlm diﬀraction
experiments by providing a high-ﬂux monochromatic neutron beam with high collimation. In addition, the instruments maintain a very low instrumental background by only
detecting desired scattering events. The major part of the neutron diﬀraction experiments
presented in this thesis have been performed on the thermal TAS TAIPAN [71, 72] [Fig.
2.13], located at the Bragg Institute, at the Australian Nuclear Science and Technology
Organisation (ANSTO).

Figure 2.13: Layout of the TAS TAIPAN, sectional view at beam centerheight.
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TAIPAN is installed at the face of the reactor shielding with an exit beam of 50×175 mm2 .
Horizontally converging neutron guides maximize the ﬂux at the virtual source, which is
formed by a variable horizontal slit at the entrance of the instrument. The width of the
virtual source is adjustable to optimize the signal to noise ratio and beam condition for
monochromatic horizontal focusing. Prior to the collimation optics of the instrument and
the monochromator, a sapphire ﬁlter further reduces the instrumental background by suppressing epithermal and fast neutrons [71].
A main feature of a TAS is the possibility to perform acquisitions either as a function
of energy or momentum transfer, by using a monochromatic neutron beam and a wavelength selective detection. The neutrons are monochromatized by a monochromator prior
to the sample and analyzed by an additional Bragg reﬂection after the interaction with
the sample by an analyzer crystal in front of the detector. Therefore, the three axis of a
TAS consist of the three deﬁned conditions for diﬀraction from the monochromator (2θm ),
elastic or inelastic scattering from the sample (2θ) and diﬀraction from the analyzer crystal
(2θa ) [Fig. 2.14]. TAIPAN is equipped with two double focusing monochromators, consisting of sets of highly oriented pyrolitic graphite (HOPG) and Cu crystals with variable
curvatures in the vertical and horizontal directions. The monochromator take-oﬀ angle
can be adjusted in a range of 15◦ ≤ 2θm ≤ 85◦ , which together with diﬀraction from
the (002) planes of the monochromator crystal results in an incident energy range of 5 to
200 meV (0.63 Å ≤ λ ≤ 4 Å). Analyzer and detector stages are rotated around the sample
stage in a range of −145◦ ≤ 2θ ≤ 115◦ , while the analyzer, a double focusing HOPG
crystal, can be adjusted in the scattering angle between −110◦ ≤ 2θa ≤ 110◦ .
Investigations in this thesis are based only on elastic diﬀraction from crystalline lattices

Figure 2.14: Schematic layout of a triple axis experiment. Neutrons are monochromatized
before and after the sample by Bragg reﬂection from oriented planes of two monochromator
crystals, the monochromator and analyzer, which, together with the axis of diﬀraction from
the sample represent the three axis of a TAS.
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in the sample. Therefore, the monochromator and analyzer are set to the same angles
so that only neutrons with energy transfer e = 0 are transferred onto the detector. The
incident wavelength is chosen to be λ = 2.345 Å (Ei = Ef = 14.876 meV). Contributions
of higher order harmonics of the neutron wavelength reﬂected from the monochromator
crystals were suppressed by a pyrolitic graphite ﬁlter between the monochromator and the
sample to a fraction of 0.04 % of the incident neutron intensity.
Depending on the requirements of the experiment, TAIPAN can be operated in high ﬂux
or high resolution modes, in which the neutron beam can be focused in both vertical
and horizontal direction (double focusing mode, vertical focus, ﬂat). A double focusing
represents the highest intensity, but also the lowest resolution in an experiment, since
incident and scattered angle are less well deﬁned due to the large beam divergence. A ﬂat
monochromator and analyzer represents the highest resolution, but the expected intensity
is distributed over the large beam area and therefore only low intensities are achieved on
the sample. The most commonly used mode is a vertical focus, which does not impose a
reduction of the resolution in the scattering angle 2θ, since the instrument is operated in
horizontal scattering geometry and the scattering angle deﬁned in this plane [Fig. 2.15].
Horizontal collimation of the neutron beam is achieved by the Soller collimators located
before the monochromator, before and after the sample stage and before the entrance
to the detector. For the elastic diﬀraction experiments on FePt3 , a collimation setting
of (48’)-(40’)-(40’)-“open” was chosen, which is compromising between intensity and best
resolution to resolve weak magnetic diﬀraction peaks [71]. The beam can be further shaped
and the instrumental background lowered by two sets of vertical and horizontal slit systems located before and behind the sample stage. These are individually adjusted to the
sample size in the experiment until the best signal to noise ratio is achieved.

Figure 2.15: Angles assigned to the scattering vectors in a TAS.
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Detection of the neutrons takes place with a 3 He detector with a diameter of 50 mm,
from which the detected neutron events are transmitted to the instrument control program SPICE [160, 161]. The control software, once the single crystalline sample is aligned,
is capable of a space transformation of the scattering angles and incident angles to the
reciprocal space with Q-vectors assigned to the scattering plane [Fig. 2.15]. Even in lowtemperature environments, i.e. with the CCR mounted on the sample table, the rotational
degree of freedom covers a window of over 180◦ , in which the sample can be aligned with
respect to the incident angle Ω. Two goniometer arcs on the sample table allow for alignment to the angle Ψ around the x-direction and Φ along the z-direction in a range of
−20◦ < (ψ, φ) < +20◦ . In general, sample alignment is performed by adjusting Ω and Ψ
at a known elastic diﬀraction direction angle 2θ of a known lattice plane in the ﬁlm. By
giving the angular information on two orthogonal angles, the scattering plane is uniquely
deﬁned for the case of a single crystal. Therefore, with the UB matrix transformation
[160], scan commands can be entered directly in Q(hkl) notation without having to adjust
for angular oﬀsets.

If operation at cryogenic temperatures is required, the samples are mounted in a He atmosphere aluminum sample can [Fig. 2.16], which is evacuated and backﬁlled with He gas
before it is mounted on the CCR cold head. The heat exchange due to the He gas ensures
a homogeneous temperature distribution over the sample area and inside the sample, even
in situations of weak heat conduction by the substrate. A Si-diode temperature sensor,

Figure 2.16: Left: Picture of the CCR used in the neutron diﬀraction experiments. Right:
Schematic of the sample mounting on an Al-stick inside the He-can.
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mounted inside the can away from the scattering center, accurately measures the sample
temperature. The outer diameter of the sample can is large enough to avoid scattering
from the Al walls and the sample holder inside the can is shielded with Cd in order to
shield oﬀ any unwanted scattering.
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3

Interlayer Exchange Coupling Through Dilute
Magnetic Impurities

The content of this chapter focuses on the investigation of the intriguing eﬀect of dilute
magnetic impurities on the magnetic IEC in Cu/Co multilayers. In Section 1.3 a brief
outline of the phenomenon of RKKY-like IEC is given, for which the stratiﬁed Co/Cu
system is a prime example. The choice for a Co/Cu-multilayer with added dilute Mn
impurities is motivated by the ﬁndings of Ali et. al, who reported a unique sign change in
the EB signal observed in a bilayer system of the spin-glass Cu0.94 Mn0.06 in contact with
the FM Co [2]. The report illustrates the importance of magnetic correlations within the
dilute magnetic spins and towards the FM layer in contact. In an earlier investigation,
Kobayashi and co-workers found an unusual temperature dependence of the magnetoresistivity (MR) response of a Cu0.96 Mn0.04 /Co multilayer, which indicated a sign change in
the coupling [135]. Our Cu0.94 Mn0.06 multilayers indeed show a temperature-dependent
magnetization structure diﬀerent to the RKKY-like mechanism [257]. Instead, an in-plane
magnetic domain state is identiﬁed, in which individual domains show a vertical correlation with magnetizations enclosing an angle deviating from collinear alignment [256].
The temperature and ﬁeld dependence of this canting will be studied in detail deriving a
magnetic model, which forms the basis for a theoretical description.

3.1 Introduction to Cu/Co Multilayers
Cu-based heterostructures belong to an intensively studied class of materials [241] and,
in combination with Co, to the ﬁrst systems in which AFM exchange coupling has been
observed [60]. In general, the interest in Cu/Co multilayers is reasoned by a strong GMR
signal and high magnetic ﬁeld but low temperature sensitivity, which indicates a suitable
43

CHAPTER 3. INTERLAYER EXCHANGE COUPLING THROUGH DILUTE
MAGNETIC IMPURITIES
candidate for technological applications [229, 274]. In the context of studying the impact
of dilute magnetic impurities on the IEC, Cu/Co multilayers present an excellent model
system, due to the simple fcc structure and well reported range of structural parameter. Early studies aimed on the structural dependence of the oscillatory RKKY exchange
coupling [33, 82, 112, 119, 198, 230], which led to the conﬁrmation of coherent AFM magnetization structures using the PNR technique [269] and the eﬀects of interface roughness
[120, 304].
Variations of the simple Cu/Co structure, for example, alloying with other metals, such
as Au, Fe and Ni, has been found to lead to a change in the observed oscillation period
of the RKKY-type exchange coupling [31, 220, 231], without altering the magnetization
direction. More dilute inclusions of impurities, e.g. due to residual gas adsorption during
growth [176, 179], lead to the observation of a substantially reduced GMR ratio for nominally AFM coupled Co/Cu multilayers, if the impurity atoms are located in the spacer
layer. Based on MR and PNR measurements it is concluded that a non-collinear magnetization is present in the samples at room temperature, quantiﬁed as a biquadratic coupling
[178, 180]. The origin of this non-collinear alignment is suggested to originate from a
ﬂuctuation mechanism due to a laterally mixed coupling in AFM and FM terraces. Such
terraces exist due to changes in the RKKY-type interlayer coupling on short lateral length
scales by the gas impurities. A loose spin coupling (LSC) formalism was found ineﬀective to describe the temperature dependence of the magnetization. The Cu thickness was
chosen at the ﬁrst AFM maximum of the RKKY interaction. In contrast, our system will
discuss spacer layer thicknesses in a region of comparably weaker RKKY interaction in
order to focus on the interaction with, in our case, magnetic impurities.
An obvious inﬂuence of magnetic impurities on the magnetic structure was reported by
Kobayashi et al. [135, 261]. A “temperature-dependent switching of interlayer coupling
due to Mn doping” is reported, identiﬁed by temperature and ﬁeld dependent MR measurements of Cu0.96 Mn0.04 /Co multilayers. In particular, while the 300 K MR showed the
typical RKKY oscillation with increasing thickness of the Cu0.96 Mn0.04 spacer layer, at
temperatures below ∼ 100 K, no minimum in the resistivity due to FM coupling had been
observed. This change in magnetic alignment persisted on a wide range of spacer layer
thicknesses. The results were ﬁrst discussed in terms of a biquadratic coupling creating
a canted magnetization, similar to the model of Marrows et al. [180, 182]. However, arguments against this biquadratic canted structure were presented based on a comparison
with results on NiFe/Ag multilayers with biquadratic coupling [246, 247]. Instead, a coexistence of AFM and FM exchange coupled regions is suggested based on the idea of a
laterally ﬂuctuating Mn distribution in diﬀerent crystalline grains. The eﬀect on the IEC
is suggested to be due to a form of spin-glass transition [135, 136], which is well known
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to occur in dilute Mn CuMn-bulk systems [202]. Due to the onset of a spin-glass phase
below some critical temperature, a local change from FM to AFM coupling is suggested
to occur [Fig. 3.1a]. Lateral regions with lower concentrations of Mn remain FM coupled.
The work by Ali et al. supports the general support of the idea of the inﬂuence of Mn
impurities on the large-scale magnetic behavior due to a spin-glass transition. The onset
of a strong Mn correlation is found to aﬀect the temperature behavior of the EB [2]. The
temperatures at which the eﬀect occurs are, however, much lower than the onset of the
changes in the MR ratio by Kobayashi et al. [135]. Therefore, the main interest in the
Cu0.94 Mn0.06 multilayer system presented herein lies in the detailed behavior of the magnetic structure with temperature and external ﬁelds. It is to be determined, if the sample
shows a temperature-dependent change in Co magnetization from FM alignment towards
AFM orientations, such as shown schematically in Fig. 3.1a. Additionally, underlying
fundamental IEC energies are to be determined and their origin has to be clariﬁed.

Figure 3.1: a) Schematic temperature-dependent alignment of Co-layer magnetizations
in a CuMn/Co multilayer system as proposed by Kobayashi et al. [135]. b) Nominal
Cu0.94 Mn0.06 /Co multilayer composition with Ta capping and buﬀer layers on Si substrate.
Due to the thin ﬁlm geometry, the Co magnetization is expected to be oriented in the plane
of the layers, shown here in an AFM alignment.

3.2 The CuMn/Co Sample System
A set of [Cu0.94 Mn0.06 /Co]×30 multilayers with varying Cu0.94 Mn0.06 spacer layer thickness has been prepared by our collaborators at the University of Leeds, namely M. Ali and
B. J. Hickey. Nominally, 30 repetitions of a Cu0.94 Mn0.06 (x Å) using a composite target,
and Co (21 Å) bilayer have been grown by magnetron sputtering with additional Ta (50 Å)
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seed and capping layers [Fig. 3.1b]. No chemical treatment of the Si(001) substrate surface
has been performed, i.e. a native SiO2 oxide layer is present on the surface of the wafer.
The growth was performed at room temperature in 3.3×10−3 mbar Ar working pressure
in a system with a base pressure of 1 × 10−8 mbar. The dilute Mn concentration is 6 %,
determined by the concentration in the composite target, and a random distribution of the
Mn moments within the Cu-spacer layer can be assumed. The samples with Cu0.94 Mn0.06
thickness between 15 Å and 25 Å have been grown in two deposition cycles, which will be
labeled with 027 and 030 in combination with the individual sample number.

3.2.1

Structural Characterization

A structural characterization of the samples has been carried out using x-ray reﬂectometry (XRR) and high-angle x-ray diﬀraction (XRD). Both experiments are performed on
the same instrument, a lab-based x-ray diﬀractometer with Cu Kα x-ray source. For the
measurements, a Ni-ﬁlter was inserted in the beam, thus suppressing wavelength contaminations of the Cu Kβ spectral lines and possible tungsten impurities in the anode. The
analysis of the XRR is presented separately for the two sample batches in Fig. 3.2a and
Fig. 3.3a. Based on ﬁtting of the data, here performed using the software SIMULREFLEC and MOTOFIT [203, 221], a structural model is obtained in the form of a SLD
proﬁle [Fig. 3.2b and 3.3b]. Although the oscillation of the reﬂectivity with QZ is governed by the wider fringes originating from the bottom Ta layer, a ﬁrst-order Bragg peak
corresponding to the bilayer periodicity of the multilayer structure is apparent, indicated
by the dotted circle in Fig. 3.2a and Fig. 3.3a. In the structural model for the ﬁtting,
the top four Cu0.94 Mn0.06 /Co bilayers had to be treated independently from the periodic
multilayer stack to allow for a larger variation of the parameter and for consistently good

Figure 3.2: X-ray reﬂectivity and structural SLD proﬁle of [Cu0.94 Mn0.06 /Co]×30 multilayer
growth series 027. The data (a) has been ﬁtted with the x-ray SLD proﬁle shown in (b). Values
for the resulting ﬁts (black lines) are presented in Table 3.1. Individual datasets are oﬀset
along the y-axis for clarity reasons.
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Figure 3.3: X-ray reﬂectivity and structural SLD proﬁle of [Cu0.94 Mn0.06 /Co]×30 multilayer
growth series 030. The data (a) has been ﬁtted with the SLD proﬁle shown in (b). Values for
the resulting ﬁts (black lines) are presented in Table 3.1. Individual datasets are oﬀset along
the y-axis for clarity reasons.

ﬁts for all samples. A large variation in the Ta capping layer thickness [Table 3.1], also
with respect to the model values presented by Loh [155], is a result of this treatment
and of the attribution of a TaO2 layer at the sample surface to account for oxidization.
Possible explanations, justifying the independent treatment of the top four bilayers, include oxidization throughout the capping layer, thickness or roughness gradients. Also, an
increased waviness or large scale roughness may be present closer to the sample surface.
Due to the large amount of layers (and therefore parameters) in the multilayer, the exact
parameter set of the Ta capping or the state of oxidization remains loosly deﬁned. The
bottom Ta layer and the main part of the periodic multilayer on the other hand are reproducible with only the Cu0.94 Mn0.06 thickness changing between diﬀerent samples [Table
3.1]. Due to the small SLD contrast between Co and Cu0.94 Mn0.06 and the relatively high
roughness of the layers, a direct conclusion for the individual thickness of Cu0.94 Mn0.06 and
Co within the bilayers is prevented. This constraint can be overcome by investigating the
XRD of the multilayer due to the more Q-dependent scattering length. Figure 3.4 shows
high-angle XRD intensities of the reciprocal (111) and (222) directions recorded in typical
θ/2θ-geometry along the momentum transfer normal to the surface. Here, only the region
of the observed Cu0.94 Mn0.06 /Co diﬀraction intensity is shown and diﬀraction intensities of
the Si substrate are omitted. No additional diﬀraction from the multilayer with diﬀerent
crystallographic peak indices has been observed. The observation of only the two peaks is
a strong indication for a textured growth along the (111) direction of both Cu0.94 Mn0.06
√
and Co, which can be inferred from the lattice spacing of a = 2.06 Å = 1/ 3 × 3.61 Å,
determined from the location in QZ . Such a preferential growth of Cu and Co in a lattice matched fcc structure has been observed before [33, 182, 274]. First-order satellites,
observed symmetrically on either side of the (111) and (222) peaks, originate due to the
periodic modulation of the crystal structure along the (111) direction [93]. The distance
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Figure 3.4: High-angle XRD of Cu0.94 Mn0.06 /Co batches 027 and 030. The graphs have
been limited to the (111) and (222) diﬀraction peaks of the multilayer for clarity reasons.
Dotted vertical lines indicate the position of the satellite peaks for the topmost sample (027-10:
Cu0.94 Mn0.06 (19.1 Å)/Co(21 Å) and 030-09: Cu0.94 Mn0.06 (15.5 Å)/Co(21 Å)), which change
according to the bilayer thickness. Individual datasets are oﬀset along the y-axis for clarity
reasons.

ΔQL between the ﬁrst-order satellites and the zeroth-order diﬀraction peak correspond to
the modulation periodicity Λ of the superlattice,
Λ=

2π
.
ΔQL

(3.1)

The shape and relative intensities of the peaks determines the individual layer thickness,
lattice constant and structural coherence length ξ via the ﬁtting software SUPREX [93].
The structural coherence length refers to the distance over which atomic positions are
correlated. It can be directly determined using the FWHM of the peak in the Scherrer
formula [145, 266],
ξ=

K ×λ
,
B × cos θB

(3.2)

in which K = 0.94 describes a constant depending on the shape of the crystallites [329]
and B the FWHM of the Bragg diﬀraction peak, corrected for the FWHM of the instrumental resolution, observed under a diﬀraction angle θB . The analysis is not to be taken
strictly quantitative, since the distance of coherent diﬀraction is usually smaller than the
average crystallite size due to defects and other imperfections. Fitting of the data has
been performed for each diﬀraction proﬁle of each sample with consistent parameter sets
(black lines in Fig. 3.4). It is found that all samples reproducibly grow in a highly (111)
textured fashion with an average coherence length of 200 Å along the direction normal to
the surface. Values of the ﬁtting process for the layer thicknesses are included in Table 3.1.
Due to the similarity in the crystalline growth and the periodic [Cu0.94 Mn0.06 /Co]×30
structure, the following investigation focuses on a single Cu0.94 Mn0.06 thickness of 19 Å
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Table 3.1: Layer thicknesses of [Cu0.94 Mn0.06 /Co]×30 multilayers obtained from the ﬁts of
the XRR and XRD data. Values of the thickness listed in brackets are derived from the XRD.

Sample No.

Ta
(Å)

Co
(Å)

Cu0.94 Mn0.06
(Å)

Ta
(Å)

ξ
(Å±10Å)

027-10

51

22.3 (21)

18.8

(19.1)

45

195

027-11

51

22.3 (21)

19.9

(19.9)

52

195

027-12

51

22.3 (21)

20.5

(20.8)

44

197

027-13

51

22.3 (21)

22.2

(22.5)

52

201

030-09

50

22.3 (21)

13.1

(15.5)

41

191

030-10

51

22.3 (21)

14.6

(16.1)

33

197

030-11

50

22.3 (21)

15.9

(17.5)

35

197

030-12

50

22.3 (21)

20.8

(22.2)

15

204

030-13

48

22.3 (21)

22.4

(23.2)

18

209

030-14

47

22.3 (21)

23.2

(23.9)

21

207

030-15

48

22.3 (21)

25.3

(26.0)

33

207

(Sample 027-10). The choice is driven by the relatively low Cu-mediated RKKY interlayer exchange interaction in this thickness region, comparable in strength to the magnetic
coupling induced by the impurities. Still, the Cu0.94 Mn0.06 thickness lies well in a region
where temperature-dependent eﬀects have been observed by magnetotransport studies
[135]. Other sample thicknesses will be compared to the results presented later in Section
3.4.

3.2.2

Volume-Averaged Magnetization

A magnetic characterization of the multilayers has been performed using vibrating sample magnetometry (VSM), magneto-optical Kerr eﬀect (MOKE) measurements, and AC
susceptibility. Thickness dependent studies of the samples with MOKE are reported in
[155], which reveal a thickness dependent coercivity and saturation magnetization. The
thickness dependence did not show evidence of the typical RKKY-like oscillation between
FM and AFM coupling [155], which will be addressed again in Section 3.4 and shall be left
open at this stage. Due to the limited penetration depth of the MOKE measurements, the
reliability of the data is questionable. Typical probing depth are on the order of 50 - 100 Å
[127, 322], which approximates to the ﬁrst two bilayers of the samples, for which large ﬂuctuations in the main multilayer structure have been identiﬁed using XRR and PNR (see
Sections 3.2.1 and 3.3). Therefore, the measured hysteresis loops are not representative
for the periodic part of the multilayer and shall not be considered here in detail. Volume
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sensitive magnetometry has been performed at various temperatures using the VSM technique in a PPMS system. The magnetic hysteresis of the sample with a bilayer periodicity
[Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] is presented in Fig. 3.5. A change in the magnetization
behavior becomes apparent below a temperature of 100 K, indicated in Fig. 3.5a with the
dotted circle. In particular, a higher external ﬁeld HS is needed to achieve saturation of
the Co layers with lower temperature and a substantial change in slope of the hysteresis
is observed in connection with a decrease in remanent magnetization in low ﬁelds. Minor
hysteresis loops (−55 mT < μ0 H < 55 mT) are shown in Fig. 3.5b. Note that the decrease
in magnetization towards lower temperatures at both ends of the x-axis in Fig. 3.5b represents the change in the slope indicated in the dotted circle in Fig. 3.5a. In regards to the
IEC between the Cu0.94 Mn0.06 /Co layers, the change in slope and remanent magnetization
can be interpreted with an onset of AFM-type alignment of Co magnetizations. On the
other hand, a residual magnetization even at low ﬁelds and a constant coercivity with
temperature is observed. This remaining FM component of the magnetization amounts to
∼ 80 - 85% of the saturation magnetization at 30 K and, in connection with the increasing
saturation ﬁeld HS indicates only an increasing AFM exchange coupling component with
decreasing temperature (here, 30 K is chosen for comparison with the PNR data discussed
in Section 3.3). Note that the 5 K data shows a diﬀerent quantitative behaviour between
the full and minor hysteresis loops, i.e. diﬀerences in the slope and remanent magnetization are observed between the two curves Fig. 3.5a and b. These diﬀerences are expected
to be of instrumental origin, for example due to sample misalignment, and do not persist
in measurements at diﬀerent temperatures. Therefore, the measurement a 30 K is expected to represent a good measure of the magnetization behavior of the multilayer. For a
detailed evaluation of the origin of the decreasing remanent magnetization and increasing
saturating ﬁelds with temperature, depth sensitive PNR has been recorded [Section 3.3].

Figure 3.5: Magnetic hysteresis of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 multilayer sample
measured with VSM. a) Full hysteresis measured to maximum ﬁelds of ±1 T, suﬃcient to saturate the sample. The dotted circle highlights the region of the hysteresis where temperaturedependent eﬀects are observed. b) Minor hysteresis measured to maximum ﬁeld values ±55 mT
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3.2.3

AC Susceptibility

The temperature dependence of the volume-averaged magnetization has been studied in
more detail recording the AC susceptibility of the multilayer as a function of temperature
[Fig. 3.6]. The magnetic response χ = (dM/dH) of the system in a time varying AC
ﬁeld BAC = Ba cos(ωt) is sensitive to magnetic transitions and changes in the magnetic
structure with temperature. The measurement has been performed in an oscillating ﬁeld
Ba = 1 mT with a frequency of fa = 1 kHz either after ﬁeld cooling in 1 T from low to
high temperatures or from high to low temperatures, representing a zero ﬁeld cooled measurement. Over the whole temperature range, an increase in the AC susceptibility with
increasing temperature is observed [Fig. 3.6], typical for an AFM system [52]. Such an

Figure 3.6: Real (χ ) and imaginary (χ ) parts of the AC susceptibility of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 multilayer measured in zero external bias ﬁeld and Ba = 1 mT
AC ﬁeld at fa = 1 kHz. The data is recorded from low-to-high temperatures after ﬁeld cooling
in 1 T (FC) or from high-to-low temperatures (NFC). The graph in (b) shows an enlarged
view of the imaginary AC susceptibility response at low temperatures identifying a possible
spin-glass transition. Note that the y-axis label translates to [emu], the measured moment by
the magnetometer.
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observation could be related to an AFM exchange coupling between the Co layers whose
strength varies with temperature in order to account for the FM hysteresis. Two cusps are
visible in the temperature behavior of the real and imaginary components, below 100 K
and at 11 K. The ﬁrst cusp coincides in temperature with the region in which ﬁrst changes
in the magnetic hysteresis behavior have been observed. With regard to the depth-resolved
magnetic investigations presented in Section 3.3, this temperature identiﬁes the onset of an
AFM-like magnetization, which is consistent with the magnetic hysteresis and the overall
slope of the AC susceptibility.
The second cusp at 11 K can be explained by recalling the intrinsic physical properties of
the Cu0.94 Mn0.06 spacer layer, which constitutes a spin-glass material [202]. A transition
into the ordered spin-glass state of such a material is known to cause a peak in the AC susceptibility, which shows a frequency dependence [27, 201]. An attempt to identify such a
spin-glass transition within the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] multilayer system is shown
in Fig. 3.6b, conﬁrming the peak at TSG = 11 K1 . Unfortunately, due to low temperature
sensitivity and high statistical ﬂuctuations of the data in the available PPMS system, no
frequency dependence of the low-temperature cusp has been observed and the transition
into a spin-glass state therefore lacks conﬁrmation. However, when considering the IEC
behavior through the dilute magnetic Mn spins, it can be concluded that a possible spinglass transition is unrelated to the temperature-dependent magnetization, since the eﬀects
have been observed above TSG .
The features described above are more pronounced in the ﬁeld cooled measurement from
low to high temperatures. This can be related to a more deﬁned magnetic ground state of
the multilayer, i.e. a saturated magnetic alignment at low temperature. In contrast, a zero
ﬁeld cooled measurement started at high temperatures relies on an unknown disordered
domain state.

3.3 Layer-Resolved Magnetization using PNR
In order to elucidate the magnetic structure with temperature and the origin of the
a) decreasing magnetic moment in remanent ﬁelds,
b) change in magnetization at ∼100 K where the AC susceptibility cusp has been observed,
c) increasingly AFM-like behavior below 100 K, and
d) increasing saturating ﬁeld HS ,
1

Typical bulk spin-glass transition temperatures are around 30 K [197], while thin ﬁlm materials
can show a reduced transition temperature [98].
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PNR has been performed using the instrument NERO at the research reactor of the
Helmholtz Zentrum Geesthacht (formerly GKSS), Germany [Section 2.3.1]. This section is divided in two sub-sections, the ﬁrst presenting an analysis of the low-temperature
magnetic structure in comparison with room-temperature and magnetically saturated measurements [Section 3.3.1]. The second part concerns a systematic temperature and ﬁeld
investigation of the magnetizations [Section 3.3.2]. Later in this discussion, the model parameters derived from the PNR are used to evaluate IEC components and the respective
strength over temperature [Section 3.6].

3.3.1

Low-Temperature Magnetic Domain Model

As described in Section 2.2, the magnetic structure of the sample manifests in the neutronspin-dependent reﬂectivity detected in the spin channels R++ , R−− , R+− and R−+ , in
which the superscript denotes the direction of the incoming and scattered neutron spin
with respect to the external guide ﬁeld. Components M || of the magnetization M collinear
with the neutron spin direction are included in the measurement of NSF signals R++ and
R−− , i.e. the neutron spin is maintained during the scattering process. SF channels R+−
and R−+ are sensitive to deviations of the magnetization from the neutron spin direction
and quantify the projection M ⊥ of the magnetization vector perpendicular to the vector
of the incident neutron spin.
In order to obtain a full vectorial measurement of the magnetization, all four neutron
spin polarization combinations need to be measured. For most magnetization geometries,
however, the two SF signals are equal and it is therefore suﬃcient to measure only one
component if an outline of the magnetic model is established. The data presented in the
following sections was recorded and reduced under the conditions explained in Section
2.3.1. Momentum transfer values for specular intensities (QZ ) and oﬀ-specular scattering
(QX ) are allocated to the data according to
QZ =

2π
· (sin αi + sin αf ) and
λ

(3.3)

2π
· (cos αf − cos αi ) ,
λ

(3.4)

QX =

in which αi measures the angle of incidence and αf the scattering angle of the neutron
with respect to the sample surface.
Specular Reﬂectivity
Spin-dependent specular reﬂectivities and corresponding simulations [321] of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] multilayer at various temperatures and external ﬁelds are summarized in Fig. 3.7. The proﬁle in Fig. 3.7a shows a room temperature measurement in a
magnetic ﬁeld of 7 mT, which resembles the guide ﬁeld necessary to maintain the neutron
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polarization. Prior to the measurement, the sample has been magnetized with an external magnetic ﬁeld of 600 mT in the plane of the sample, which is repeated prior to each
following measurement to ensure equivalent magnetic starting conditions. The two NSF
channels R++ and R−− show a clear splitting in the critical wave numbers for total reﬂection QZ,c [Eq. 2.13], associated with the layer magnetization M , averaged over the whole
sample. This magnetization has been determined to mCo = 1.46 μB /atom, corresponding
to 85% of the literature value [206]1 . A second measure for this volume-averaged magnetic
moment arises from the observation of the ﬁrst-order Bragg peak, only in the R−− polar1

Note that inclusion of a magnetic moment from the Mn atoms, even in full saturation with
−6 −2
5μB /Mn atom only results in a magnetic SLD of m
Å and is therefore not visible
Mn = 0.65×10
in the reﬂectivity.

Figure 3.7: Specular reﬂectivity (symbols) and simulations (lines) of [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] (a) at 300 K in 7 mT guide ﬁeld, (b) at 70 K in 7 mT guide ﬁeld, (c) at 30 K in
7 mT guide ﬁeld and (d) at 30 K in 560 mT external ﬁeld. Individual datasets are scaled to
unity and oﬀset by two orders of magnitude for clarity reasons.
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n+m
= 5.77 × 10−6 Å−2
Co
10−6 Å−2 )1 , only a small scat-

ization channel. Due to the combined nuclear and magnetic SLD
being comparable to the nuclear SLD of Cu (

n
Cu

= 5.96 ×

tering contrast at the interface is provided [Fig. 3.8] and therefore no Bragg peak observed
in the R++ channel. The magnitude of the averaged magnetic moment and the otherwise
featureless reﬂectivity, i.e. no other orders of the Bragg peak or specular SF signals are observed2 , leading to the assumption of a FM alignment of the magnetization in subsequent
Co layers, according to Fig. 3.1a. From the position of this ﬁrst-order FM Bragg peak
[Eq. 2.20], the bilayer periodicity of the periodic structure can be determined to Λ = 40 Å.
Individual layer thicknesses of Co and Cu0.94 Mn0.06 show a good agreement with the coreﬁned complementary x-ray data [Section 3.2.1], including a smearing of interfaces with
σrms = 9 Å. In accordance to the XRR ﬁts, the top four bilayers of the sample have been
treated independently from the periodic multilayer stack3 . This surface structure accounts
for thickness variations, surface oxidation and roughness, including short-range uncorrelated roughness and diﬀusion. No appreciable oﬀ-specular scattering is observed from the
surface or interface height-ﬂuctuations, thus indicating a rather short-range, uncorrelated
form of roughness. While nuclear SLD’s of the constituent layer are restricted to the literature values [209], all thicknesses of the sample are found to be within 5% agreement
1

SLD values are taken from [209].
The SF intensity towards QZ,c arises from the ﬁnite polarization of the neutron beam, which
was evaluated during the experiment and in the simulation to be in the order of 95% to 97%,
conditioned on the spin-ﬂippers used. The arising admixture of NSF intensities into the SF channels
and vice versa is taken into account via ﬁtting of all four channels simultaneously [321].
3
Apart from the layering sequence in the model, PNR ﬁtting parameters have not been restricted to the XRR and XRD ﬁt parameters to account for the diﬀerent experimental sensitivity
of the techniques.
2

Figure 3.8: Structural and magnetic SLD proﬁle of the sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] obtained from ﬁts to the XRR and PNR data.
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Table 3.2: Fit parameter of the specular PNR.

Layer

Thickness
(Å)

Roughness
σ (Å)

Nuclear SLD
(10−6 Å−2 )

Magnetic SLD
(10−6 Å−2 )

Moment
(μB /atom)

TaO2

17.5

10.5

5.24

0

0

Ta

29

12.5

3.83

0

0

Cu0.94 Mn0.06

18.3

9

5.96

0

0

Co

21.4

9

2.27

3.5

1.46

Ta

46

15

3.82

0

0

SiO2

33

12

3.66

0

0

Si

Substrate

10

2.07

0

0

with the nominal sample structure and within 1% agreement with the x-ray results. A
comparison of the SLD model obtained from XRR and PNR ﬁts with FM aligned Co
magnetizations is shown in Fig. 3.8. The parameter leading to the neutron SLD-model,
are listed in Table 3.2.
The eﬀect of cooling to a temperature below 100 K is shown in Fig. 3.7b and Fig. 3.7c
(70 K and 30 K), in which an additional peak arises in the reﬂectivity proﬁle at a half-order
position with respect to the ﬁrst-order FM Bragg peak. No nuclear structural changes in
the SLD proﬁle are expected to take place at lower temperatures, which is conﬁrmed by
a measurement at 30 K in a saturating ﬁeld of 560 mT [Fig. 3.7d]1 . This low-temperature
saturated state has been ﬁtted with a parameter set similar to the one used at 300 K,
which proves the assumption of FM alignment at high temperature in remanence (7 mT
guide ﬁeld). The similarity between the measurement at 300 K and saturated at 30 K
further validates the assumption of a nuclear SLD model constant with temperature and,
even more important, conﬁrms the purely magnetic origin of the new half-order peak.
The position of this additional peak at 30 K and 70 K with respect to the ﬁrst-order FM
peak indicates an AFM alignment of magnetizations in subsequent Co layers due to the
real-space periodicity with double distance, as illustrated in Fig. 3.1a (bottom). The SF
character of the peak, which also conﬁrms the magnetic character, points to a ﬁnite magnetization component M ⊥ , perpendicular to the incident neutron polarization [149, 344].
Therefore, the assumption of a simple AFM structure as shown in Fig. 3.1 does not describe the magnetic structure at low temperatures suﬃciently. For a full evaluation of the
AFM-type alignment with canted magnetizations, the 2D scattering proﬁles, including
1

The Kiessig fringes observed in Fig. 3.7d are the result of an enhanced resolution in this
measurement and conﬁrm the total sample thickness according to the structural model.
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oﬀ-specular scattering components, need to be considered.
Oﬀ-Specular Scattering
The 2D scattering proﬁle of the neutron reﬂectivity, shown in Fig. 3.9 in QX /QZ coordinates, reveals a strong oﬀ-specular scattering around the half-order position. The contour
plots of the data show the intensity of the scattering on a logarithmic color-scale, which is
adjusted to enhance visibility to the half-order Bragg peak intensity. The specular ridge
proceeds vertically through the plot at QX = 0. Towards the critical momentum transfer for total reﬂection in QZ and for negative QX an enhanced background scattering is
observed, which originates from the detector approaching the direct beam position. This
background is entirely of instrumental origin and disregarded in the simulations [321]. The
simulated background is constant at Ibgr = 2×10−4 , at the lower end of the color-scale and
therefore not visible in the simulated contour plots. In order to provide a more quantitative
description of the oﬀ-specular scattering than given by the color-scale, Fig. 3.10 shows the
AFM peak proﬁle as a function of the in-plane momentum transfer QX , obtained by integrating a 0.01 Å−1 wide region around the center AFM peak location at QZ = 0.08 Å−1 .
The smooth proﬁle of the SF signal in this oﬀ-specular proﬁle demonstrates that the observed intensity is in fact of purely oﬀ-specular origin and no SF specular component is
detected. Therefore, the SF signal should be more correctly labeled as an AFM sheet
lying across the specular ridge, rather than an AFM peak [320]. The NSF signals on the
other hand only contain specularly reﬂected intensities, aside from the admixture of SF
intensity due to the ﬁnite neutron polarization. This means that the in-plane magnetic

Figure 3.9: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] at 30 K in 7 mT guide ﬁeld: Oﬀ-specular
QX /QZ scattering proﬁles of all NSF and SF channels (top row) and corresponding simulations
(bottom row). The color-scale of the panels is adjusted to enhance the visibility of the oﬀsecular sheet and limited to I ≤ 10−2 .
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Figure 3.10: Oﬀ-specular AFM sheet proﬁles obtained from the data and simulation
presented in Fig. 3.9 by integration of a 0.01 Å−1 wide region through the AFM sheet at
QZ = 0.08 Å−1 .

structure projected on the neutron spin, as well as the structural surface and interface
roughness does not provide suﬃcient contrast along the neutron propagation direction to
create oﬀ-specular scattering. The SF oﬀ-specular scattering consequently arises from an
in-plane magnetic domain structure with some form of AFM vertical correlation to create
the half-order character in QZ . Simulations of the full 2D scattering proﬁle presented in
Fig. 3.9 have been performed with a simulation routine based on the DWBA, provided
by B. Toperverg [321]. The perturbation potential, i.e. the diﬀerence between the local
potential and the mean ﬁlm potential averaged over the lateral coordinate, is created by
lateral ﬂuctuations of the magnetic moment [312] (compare Section 2.2.2). The situation
can be simpliﬁed by taking into account that no NSF oﬀ-specular scattering and no SF
specular scattering is observed. In the following considerations, the mean layer magnetization < M >, which creates only specular reﬂectivity, shall be characterized by the angle
γ with respect to the neutron polarization and external magnetic ﬁeld. Small domains1
with magnetizations m may show a local deviation Δm from the average magnetization
< M >, which is described by the canting angle Δγ. In order to achieve a vanishing NSF
scattering contrast, local domain magnetizations m must point symmetrically to the left
and right with respect to < M > [Fig. 3.11], i.e. each domain magnetization m projected
onto the neutron spin has equal magnitude. In contrast, the SF scattering probes ﬂuctuations transverse to < M > and provides additional information about γ and especially
the canting angle Δγ. Since no SF specular intensity is detected, the mean magnetization
does not show appreciable deviations from the axis of the neutron spin (γ = 0, Fig. 3.11).
1
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The expression “small” will be considered in more detail further below.
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The AFM character of the SF sheet can be reproduced by a canting angle Δγ alternating in sign for subsequent Co layers (A and B in Fig. 3.11) with equal magnitude.
Although the direction of the canting is not uniquely determined by the performed experiments, as only the averaged projection < sin2 (Δγ) > is probed [344], only two situations
for Δγ remain (shown in the two domains of Fig. 3.11) 1 . The canting angle Δγ, which
is the input parameter in the simulations and deﬁnes the magnetic domain form factor
< |Δm(QX )|2 > is varied together with the size of the scattering objects.
While the canting angle Δγ deﬁnes the scattering contrast for the SF oﬀ-specular scattering and therefore the total intensity, the shape of the AFM sheet along QX is deﬁned by the
1

A full 3D directional information on the source of the scattering can be obtained by additional measurements with polarization vectors perpendicular to the mean magnetization [317].
The required additional instrumentation is, beyond the scope of this work.

Figure 3.11: Schematic in-plane domain magnetization-model of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 multilayer at 30 K in 7 mT guide ﬁeld. a) Top view of two adjacent in-plane
magnetic domains with two subsequent Co magnetizations mA and mB (blue and red arrows)
enclosing an angle of |ΔγA,B | = 30◦ with the mean layer magnetization M . This mean
magnetization is directed at an angle γ = 0 with respect to the guide ﬁeld Hext . The average
domain width has been determined by simulations to ξL = 0.43 μm. b) Perspective view of the
situation in (a), showing six subsequent domain magnetizations which are stacked column-like
throughout the multilayer with Δγ alternating in sign from layer to layer.
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in-plane magnetic domain form factor < |Δm(QX )|2 >. Coherent scattering of neutron
waves from magnetic domains in the plane of the sample occurs if the domains are smaller
than neutron coherence volume projected onto the sample surface. As described in Section
2.2.2, the area can be estimated using the uncertainty in the momentum transfer ΔQX
and ΔQY in the in plane directions QX and QY . Due to the vertical sample geometry
of NERO, collimation is only applied in the transverse direction deﬁning the beam height
to 0.95 mm with divergence Δαi = 0.037◦ [Section 2.3.1]. Using Eq. 2.21 the dimension
of the coherence area along the neutron propagation direction becomes lx ∼ 42 μm, while
the extension perpendicular to the neutron propagation only amounts to ly ∼ 10 Å. Small
domains with a dimension ξL < lx contribute to the oﬀ-specular scattering and can be
described by an in-plane correlation function [319, 344]. For the simulation of these magnetic domains a Gaussian size-distribution is assumed, which deﬁnes the oﬀ-specular form
factor of the magnetic ﬂuctuations [320],


Q2X ξL2
< |Δm|2 > ξL
√
.
exp −
< |Δm(QX )| > =
2
2π
2

(3.5)

< |Δm|2 > describes the mean square of the in-plane projections of adjacent domain magnetizations onto the propagation direction of the neutrons, here the x-direction associated
with QX . In accordance with the Guinier approximation [96], the domain diameter ξL
refers to the in-plane gyration radius of the scattering objects. The simpliﬁcation of the
in-plane correlation function with respect to the more general Voigt function (see Section
2.2.2, Eq. 2.28), is justiﬁed by the restricted dynamical range of our measurements, making only the Guinier region of QX accessible, but not the Porod-law decaying with a power
law 1/Q2X for 1D scattering [96].
Under the condition of absolute normalization of oﬀ-specular intensities to the specular reﬂected NSF intensities, the parameters < |Δm(Δγ)| > and ξL are varied. The best
match to the data at 30 K in 7 mT was achieved with an average in-plane domain size of
ξL = 0.43 μm1 with a magnetization canted by 30◦ with respect to the mean magnetization
and the neutron polarization direction. This situation of mA and mB for subsequent Co
layers A and B is shown in the model Fig. 3.11. The eﬀective reduction of the magnetization by the factor cos(Δγ) ∼ 0.86 (at 30 K) relative to its saturation value is in agreement
with the observed reduction in magnetic moment observed with VSM [Section 3.2.2].
The remaining direction describing the AFM sheet is its shape along the specular direction in QZ . The width of the sheet in QZ is deﬁned by the quality of the periodic
1

The available data does not allow a conclusive estimation of the origin of the particular inplane domain size. A connection to the in-plane crystallite size can only be speculated, since the
out-of-plane XRD gave a coherence length of 0.2 μm, which might be smaller than the crystallite
size. The in-plane crystalline coherent structure may, however, be diﬀerent from the out-of-plane
direction.
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structure, i.e. the amount of coherently reﬂecting layers along the direction normal to
the sample surface. For the multilayer [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 a good match
to the data was achieved with a replication of the AFM-canted structure throughout the
whole multilayer stack of 30 bilayers, since the specularly reﬂected ﬁrst-order Bragg peak
shows a similar broadening due to the roughness and thickness ﬂuctuations. Furthermore,
no appreciable diﬀuse scattering from vertically uncorrelated domains is observed, which
would create scattering evenly distributed in QZ [147, 262].
Field cooling did not reveal measurable diﬀerences in the PNR and thus in the magnetic structure, unlike it is suggested according to the AC susceptibility. This observation
can be related to the saturating ﬁeld applied prior to each measurement, which aligns all
magnetizations in the external ﬁeld and therefore maintains similar starting conditions
prior to the experiment.

3.3.2

Temperature and Field Dependence

As shown in the specular reﬂectivity [Fig. 3.7], the half-order sheet indicating the canted
domain structure with vertical AFM correlation shows a strong temperature and external
ﬁeld dependence. A quantiﬁcation of this behavior is obtained by recording oﬀ-specular
2D scattering proﬁles at diﬀerent temperatures below and above the onset temperature of
the canting, at which the ﬁeld dependence is studied in detail. Figures 3.12 and 3.13 show
2D contour plots of all four reﬂectivity channels of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30
multilayer at 70 K and 300 K, respectively, in low 7 mT guide ﬁeld. The SF oﬀ-specular

Figure 3.12: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] at 70 K in 7 mT guide ﬁeld: Oﬀ-specular
QX /QZ scattering proﬁles of all NSF and SF channels (top row) and corresponding simulations
(bottom row).
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Figure 3.13: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] at 300 K in 7 mT guide ﬁeld: Oﬀspecular QX /QZ scattering proﬁles of all NSF and SF channels (top row) and corresponding
simulations (bottom row).

scattering shows a decrease in intensity at 70 K, while at 300 K no half-order sheet is observed.
The 70 K data has been simulated with a small domain canting angle of Δγ(70 K) = 21◦ ,
while at 300 K no canting was included Δγ(300 K) = 0◦ . The domain magnetization was
the only parameter varied between the simulations, and all other parameters, such as
the total magnetic moment M , direction of the mean magnetization (γ = 0◦ ), structural
roughness σrms and layer thicknesses tCu and tCo have been kept constant. No change in
the NSF channels is observed, apart from a slight increase in the average magnetization of
the sample due to the factor < cos(Δγ) > (compare NSF R++ and R−− splitting in Fig.
3.7). The width of the ﬁrst-order Bragg peak in QX remains constant with temperature,
which excludes excess magnetic roughness, i.e. magnetic roughness in addition to the
nuclear roughness, as an origin of the spread [147, 279].
Due to the similarity of the two SF channels at each temperature, only R−+ will be
used to further analyze the temperature and ﬁeld dependence. However, the condition
R+− = R−+ generally does not hold for oﬀ-specular scattering events, since SF scattering
becomes an asymmetric function of QX in a partially magnetized sample, for example
in the multidomain state described above, due to the birefringence eﬀect. Instead, R−+
is mirrored at QX = 0 with R−+ (+QX ) = R+− (−QX ) [149, 312, 314, 317, 318]. This
asymmetry, however, is mostly expressed in the QZ -range close to the critical momentum
transfer for total reﬂection, while being hardly visible in a QX /QZ -representation, which
oﬀers only a limited view on the small QZ . At larger QZ , the diﬀerences vanish, as it
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Table 3.3:
Layer-resolved magnetization parameter of the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 multilayer obtained from ﬁtting the temperature and ﬁeld dependent PNR data.

Temperature
(K)

Co Moment
(μB /atom)

Mean Magnetization
M (γ)

Domain Magnetization
m (Δγ)

Width
ξL (μm)

30

1.46

0◦

30◦ (±2◦ )

0.43

70

1.46

0◦

21◦ (±2◦ )

0.43

300

1.46

0◦

0◦ (±2◦ )

–

is shown in the oﬀ-specular contour plots Fig. 3.9 and 3.12. Therefore, in the following
evaluation only R−+ is depicted and discussed as being equal to R+− . A comparison of
the magnetic structure included in the simulations of Fig. 3.9, 3.12 and 3.13 is shown in
Table 3.3.
A full evaluation of the canting angle as a function of temperature in remanent or low external ﬁelds, is shown in Fig. 3.14. Since no temperature-dependent changes were observed
in the specular R++ and R−− data presented above, and no SF specular reﬂectivity is observed at any temperature, the data discussed here concentrates on the half-order sheet
position in the QX /QZ -representation. The asymmetric shape of the proﬁles resulted
from a shadowing of the scattered beam by a beam stop, which was inserted to block
the direct beam on the detector and reduce background scattering during the measurement. The beam-stop was removed for all other measurements of the half-order AFM
scattering measured from this sample. In the simulations as a function of temperature,
the suppressed intensity in positive QX has been omitted and a constant domain width
was assumed based on the full analysis at 70 K [Fig. 3.12], which is not inﬂuenced by a
beam stop. The label in the contour plots contains the temperature and the coupling
angle 2Δγ = (ΔγA − ΔγB ) of two subsequent Co layers, which will be used in the following instead of the domain canting angle Δγ. A top-view schematic of the corresponding
vertical coupling between two Co-layer domains is shown in the right column of Fig. 3.14.
With the initial magnetization direction deﬁned by the saturating ﬁeld applied before the
measurement, the canted structure becomes observable with suﬃcient intensity above the
background at 100 K and the coupling angle increases continuously with further cooling.
The canting remains symmetric to the left and right between diﬀerent in-plane domains
and subsequent Co layers. This continuous rotation of the domain magnetization and
the mean magnetization remaining along the external ﬁeld indicates a vanishing in-plane
anisotropy of the sample.
Above 100 K no AFM intensity is observed, which indicates the onset temperature of
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Figure 3.14: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] in 7 mT guide ﬁeld: a) Oﬀ-specular
scattering proﬁles of the half-order R−+ sheet as a function of temperature. The temperature
is labeled in the data (left column). Simulations (middle column) have been performed using
the coupling angle 2Δγ as labeled in the graph, which gives a coupling model of two subsequent
Co-layer magnetizations mA and mB as shown in the top-view model (right column). b) Oﬀspecular scattering and simulations obtained by integrating a 0.01 Å−1 region around the
center location at QZ = 0.08 Å−1 .
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the canted magnetization in each layer. Every domain structure in the right column of
Fig. 3.14 is simulated extending throughout the entire multilayer, therefore representing
a high coherence of the coupling on the order of the sample thickness. To record the two
lowest temperatures (4 K and 15 K) a change in the cryogenic environment was required,
which could not be operated reliably. In particular, datasets at higher temperatures could
not be fully reproduced and indicated a substantially decrease in the resolution. The two
data points at lowest temperatures are therefore assumed to include a larger experimental
error, as it could not be proven that all proﬁles were consistent. From 30 K upwards, by
using a diﬀerent CCR, all proﬁles could be reproduced consistently and therefore 30 K is
chosen as the base temperature of the investigation.
A second parameter of interest, next to the interlayer domain-coupling angle, is the external magnetic ﬁeld required to bring the layer magnetization into saturation and the
behavior of the small domain magnetizations in increasing external magnetic ﬁelds. Fig.
3.15 and 3.16 show the AFM oﬀ-specular sheet as a function of external ﬁeld at 30 K
and 70 K, respectively. These temperatures were chosen because the coupling has fully
developed at 30 K [Fig. 3.14] and lower temperatures required a change of the cryogenic
environment, and at 70 K substantial canting in small domains is observed, so that a ﬁeld
dependent investigation becomes possible. The data, shown in the left column of Fig. 3.15
and 3.16, is absolutely scaled to the intensity observed at total reﬂection of the NSF channels. At 7 mT the low QZ region is included in the plot, showing the intensity originating
from the ﬁnite neutron polarization. The contour plots are restricted to the AFM sheet
location for other magnetic ﬁelds. Similar to the evaluation of the temperature-dependent
analysis, structural nuclear and magnetic moments have been kept constant in the simulations [Fig. 3.15 and 3.16 (right column)], based on the values evaluated from the full R++ ,
R−− , R+− and R−+ information in Fig. 3.7 and 3.9. The only parameter varied between
the simulations is the small domain magnetization angle Δγ and the related reduction in
magnetization by < cos(Δγ) >.
The constant width in QZ of the contour plots indicates that the canted structure remains
reproduced throughout the stack at all external ﬁelds measured. Furthermore, a constant
relative width in QX of the AFM sheet at both temperatures in increasing external ﬁelds
is observed [Fig. 3.15b and 3.16b]. The best match to the data has been obtained using the
same domain width ξL = 0.43 μm, but gradually closing domain magnetization vectors,
as suggested for the temperature behavior. This assumption can now be conﬁrmed, due
to the comparable behavior of the magnetization at 30 K and 70 K and the unchanged
domain width. The obtained coupling angles 2Δγ = (ΔγA − ΔγB ) are indicated in the
contour plots of the simulations. The ﬁeld dependence of Δγ shows a steadily decreasing coupling angle with increasing ﬁeld until no AFM oﬀ-specular scattering is detected
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Figure 3.15: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] at 30 K: a) Field dependence of the
oﬀ-specular scattering in the SF R−+ channel (left) and corresponding simulations (right).
The sheet proﬁle is shown as a line-scan integrated over a 0.01 Å−1 wide region in QZ in (b).

at 500 mT. At this stage, the projection of the magnetization m has become too small
to be detected and all magnetizations are aligned in a FM state. Note that a magnetic
re-alignment in the form of domain wall movement would lead to changes in the in-plane
domain structure and therefore lead to changes in the observed sheet proﬁles. The gradual rotation of magnetization vectors in small domains does not change the domain width
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Figure 3.16: Sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] at 70 K: a) Field dependence of the
oﬀ-specular scattering in the SF R−+ channel (left) and corresponding simulations (right).
The sheet proﬁle is shown as a line-scan integrated over a 0.01 Å−1 wide region in QZ in (b).

and the AFM sheet. If the mean layer magnetization M and the magnetization averaged
over the complete sample remain aligned to the external ﬁeld Hext , this form of magnetic
re-orientation does not lead to changes in the specular reﬂectivities or the intensity of the
ﬁrst-order Bragg peak. The constant intensity of the ﬁrst-order Bragg peak with ﬁeld and
temperature [Fig. 3.7] provides further evidence against magnetic roughness as the source
of the oﬀ-specular scattering [147, 279]. The vanishing of the half-order peak intensity is
taken as an indication of FM alignment and therefore provides a measure for the saturating ﬁeld HS needed to overcome the coupling. In these additional measurements1 , in order
to limit the recording time, AFM intensities are recorded by setting the incident angle αi
1

The data is presented together with the evaluation of the IEC parameter in Section 3.6.
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and the angle of detection αf to the maximum of the observed scattering in QZ at QX = 0.
In summary, a temperature-dependent canting of magnetization vectors in small (ξL =
0.43 μm) domains is observed in Cu0.94 Mn0.06 /Co multilayers. The coupling is vertically
correlated throughout the multilayer stack, in that the direction of canting alternates in
sign for each subsequent multilayer. Thus, a model of column-like AFM correlated small
domains with canted magnetizations can be formed [Fig. 3.11 and 3.14]. At 30 K this
canting evaluates to Δγ = ±30◦ , thus deﬁning the coupling angle to 2Δγ = 60◦ . The
coupling persists to 100 K, at which no AFM structure was observed, with gradually closing magnetization vectors. No domain wall movement or breaking of the periodicity in
depth is observed upon warming from 30 K. The saturating ﬁeld HS is depending on the
temperature, while the re-magnetization process follows a similar gradual rotation of magnetization vectors. A summary of the obtained coupling angles and saturating ﬁelds is
also given in Fig. 3.20 in Section 3.6.

3.4 Comparison of Diﬀerent Cu0.94 Mn0.06 Thicknesses
Measurements of the relative MR ratio reported by Kobayashi et al. indicate a lowtemperature behavior of the IEC independent of the spacer layer thickness [135]. Beyond
the ﬁrst MR peak, corresponding to the ﬁrst AFM RKKY coupling, the MR does not
return to values corresponding to FM alignment, but remains at a level between the AFM
and FM states. This behavior is investigated in this section for thicknesses tCuMn falling
in the range of the constant MR ratio. As discussed in Section 3.2.1, the Co-layer thickness has been kept constant throughout the sample series, thus equal magnetic moments
can be expected. For all Cu0.94 Mn0.06 thicknesses investigated, similar observations of an
increasing AFM oﬀ-specular sheet with decreasing temperature has been made. Fig. 3.17
and 3.18 show PNR specular reﬂectivity proﬁles and the corresponding AFM oﬀ-specular
scattering (in the R−+ channel only) for thicknesses tCuMn = 16 Å and tCuMn = 25 Å,
respectively. The PNR data acquisition and ﬁtting has been performed similar to the
procedure presented above, where ﬁrst the structural model is evaluated with a measurement at 300 K and compared to a saturated measurement at low temperatures. Based
on these parameters the magnetic structure is evaluated, including the canting angles γ
and Δγ and the domain width ξL , to match the shape of the AFM oﬀ-specular scattering.
However, only the low-temperature canted state is presented for the purpose of this thesis.
PNR measurements of a Cu0.94 Mn0.06 thickness tCuMn = 16 Å (Sample 030-10 in Table 3.1) show a reﬂectivity at 30 K in 7 mT external ﬁeld [Fig. 3.17] very similar to the
sample reported above. No specular SF intensity and no NSF oﬀ-specular intensity are
observed. The analysis of the magnetic in-plane domain structure resulted in the parameters listed in Table 3.4. Only slight variations in the domain width and canting angle Δγ
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Figure 3.17: Sample [Cu0.94 Mn0.06 (16 Å)/Co(21 Å)] at 30 K in 7 mT external ﬁeld: a)
Specular PNR as a function of momentum transfer QZ . Lines are ﬁts to the data (symbols).
b) Oﬀ-specular scattering proﬁles in QX /QZ representation of the SF channel R−+ .

are observed with respect to the sample with tCuMn = 19 Å. The width of the AFM sheet
in QZ reveals a replication of the magnetic canted structure throughout the multilayer
stack.
Similar observations are made for a sample with tCuMn = 25 Å [Fig. 3.18]. While at
300 K a collinear FM alignment of the magnetizations in subsequent Co layers is observed,
an AFM oﬀ-specular sheet increases at low temperatures. Directions of magnetizations
within the in-plane domains and the respective average domain width are comparable with
the other samples [Table 3.4]. However, in contrast to samples with thinner tCuMn , the
AFM sheet is broadened along QZ . The simulations in Fig. 3.18 are obtained by restricting the replication of the canted structure to only eight bilayers of the periodic multilayer
structure. An explanation of the short-ranged coherency of the coupling can be found in
the substantially thicker sample. While the spacer layer thickness of 25 Å still allows for
the canted structure to be formed, the long range vertical correlation of the structure is
lost. This can be connected to a larger amount of defects in the sample, although the XRD,
XRR and specular neutron reﬂectometry did not reveal substantial structural diﬀerences.
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Figure 3.18: Sample [Cu0.94 Mn0.06 (25 Å)/Co(21 Å)] at 30 K in 7 mT external ﬁeld: a)
Specular PNR as a function of momentum transfer QZ . Lines are ﬁts to the data (symbols).
b) Oﬀ-specular scattering proﬁles in QX /QZ representation of the SF channel R−+ .
Table 3.4: Comparison of exchange coupling parameters for diﬀerent Cu0.94 Mn0.06 thicknesses tCuMn at T = 30 K in μ0 H = 7 mT external guide ﬁeld. For all samples, the mean layer
magnetization lies at an angle γ = 0◦ .

tCuMn
(Å)

Coupling Angle
Δγ (◦ )

Domain Width
ξL (μm)

Depth Replication
(# of bilayers)

Saturating Field
μ0 HS (mT)

16

23

0.40

30

522±7

19

30

0.43

30

450±7

25

29

0.35

8

240±7

The saturating ﬁeld for the samples presented in this section was recorded with a procedure similar to the sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] and is summarized together
with the exchange coupling parameters, such as the coupling angle Δγ and the domain
width ξL in Table 3.4.
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3.5 Polarized X-ray Spectroscopy
An investigation of the correlation between the observed form of the coupling and the
magnetic state of the dilute Mn impurities has been performed using element speciﬁc
polarized x-ray absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) [257]1 . The diﬀerence in the x-ray absorption cross-section between left and
right circular polarization provides information about the magnetic state of the investigated element [10, 94]. Conventionally, the energy of the incident circular polarized x-ray
is scanned through the absorption edge of the element under investigation, providing a
magnetic contrast due to the selection rules for electronic transitions. The experiments
have been performed and analyzed by Loh [155]. Here, only a brief summary of the results
of the polarized x-ray study shall be presented.
The energy dependence of the Mn XAS [Fig. 3.19 (top panel)] includes several multiplet type features [labeled (*) in Fig. 3.19], i.e. the spectra are not smooth [155, 257].
1

The Co and Mn L2,3 -edge XAS and XMCD were measured on the X11MA beamline at the
Swiss Light Source, Switzerland.

Figure 3.19: Upper panel: X-ray absorption at the Mn L2,3 -edge for left (σ − ) and right
(σ + ) circular polarized x-rays. Inset: Element speciﬁc hysteresis loops of Co and Mn recorded
by L-edge x-ray resonant scattering at 80 K. Lower panel: X-ray magnetic circular dichroism
at various temperatures. The temperature evolution of the XMCD is summarized in the inset
of the lower panel. Black lines in both the XAS and the XMCD are ﬁts with the software
CTM4XAS [155, 289]. The simulations are oﬀset from the data for clarity.
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Together with the large branching ratio I(L3 )/[I(L3) + I(L2 )] = 0.754, this is a characteristic for a high localized Mn spin state [78]. Simulations with the software CTM4XAS
[black line in Fig. 3.19 (top panel)] produced the best qualitative agreement with a 3d5
Mn electron conﬁguration. Such a high spin state is indicative for atomistic Mn impurity
spins with a high moment MMn = 4.4 ± 0.4 μB [155], rather than delocalized electrons due
to d − d hybridization that would occur if Mn clusters were formed within the spacer layer
[6, 214, 215]. This is in agreement with studies of dilute Mn spins in a noble metal matrix
[309, 310].
The temperature dependent XMCD signal of Co (data not shown) indicated a magnetic
moment of 1.33 ± 0.24 μB , evaluated by application of the L-edge sum rule under the
assumption of 7.5 holes in the Co d-band [63]. This value of the Co magnetization agrees
with the values evaluated from the PNR measurements. A non-zero Mn XMCD is observed
at all temperatures above and below the onset temperature of the coupling observed with
PNR. Therefore, a net Mn magnetization is present at all temperatures, aligned to the Co
magnetization, given by the same sign of the observed Co and Mn XMCD. The XMCD
signal is shown in Fig. 3.19 (bottom panel) for three temperatures along with a simulation
using CTM4XAS [289]. The simulation, performed for 0 K and assuming magnetic saturation, predicts a theoretical XMCD signal of 80% of the XAS. At 70 K, the experimental
XMCD evaluates to a fraction of 16.5%, which evaluates to a Mn magnetization of 0.9 μB
by comparison to the expected 80% of 4.4 μB from CTM4XAS.
Given the diﬀerence between the shapes of the simulated and experimental XMCD spectra, an L-edge sum rule analysis has been carried out [155], which resulted in a Mn spin
magnetization of ∼ 1.5 μB /atom. While the two values are not in total agreement, it can
be stated that a signiﬁcant amount of Mn magnetization exists at 70 K, which increases
towards lower temperatures. The increase in the observed XMCD with decreasing temperature is shown in the inset of the lower panel of Fig. 3.19, in which the XMCD is
scaled relative to the observed XAS signal. Such an increasing trend is consistent with an
increasing alignment of PM impurity spins to the Co-layer magnetization due to exchange
interactions.
A diﬀerent experimental study by Loh [155] involved the measurement of polarized xray reﬂectivity and investigating the polarization dependence of the scattering (L-edge
XRMS)1 , in which the signal is deﬁned by the diﬀerence between the left (IL ) and right
(IR ) polarization IXRM S = IR − IL . The experiment conﬁrmed the result of a signiﬁcant
net Mn polarization at all temperatures. Investigating the ﬁeld dependence of the XRMS
1

XRMS was measured on the beamline 4-ID-C at the Advanced Photon Source in Chicago,
USA.
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signal enabled measuring hysteresis loops at the Co and Mn absorption L3 -edge [Fig. 3.19,
top panel (inset)]. The similarity of these hysteresis loops, here shown at 80 K, suggest a
strong coupling between the Co magnetization and the Mn spin orientation, which supports the statement of PM Mn impurity spins polarized due to exchange interactions with
the nearby Co ferromagnets.

3.6 Interlayer Exchange Coupling Parameter and Theoretical Model
This section covers the evaluation of the IEC energies and presents a theoretical model
constructed to explain the experimental observation. This theoretical description is based
on a variant of the loose spin formalism [155, 283]. The results of the theoretical modeling
shall be summarized here, to ensure a comprehensive discussion of the IEC mediated by
dilute magnetic impurities in Cu0.94 Mn0.06 /Co multilayers. Due to the similarity in the
manifestation of the exchange coupling between diﬀerent spacer layer thicknesses, the
description focuses on the sample [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)], which is the principle
sample discussed in the preceding sections.

3.6.1

Experimental Interlayer Exchange Coupling Parameter

Experimental IEC energies can be related to the underlying canted AFM structure via
the areal energy density of the system [Section 1.3]. Taking into account the gradual
rotation of the magnetization vectors in the small domains and the absence of domain
wall movement under an applied external ﬁeld and with increasing temperature, this areal
energy density can be deﬁned with the assumption of a negligible in-plane anisotropy.
Neglecting any crystalline anisotropies, the energy density of the multilayer with a FM
layer thickness dF M and saturation magnetization M S reads [268]
E = −MS dF M Hext cos (Δγ) − J1 cos(2Δγ) + J2 cos2 (2Δγ) .

(3.6)

The ﬁrst term in Eq. 3.6 describes the Zeeman energy contribution in an external ﬁeld
Hext . The interlayer exchange energy of the system is separated into the bilinear exchange energy J1 , which favors either FM (J1 > 0) or AFM alignment (J1 < 0), and
the biquadratic exchange coupling energy J2 > 0, which favors a 90◦ alignment of subsequent layer magnetizations [73]. This separation and the full account of both exchange
energy terms is necessary to account for the particular canted magnetic structure in the
Cu0.94 Mn0.06 /Co multilayer, which shows neither true FM, AFM or 90◦ alignment. The
thickness of the Co layers, coupling angles Δγ, as well as the saturation magnetization HS
follows from the PNR experiments, which is summarized in the top panels of Fig. 3.20.
In addition, PNR showed a homogeneous behavior of the magnetization over the lateral
extension of the sample, i.e. no large lateral domains with diﬀerent magnetic behavior
have to be accounted for by diﬀerent areal energy densities. Such a situation of large lateral domains could, for example, arise from preferential growth on one side of the sample
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Figure 3.20: Magnetic exchange coupling parameters evaluated for the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)]×30 multilayer. a) Coupling angle 2Δγ as a function of external ﬁeld at two
temperatures (lines are a guide to the eye); b) Coupling angle 2Δγ and saturating ﬁeld HS
needed to overcome the coupling as a function of temperature; c) Coupling strengths evaluated
with Eq. 3.9 and 3.10 as a function of temperature. The model below the graph indicates the
evolution of the canting. The lines in (b) and (c) are ﬁts to the data obtained from the LSC
model presented in Section 3.6.2.

and thus long-range lateral thickness ﬂuctuations. Therefore, the PNR performed in the
last section uniquely determines the state of magnetization, i.e. the small canted domain
formation or FM alignment, representative for the whole multilayer.

Application of an energy minimization procedure to Eq. 3.6 leads to two conditions for the
IEC. At low ﬁelds (Hext ∼ 0), the ﬁrst derivative condition (dE/d2Δγ|H=0 = 0) yields

cos(2Δγ)|H=0 =
74

J1
.
2J2

(3.7)
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In saturation, i.e. parallel alignment of all magnetizations with γ = Δγ = 0, the second
derivative of Eq. 3.6 gives
1
MS dF M H = 2J2 − J1 .
4
From Eq. 3.7 and Eq. 3.8, the bilinear,
J1 =

MS dF M HS cos(2Δγ)
,
4(1 − cos(2Δγ))

(3.8)

(3.9)

and biquadratic interlayer exchange energy,
M S d F M HS
,
8(1 − cos(2Δγ))

J2 =

(3.10)

can be derived [73]. The resulting IEC energies are shown in Fig. 3.20c. Both exchange
energies, J1 and J2 , are found to increase with decreasing temperature in similar magnitude, reﬂecting the case of gradually opening coupling angles [Fig. 3.20 (bottom)] instead
of deﬁned FM, AFM or 90◦ alignment.

3.6.2

Theoretical Model: Laterally Varying Loose Spin Coupling

Based on an evaluation of diﬀerent mechanisms leading to biquadratic coupling in magnetic multilayers, the temperature dependence and the consistency of the coupling over the
investigated thickness range suggest that intrinsic biquadratic coupling, RKKY ﬂuctuation
mechanism [282], dipole-dipole interactions and magnetic pinhole coupling cannot account
for the experimentally observed behavior [155]. Instead, one can draw the conclusion that
the resulting coupling is originating from a LSC, which has been reported previously to
show strong temperature dependence [283]. The following presents a theoretical model
taking into account all interlayer exchange energies, bilinear J1 = J1RKKY + J1LSC , and
biquadratic J2 = J2LSC + J2f luct . Here J1RKKY represents the RKKY exchange between
the Co layers, J1LSC and J2LSC are the loose spin exchange coupling energies. The term
J2f luct will be introduced to arise from the lateral random distribution of the Mn impurity
spins, due to a lateral ﬂuctuation in the LSC.
The theoretical description of the exchange interaction through the spacer layer with
dilute impurities has to take into account the PM Mn spins as well as the Cu conduction
electrons. A schematic of the situation with a Mn spin positioned between two FM layers
is shown in Fig. 3.21. The most basic form of IEC is the RKKY exchange between the
FM Co layers in 3D [50],
J RKKY = C

2kr cos(2kr + Φ) − sin(2kr + Φ)
,
(2kr)4

(3.11)

introduced in Section 1.3, where also the amplitude-factor C is deﬁned (Eq. 1.3). Integration over the plane of the ferromagnets gives the RKKY exchange ﬁeld between the two
layers as a function of distance z [51],
U j = B ef f

d2Cu
sin(qz z + Φ)F (z, T ) ,
z2

(3.12)
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Figure 3.21: Schematic of the IEC situation with a PM Mn atom located between the two
FM Co layers, here shown with a canted magnetization mCo at low temperature.

in which the proportionality factor B ef f has units of energy per area and determines the
amplitude of the overall exchange [155]. The factor
F (z, T ) =

z T /T0 + T /T0i


sinh z T /T0 + T /T0i )

(3.13)

contains the temperature dependence due to thermal broadening of the Fermi level with
the spacer (T0 ) [59, 236] and interface (T0i ) characteristic temperatures [272]. In Eq. 3.13
qz describes the extremal spanning vector of the Fermi surface for a lattice spacing dCu
of the fcc Cu lattice. The exchange ﬁeld is computed at two temperatures for the left
(U j = U A (z)) and the right ferromagnet (U j = U B (tCu − z)) in Fig. 3.22. The values
determining the interaction strength have been determined by ﬁts to the experimental coupling strength [Fig. 3.20c] in connection with the remaining parameters introduced below1 .
According to the loose spin model of Slonczewski [283] [Section 1.3], the PM impurity
atoms are polarized by the same exchange ﬁelds [Eq. 3.12, Fig. 3.22], with only the interaction strength assumed to be diﬀerent due to the diﬀerent hybridization between the Cu
conduction electrons with the Co and Mn d-electrons. This energy scaling is accounted
for by the ratio JCo /JMn , which is determined by ﬁts to the experimental data. Therefore,
the impurity spin at a location (00z) sandwiched between two Co layers A and B interacts
indirectly with the Co magnetizations on either side [Fig. 3.21]. Instead of using the 1D
form of the bilinear and biquadratic exchange interaction [Eq. 1.7 - 1.9], the 3D structure
is accounted for by summation over each possible Mn position in z [155]. The exchange
ﬁelds in the free energy [Eq. 1.7] are determined by a vector sum of the above RKKY
exchange ﬁelds, U (z, 2Δγ) = |U A (z) + U B (z)| = UA2 + UB2 + 2|UA ||UB | cos(2Δγ). Similar
1
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Figure 3.22: RKKY exchange ﬁelds Uj in the Cu0.94 Mn0.06 spacer layer emanating from the
left (UA , solid line) and right (UB , dotted line) Co ferromagnet [155]. The black dots in the
spacer layer region (yellow shading) correspond to possible Mn positions on the (111) planes
of the Cu lattice. The extended plateau until the ﬁrst Mn atom location on either side of the
Co layers (blue shaded regions) is assumed due to direct exchange of the Mn spins closest to
the FM layer.

to Eq. 1.8 and 1.9 one arrives at the bilinear,
J1LSC = 1/2


(F (zi , π) − F (zi , 0))

(3.14)

zi

and biquadratic coupling energy,
J2LSC =



1/2(F (zi , π) + F (zi , 0)) − F (zi , π/2) .

(3.15)

zi

The calculated values for J1LSC and J2LSC are plotted in Fig. 3.25 together with the RKKY
and the additional coupling term J2f luct , introduced below.
Lateral Fluctuations in J1LSC
While the consideration of a LSC component in the exchange coupling energies creates a
biquadratic coupling component J2LSC , it becomes clear that the bilinear coupling components J1RKKY and J1LSC are signiﬁcantly stronger. In addition, the evaluation of the LSC
demonstrates that the bilinear coupling J1LSC does not cancel out when averaged over all
impurity spin locations in the spacer layer (see below). Such a cancellation was previously
suggested to explain shortcomings when comparing between experimental observation and
the loose spin theory [283]. Similar shortcomings were observed in diﬀerent systems, in
which orthogonal magnetic coupling was ascribed to a loose spin formalism [263], but led
to diﬀerent conclusions, including an unphysical large exchange ﬁeld at the loose spin site
and neglecting of the bilinear contribution J1LSC [81, 263, 283, 295, 296].
Due to the limitations of the existing loose spin formalism, an additional contribution
to the biquadratic exchange coupling is considered, here labeled J2f luct . In general terms,
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Figure 3.23: Schematic of the IEC situation including the PM Mn spin at a position (x, y, z)
within the spacer layer. The interaction strength of a single Mn spin, with the total number
of Mn randomly distributed within the spacer, varies as a function of the radius s(x, y).

this interaction energy is based on the positional disorder of the Mn spins parallel to the
interface. Such a lateral density variation would have a direct impact on the lateral distribution of the bilinear coupling energy J1LSC , which in turn could create a biquadratic
coupling energy based on the ﬂuctuation mechanism [282] [Section 1.3]. The absence of
clustering and the PM behavior of the impurity spins, as identiﬁed by the polarized x-ray
measurements, lead to an assumption of a homogeneous 6 % occupation probability of Mn
on each site within the fcc spacer.
In order to include the statistical distribution of impurity spin locations in the spacer
layer, the 3D RKKY interaction [Eq. 3.11] between individual atoms in the FM and the
loose spin has to be reconsidered [155],
RKKY
(x, y, z) = D
JCo-Mn

with r =

2kr cos(2kr + Φ) − sin(2kr + Φ)
,
(2kr)4

(3.16)

(x2 + y 2 + z 2 ). For a single Mn spin, this interaction varies in the plane of

the Co ferromagnets as a function of the radius s(x, y) [Fig. 3.23]. The proportionality
constant D can be obtained in comparison to C in Eq. 3.11 by integration over a plane
of Co atoms with areal density dCo , which gives [155],
D=C

d2 qz2 MMn
.
2πdCo

(3.17)

Similar to the evaluation of the LSC energies, the lateral variation in J1LSC is determined
by the diﬀerence in free energy between FM and AFM alignment, while only the exchange
ﬁeld of one of the ferromagnets is integrated. Integration over the right-hand ferromagnet
B gives the loose spin interaction energy for the left-hand ferromagnet A,
1
RKKY
RKKY
(x, y, z) − UB (z)MMn ) − F (JCo-Mn
(x, y, z) + UB (z)MMn )] . (3.18)
J1LSC,A = [F (JCo-Mn
2
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Equation 3.18 is symmetrically valid for the right hand ferromagnet if the left-hand ferromagnet is integrated to UA (z). An estimate of the total coupling energy, i.e. summation
over all Mn positions, can be made by representing the positions (x, y, z) of the impu
rity spins with δ-functions S(x, y, z) =
δ(xi , yi , zi ) and a convolution over the lateral
i

coordinates,
tCu /dCu +∞ +∞

J1LSC (x, y)

=



S(x , y  , ndCu )J1LSC,A (x − x , y − y  , ndCu )dx dy  .

(3.19)

n=1 −∞ −∞

The sum in Eq. 3.19 indicates the summation over all Mn positions in z, for the amount
of lattice planes n in the spacer layer with lattice spacing dCu and thickness tCu . The
convolution has been performed by Loh for a uniform probability distribution for the 6%
cite occupancy [Fig. 3.24a] [155]. The result of the laterally varying LSC term J1LSC (x, y),
integrated over the (111) lattice planes, is shown in Fig. 3.24b. In order to derive the
biquadratic coupling energy due to the ﬂuctuation mechanism from the lateral ﬂuctuations,
J1LSC (x, y) is decomposed into 2D Fourier components,
JF = a sin(πx/l) sin(πy/l) = a0 + a1 sin(πx/l1 ) sin(πy/l1 ) + a2 sin(πx/l2 ) sin(πy/l2 ) ,
(3.20)
in which amplitude a and length scale l are chosen to resemble the energy ﬂuctuations in
Fig. 3.24b [155]. Including Eq. 3.20 in the formula for the biquadratic coupling energy due
to the ﬂuctuation mechanism [Eq. 1.5] gives the resulting expression for the additional
coupling,
J2f luct


1
= √
ai li coth
4 2πA i

√

2πd
li


,

(3.21)

Figure 3.24: a) Example random distribution of 6% Mn atoms on a fcc Cu lattice used
in the calculation of J1LSC (x, y) for a single fcc lattice plane. b) Total lateral ﬂuctuation of
J1LSC (x, y) integrated over all lattice planes n = tCu /dCu plotted as a contour plot.
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in which A = 1.2 × 10−8 J/m is the exchange stiﬀness of the Co layer [155, 282].
Values, determining the interaction strengths J1RKKY , J1LSC , J2LSC and J2f luct are related
to the RKKY interaction with the Mn moment and the factor JCo /JMn scaling the RKKY
between the two Co-layers due to the diﬀerence in hybridization between the Cu conduction electrons and Co and Mn d-electrons. The phase and period of the RKKY interaction
are estimated on the basis of results on Co/Cu(111) multilayers [291]. The remaining
free parameters have been ﬁtted to the experimental data, which gives Bef f = 540 T,
T0 = 1000 K, T0i = 300 K and JCo /JMn = 0.62. These values are consistent with previous
experimental works on Co/Cu(111) systems [272, 291]. A full list of parameters and the
ﬁtting procedure can be found in Loh’s PhD thesis [155].

In order to directly compare the theory with the experiment, next to a comparison of
the interlayer exchange energies J1 = J1RKKY + J1LSC and J2 = J2LSC + J2f luct [Fig.
3.25a,b], the Co magnetization coupling angle 2Δγ and the saturation magnetization HS
are calculated [Fig. 3.25c,d]. The results, summarized in Fig. 3.25, show that a substantial contribution of J1LSC exists even after the performed summation over Mn positions.
Therefore, neglecting this bilinear coupling does not represent a good assumption in mul-

Figure 3.25: Individual and total bilinear (a) and biquadratic (b) IEC energies necessary to
reproduce the saturating ﬁelds HS (c) and magnetization coupling angles 2Δγ (d) observed
in the [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] multilayer.
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tilayers exchange coupled through dilute magnetic impurities. Instead, taking fully into
account the bilinear contributions from the standard Cu/Co RKKY exchange interaction
and the bilinear interaction of the LSC reproduces our data well, if the consideration of
lateral disorder in the impurity spin location is included. Temperature and ﬁeld dependencies of the coupling are well reproduced with determining parameters based only on
the underlying RKKY exchange interaction.

3.7 Conclusions and Outlook
Based on an experimental investigation of the magnetic state in a [Cu0.94 Mn0.06 /Co] multilayer system, this chapter discussed the eﬀect of dilute magnetic impurities on the IEC.
The samples have been found to consistently show a temperature-dependent canting of
magnetization vectors in laterally distributed domains. The domains show an AFM-type
correlation [Fig. 3.26a], i.e. the canting angle changes in sign for subsequent FM layers,
and their opening angle 2Δγ increases with decreasing temperature or external ﬁeld. A
theoretical model has been derived, which fully takes into account bilinear and biquadratic
exchange energies. An additional contribution to the biquadratic interlayer coupling is introduced via a ﬂuctuation mechanism arising from lateral ﬂuctuations within the bilinear
LSC energy. A schematic of the 3D energy landscape of the laterally ﬂuctuating loose
spin term J1LSC is presented in Fig. 3.26b. Note that the contour plot represents the data
from Fig. 3.24b, but no in-plane (x, y)-scale is provided for the Co planes.
The detailed layer-resolved magnetic investigation using PNR has led to a complete set
of underlying exchange coupling parameters to allow the theoretical modeling. Further,
structural imperfections and a substantial interface roughness in the multilayer have been

Figure 3.26: a) Domain-coupling model in Cu0.94 Mn0.06 /Co multilayers. b) 3D representation of the laterally ﬂuctuating exchange coupling J1LSC from the bilinear LSC [Fig. 3.24].
The image can be understood as the energy ﬂuctuation originating from the left-hand Co layer
A that the right hand Co layer B would experience through the presence of the Mn spin.
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revealed, which could be improved upon with a new batch of samples. Although the interface roughness is included in the model [155], the system is expected to show a clearer
behavior with better deﬁned interfaces.
No indication of a spin-glass transition as suggested by Kobayashi et al. [135] could
be found within the order of the onset temperatures of the coupling. The only indication
of such a transition of the Mn spins is a low-temperature AC susceptibility peak at 11 K.
Therefore, the possible spin-glass transition can be accounted for as independent from the
observed behavior and the Mn spins can be seen as truly PM impurities. Experimentally,
more detailed investigations using PNR at temperatures below 10 K could identify if the
cusp in the susceptibility is resulting from a transition in the Cu0.94 Mn0.06 layer or if any
diﬀerence can be detected in the behavior of the Co layer. This, in conjunction with an
extended study of the spacer thickness dependence, could lead to supporting insights in
the system and could test the theoretical approach over a wider range of thicknesses than
presented herein and by Loh [155]. In addition, the amount of dilution of the magnetic
impurities represents a tuning parameter determining the exchange coupling and magnetic
structure. The LSC model predicts a linear increase in the coupling strength towards the
percolation limit.
The observation of a strong biquadratic exchange coupling component, comparable with
the bilinear interaction strength, over a large thickness range from 16 Å to 25 Å indicates a phenomenon of greater generality, rather than a problem of well-matched coupling
terms [110]. When comparing our results to the study by Kobayashi et al. [135], many
similarities in the magnetic behavior and temperature dependence can be found. However, Kobayashi suggested a columnar grain structure with ﬂuctuating Mn concentrations
leading to laterally varying regions of AFM and FM coupling. While this model ﬁnds
similarities within our description, the columnar domains in our system contain canted
magnetizations, which were precluded in the considerations by Kobayashi. PNR reveals
that FM and AFM regions do not coexist due to ﬂuctuating Mn concentrations, but rather
a short range ﬂuctuation of the LSC energy is invoked.
With respect to the manifold of materials with dilute magnetic inclusions, either of fundamental scientiﬁc interest or in view of technological applications, the ﬁndings in this
chapter represent a contribution to the understanding of RKKY-type exchange interactions and the importance of lateral ﬂuctuations. While PNR does not resolve the magnetic state of the impurities, it has been shown to be an excellent tool to derive a detailed
magnetic model as a function of temperature and external ﬁeld. The measurements and
conclusions from the simulation highlight the necessity of a full picture of the magnetic
situation to derive accurate fundamental exchange coupling constants.
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4

Exchange Bias Created by Chemical Order

The project on FePt3 thin ﬁlms and multilayers is motivated by a unique characteristic of
the alloy to possess ferro- and antiferromagnetic properties, only subject to the degree of
chemical ordering of the constituent atoms. This identiﬁes the unique possibility to alter
the magnetic composition of the material without changing elemental material composition
or concentration. Further, the contact between AFM and FM domains within the single
crystalline structure is expected to lead to an unique self-exchange bias eﬀect (see Section
1.4 for a general description of EB), which will be investigated in the following sections.
The tailoring of the self-exchange bias takes place in two diﬀerent sample systems, thin
ﬁlms of FePt3 with diﬀerent degrees of chemical order and a multilayer showing a magnetic,
but no structural modulation. The results are compared and discussed in Section 4.4.

4.1 Introduction to Chemical Order and the FePt3 Sample System
The alloy FePt3 belongs to a special class of materials which exhibit a chemical orderdisorder transition, altering the material properties. In general, chemical order identiﬁes
the ordered distribution of the elemental constituents onto the lattice sites in the crystal
[Fig. 4.1][40, 164]. A prototypical example for a material showing a chemical order-disorder
transition is the alloy Cu3 Au, in which long- and short-range order have been identiﬁed
using XRD methods [66, 123, 331].
In the case of a face-centered-cubic (fcc) lattice, the long-range chemical order can be
described using the deﬁnition by Bragg and Williams [40], in which the order parameter
S measures the preference for occupation of a lattice site by a particular atom within a
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superlattice structure. For perfect chemical order, one ﬁnds S = 1 and for total absence
of long-range order S = 0 [40, 164].
From the magnetic point of view, chemical order materials exhibit a range of interesting phenomena, which can be used to tailor materials’ properties. Several examples of
chemical order transitions in magnetic compositions exist in the literature and form a
topic of ongoing interest. The alloys FePt and CoPt, which have been intensively studied
with respect to an application in perpendicular recording media [297], show a dependence
of the magneto-crystalline anisotropy on the chemical order [237]. In metallic alloys of the
composition XPt3 , a rich diversity of magnetic conditions is observed when X is varied
across the 3d-elements [163]. CrPt3 has been found to be ferrimagnetic with a magnetic
moment on the Pt atoms aligned opposite to the Cr moments [24, 25, 174]. MnPt3 is
FM and magnetic moments assigned to the Pt atoms are aligned parallel to Mn moments
[9, 239]. The magnetic behavior of CoPt3 [53, 187] and NiPt3 [53] are close to the characteristics of MnPt3 , with the remarkable diﬀerence that MnPt3 in a disordered state does
not show ferromagnetism, while it is retained in CoPt3 [9, 53]. FePt3 is unique in this

Figure 4.1: Crystallographic cubic unit cell of FePt3 in the (a) chemically ordered (C-type
AFM) and (b) chemically disordered (FM) phase. Sheets along the (110) direction indicate
the form of magnetic alignment below the respective magnetic transition temperature.
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family of materials since it is the only one to exhibit AFM and FM properties simultaneously, quasi within the same crystallographic structure
FePt3 crystallizes in the fcc-like L12 Cu3 Au structure [67]1 . The chemical ordering of
the stoichiometric composition can be described by Fe atoms occupying the corners and
Pt atoms located at the face centers of the cubic unit cell [Fig. 4.1a]. Within this superlattice, the Fe moments show AFM alignment along the crystallographic ( 12 12 0) direction
in FM subsheets along the (110) direction below TN = 160 K [163]. The magnetic moment per iron atom, extrapolated to T = 0 K, is mFe = 3.3 μB [13, 163]. Above the Néel
temperature, PM behavior is observed. The speciﬁc magnetic order is highly sensitive to
the Fe content in the material [323]. Fe rich compositions of the alloy have been found
to exhibit a second magnetic transition, which is not directly connected to the degree of
chemical order [13]. This manifests in a second AFM → AFM transition below a temperature of TN2 = 100 K, in which magnetic ordering develops along the ( 12 00) direction
with alternating FM sheets in the (100) planes. The occurrence of this second structure
has been attributed to the non-ideal ordering condition due to Pt deﬁciency and Fe atoms
starting to occupy face centers of the unit cell [13, 163]. The excess Fe moments located
on the faces couple ferromagnetically to the nearest neighbors and long-range AFM order
can persist if no Fe clustering is present [223]. In both AFM orientations, no magnetic
moment is carried by the Pt atoms. Chemically ordered growth is achieved by postgrowth annealing above 1200 K [13] or increased substrate temperatures during deposition
[159, 163, 171, 172].
Chemical disorder can be introduced in the system by cold work [302, 303] or thin ﬁlm
deposition at temperatures below 900 K [159, 163]. The crystalline symmetry and lattice
constants remain invariable during the transition to a disordered phase, but instead of
AFM order, FM order is observed [Fig. 4.1b]. In the fully disordered phase, with random
locations of Fe and Pt, positive exchange between the nearest neighbor Fe atoms leads
to the observed FM properties [159]. The FM bulk transition temperature of chemically
disordered FePt3 is TC = 425 K [13]. Even above TC , the chemically disordered phase
remains stable and annealing into the ordered phase does not occur to temperatures well
above 1000 K [67].
To date, the majority of the studies of FePt3 have concentrated on the investigation
of either high degree of chemical order (S = 1) or absence of chemical order (S = 0) [see
1

Note that the fcc description of the crystallographic symmetry is not fully correct, but should
be described with a simple-cubic symmetry with bi-atomic base. However, the simpliﬁed fcc
notation is used to highlight that the lattice structure remains invariant during the chemical orderdisorder transition.
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references cited above]. In contrast, the present study aims at the investigation of artiﬁcially created compositions at which controlled degrees of chemically order and disorder
coexist. Thin ﬁlms of FePt3 are deposited under conditions leading to a spatial variation
of the chemical and, subsequently, to the magnetic structure. In particular, the aim is to
establish artiﬁcial FM and AFM domains, which lead to a self-exchange bias eﬀect due to
AFM/FM interfacing if the material is ﬁeld cooled through the Néel temperature of the
chemically ordered phase. Such an exchange anisotropy in an intermixed system was ﬁrst
observed by Bacon in a Fe rich composition with 32.2 % Fe, measured after ﬁeld cooling
in 1.4 T from 240 K to 4.2 K [13]. Ferromagnetism and antiferromagnetism evolve due to
a local variation in Fe concentration. In our case it was desired to introduce ferromagnetism in a stoichiometric compound with 25 % Fe, purely by chemical disorder, creating a
mono-stoichiometric single crystalline ﬁlm with two magnetic phases. The ﬁrst approach
was the growth of epitaxial thin ﬁlms of FePt3 with incomplete chemical order. It will be
shown that such a sample contains grains of diﬀerent magnetic order, the existence and
behavior of which will be discussed in Section 4.2. A second, more advanced approach will
be presented in Section 4.3, in which an artiﬁcial chemical order modulated multilayer will
be presented. The periodic chemical order modulation within the ﬁlm leads to a controlled
magnetic modulation in the form of separated AFM and FM layers.

4.2 Self-Exchange Bias in FePt3 Thin Films with Finite Degree
of Chemical Order
4.2.1

Sample Description and Structural Characterization

The samples have been grown by the Condensed Matter Physics group of G. J. Mankey at
the Department of Physics and Astronomy of the University of Alabama. The deposition
on MgO(001) substrates took place by magnetron sputtering in a RASCAL sputtering
chamber with a base pressure of 1.3 × 10−9 mbar and better than 9 × 10−9 mbar with
the sample at deposition temperature [115]. During the deposition, a working pressure of
4 × 10−3 mbar of ultra-pure Ar gas was introduced in the system. The sputtering from
Fe25 Pt75 composite targets predetermines the stoichiometric composition and sputtering
ﬂuxes have been calibrated by x-ray reﬂectivity of single-component ﬁlms deposited at
room temperature [159, 173]. The growth temperatures for the desired degree of chemical order have been determined based on preliminary studies with similar FePt3 samples
[139, 158, 159, 163, 171, 172, 173]. For the investigation of EB and the magnetic behavior
of composite FM/AFM samples with intermediate values of chemical order, three samples
with a thickness of 2800 Å have been fabricated at growth temperatures of 873 K, 948 K
and 1023 K. Epitaxial growth at all temperatures is achieved through a combination of
Cr (30 Å) and Pt (60 Å) seed layers. An oxidization of the FePt3 is prevented by a 60 Å
Pt capping layer. Once the samples arrived in Sydney, the ﬁrst step was the structural
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Figure 4.2: Sample geometry and rotation angles used in the XRD experiments.

quality and chemical order determination using high-angle XRD.

The samples where structurally characterized using a lab-based Phillips X’Pert Pro xray diﬀractometer, located at the Bragg Institute and at CSIRO Lindﬁeld. Figure 4.2
shows a general outline of the angles and rotations of the diﬀraction experiments with
respect to the thin ﬁlm surface. The instrument at the Bragg Institute is conﬁgured for
x-ray reﬂectivity measurements, with a ﬂat xyz-translation stage allowing Ω and Ψ-tilt
adjustment [Fig. 4.3a]. The diﬀractometer at CSIRO is equipped with a Eulerian cradle,
allowing a greater range of accessible incidence and scattering angles Ω and 2θ [Fig. 4.3b].

Figure 4.3: Phillips X’Pert Pro sample stages: a) xyz-translational stage with φ and Ψ tilts
and (b) Eulerian cradle allowing in-plane diﬀraction [226].
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Both instruments were operated with Cu-Kα radiation (λ = 1.542 Å) with a Ni-ﬁlter inserted in the incident beam in order to limit wavelength contamination by Cu-Kβ and
possible W and Ni impurities in the Cu anode. The samples have been mounted ﬂat on
the sample tables and aligned with the incident beam. This involves an alignment to the
ﬁlm surface and a following more precise Ω-alignment with a structural thin ﬁlm diﬀraction peak. The additional step ensures an alignment with the thin ﬁlm lattice and not the
substrate crystal or surface. A standard diﬀraction measurement is performed without
oﬀsets in Ω, measuring the out-of-plane momentum transfer QZ . Diﬀerent directions of
the momentum transfer become accessible by introducing oﬀsets in the respective angles
Ω or Ψ, while the angle φ is used to make an in-plane rotation of the diﬀraction vector.

Figure 4.4 shows a measurement of the three samples along the momentum transfer QZ , directed normal to the surface, plotted over the scattering angle 2θ. All samples show strong
(002) and (004) intensities, which indicates the preferential growth direction along (001).
The lattice constants corresponding to the position in 2θ are c1023K = 3.88 Å ± 0.01 Å,
c948K = 3.89 Å ± 0.01 Å and c873K = 3.89 Å ± 0.01 Å for the ﬁlms grown at 1023 K, 948 K,
and 873 K, which is consistent with reported bulk [13] and previous thin ﬁlm values [171].
(002) and (004) diﬀraction of the MgO substrate is observed with varying intensity between the samples. Since all samples are aligned on the thin ﬁlm lattice, small oﬀsets of

Figure 4.4: Out-of-plane diﬀraction measurement of FePt3 (2800 Å) along QZ = 4π/λ sin θ,
plotted over 2θ, using λ = 1.542 Å Cu-Kα radiation.
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the ﬁlm orientation with respect to the out-of-plane substrate direction, for example due
to substrate miscut, lead to a decrease in the intensity observed from the substrate. Since
the oﬀset can vary from sample to sample, and due to some ambiguity in orientation of the
samples along the edges and the direction of the oﬀset, the decrease also may vary. In fact,
this is the reason why an alignment on the ﬁlm lattice is chosen to ensure reproducible and
homogeneous measurements, rather than an alignment on the single crystalline substrate.

An enlarged view of the FePt3 peaks is shown in Fig. 4.5 together with a ﬁt to the peak
proﬁle. These measurements have been performed with an additional constant Ω-oﬀset of
δΩ = 0.3◦ , applied to reduce the inﬂuence of the (002) and (004) MgO diﬀraction peaks to
a comparable level between the ﬁlms. In Fig. 4.5b and 4.5d a shoulder becomes visible to
the left of the main FePt3 (002) and (004) diﬀraction peak. This shoulder could originate
from the Pt seed and capping layers surrounding the ﬁlm with a total thickness of 120 Å
and some segregation of a diﬀerent Fe(1−x) Ptx phase closer to the interface to the seed
and capping layer. The deviation in the (002) and (004) peak position arises due to the
diﬀerences in the measured lattice constants reported above.

Figure 4.5: Enlarged view of (00l) diﬀraction peaks of FePt3 grown at diﬀerent temperatures.
The peak proﬁles have been ﬁtted with Voigt functions in order to determine the integrated
peak intensity. The diﬀraction peak is labeled in the ﬁgures a-d, while individual ﬁgure labels
contain the growth temperature.
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Due to the fcc structure factor being non-zero only if hkl are all even or all odd (see
below), diﬀraction along (001) and (003) is symmetrically forbidden in a chemically disordered lattice, which shows the bi-atomic fcc structure. The observation of these peak
indices is a feature of the chemical order in the system, changing the crystallographic symmetry from fcc to simple-cubic with bi-atomic (Fe and Pt) base. Therefore, the observed
intensity of the (001) and (003) diﬀraction provides a quantitative measure of the chemical
order. An evaluation of the order parameter S is made over the experimental intensity
ratio Iexp. (001)/Iexp. (002) compared to the calculated ratio for perfect order (S = 1),
Iexp. (001)/Iexp. (002)
.
S=1 (001)/I S=1 (002)
Ical.
cal.

S=

(4.1)

The experimental peak ratio is obtained, by a ﬁt of the diﬀracted peak proﬁle with a
Voigt function in order to determine the background-subtracted integrated peak intensity
[Fig. 4.5]. A determination of the chemical order parameter has been performed based on
diﬀerent combinations of all four peak intensities in the experimental ratio Eq. 4.1.
S=1 can be calculated
The theoretical relative peak intensity for perfect chemical order Ical.

over
Ical. = |F F ∗ | × LP × G ,

(4.2)

in which LP represents the Lorentz polarization factor [70],
LP =

1 + cos2 (2θ)
,
2 sin(2θ)

and G the ﬁlm thickness correction factor [28],


−2u t
.
G = 1 − exp
sin(2θ/2)

(4.3)

(4.4)

t is the ﬁlm thickness and u = 4109 cm−1 the linear absorption coeﬃcient. u can be
calculated over the tabulated mass attenuation coeﬃcients μn /ρn of the material n with
weight fraction wn ,

u(FePt3 ) = [wFe

μFe
ρFe




+ wPt


μPt
] × ρ(FePt3 ) ,
ρPt

(4.5)

at an x-ray energy of E(λ = 1.542 Å) = 8.045 keV [207]. ρ(FePt3 ) = 18.22 g/cm3 is the
FePt3 mass density. The general x-ray structure factor, F , is given by
F (h, k, l) =

m


fμ (K)e(2πi(hxμ +kyμ +lzμ )) ,

(4.6)

μ

with K = sin θ/λ = Q/4π [329]. fμ represents the Q and energy-dependent atomic
scattering factor,
fμ = n × exp(−DW )(f0 (K) + f  (λ) + if  (λ)) ,
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Table 4.1: Parameters used for the calculation of theoretical peak intensities (100 % chemical
order) for the example of the sample grown at 1023 K.

Peak

2θ
(◦ )

LP

G

DWFe

fFe


fFe

DWPt

fPt


fPt

t
(Å)

(001)

22.89

2.38

0.64

0.009

21.47

3.20

0.006

66.80

6.93

2800

(002)

46.74

1.00

0.40

0.038

16.99

3.20

0.025

56.54

6.93

2800

(003)

73.02

0.57

0.29

0.086

13.09

3.20

0.056

47.58

6.93

2800

(004)

104.96

0.55

0.23

0.15

10.09

3.20

0.010

40.33

6.93

2800

for n elements μ at coordinates (xμ , yμ , zμ ). f0 is the ﬁrst-order cross section, which can
be calculated over the Cromer-Mann coeﬃcients tabulated for many elements [69],


f0 (K) = c +

ai exp(−bi K 2 ) .

(4.8)

i=1,4

f  (λ) and f  (λ) are the dispersion and absorption correction for forward scattering [68].
The above factor exp(−DW ) = exp(−B·K 2 ) describes the temperature-dependent DebyeWaller correction [273]. With f = f0 + f  , the product of structure factor and its complex
conjugate for the (001) and (002) reﬂection therefore becomes
⎧
 e−DWFe − f  e−DWFe )2
for
⎨ (fFe e−DWFe − fPt e−DWFe )2 + (fFe
Pt
∗
FF =
⎩
 e−DWFe + 3f  e−DWFe )2 for
(fFe e−DWFe + 3fPt e−DWFe )2 + (fFe
Pt

(001)
.
(002)
(4.9)

In the case of chemical disorder, Fe and Pt locations are not distinguished and therefore
F (h, k, l) becomes zero for the (001) diﬀraction. The parameters for the peak intensity
calculation are listed in Table 4.1. Integrated measured and calculated peak intensities
are summarized in Table 4.2, together with the order parameter obtained from the Eq.
Table 4.2: Measured and calculated integrated XRD intensities of FePt3 . The sample
column contains the growth temperature. Intensities are given in arbitrary units. The error
is determined from the uncertainty in the Voigt ﬁtting and diﬀerences between individual
peak ratios. tG describes the average crystallite size determined of the (001)-peak using the
Scherrer-formula [70, 145, 266].

Sample

Measured Intensity
(001) (002) (003) (004)

Calculated Intensity
(001) (002) (003) (004)

S
(%)

tG
(Å)

1023 K

52.09

312.40

2.97

39.84

3.14

13.70

0.18

1.82

86±2

871

948 K

2.13

34.06

0.16

5.05

3.15

13.80

0.18

1.82

54±4

138

873 K

5.42

131.95

0.38

20.20

3.16

13.85

0.18

1.82

43±3

44
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4.1. The error estimation was performed based on the uncertainty in the Voigt ﬁt of the
experimental data and diﬀerences in the order parameter depending on the combination of
peaks taken for the calculation Eq. 4.1. The calculation [Table 4.2] shows that the sample
grown at 1023 K consists of 86 % ordered and 14 % disordered grains, while the sample
grown at 948 K contains almost equal volume fractions. A connection between the grain
volume and the magnetic order, in particular the AFM order, and the consequence on the
magnetic behavior will be focus of the following sections.
The average grain size of the chemically ordered phase can be approximated using the
out-of-plane coherence length of XRD, determined by using the Scherrer-formula [70],
tG =

K ×λ
,
B × cos θB

(4.10)

in which K describes a constant depending on the shape of the crystallites. B is FWHM
of the Bragg diﬀraction peak, corrected for the FWHM of the instrumental resolution,
observed under a diﬀraction angle θB [70]. Results of the average ordered crystallite
thickness obtained from the (001) diﬀraction peak are included in Table 4.2. Application of the Scherrer formula to the (002) structural peak gave consistently high values for
all samples, governed by the accuracy of the instrumental resolution. This indicates a
structural epitaxy in the order of the ﬁlm thickness. Note that the result of the thickness
calculation strongly depends on the choice of the constant K, which has been deﬁned as
K = 0.94, thus resembling spherical objects with cubic symmetry [329]. The correct choice
of K and the accurate treatment of the instrumental resolution represent the largest source
of uncertainty and the values given in Table 4.2 should be seen as identifying a trend in
the particle size with order parameter rather than absolute values.
The structural investigation using XRD is concluded with a more thorough investigation of the epitaxial growth quality of the ﬁlms. Under application of an oﬀset of 45◦ in
the tilt angle Ψ, in-plane crystallographic directions become accessible in addition to the
out-of-plane component. Figure 4.6 shows a comparison of rocking proﬁles obtained by
rocking the sample with a ﬁxed 2θ of the (001) and (002) as well as (011) and (022) directions. Such rocking proﬁles, changing only the angle of incidence at a ﬁxed 2θ, measure
the distribution of crystallite orientations within the ﬁlm and thus give an indication of the
overall structural quality. The Ω-scans show a rocking proﬁle with a FWHM of less than 1◦
(note the logarithmic scale and small scan range in Fig. 4.6), indicating a good structural
alignment of lattice planes distributed over the sample. This FWHM is consistent for the
(00l) and (0kl) directions, showing that the crystalline structure is not restricted to the
growth direction. However, the measurement indicates a diﬀerent in-plane lattice constant
of the ﬁlm grown at 948 K, identiﬁed through the shift in the maximum observed peak
intensity in the Ω-scan. While the out-of-plane measurement along (00l) gave a lattice
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Figure 4.6: Ω-rocking scans of FePt3 thin ﬁlms with 2θ ﬁxed to the respective diﬀraction
direction indicated in the graph. The FWHM of all measurements is less than 1◦

constant of c948K (002) = 3.89 Å, a lattice constant of a948K (022) = 3.93 Å ± 0.01 Å is observed along the (0kl)-direction, which indicates an in-plane lattice a948K (010) = 3.97 Å.
The resulting c/a-ratio is 0.98, identifying a lattice strain of 2 % of the in-plane component.

An additional measure of the epitaxy in the thin ﬁlms can be obtained by φ-scans at
ﬁxed 2θ values of a peak having both out-of-plane and in-plane components. In Fig. 4.7
the (022) direction (Ψ = 45◦ ) is chosen and the sample rotated in the beam about the
surface normal. Only a single cubic periodicity of 90◦ is observed for samples grown at
1023 K and 873 K, while the sample with an order parameter of S(948 K) = 54 % shows
less pronounced peaks. In addition, a diﬀerent periodicity of 30◦ is observed, which indicates a threefold twinning of the lattice in the ﬁlm plane. However, the oscillations with a
smaller period are only visible on a logarithmic scale and it is expected that the main ﬁlm
exhibits the 90◦ periodicity. The decreased intensity of the two central peaks in the φ-scan
could be attributed to the diﬀerent in-plane lattice constant, and therefore the alignment
in 2θ and Ω on a single peak. However, a general rotational sample misalignment could
not be conﬁrmed.
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Figure 4.7: φ-scan of the (022)-direction diagonal through the FePt3 ﬁlm. The 90◦ periodicity indicates epitaxial growth along the cubic symmetry. Individual datasets have been
oﬀset by three orders of magnitude for clarity. The label contains the growth temperature
together with the order parameter.

In summary, all three samples show the desired orientation of the thin ﬁlm lattice and
satisfactory epitaxial quality along the three crystallographic directions. The thin ﬁlm
crystallographic orientation on the substrate is schematically shown in Fig. 4.11 in Qhkl
[Section 4.2.3], which will be used in the neutron diﬀraction measurements. The order
parameter determined from the XRD varies substantially by a total of 40 % between two
samples, with a third sample being close to the 50 % volume average. The consequence
of the incomplete order and the eﬀect of the grain size on the magnetic properties is the
focus of the following sections.

4.2.2

Volume Magnetic Characterization using Magnetometry

The eﬀect of the diﬀerent degree of chemical order on the magnetization vs. the applied
magnetic ﬁeld has been investigated using the SQUID magnetometer at the University
of Wollongong. The samples are inserted into the sample chamber at room temperature
with the magnetic ﬁeld directed parallel to the sample surface along one of the sample
edges. All measurements, shown in Fig. 4.8, are taken after a ﬁeld cooling in 1 T to
10 K and hysteresis loops are measured in steps from low to high temperature. Although
no appreciable training of the hysteresis loops has been observed, all measurements were
recorded after three initial ﬁeld cycles. In Fig. 4.8, no correction for diamagnetic or PM
signals has been made, as the contributions from the substrate and sample holder are
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Figure 4.8: (a-c) Temperature-dependent magnetic hysteresis of FePt3 thin ﬁlms with
diﬀerent degree of chemical order after ﬁeld cooling to 10 K in +1 T. The deviation of the
usual hysteresis behavior in the higher ﬁelds of the sample with S = 86 % (dotted circle) is an
eﬀect of the diamagnetic contributions (see text), which is not corrected for in the data. The
lower right panel (d) shows a comparison of the magnetic hysteresis of the three samples at
10 K.

undetermined. Further, the diamagnetic signal in the SQUID response curve has been
observed to be slightly asymmetric with respect to the location of the center of the FM
signal from the sample. This can be related to an asymmetric sample holder with more
or less diamagnetic material above or below the sample. Therefore, as the FM signal
gets small at high temperatures, the diamagnetic signal eventually outweighs the FM response and the automatic ﬁt of the SQUID response function changes to the center of the
diamagnetic signal, rather than the signal from the sample. This leads to the observed
temperature and ﬁeld dependent deviations of the high ﬁeld hysteresis, indicated with a
dotted circle in Fig. 4.8a. The eﬀect is diﬀerent to the usual diamagnetic response, merely
causing a slightly negative slope in the high ﬁeld hysteresis, as observed in Fig. 4.8b,c.
A test measurement of a clean substrate alone did not aid in estimating the amount of
diamagnetic signal, as the relative contribution in the SQUID signal has been found to
depend on the sample size and mounting in the magnetometer. However, the measured
moment is scaled by the sample size in order to extract the magnetic moment per cm3 .
The magnetizations of the three samples show a qualitatively similar behavior of a FM
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hysteresis with a decreasing saturation magnetization MS and coercivity ﬁeld HC with
increasing temperature. Quantitatively, the samples with diﬀerent order parameter show
a diﬀerent magnetization behavior, shown for 10 K in Fig. 4.8d. The largest value for the
coercive ﬁeld is observed in the sample with S = 86 % chemical order, decreasing towards
the sample with the lower order parameters. The sample with S = 43 %, shows the highest
amount of saturation magnetization. This is in agreement with ferromagnetism existing
within chemically disordered grains, which take the largest volume fraction for the sample
with the lowest order parameter. The Curie temperature of the FM regions has been determined to be close to 300 K (data not shown) where no hysteresis and almost vanishing
moments were observed in the sample with S = 54 % and S = 43 %.
In addition to the temperature dependence of coercive ﬁeld and saturation magnetization, the hysteresis loops at low temperatures are not symmetric with respect to positive
and negative external ﬁelds. The temperature dependence of this EB ﬁeld, HEB , has been
evaluated by tracing the coercivity values of the increasing (right) and decreasing (left)
ﬁeld branch of the hysteresis,
HEB = HC (lef t) −

|HC (right)| + |HC (lef t)|
HC (lef t) + HC (right)
=
.
2
2

(4.11)

The results of the magnetization vs. external ﬁeld are summarized in Fig. 4.9. The top
panels show the temperature behavior of HC , corrected for the observed EB, and MS
taken at the ﬂat region of the hysteresis loops [Fig. 4.9a,b]. The bottom left panel shows
the temperature evolution of HEB [Fig. 4.9c]. Samples with an order parameter of 54 %
and 43 % only show slight diﬀerences in the amount of EB with a similar onset temperature around TB = 150 K. The sample with the highest degree of order exhibits a negative
EB substantially larger towards lower temperature. Although an insuﬃcient number of
points have been recorded in the high temperature region, a small amount of loop shift is
observed at 150 K, which indicates a higher onset temperature than the other two ﬁlms.
The observation of EB within the ﬁlms is the ﬁrst conﬁrmation of the coexistence of FM
and AFM grains within the sample at the interfaces of which the exchange anisotropy
evolves. Figure 4.9d shows a HEB as a function of the AFM grain size as determined by
XRD [Table 4.2]. A linear trend is observed, although the statement might be questionable due to the low amount of points in the graph. Considering only the basic formula
for EB [Eq. 1.13], the linear trend is in agreement with the dependence of HEB on tAF .
However, this does not take into account that the total volume of the magnetic material
is ﬁxed, i.e. an increasing AFM thickness leads to a decreasing FM contribution. Due to
this interdependence, one could expect a more complex behavior, as it is the case for other
EB systems reported in the literature [30, 134, 210, 211, 337]. In addition, the exchange
anisotropy evolves within mono-stoichiometric epitaxial ﬁlms.
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Figure 4.9: Magnetic behavior of FePt3 thin ﬁlms as a function of chemical order and AFM
grain size. a) Coercive ﬁelds HC vs. temperature. b) Saturation magnetization MS as a
function of temperature, taken at the ﬂat region of the hysteresis loops. c) EB ﬁelds HEB as
a function of temperature. d) EB ﬁelds HEB as a function of AFM grain size of the samples
as determined by XRD [Table 4.2] for diﬀerent temperatures. The lines are a guide to the eye.

In order to unambiguously conﬁrm the coexistence of AFM and FM domains due to
chemical order within the epitaxial ﬁlms, a more detailed investigation of the AFM behavior is necessary. The AC susceptibility χ = (dM/dH) of a magnetic system in a time
varying ﬁeld of Bext = BDC + BAC , with BAC = Ba cos(ωt), measures the response of the
magnetization to an oscillating ﬁeld and is sensitive to magnetic phase transitions. Figure
4.10 shows the AC susceptibility vs. temperature recorded with the ACMS module of a
PPMS system (University of Sydney). The data was obtained from low to high temperatures after ﬁeld cooling in 1 T to 5 K. During the measurement, a zero bias ﬁeld (BDC = 0)
and 0.5 mT oscillating ﬁeld with a frequency of f = 1 kHz was applied. All samples consistently show a peak in the susceptibility, which agrees with the observations by Bacon
and Crangle and indicates the AFM transition into the (0 21 12 )-ordered state [13, 67]. The
relative peak intensity varies between the diﬀerent order parameters, the strongest AFM
transition signal being observed in the sample with S = 86 % ordering. The decrease in
the peak intensity with lower chemical ordering can be understood due to the smaller
amount of AFM grains and less thermal stability due to a substantially smaller grain
size. The width of the transition peak indicates a distribution of AFM transition tem97
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Figure 4.10: AC susceptibility of FePt3 thin ﬁlms as a function of temperature for chemical
order parameters S = 86 %, S = 54 % and S = 43 %. The peak in the susceptibility indicates
the onset of antiferromagnetism within the samples, while the peak strength is indicative for
the AFM volume fraction.

peratures due to the ordered grain size distribution. While the transitions in the samples
with 86 % and 54 % AFM grains are centered around 165 K and 160 K, respectively, the
peak observed in the sample with S = 43 % AFM volume is shifted substantially towards
lower temperature. The temperatures stand in agreement with the onset temperatures of
the EB, which indicates a blocking temperature close to the AFM transition temperature.

Unfortunately, except for the observation of an AFM transition with qualitatively different onset temperatures, a more quantitative analysis of the signal is prevented by the
unknown contributions of FM and PM regions in the sample, as well as a constant oﬀset
due to the diamagnetic substrate. A more detailed investigation of the AFM order within
the chemically ordered grains and the onset temperatures is performed with high-angle
neutron diﬀraction in Section 4.2.3.

In summary, the volume magnetic behavior investigated with magnetometry revealed substantial diﬀerences in the temperature-dependent magnetization as a function of chemical
order. All samples consistently show the onset of EB below a temperature which lies
close to the transition temperature into an AFM state of the chemically ordered grains.
With respect to the epitaxial mono-stoichiometric nature of the samples, this exchange
anisotropy can be seen as a self-exchange bias eﬀect. The amount and temperature dependence of the EB depends on the grain volume and supposedly the interface character
of the grains. The sample with the highest amount of AFM grains shows the largest EB
and also the highest coercive ﬁeld values.
98

4.2. Self-Exchange Bias in FePt3 Thin Films with Finite Degree of Chemical Order

4.2.3

Structural and Magnetic Ordering Determined by High-Angle Neutron Diﬀraction

High-angle neutron diﬀraction on FePt3 thin ﬁlms has been used in order to investigate
the AFM ordering and the magnetic transition temperature, as well as to conﬁrm the
structural observations made with XRD. The experiments were performed on the TAS
TAIPAN [Section 2.4.1], which was set to detect elastic scattering of a ﬁxed incident neutron energy of 14.87 eV (λ = 2.35 Å). In order to trace the AFM ordering towards the
Néel temperature, a CCR (400 K < T < 4 K) has been used. The samples were aligned in
the neutron beam to the sample surface, allowing access to the scattering plane generated
by the (00l) and (0k0) directions [Fig. 4.11, and 4.12]. Therefore, all crystallographic
directions with values of Q0kl can be measured, which is the same orientation used for the
out-of-plane XRD measurements.
The blue circles in Fig. 4.12 indicate the structural peaks of the 2800 Å FePt3 ﬁlm, which
have also been observed in XRD. In contrast to the investigation with x-rays, in which the
ﬁrst-order diﬀraction resulted from the occurrence of chemical order, (001) and (011) are
−5 Å, is
not observed with neutrons. The nuclear scattering length of Fe, bFe
n = 9.45 × 10
−5 Å) [209], such that the misssimilar to the nuclear scattering length of Pt (bPt
n = 9.6×10

ing contrast leads to an eﬀective fcc-like symmetry in the ordered and disordered phase.
This fcc-like symmetry can be lifted by FM alignment of Fe moments in the chemically
ordered phase because of the additional magnetic scattering length. AFM ordering of the
Fe atoms on the other hand leads to a doubling of the unit cell along the (x, y)-direction
[Fig. 4.1] and thus to the possibility of half-order diﬀraction peaks observable along (00 12 )

Figure 4.11: Crystallographic ﬁlm directions of the 2800 Å thick epitaxial FePt3 ﬁlm grown
on MgO(001) substrate.
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Figure 4.12: Top view of the (hkl)-scattering plane for high-angle neutron diﬀraction as
derived from Fig. 4.11. The blue circles indicate accessible structural directions, the red stars
indicate the possible half-order locations for AFM order. The open squares indicate ﬁrst-order
diﬀraction peaks, which are not expected due to the close similarity of the nuclear scattering
length of Fe and Pt.

or (0 12 12 ).
In order to obtain an unambiguous measurement of the magnetic structure, high-angle
diﬀraction measurements along all directions indicated in Fig. 4.12 as a function of temperature have been performed in zero external ﬁeld. Results obtained from the sample
showing a chemical ordering of S = 86 % are summarized in Fig. 4.13. The data has been
corrected by the monitor count and a constant, Q-independent background has been subtracted. The temperature independent intensity and shape of the structural (002) peak
guarantees a consistent sample alignment [Fig. 4.13a]. In addition, rocking scans with a
ﬁxed 2θ at the (002) peak position have been performed at each temperature in order to
disprove spurious peaks or second order diﬀraction as a source of the scattering (data not
shown). The observation of the half-order peak along (0 12 12 ) at low temperatures therefore
is an immediate indication for the existence of AFM order. As shown in [Fig. 4.13c], the
strongest intensity along (0 12 12 ) is observed at the lowest temperature (T = 40 K). Upon
warming of the sample, the intensity continuously decreases, until it is no longer observed
at T = 170 K. Integrated intensities at each temperature have been determined by ﬁtting
the peak with a Gaussian function on a constant background.
Next to the (002) and (0 12 12 ) peaks, diﬀraction along (022) has been recorded in order
to obtain a second structural peak for comparison with the purely AFM intensities [Fig.
4.13b]. A slight shift along the (022) direction is observed with temperature, which could
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Figure 4.13: High-angle neutron diﬀraction intensities observed from the sample with
S = 86 % at diﬀerent temperatures along structural and magnetic reciprocal scattering vectors
Q0kl . The peaks have been ﬁtted with Gaussian functions (lines) in order to determine the
peak center, constant background and integrated peak intensities.

originate from slight in-plane lattice changes due to strain or misalignment, which causes
a more pronounced shift at higher |Q| values. This variation, however, takes place on a
scale much smaller than the (0 12 12 ) peak width and the positional variation, therefore can
not account for the observed AFM peak decrease. No diﬀraction along (00 12 ) or equivalent
directions has been observed at any temperature, indicating a total absence of (00 12 )-type
AFM ordering and a stoichiometric composition of the FePt3 ﬁlms [13].
Due to the measurement in zero applied ﬁeld and the similarity in nuclear structure factors of Fe and Pt, leading to an eﬀective fcc-like symmetry, no (001) or (011) diﬀraction
was observed. This symmetry could be lifted if a FM alignment of the chemically ordered
phase would occur, which could artiﬁcially be invoked by suﬃciently high external ﬁelds.
Thus, antiferromagnetism evolves as a true PM → AFM transition with no FM alignment
present in the chemical ordered phase at any temperature.

A similar procedure has been undertaken in measuring the ﬁlms with less chemical ordering, S = 54 % [Fig. 4.14] and S = 43 % [Fig. 4.15]. In the ﬁlm grown at 948 K, the
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Figure 4.14: High-angle neutron diﬀraction intensities observed from the sample with
S = 54 % at diﬀerent temperatures along structural and magnetic reciprocal scattering vectors
Q0kl . The peaks have been ﬁtted with Gaussian functions (lines) in order to determine the
peak center, constant background and integrated peak intensities.

Figure 4.15: High-angle neutron diﬀraction intensities observed from the sample with
S = 43 % at diﬀerent temperatures along structural and magnetic reciprocal scattering vectors
Q0kl . The peaks have been ﬁtted with Gaussian functions (lines) in order to determine the
peak center, constant background and integrated peak intensities.

observed AFM intensity along (0 12 12 ) is already dramatically decreased, but observable below a temperature of 140 K [Fig. 4.14c]. Along the structural directions, no temperature
sensitivity is observed, which is in agreement with the observations on the sample grown
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at higher temperature [Fig. 4.14a,b]. Again, no (001), (011), or (00 12 ) is observed, which
strengthens the conclusion on AFM alignment along the (011) subsheets and true PM →
AFM transition.
The ﬁlm grown at 873 K did not show any indication of a (0 12 21 ) diﬀraction peak, although
scan times have been increased and additional eﬀorts in suppressing the background were
undertaken. This indicates that the total volume fraction of AFM grains in the S = 43 %
ordered material has already become too small for the neutron diﬀraction method to be
detected. In addition, the peaks are expected to be substantially broadened due to the
smaller grain size of the chemically ordered phase. (002) and (022) diﬀraction peaks at
40 K and 300 K did not reveal structural changes of the ﬁlm [Fig. 4.15], although a decrease in the observed (022) peak is detected. Note that the (022) peak at 300 K has
been recorded with less points and substantially reduced time due to time restrictions.
Therefore, the scan at 300 K shows insuﬃcient statistics and should be considered with
care. However, in relation to the x-ray results and investigations on the other ﬁlms, no
structural changes are expected.
The temperature behavior of the integrated AFM peak intensity obtained via Gaussian
ﬁts is summarized in Fig. 4.16. The most remarkable feature of this plot is a diﬀerent
onset temperature below which the AFM peak is observed. While the AFM intensity becomes observable below 160 K for the order parameter S = 86 %, above 140 K no half-order

Figure 4.16: Temperature behavior of the square root of the observed integrated (0 12 12 )peak intensity. The data has been normalized to the highest intensity after the ﬁtting process
described in the text. The lines are ﬁts made with a power law [Eq. 4.12], containing the Néel
temperature and the critical exponent β.
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diﬀraction from the ﬁlm with S = 54 % is detected. This can be explained by a reduced
Néel temperature due to the reduced AFM volume and larger thermal instability of the
grains. A second explanation is given by the distribution of AFM transition temperatures
indicated by the AC susceptibility measurements. In order to be observed with neutrons,
a signiﬁcant amount of stable AFM order has to be present, which is established only at
lower temperatures with respect to the larger grain volumes.
A more quantitative analysis can be made by ﬁtting the square root of the intensity
to a power-law,
√



T
I =B 1−
TN

β
,

(4.12)

in which TN describes the Néel temperature and β the critical exponent [22, 248]. For a
better comparison, data and ﬁts in Fig. 4.16 have been normalized to the highest observed
intensity of the respective (0 12 12 ) peaks after the ﬁtting procedure. The ﬁtting result is
shown by the lines in Fig. 4.16, which gave a Néel temperature of TN (S = 86%) = 163±2 K
for the sample with 86 % ordering and TN (S = 54%) = 140 ± 3 K for 54 % chemical ordering. A TN of 163 K is in good comparison with reported values of bulk FePt3 [13, 139],
while the lower TN of S = 54 % is explained above.
A diﬀerent presentation of the ﬁts is given in Fig. 4.17, where the square root of the
intensity is shown over the reduced temperature tb = (1 − T /TN ) in a double logarithmic

Figure 4.17: Temperature behavior of integrated (0 12 12 )-peak intensity . The data has been
normalized to the highest observed intensity. The lines are ﬁts made with a power law [Eq.
4.12], containing the Néel temperature and the critical exponent.
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plot. The line through the data resembles the same ﬁt as in Fig. 4.16, here plotted as the
power law tβb . Within the experimental error, the critical exponent evaluated by ﬁtting
of the temperature behavior (β(S = 86%) = 0.32 ± 0.04, β(S = 54%) = 0.32 ± 0.03) are
comparable with values determined by Krishnamurthy et al., who interprets the results
with respect to a 3D Heisenberg model [139]. However, the relatively large error of our
values prevents a more quantitative comparison with respect to AFM models, which is
out of scope for this investigation. The uncertainties of the Néel temperatures and critical
exponents are the result of the ﬁtting process, which regards the experimental error in
determination of the integrated intensity, evaluated over the Gaussian ﬁtting procedure.
The integrated intensity of magnetic and structural diﬀraction peaks can further be used
to evaluate the atomic magnetic moment of the AFM FePt3 . This is exercised in Appendix
A [Chapter 6] with the result of a moment being too low by a factor of 3 if compared to the
theoretical value of 3.3 μB [13, 163]. The discrepancy can be an indication of the amount
of AFM moments contributing to the diﬀraction peak, which appears to be diﬀerent from
the volume fraction of chemical order. However, the peak intensity is also aﬀected by temperature and ﬂuctuation processes, aﬀecting the coherence length of the neutron scattering
process. At the time of writing, the reason for the reduced moment is not fully resolved
and shall be left open for further studies on the system. Since only relative contributions of the magnetic structure and EB are compared between the samples with diﬀerent
order parameters, the exact quantitative magnetic moment does not aﬀect the conclusions.
In summary, high-angle neutron diﬀraction unambiguously conﬁrmed the existence of
antiferromagnetism in the samples with chemically ordered volume fractions of less than
100 %. The temperature behaviour indicates a diﬀerent Néel temperature of the two samples for which an AFM ordering could be identiﬁed, which in connection with the grain
size, indicates a substantial decrease in thermal stability of smaller grain volumes. Magnetic moments calculated of the neutron diﬀraction intensity are found to be signiﬁcantly
smaller compared to the literature values [13, 163].

4.3 The Chemical Order Modulated FePt3 /FePt3 Multilayer
In this section, we move to the artiﬁcially created magnetic multilayer based on a chemical order modulation. With respect to the goal of artiﬁcially tailoring the EB eﬀect,
such a system represents the “cleanest” form of magnetic modulation since interfaces
are not comprised by structural parameters, such as locally enhanced interface roughness or lattice mismatch. By implication, any observed magnetic eﬀect could be directly
connected to the purely magnetic structure of the AFM/FM self-exchange biased FePt3
mono-stoichiometric multilayer.
In this context, a diﬀerent system with high structural and chemical compatibility but
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diﬀerent magnetic phases due to compositional modulation can be mentioned [196, 224].
Perovskite oxides with modulated cation doping [200, 225] allow for an epitaxial growth of
FM/AFM heterostructures [57, 97, 225] in which magnetic moments of the two counterparts reside on identical lattice positions [56, 113]. This indeed leads to an exchange bias
eﬀect [56, 113, 225]. However, while the materials compatibility and coherent growth are
similar to the system reported in this thesis, the exchange coupling can be very complex
due to the diﬀerent exchange mechanisms and the rich phase diagram of the material
[113, 194, 260] as compared to the metallic case reported here.
During the deposition of the FePt3 , using the same technique as described in Section
4.2.1, the growth temperature of the substrate was oscillated between 873 K (leading to
a chemically ordered growth) and 673 K (leading to a deposition with chemical disorder).
Growth conditions of the [200 Å FePt3 (ordered)/100 Å FePt3 (disordered)]×n multilayer,
including some preliminary investigations using XRR and XRD, have been established by
Lu et al. [158, 159]. Note that the growth temperatures mentioned in this section are not
consistent with the growth temperatures of the thin ﬁlms discussed earlier. Unfortunately,
due to changing personnel at the University of Alabama during this project and modiﬁcations at the growth chamber, sample heating and temperature sensor, we do not have
a good measure of the accuracy of the values reported by Lu et al. [158, 159]. Therefore,
in this section the original values determined by Lu shall be used, although the thin ﬁlm
growth indicated a diﬀerent degree of order at the respective temperature. A deposition
of the ﬁlms at a substrate temperature of TS = 973 K resulted in the highest degree of
chemical order, but also lead to prolonged cooling procedures for the disordered deposition. Therefore, in order not to comprise the interface sharpness or increase the impurity
adsorption, a lowered growth temperature of 873 K was chosen for the chemically ordered
growth [159].

4.3.1

Structural Characterization and Degree of Chemical Ordering in
[200 Å Ordered FePt3 /100 Å Disordered FePt3 ]×5 Multilayers

XRD of the multilayer, performed on the same instrument as described in Section 4.2.1,
revealed strong (001) and (002) reﬂections with a width and rocking proﬁle comparable
to the thin ﬁlms without modulation [Fig. 4.18]. Next to the (002) diﬀraction peak, the
structural MgO(002) is observed. Also, a shoulder at the (002) peak is observed similar to
Fig. 4.5, which was connected to the seed and capping Pt layers, eventual stoichiometry
and lattice variation close to the interface to the Pt. An analysis of the data, using the
intensity ratio of Eq. 4.1,
S=
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S=1 (001)/I S=1 (002)
Ical.
cal.

(4.13)
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Figure 4.18: XRD of the chemical order modulated FePt3 multilayer. The nominal composition is shown above the graph. The peaks have been ﬁtted with Voigt functions, determining
the chemical order parameter of the whole multilayer to S = 56 ± 2 %. A model of the
multilayer is shown to the right of the graph.

and equivalent parameters for the structure calculation as shown in Table 4.1, gave an order
parameter of S = 56 ± 2 %. Considering the thickness ratio of the nominally disordered
and ordered layer, this order parameter needs to be scaled with a factor of 2/3, resulting in
an order parameter of S = 84 ± 3 % of the region grown at 873 K. In addition, considering
the transition region due to cooling and heating periods of the substrate on either side
of the interface, an order parameter of 89 % of the chemically ordered layer is estimated
[158, 159, 255]. Thus, the multilayer nominally consists of ﬁve repetitions 200 Å (TS =
873 K ⇒ S = 89 % ordered) / 100 Å (TS = 673 K ⇒ S = 0 % disordered) order modulated
layers, whose magnetic character will be determined in the following sections. A model of
the assumed magnetic structure, judging purely from the order parameter of the sample, is
shown to the right of Fig. 4.18, in which the order modulation leads to a variation between
the FM and AFM layers.

4.3.2

Volume Magnetization Behavior

The magnetic character of the volume-integrated multilayer is investigated with conventional magnetometry and high-angle neutron diﬀraction. The measurements were taken
with VSM under conditions similar to those used for the thin ﬁlms in Section 4.2.2, with
the magnetic ﬁeld oriented in the plane of the sample. Prior to the measurements, a ﬁeld
cooling to T = 5 K in μ0 HF C = 1 T external magnetic ﬁeld, applied parallel to the ﬁlm
surface, was performed and the measurements were taken from low to high temperatures.
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Figure 4.19: Magnetic moment vs. external magnetic ﬁeld of [200 Å FePt3 (ordered)/100 Å
FePt3 (disordered)]×5 as a function of temperature. The data has been corrected for a diamagnetic contribution from the MgO substrate.

The choice of a ﬁeld cooling value of only 1 T was reasoned by the maximum 1 T ﬁeld available in the PNR experiments, discussed in Section 4.3.3, in order to maintain comparable
experimental conditions. Each loop was initiated by application of a positive/negative saturating ﬁeld of 9 T , while only the minor loops have been recorded. Figure 4.19 shows the
variation of the magnetic properties at selected temperatures between 5 K and 300 K1 . At
5 K, for which a full hysteresis loop including saturation of the multilayer is shown in Fig.
4.20, the highest saturation moment MS and coercivity HC is observed. With increasing
temperature, these values gradually decrease, until at 300 K only a small saturated moment and vanishing coercivity remains, indicating the vicinity to the Curie temperature
of the FM transition. Non-zero negative EB ﬁelds, evaluated with Eq. 4.11, are observable up to a temperature of 150 K [Fig. 4.21]. The vanishing asymmetry of the hysteresis
loops above 150 K conﬁrms the existence of the exchange anisotropy and disproves frozen
ﬁelds in the superconducting magnet as a source of the loop shift. The largest value of
HEB , observed at 5 K is substantially enhanced by 30 % if compared to a similar system
consisting of a lattice matched CoPt3 /FePt3 multilayer grown with fully chemically ordered FePt3 [156]. It should be noted again that in our system, the EB is exists within
1

In contrast to the thin ﬁlm samples, the diamagnetic moment of the multilayer could be
extracted due to the stronger FM behavior and a temperature independent ﬁt of the high ﬁeld
slope.
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Figure 4.20: Magnetic moment vs. external magnetic ﬁeld of [200 Å FePt3 (ordered)/100 Å
FePt3 (disordered)]×5 at 5 K out to the highest available ﬁeld of 9 T. The data has been
corrected for a diamagnetic contribution from the MgO substrate.

Figure 4.21: HEB as a function of temperature after ﬁeld cooling to T = 5 K in μ0 HF C = 1 T
(the line is a guide to the eye).

a mono-stoichiometric material with a perfect lattice match and homogeneous material
composition. For a comparison of the EB in the multilayer with a ﬁlm without order
modulation see Section 4.4.

The temperature behavior of the magnetic structure has been investigated in more detail by recording the AC susceptibility of the multilayer. Figure 4.22 shows the real and
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Figure 4.22: Real (a) and imaginary part (b) of the AC susceptibility χ = χ + χ recorded
from low to high temperatures. The signal was insensitive to ﬁeld cooling or driving frequency.

imaginary parts of the AC susceptibility recorded after ﬁeld cooling (μ0 HF C = 1 T) from
low to high temperatures with zero bias ﬁeld applied (BDC = 0). The oscillating ﬁeld
was set to an amplitude of (BAC = 0.5) mT with a frequency f = ω/2π = 1 kHz, while
no particular dependence on the choice of the driving frequency could be identiﬁed. The
susceptibility also did not show appreciable diﬀerences upon zero ﬁeld cooling, which was
recorded from high to low temperatures. The broad peak located at 150 K agrees with
the observation of the AFM transition in the thin ﬁlms [Section 4.2.2]. No second AFM
transition is observed below 150 K, which is consistent with the thin ﬁlm measurements
and the absence of the (00 12 ) AFM ordered structure.
With increasing temperature, the susceptibility decreases, until it rises again into a second
peak at 293 K, which in comparison to the hysteresis measurements can be attributed to
the FM transition with a Curie temperature close to 300 K. Above 300 K, the inverse of
the AC susceptibility has been ﬁtted with a Curie-Weiss law,
T − TC
1
,
=

χ
C

(4.14)

in which C is the Curie constant and TC the FM Curie temperature [Fig. 4.23]. The
ﬁt gave a Curie temperature of 305 K, which is in agreement with the DC magnetometry measurements and reported transition temperatures for thin ﬁlms [159]. Compared
to bulk disordered FePt3 , with a FM transition temperature of 425 K [13], TC is substantially decreased. The observation of pronounced imaginary parts of the susceptibility
[Fig. 4.22b], which is based on the energy dissipation of the system, underlines the metallic
character of the system and the creation of eddy currents. The observation of two separated transitions in the mono-stoichiometric material highlights the magnetic character
of the material. Such quasi-independent transitions have been observed before for weakly
coupled FM layers in a thin ﬁlm trilayer system [39, 240, 328]. In contrast to strongly
coupled systems [11, 39], the observation of the AFM transition indicates a behavior of
110

4.3. The Chemical Order Modulated FePt3 /FePt3 Multilayer

Figure 4.23: Inverse susceptibility of the FePt3 multilayer as a function of temperature.
The FM transition has been ﬁtted with a Curie-Weiss at temperatures larger than 300 K. the
AFM transition is visible by the minimum in the susceptibility proﬁle.

the chemically ordered system electronically decoupled from the chemically disordered FM
phases of the multilayer. Therefore, the peak can be seen as a true PM → AFM transition,
which is supported by the neutron diﬀraction results and PNR measurements in Section
4.3.3. The observed broadening of the peak indicates a broader range of transition temperatures, invoked by the AFM grain size distribution and the vicinity to FM domains,
similar to the discussion in Section 4.2.2. An evaluation of the Néel temperature with
the Curie-Weiss law is obstructed by the vicinity of the FM transition and the residual
contribution to the susceptibility. However, the transition is identiﬁed by a minimum in
the inverse susceptibility [Fig. 4.23] at a temperature of TN = 150 K, which compares
to the onset temperature of the EB observed with DC magnetometry and the thin ﬁlm
transition temperatures.
High-Angle Neutron Diﬀraction
The development of the AFM phase in the multilayer has further been elucidated by
high-angle neutron diﬀraction under the same conditions that were introduced in Section
4.2.3. The measurements have been conducted on the TAS IN12 and TAIPAN. Similar
to the observations in the FePt3 thin ﬁlms with an order parameter of S = 54 %, a (0 12 12 )
superlattice reﬂection is observed below a temperature of 140 K [Fig. 4.24].
The observation of this half-order Bragg peak conﬁrms the existence of antiferromagnetism in the multilayer with an onset temperature close to the transition temperatures
determined by AC susceptibility and due to the onset of EB. Structural peaks, recorded
along the (200), (002), (111) and (022) directions of the reciprocal lattice did not show
any appreciable temperature variation [Fig. 4.25], indicating that ferromagnetism only
occurs along these directions in the disordered layer. Supporting the AC susceptibility, no
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Figure 4.24:
Half-order neutron diﬀraction of [200 Å FePt3 (ordered)/100 Å
FePt3 (disordered)]×5 observed along the (0 12 12 ) reciprocal lattice direction as a function of
temperature. The left panel shows the data recorded at IN12, the right panel shows data
recorded with TAIPAN. The lines are Gaussian ﬁts to the data.

Figure 4.25: Neutron diﬀraction of [200 Å FePt3 (ordered)/100 Å FePt3 (disordered)]×5 observed along purely structural reciprocal lattice directions as a function of temperature. The
upper panels show data recorded at IN12, the lower panels show data recorded with TAIPAN.
The lines are Gaussian ﬁts to the data.

intensity along the (00 12 ) direction is observed at any temperature. Thus, the chemically
ordered phase fully orients along the (011) superlattice sheets and no second transition
occurs. This also underlines a stoichiometry close to FePt3 [13] and justiﬁes neglecting the
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Figure 4.26: Square root of AFM half-order peak intensity as a function of temperature.
The line is a ﬁt based on a power law (Eq. 4.12) which determines the Néel temperature to
TN = 136 ± 3 K.

shoulder in the (002) peak observed with XRD. No ﬁrst-order (001) or (011) reﬂections
have been observed at any temperature, which conﬁrms the assumption of a true PM
→ AFM transition of the chemically ordered layers, inferred from the AC susceptibility
measurements.

Figure 4.26 shows the temperature behavior of the half-order diﬀraction peak, obtained
from the integrated peak intensity determined via ﬁts to Gaussian functions. A Néel temperature of (136 ± 3) K and the continuous increase of the AFM intensity are in agreement
with the intensity observed from the sample with S = 54 % chemical ordering. The estimated chemically ordered grain size along the scattering vector Q00l for this ﬁlm with
S = 54 % was tG = 138 Å [Table 4.2], which is on the same order as the thickness of the
nominal AFM chemically ordered layer. Therefore, the reduced Néel temperature, which
overlaps between the two samples within the error, can be related to an increase in thermal
instability as the AFM grain size is spatially reduced.

In summary, the observations made with magnetometry and high-angle neutron diﬀraction
prove the unique magnetic character of the epitaxial mono-stoichiometric ﬁlm. Ferromagnetism is observed in the multilayer by conventional hysteresis loops and a distinct peak
in the AC susceptibility at the FM transition temperature of TC = 305 ± 1.5 K. The AFM
character with a Néel temperature around TN = 140 K is conﬁrmed by the additional
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peak in the AC susceptibility and high-angle neutron diﬀraction. Both transitions represent transitions from a PM state into FM alignment of the chemically disordered layer and
AFM alignment in the chemically ordered layer. The observation of both transitions is a
good indication for a decoupled behavior. Nevertheless, EB is observed as a function of
temperature, arising from the interfacing of AFM and FM material present in this monostoichiometric compound. A magnetic depth proﬁle of the two phases will be presented in
the next section.

4.3.3

Layer-Resolved Magnetic Behavior

This section focuses on the depth and layer-resolved investigation of the order modulated
magnetic multilayer using the PNR technique. As discussed in Section 2.2, PNR is not
sensitive to AFM order on atomic scales, but resolves the layer averaged magnetization
in addition to the magnetic and nuclear contrast at interfaces between the layers. Results
obtained in this section will be directly compared to the volume magnetic information
from the magnetometry and high-angle diﬀraction. The measurements have been performed on the monochromatic neutron reﬂectometer NERO, described in Section 2.3.1,
with an incident wavelength of λ = 4.33 Å (Δλ/λ = 0.02). The instrument was set up to
an incident beam width of 0.5 mm with an angular divergence of Δαi (F W HM ) = 0.05◦ .
The reﬂected intensity was recorded as a function of the incident angle αi , which was
later translated into the momentum transfer QZ = (4π/λ) sin αi , directed normal to the
multilayer surface. In analogy to the VSM and susceptibility measurements, the sample
was ﬁeld cooled in μ0 HF C = 1 T to the lowest temperature (T = 24 K) and the data was
recorded from low to high temperatures in an applied ﬁeld of 620 mT, keeping the FM
grains aligned.
Depending on the system temperature, PNR reveals the magnetic structure of the multilayer by comparing the two opposite spin states R+ and R− [Fig. 4.27].

The data is

corrected by a constant instrumental background and over illumination at low incident
angles with Eq. 2.35. A normalization of the reﬂected intensity to unity below the critical
momentum transfer QZ,c is applied, while individual datasets in Fig. 4.27 are oﬀset by
two orders of magnitude for clarity reasons. In all measurements, SF signals, arising due
to a reversal of the neutron spin during reﬂection, did not raise above the instrumental background, indicating an alignment of the FM regions parallel to the external ﬁeld
[Section 2.2]. At 300 K almost no magnetic splitting between the two spin channels is
observed. This conﬁrms the proximity of the Curie temperature of the FM layer. With
lower temperature, the two spin directions split (indicated in the low QZ range in Fig.
4.27) by an amount proportional to the volume magnetization projected onto the neutron
polarization. In addition, a ﬁrst-order Bragg peak arises in the reﬂectivity, indicating the
magnetic contrast at the interface between the layers. The position of the Bragg peak
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Figure 4.27: PNR data (open symbols) and simulations (lines) in R+ (red) and R− (blue)
spin polarization as a function of temperature. The data has been background subtracted and
normalized to unity. Individual datasets are oﬀset by two orders of magnitude and error bars
are omitted for clarity.

in QZ determines the double layer periodicity, which is found to be close to the nominal
period of the [200 Å FePt3 (AFM)/100 Å FePt3 (FM)] structure. A quantitative determination of the magnetic structure at each temperature can be obtained by ﬁtting the PNR
data to model structures. The software SIMULREFLEC [221] has been used to determine
a SLD proﬁle at each temperature, resulting in a depth-resolved magnetometry of the
order modulated layers [Fig. 4.28]. The simulations were started at 300 K to determine
a structural model without magnetic information. Neutron diﬀraction indicated that the
nuclear structure does not change upon cooling or warming within the range considered
here, therefore the nuclear structure is kept constant in the ﬁtting at other temperatures.
Close to the Curie temperature, the structural model consists of a 1500 Å thick ﬁlm of
FePt3 with a Cr and Pt seed and buﬀer layer on a MgO substrate with a Pt cap at the
top end of the ﬁlm (black line in Fig. 4.28). Due to the slight diﬀerence in spin-dependent
reﬂection, a small magnetic moment is assigned to the nominally FM layers with a thickness of 100 Å (green lines in Fig. 4.28). Aside from this magnetic periodicity, no nuclear
modulation is assigned to the FePt3 ﬁlm, i.e. densities and scattering length are homogeneous through the chemically ordered and disordered layers. Only interfaces of substrate,
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Figure 4.28: Spin resolved SLD proﬁle of the FePt3 multilayer as a function of the thickness
z at diﬀerent temperatures as determined from the best ﬁt to the data. The SLD is mirrored
at the nuclear proﬁle (black line), the upper part corresponds to the R+ scattering potential,
while the lower part shows the R− scattering potential.

seed and capping layer are assigned with a nuclear roughness of 5 to 15 Å RMS roughness,
which is included in the black line of Fig. 4.28 and used in every other simulation1 . The
interface to the substrate had to be assigned with a large roughness of 72 Å, which could
indicate some diﬀusion of the Cr layer or a substrate surface of lower quality.
Upon cooling of the multilayer, the magnetic splitting increases, and the related increasing magnetic moment has to be distributed on the individual layers in the model. Such
a distribution needs to match the contrast at the interface between chemically ordered
and disordered layers, leading to the ﬁrst-order Bragg peak observed at QZ = 0.028 Å−1
(QZ = 0.030 Å−1 ) for the R+ (R− ) channel. No homogeneous structural change can compensate for this increase, conﬁrming the purely magnetic character of the Bragg peak. In
addition, a magnetic roughness needs to be introduced in the simulation, which accounts
for the magnetic “sharpness” of the interface between chemically ordered and disordered
regions.
Attributing the magnetic moment only to the 100 Å FM layer, leads to an increase in
the contrast at the interface with lower temperatures. The ﬁrst-order Bragg peak on the
other hand remains almost constant with temperature. In order to account for this missing
contrast, various magnetic roughness proﬁles have been assumed by slicing the interface
regions in thin individual layers, summarized for T = 24 K in Fig. 4.29. Each plot of
1

Note that the magnetic roughness of the FePt3 layers for temperatures < 300 K is omitted in
the plot of the SLDs for clarity. A plot of the complete roughness proﬁle is shown for 24 K in Fig.
4.29.
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Figure 4.29: Model SLD proﬁles (left) for simulating the PNR data (right). (a-c) A cosine
proﬁle with diﬀerent interface width does not reproduce the data well, as the Bragg peak is
overestimated in intensity even when the proﬁle extends throughout the nominal AFM layer.
(d) A magnetic moment attributed to the chemically ordered layer with sharper interfaces
(σrms = 15 Å) reproduces the data. The nuclear roughness proﬁle is only shown for (d), but
has been used for every simulation in (a-c). Error bars of the data are omitted for clarity
reasons.
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the magnetic SLD matches the volume magnetic moment derived from the splitting of
R+ and R− close to total reﬂection, but contains a diﬀerent distribution of the moment
onto the layers. Figure 4.29 shows a dramatic increase of the ﬁrst-order Bragg peak if the
magnetic interface is simulated with a cosine proﬁle of 1 nm slice thickness, even if the
interface region substantially extends into the nominally AFM region [Fig. 4.29(a-c)]. The
best match to the data has been achieved by attributing a central magnetic moment to
the nominally chemically ordered layer, but relatively sharp interfaces with σrms = 15 Å
[Fig. 4.29d]. Note that in Fig. 4.29 only the best match contains the nuclear roughness
proﬁle in addition to the magnetic roughness. The nuclear model has however been the
same in all simulations. The roughness of 15 Å has been determined by comparison of ﬁts
at each temperature, which have been consistently simulated with each model shown. An
increased smooth RMS roughness has been found to decrease the splitting of the curves
in the region before the Bragg peak.

The ﬁnal values for structural and magnetic parameters are summarized in Table 4.3
for the ﬁt at T = 24 K. The eﬀect of attributing a magnetic moment to the 84%̇ ordered
layer creates a split magnetic SLD not only for the chemically disordered layers, but for
the nominal AFM regions as well. This magnetic moment is not concentrated at the interface region between the two layers, shown by the attempts to form a magnetic interface of
variable widths [Fig. 4.29]. The layer-resolved temperature behavior of the magnetization
is shown in Fig. 4.30, for which the magnetic moment per Fe atom has been translated to
Table 4.3: Nuclear and magnetic model parameters, obtained by ﬁtting of the PNR data
at 24 K. The nuclear roughness of FePt3 corresponds to the top and bottom most interface
only, but the bilayer structure is periodically repeated 5 times in the multilayer. The magnetic
moment, obtained by the ﬁts, has been scaled to the magnetic moment per Fe atom, as no
moment is assumed on the Pt atoms.
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Material

Thickness
(Å)

NSLD
(10−6 Å−2 )

Magn. Moment
(μB /Fe atom)

σn
(Å)

σm
(Å)

MgO

Substrate

5.98

0

72

0

Cr

50

3.11

0

5

0

Pt

12

6.36

0

15

0

FePt3
(ordered)

190

6.20

2

15

15

FePt3
(disordered)

90

6.20

3

10

15

Pt

8

6.36

0

18

0
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Figure 4.30: Layer-resolved and volume-averaged magnetization as a function of temperature. The magnetization of the chemically disordered (red symbols) and ordered (blue open
symbols) layers is the result of the PNR ﬁts, while the volume average (green full triangles)
can be compared to VSM results (dark green open triangles) at the same ﬁeld. The lines are
a guide to the eye.

emu/cm3 , in order to compare with the results obtained from the magnetometry. For this,
it is assumed that the magnetization is carried on average by one Fe atom per unit cell
FePt3 . Chemically disordered and ordered layers both have shown a continuously increasing magnetic moment with decreasing temperature. The volume-averaged magnetization
is in good agreement with VSM results and the AC susceptibility results regarding the
Curie temperature. All these observations support a model of FM and AFM domains
within the chemically ordered layer. Such domains arise due to the ﬁnite ordering parameter, creating grains of chemically ordered FePt3 within the nominal AFM structure. Such
a lateral distribution of magnetic domains did however not lead to oﬀ-specular scattering,
due to the low magnetic contrast and uncorrelated nature, diﬀusing the oﬀ-specular intensity. The domains can be qualitatively understood by taking into account the non-ideal
growth temperature avoiding increased interface roughness and the possible inﬂuence of
FM layers on the chemically ordered spins. In comparison to the value of the obtained
moment, a magnetic order parameter could be deﬁned close to 50 %.
Next to the temperature behavior of the magnetic structure, the ﬁeld dependence of
the multilayer has been investigated. Prior to the measurement, shown in Fig. 4.31, the
sample has been ﬁeld cooled in 1 T to 30 K. Subsequently, either a positive or negative 1 T
ﬁeld was applied, thus aligning the magnetization in a positive or negative direction. The
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Figure 4.31: PNR as a function of external ﬁeld. The top graph (a) shows the magnetic
hysteresis at 25 K recorded with VSM. The bottom graph (b) shows the spin resolved reﬂectivity at various ﬁelds taken along the decreasing (red in the top hysteresis panel) and increasing
(blue in the top hysteresis panel) ﬁeld branch of the hysteresis. Diﬀerent spin channels are
shown in red (R++ ) and blue (R−− ) symbols in the bottom panel, lines are ﬁts made with
the program SIMULREFLEC. Orange and green symbols on top of the graphs indicate the
external ﬁeld strength at which the PNR measurement was recorded. A dotted line is included
to highlight the location of the ﬁrst-order magnetic Bragg peak, which varies in strength as
the ﬁeld is cycled.
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application of −1 T therefore leads to a measurement on the increasing ﬁeld branch (green
symbols), while the application of a positive 1 T leads to a measurement on the decreasing
ﬁeld branch (orange symbols). During the measurement, a positive ﬁeld was applied with
a strength indicated by the symbols in Fig. 4.31 (stars = 500 mT, diamonds = 250 mT,
squares = 125 mT, circles = 7 mT). The PNR measurements performed at each ﬁeld are
shown in Fig. 4.31b. The splitting of the two spin channels follows the change of the magnetization indicated in the hysteresis curves. Each reﬂectivity has been simulated with
the model shown in Fig. 4.29d and the volume-averaged magnetic moment extracted from
the ﬁts. Note that only the long-range order of the magnetization is measured, in contrast
to the temperature dependent measurement, where the absolute moment is obtained. A
reversal of the magnetization in the form of domains or rotation leads to a diﬀerent volumeaveraged magnetization, which is reﬂected by the change in splitting of R++ and R−−1 .
This volume-averaged moment is found to reproduce the hysteresis measurement to the
point of the observation of even a small negative magnetization at μ0 H = +7 mT after the
measurement was initiated by a negative saturation. The positive coercive ﬁeld, shifted in
magnitude with respect to the negative coercive ﬁeld by the EB ﬁeld HEB , is reproduced
by the measurement at ∼125 mT (green square) at which no volume-averaged moment is
observed and the multilayer again closely resembles a non-magnetic 1500 Å thick ﬁlm.
During the cycling of the magnetic ﬁeld no appreciable change in the SF signal has been
observed, which indicates a magnetization reversal via the formation of small domains,
rather than a coherent rotation of the magnetization vector, which would cause a projection of the magnetization M⊥ = 0. In order to reproduce the data, both FM regions, those
located in the chemically disordered layer and those formed by domains in the nominally
AFM layer, had to be treated with the same relative reversal mechanism and averaged
moments to reproduce the ﬁrst-order Bragg peak dependence (the location is indicated in
Fig. 4.31 by the dotted lines). This observation of a homogeneous ﬁeld dependence shows
the similarity in FM behavior between the fully disordered layer and disordered domains
in the nominally ordered layers.
In summary, the magnetic multilayer structure of the epitaxial mono-stoichiometric FePt3
ﬁlm has been conﬁrmed using PNR. It has been found that the magnetic layers are sharply
delineated, but a central magnetic moment has to be included in the chemically ordered
layer. This moment is a result of laterally distributed FM domains arising from a ﬁnite
chemical ordering [Fig. 4.32]. As a result, new FM/AFM interfaces are created, each of
which is expected to contribute to the EB, similarly to the observations in the ﬁlms without order modulation. The ﬁeld dependence of the layer-resolved magnetization indicates
1

The second superscript denotes a measurement performed with spin analysis and therefore
resolving the moment M|| parallel to the magnetization. This mode of PNR has been chosen to
distinguish between the rotation and domain wall movement as a remagnetization process.
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Figure 4.32: Schematic magnetic model of the periodic multilayer structure with a chemical
order modulation. While the chemically disordered layer shows only ferromagnetism, FM
domains also exist in the nominally AFM layer due to ﬁnite ordering.

a multi domain state as the mechanism of reversal, in which each FM region shows similar
behavior. Therefore, individual FM regions can be viewed as magnetic grains within an
epitaxial quasi single-crystalline system. The simplicity of the magnetic model [Fig. 4.32]
which describes all features of the complicated magnetic structure highlights the successful
artiﬁcial control of chemical order and EB in the quasi single-crystalline thin ﬁlm. In Fig.
4.32, AFM domains, corresponding to volume fractions where chemical order is present,
are indicated in blue. Chemically disordered grains, forming the complete disordered FM
layer and FM domains within the nominally AFM layer, are shown in green. EB evolves
at each interface of the multi grain structure (Fig. 4.34 in Section 4.4).

4.4 Conclusions and Outlook
The aim of this project was the establishment of an artiﬁcial AFM/FM composite structure by means of controlled degrees of chemical ordering in FePt3 . This has been achieved
in two diﬀerent epitaxial thin ﬁlm structures, providing an AFM grain distribution of
controlled volume fractions, chemical order grain sizes, and a more elaborate artiﬁcial
modulation in the form of a purely magnetic AFM/FM multilayer. A summary of the
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magnetic behavior of the composite and multilayer ﬁlms is presented in Fig. 4.33, showing
the evolution of antiferromagnetism by means of neutron diﬀraction [Fig. 4.33a] and AC
susceptibility [Fig. 4.33b] as a function of temperature and chemical order volume fraction.
The Néel temperature and increase of the AFM intensity of the multilayer observed with
neutrons is in good comparison with the sample consisting of 54 % chemically ordered
grains. Taking the AFM layer thickness of 190 Å of the multilayer (as determined with
PNR) as a limitation for the AFM chemically ordered grain size, which is in the same
order as the S = 54 % grain size of 138 Å, this can be explained over the size-dependent
magnetic stability and Néel temperature of AFM grains. The size distribution of the AFM
grains is indicated by the width of the AC susceptibility peak, which is also comparable
between the S = 54 % ﬁlm and the multilayer. Note that although no AFM transition was
observed with neutrons in the sample with S = 43 % ordering, such a magnetic state can
be inferred from the temperature-dependent AC susceptibility. In addition to the AFM
transition, the AC susceptibility of the multilayer shows a FM transition in a temperature
region around 300 K, an indication of which can be identiﬁed around 300 K in the composite ﬁlm with the lowest degree of order [Fig. 4.33b (blue triangles)]. Neither of the ﬁlms
with ordering above 50 % show a FM transition in the susceptibility (S = 54 % shows a

Figure 4.33: Magnetic behavior of FePt3 epitaxial thin ﬁlms and multilayer as a function
of temperature. a) Evolution of (0 12 12 ) AFM neutron diﬀraction intensity and Néel temperature; b) AC susceptibility, showing FM and AFM transitions; c) Magnetic coercivity d)
Self-exchange bias. The data is combined from the discussions in the previous sections.
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small shoulder around 250 K). Nevertheless, the magnetic hysteresis of all samples shows
clear FM properties with a strongly temperature-dependent coercivity [Fig. 4.33c].
All samples consistently exhibit EB at a blocking temperature comparable to the AFM
transition temperature with an increasing magnitude towards lower temperatures [Fig.
4.33d]. In both hysteresis parameters (HC and HEB ), the multilayer lies between the
values observed for the samples with S = 54 % and S = 86 %. In order to investigate the
evolution of this self-exchange bias and to draw conclusions about a possible mechanism,
a real-space magnetic model of the thin ﬁlms can be constructed [Fig. 4.34]. The basis
of the model is formed by an homogeneous epitaxial FePt3 ﬁlm, in which the degree of
chemical order varies locally. In contrast to multilayers with structural defects and imperfections concentrated at the interfaces, a homogeneous distribution of pinning sites can be
assumed in FM and AFM regions. Therefore, the observations and EB can be connected
purely to magnetic eﬀects, rather than local structural inﬂuences. This is in contrast to

Figure 4.34: Real-space magnetic model of FePt3 self-exchange bias systems. AFM (blue
regions, red arrows) chemically ordered grains and FM (green regions, yellow arrows) chemically disordered grains are illustrated with diﬀerent volume fractions in either (a) the thin
ﬁlm or (b) the multilayer version. For S = 43 % and S = 86 % two AFM or FM domains
are shown, respectively, while for S = 54 % only one larger AFM domain is shown for clarity
reasons. The short-range undeﬁned interface is indicated at the border of the S = 54 % AFM
domain.
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existing EB system, where stoichiometric or material changes at the interface aﬀect the
magnitude of HEB , which is in fact used to tailor the EB [4, 235]. Also, inter-diﬀusion
of the two phases can be described as purely magnetic diﬀusion, as such leading to the
purely magnetic interface roughness, which will be considered in more detail later. In Fig.
4.34, for samples with S = 43 % and S = 54 %, it is assumed to have AFM domains (blue
regions with red arrows), due chemically ordered grains, within a FM continuum (green
area, yellow arrows) consisting of chemical disorder1 . Note that the relative fraction of the
AFM and FM domains is not to scale and only should be regarded as an illustration of
the magnetic structure. For S = 54 %, in the middle of Fig. 4.34a, only one AFM domain
is shown, but an illustration of the interface spins is included. For S = 86 %, the situation
is shown as an AFM continuum with FM domains, while for the multilayer [Fig. 4.34b]
the AFM domain is schematized as a full layer, dispersed with some FM domains. As an
approximation, the average AFM domain width < tAF > is denoted with the average of
the grain size distribution tG . FM domain sizes < tF > are then best described over the
average distance between two AFM grains. This deﬁnition inverts if the AFM continuum
is considered in the S = 86 % sample. Therefore, if the AFM domain size increases, the
FM domain size inevitably has to decrease in order to keep the volume constant, which
is in agreement with the decreasing magnetization observed in the ﬁlms with increasing
order. Unfortunately, at the time of writing, no other indication exists about the average
coherence length and shape of FM domains and about the size distribution of AFM grains.

The amount of EB shows a clear dependence on the total volume of AFM spin conﬁgurations and average AFM domain size. Within the range investigated, this dependence
appears to be linear [Fig. 4.9]. An explanation of the trend in HEB can be made over the
rigidity of AFM order. As the domain size gets smaller, AFM domains become less stable,
which can be inferred from the onset temperature of the half-order peak with neutrons
and the AC susceptibility. With decreasing < tAF >, HEB and HC decrease in magnitude,
which therefore appear to be directly connected. Such a model would agree with the observations by O’Grady et al., who attribute the EB value to a grain volume-dependent energy
barrier to be overcome to reverse previously set AFM moments [216]. In this respect, the
blocking temperature, deﬁned as the temperature at which EB becomes observable, can be
related to critical ﬂuctuations in the AFM spins. The AC susceptibility peak agrees with
the temperature at which the ﬁrst EB is observed. Therefore, the blocking temperature
can be deﬁned as the temperature where a long-range magnetic order is established and
magnetic ﬂuctuations cease. The magnitude of HEB below the blocking temperature is
1

This picture can be reversed directly to an AFM continuum with FM grains [Fig. 4.34a (S =
86 %)]. The choice of a FM continuum is made here due to the unknown size of FM grains,
concealed by the FePt3 crystalline structure.
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determined by the AFM volume1 .
HEB is observed even of the smallest chemical order volume fraction, in which it can
be assumed that the grains cannot accommodate a full AFM domain wall. In general, the
formation of an AFM domain wall would depend on the strength of the exchange interaction at all interfaces [340], which in our case can be assumed to be homogeneous and
therefore does not account for the observed diﬀerences in EB between samples. Therefore,
an explanation over the domain wall models [Section 1.4] appears unlikely to be applicable
to this system. Common to most EB models is the communication of the unidirectional
anisotropy via interfacial spins. Although the interface is inherently a quantity hard to
be observed, a few statements can be made particularly in comparison to the multilayer
system. As the boundary between the two magnetic regions is approached, the deﬁnition of long-range chemical order inevitably fails and has to be replaced by some form of
short-range order, if any. PNR gives an indication about the width of this purely magnetic
interface (∼15 Å). With respect to the dispersed grains in the thin ﬁlms, there is no reason
to assume a substantially diﬀerent magnetic interface width between samples or diﬀerent
grain sizes. In fact, due to a slower temperature modulation, the multilayer interfaces can
be seen as an upper limit. Therefore, the interface can be approximated to be constant
across the systems studied.
Due to the deﬁnition over short-range order, the interface consists of pinned and unpinned
uncompensated moments [42, 43], which can mediate the exchange anisotropy. However,
they are not responsible for it, as otherwise no changes in HEB would be observed between
the samples. Assuming a constant interface width between diﬀerent order parameters, the
coercivity enhancement also seems unlikely to be a consequence of the interface alone
[245]. Rather it is expected that the observed coercivity is a direct consequence of the
reduced FM volume and increased amount of pinning sites due to the increased AFM
volume. Otherwise, the interface can be seen to bear many similarities with the spinglass model of Radu et al. [244, 245], introduced to reduce the exchange anisotropy. Such
a spin-glass-like shell has been observed in CoO nanoparticles [100], which also exhibit EB.
The multilayer, having a total AFM order fraction of 50 % averaged over all layers, highlights the possibility to control HEB by means of AFM structure and interface. The onset
temperature agrees with a grain size as found in the sample with S = 54 %. The amount
of EB on the other hand is closer to the sample with S = 86 %, which is close to the order
parameter of the AFM layers. While the AFM thickness along the ﬁlm normal is limited
1

Although the transition temperature observed with neutrons qualitatively agrees, this does
not allow a conclusion about the ﬂuctuations since the signal depends on the total volume of AFM
grains. AFM ﬂuctuations on the timescale of the neutron interaction, however, would broaden the
diﬀraction peak.
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to ∼ 200 Å in the multilayer, it can be expected that additional stability for the AFM
grains is provided by exchange interactions parallel to the interface, along which the AFM
layer is expected to show larger coherence. Therefore, a total AFM volume fraction of
∼ 50 % is provided, but with an enhanced stability comparable to the large AFM grains
in the S = 86 % ﬁlm below the transition temperature.
The multilayer EB can also be explained including interfacial and volume eﬀects. In
comparison to the composite ﬁlms, a larger amount of interfacial spins can be expected
due to the layering and dispersed FM domains. Therefore, a larger amount of uncompensated spins is provided, which individually contribute to the bias. This interfacial eﬀect
would be in addition to the above dependence on the AFM grain volume.
Note that it is not the intention of this chapter to refute or to assign a single model to the
occurrence of EB, but more to provide arguments aiding in the general understanding of
the phenomenon. The observations and statements can be summarized as follows:
• Self-exchange bias is observed in FePt3 due to the coexistence of AFM and FM
domains associated with the coexistence of chemically ordered and disordered grains;
• The amount of EB depends on the volume of the AFM grains due to the stability of
the AFM spin structure;
• The interface extends in the order of 15 Å and can be described by a short-range
order with pinned and unpinned moments and a certain temperature dependence.
The interfacial spins are not the only cause of coercivity;
• The amount of EB in samples with S ∼ 50 % chemical order can be substantially
varied by providing diﬀerent AFM structures and interfaces, shown in comparison
between the S = 54 % thin ﬁlm and multilayer (S = < 0%/84% > = 56%);
• A possible interface contribution to HEB cannot be conﬁrmed, but might act in the
multilayer; and
• Within the composite ﬁlms, HEB is dominated by AFM volume eﬀects, and it is
rather expected that the relative amount of interfacial spins decrease with increasing
domain size.
So far, this explanation neglects the role of the FM volumes and the FM domain thickness
< tF >. Most of the models, however, show an inverse dependence between < tAF >
and < tF > of the EB (compare Eq. 1.13). Nevertheless, it would be interesting to
study the average FM domain size in more detail, for example by using polarized x-ray
techniques. Additionally, for a more complete understanding of self-exchange bias within
mono-stoichiometric FePt3 , a wider range of AFM volume fractions is required. Especially
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the regions close to the two extremes of full chemical order and complete chemical disorder
are intriguing, because one would expect zero EB for either a fully AFM or fully FM ﬁlm.
Such a study should be performed in comparison with a thickness-dependent study of
AFM/FM multilayer versions, in both cases either leaving the total sample volume or
the FM volume constant. The AFM thickness dependent study will identify the role of
interfacial spins in comparison to the AFM volume. The approach in this thesis to creating
AFM/FM composite systems oﬀers an intriguing way to study magnetic phenomena not
comprised by structural variations or imperfections.
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Magnetic materials properties can show drastic changes and new phenomena if the material is conﬁned to low dimensions, as for example in thin ﬁlms or multilayers. New
magnetic phenomena arise especially if diﬀerent materials or diﬀerent magnetic phases of
the same material are combined within one low-dimensional system on length scales that
are comparable to fundamental physical exchange distances. In such composite systems
or heterostructures several forms of structural and magnetic order can be deﬁned which
crucially aﬀect the systems magnetic behavior, either static, as a function of temperature
or external ﬁeld. A fundamental understanding of the impact of structural and magnetic
order allows the utilization of additional degrees of freedom, manifesting over the order
parameter, to tailor the systems’ properties to the desired functionality. This thesis discussed two diﬀerent forms of order and disorder phenomena within two examples, the
Cu0.94 Mn0.06 /Co multilayer and chemical order modulated FePt3 .
A Cu/Co multilayer with dilute magnetic Mn impurities randomly located within the
spacer layer has been presented with a full evaluation of the magnetic structure as a
function of temperature and external ﬁeld. Few indications of the impact of dilute Mn
spins exist in the literature, either treating the inclusions as a Cu0.94 Mn0.06 spin-glass
and observing a crucial temperature dependence of the EB signal in contact with a Co
layer [2], or within a similar multilayer system as considered here, revealing a fundamental
temperature dependence of the technologically important magnetoresistivity signal [135].
Systematic PNR measurements, supported by structural investigations and volume averaged magnetometry, reveal the underlying magnetic structure as a transition from parallel
alignment of subsequent layer magnetizations at room temperature to a ±30◦ canted state
with high vertical correlation at 30 K. During the transition from aligned magnetizations
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towards this AFM-like coupling, the FM layer breaks into domains with a lateral dimension
of 0.43 μm, as identiﬁed by simulations of oﬀ-specular polarized neutron scattering. From
this temperature-dependent eﬀect and from the ﬁeld dependence at each temperature,
fundamental IEC energies are derived, which have been shown to allow a theoretical modeling of the exchange coupling situation through the dilute magnetic impurities. Instead
of a spin-glass phase [135], we argue that the temperature dependent canting of magnetizations is evoked by an increase in the biquadratic exchange coupling energy, naturally
favoring a 90◦ canting. The sensitive balance between biquadratic and the conventionally
observed bilinear exchange energy, which favors parallel or antiparallel alignment, leads
to the ﬁnal observed state of magnetization vectors at each temperature. Our measurements, including element speciﬁc L2,3 -edge XMCD, imply a coupling based on the dilute
magnetic spins in the spacer layer in form of a laterally ﬂuctuating loose spin exchange
interaction. The extension of existing LSC formalism [283] by considering all three dimensions of interactions within the multilayer leads to a theoretical model whose fundamental
parameters can be connected to a single underlying RKKY exchange interaction taking
place in the Cu/Co multilayer. The 3D consideration includes integration over the depth
of the spacer layer and a treatment of lateral variations due to random positional disorder
of the impurities parallel to the interfaces.

The future of the CuMn/Co multilayer project is to consider a wider parameter space
of the samples. This includes investigations over a larger thickness range and variations
of the Mn concentration. Although the roughness is included in the PNR ﬁtting and the
theoretical modeling, improvements of the existing sample system can be made reducing
the interface roughness, which imposes the drawback of the unknown precise structure of
the roughness (diﬀusion, long or short-range stepped interface or even short-range correlated roughness).

Beyond the case of dilute magnetic impurities in metallic multilayers, it would be interesting to test the gained understanding on novel material systems incorporating dilute
magnetic spins. Particularly intriguing is the recent observation of biquadratic coupling
in Heusler alloys [38, 259] and carrier mediated IEC in dilute magnetic semiconductors
[16, 64, 121, 154], especially because of obvious discrepancies with the conventional loose
spin formalism [38, 333].

The successful control of magnetic properties by means of order and disorder has been
presented in the self-exchange biased alloy FePt3 . Due to the artiﬁcial modulation of
chemical order within the thin ﬁlm material, either in the form of nanosized grains or in
an elaborate purely magnetic multilayer, a unique AFM/FM composite system is created.
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Unlike typical EB heterostructures, the exchange anisotropy fully evolves within an epitaxial mono-stoichiometric thin ﬁlm. Only the magnetic conﬁguration is locally varying,
which justiﬁes the expression self-exchange bias and implies the possibility of decoupling
structural from magnetic eﬀects in the EB phenomenon. Structural and magnetic characterizations of the material were presented based on a combination of non-magnetic XRD,
volume-averaging magnetometry and magnetically as well as structurally sensitive neutron
diﬀraction and reﬂectometry in order to disentangle the local property of crystallographic
structure, chemical and magnetic order and temperature sensitivity. A detailed real-space
model of the magnetic situation is derived, which considers the exchange anisotropy arising from AFM domains with diﬀerent volumes and spatial extension. The system shows
resemblance with polycrystalline exchange biased bilayers [216], but with the remarkable
diﬀerence that here a single crystalline structure has to be considered. Therefore, instead
of polycrystalline, one should rephrase towards polymagnetic in order to describe the system accurately. The interface between the regions of diﬀerent chemical and magnetic
order can be best described by a short-range order forming the transition from full AFM
→ FM alignment of atomic moments within the same lattice. Such a short-range ordered
interface could be interpreted in terms of the spin-glass model recently developed by Radu
et al. [244, 245].
Although the materials properties with respect to chemical order have been known for
many years [13], the description of the artiﬁcial FePt3 chemical order modulated material
presented herein considers new facets of the magnetic character and introduces a model
system to study magnetic interfaces. Future investigations are envisaged to shed more
light into the FM domain structure as well as the amount of PM, pinned and unpinned
uncompensated spins within the composite structure. X-ray scattering techniques using
linear and circular polarization can be used to investigate AFM and FM properties. The
depth-resolved investigation of the magnetism can reveal pinned and unpinned magnetic
moments contributing to, or communicating the EB [43]. Furthermore, it would be highly
desirable to consider a wider parameter space of chemical order concentrations and AFM
grain sizes, including the regions at the two extremes of vanishing order, i.e. full FM
alignment, or complete chemical order, i.e. full AFM alignment of atomic moments. At
neither of these limits, EB is expected in the system. With respect to the spatial extension
of AFM domains, a thickness dependent study of the AFM/FM multilayer system is expected to lead to more insight into the magnetic thickness dependence of EB. Such a study
could lead to a disentanglement of volume and interfacial eﬀects since the structures can
be grown with veriﬁable high structural reproducibility, while individual magnetic concentrations, total volume and interface contributions can be tailored by means of temperature
during growth.
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The insights into the magnetic properties of the thin ﬁlms studied within this thesis have
only been possible by application of the neutron scattering techniques including high-angle
diﬀraction, PNR and polarized neutron oﬀ-specular scattering. Atomic moments and antiferromagnetism well beneath the surface of the < 30 μg thin ﬁlm of FePt3 have been
proven by high-angle neutron diﬀraction, conﬁrming the (0 12 12 ) AFM ordering and revealing transition temperatures. The magnetic sensitivity of PNR led to the depth-resolved
magnetic understanding of the mono-stoichiometric thin ﬁlm. In Cu0.94 Mn0.06 , PNR has
led to a depth-resolved vector magnetometry of magnetizations in Co layers as thin as
20 Å while additionally resolving lateral magnetic domains. Although the magnetization
of dilute Mn spins is not resolved, the inﬂuence of the dilute magnetic impurities is well
reﬂected by the magnetic behavior of the Co layers detected with PNR. In appreciation of
the capability to provide depth-resolved structural and magnetic models, the last chapter
of this thesis [Appendix B, Chapter 7] will describe the extension of the TOF neutron
reﬂectometer PLATYPUS to the capability of polarized neutron beams.

132

6

Appendix A:
Nuclear Magnetic Moment of Chemically Ordered
AFM FePt3

Elastic neutron diﬀraction represents an excellent tool to study the structural and magnetic crystallographic order of thin ﬁlm magnetic materials. Next to information about
structural and magnetic atomic periodicities, the atomic magnetic moment can be obtained
by comparing the peak intensities of structural and magnetic diﬀraction with theoretical
peak intensities obtained from structure factor calculations. This appendix presents the
evaluation of the atomic magnetic moment in the AFM chemically ordered phase of FePt3
based on the high-angle neutron diﬀraction presented in Chapter 4, Section 4.2.3.

6.1 Neutron Structure Factor Calculation and Magnetic Moment
of FePt3
The intensity of the magnetic diﬀraction peak is directly proportional to the magnetic
moment per atom contributing to the scattered intensity. Similar to the determination of
chemical order, introduced in Section 4.2.1, an estimation of the magnetic moment can
be made by comparing the intensity of the AFM peak with a structural (e.g. (002)) peak.
The AFM moment on the atoms μFe is proportional to a moment μtheo
AF M ,
μAF M =

Iexp. (0 12 12 )/Iexp. (002)
× μtheo.
AF M .
Ical. (0 12 12 )/Ical. (002)

(6.1)

The value of μtheo
AF M can be chosen freely, as it only functions as proportionality constant
to scale the theoretical magnetic moment used in the magnetic form factor calculation.
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The theoretical ratio Ical. (0 12 12 )/Ical. (002) is calculated over neutron structure factor calculations. The expected relative peak intensity is proportional to the sum of nuclear (Fn )
and magnetic (Fm ) structure factors, which contain the nuclear and magnetic scattering
length, br and pr , of the elements r in the material [12],

2 
2








iQr
iQr
I(Q) ∝ |Fn | +|Fm | = 
br e
pr e
· exp(−DW ) + 
· exp(−DW ) . (6.2)
 r
 r


∗

2

2

−5 Å for Fe and bPt = 9.6 × 10−5 Å for Pt
The nuclear scattering lengths are bFe
n = 9.45 × 10
n
 sin θ 2
) describes the temperature-dependent Debye-Waller
[209]. exp(−DW ) = exp(−B λ

factor, which was introduced in Section 4.2.1. In addition, geometrical eﬀects are taken
into account via multiplication with a Lorentz factor
1
,
sin(2θ)

(6.3)

1
(1 − e(−2ut/ sin θ) ) ,
2u

(6.4)

L=
and a ﬁlm thickness correction factor
G=

in which t is the thickness of the ﬁlm and u = 0.457 the linear attenuation coeﬃcient
[208],
I(Q) = I(Q)∗ × L × G .

(6.5)

The nuclear structure factor for the (002) diﬀraction peak gives
Pt
Fn (002) = bFe
n exp(−2DWFe (T )) + 3bn exp(−2DWPt (T )) .

(6.6)

Under the assumption that no magnetic moment is carried by the Pt atoms [13], the magnetic structure factor Fm needs to be calculated over the magnetic scattering amplitude
of the Fe atom,
pFe = σm fFe (Q)SFe,⊥ OAF M ,

(6.7)

in which σM = 2.695 × 10−5 Å [275]. fFe (Q) is the magnetic form factor of Fe and SFe
the component of the Fe magnetic moment μFe perpendicular to the scattering vector,
SFe,⊥ = μFe sin η. η describes the angle between the moment and the scattering vector
Q. In addition, one needs to take into account the volume fraction OAF M of the AFM
material contributing to the scattering. With the assumption that every Fe atom of the
chemically ordered phase contributes equally to the magnetic scattering, OAF M equals the
order parameter S. The magnetic form factor can be calculated over the approximation
of spin only scattering (K = sin θ/λ) [41],
2

2

2

f (Q) =< j0 (K) >= Ae−aK + Be−bK + Ce−cK + D .

(6.8)

Tabulated values for the coeﬃcients of Eq. 6.8 can be found in [41]. Key values for the
calculation and the resulting magnetic moment are listed in Table 6.1 and 6.2.
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Table 6.1: Sample S = 86 %; Parameter used in the calculation of the magnetic moment
μFe and the result using Eq. 6.1, shown in the last column.

T
(K)

2θ (◦ )
(001)

2θ (◦ )
(002)

BFe

BPt

fFe

η
(◦ )

μFe
(μB /atom)

40

24.60

74.80

0.17

0.08

0.914

45

1.15

70

24.56

74.78

0.20

0.11

0.914

45

1.02

100

24.58

74.78

0.24

0.14

0.914

45

1.04

120

24.58

74.78

0.27

0.16

0.914

45

0.92

130

24.56

74.78

0.28

0.17

0.914

45

0.88

140

24.57

74.78

0.30

0.19

0.914

45

0.71

150

24.58

74.77

0.32

0.20

0.914

45

0.49

160

24.60

74.77

0.33

0.21

0.914

45

0.06

170

24.57

74.77

0.35

0.22

0.914

45

0.00

Table 6.2: Sample S = 54 %; Parameter used in the calculation of the magnetic moment
μFe and the result using Eq. 6.1, shown in the last column.

T
(K)

2θ (◦ )
(001)

2θ (◦ )
(002)

BFe

BPt

fFe

η
(◦ )

μFe
(μB /atom)

4

24.65

74.23

0.15

0.07

0.914

45

0.19

40

24.59

74.20

0.17

0.08

0.914

45

0.18

80

24.54

74.18

0.21

0.12

0.914

45

0.15

100

24.48

74.15

0.24

0.14

0.914

45

0.12

120

24.43

74.13

0.27

0.16

0.914

45

0.11

140

24.40

74.11

0.30

0.19

0.914

45

0.00

The determined AFM moment of the Fe atoms evaluates to a third of the expected literature magnetic moment of AFM FePt3 (μFe = 3.3 μB [13, 163]). A possible explanation
for the decreased moment includes the assumption that every Fe moment in the chemical ordered phase contributes in full to the AFM signal intensity. Manual scaling of the
moment towards 3.3 μB would therefore imply that only 35 % of the Fe atoms in the 86 %
chemically ordered structure contribute to the diﬀraction. For the sample grown at 948 K
this ratio decreases to 6 %. This could be connected to the decrease in the chemically
ordered grain size (tG (86 %) = 871 Å, tG (54 %) = 138 Å) and thus identiﬁes that only the
very bulk of each grain contributes to the AFM moment. However, the detected intensity
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is aﬀected by the coherence of the magnetic structure and could indicate several AFM
domains with diﬀerent orientations, which would aﬀect the scaling by η and additionally
broaden the peak due to reduced coherence length. Therefore, parts of the low intensity
peaks could merge with the instrumental background. At this stage, however, the reason
is not fully resolved and shall be left open for further investigations on the material.
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Appendix B:
The Time-of-Flight Neutron Reﬂectometer
PLATYPUS

This chapter introduces the TOF neutron reﬂectometer PLATYPUS, which is located
at the new 20 MW OPAL research reactor at the Bragg Institute of the Australian Nuclear Science and Technology Organisation (ANSTO). During the course of this project,
PLATYPUS has been expanded with the equipment for polarized neutron studies, the
commissioning of which is presented in this chapter. The instrument is attached to the
cold neutron guide CG-3, which is connected to the cold neutron source of the reactor. In
contrast to the monochromatic reﬂectometer NERO [Section 2.3.1], PLATYPUS employs
the TOF method to measure the reﬂectivity of samples as a function of momentum transfer
QZ [118], i.e. the angle of incidence αi is kept constant during the acquisition. A general
outline of the instrument is shown in Fig. 7.1. PLATYPUS operates with a horizontal
sample surface geometry (vertical scattering plane), thus enabling versatile usability of the
instrument including studies of air/solid, air/liquid and solid/liquid interfaces. To achieve
this versatility, the instrument allows for diﬀerent experimental conditions, including options for focusing, deﬂecting or polarizing the neutron beam [118].

7.1 General Operation of PLATYPUS
At the entrance of the instrument, broad bandwidth (1 Å < λ < 21 Å) neutron pulses are
generated by a series of boron coated disc choppers with a typical frequency of 20 Hz [118].
The frequency f of the discs is adjusted to the emission characteristic (λmin < λ < λmax )
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Figure 7.1: Schematic of the TOF reﬂectometer PLATYPUS. Inset: The PLATYPUS disc
chopper system.

of the cold moderator and the pre-instrument neutron guide system [117],
f=

h
mn D(λmax − λmin )

.

(7.1)

D is the distance between the middle of the two operated choppers and the detector1 ,
h is Planck’s constant and mn the neutron mass. Prior to the chopper system, a Ni/Ti
(m=1.5) frame overlap supermirror reﬂects neutrons with neutrons λ > 20Å out of the
neutron beam in order to avoid admixture of slow (λ > 20Å) neutrons into the subsequent
acquisition frame. The ﬁrst chopper disc, operating as a master which triggers the frame
acquisition on the detector with time stamping capability, is rotated in combination with
one of the other discs located at a distance ΔD [Fig. 7.1 (inset)]. By selecting a diﬀerent
disc pairing, the wavelength resolution Δλ/λ can be varied between ∼1.3-9 %, with an
associated 7× increase in neutron ﬂux for the low resolution setting. The variable resolution, decoupled from the spectral shape, is a feature unique to the TOF mode of operation,
while monochromator based instruments, operating in angular dispersive mode, rely on
the ﬁxed wavelength resolution given by the monochromator crystals (typically 1-2 %).
With the three available discs, the resolution can be adjusted for the requirement of the
particular experiment between Δλ/λ = 1.2% for chopper pairing 1+2 and Δλ/λ = 4.3%
1

Here, this distance is 7.365 m, which depends on the variable distance of the chopper to the
sample.
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and Δλ/λ = 8.4% for chopper pairing 1+3 and 1+4, respectively [118]. The angular resolution, i.e. the incident divergence onto the sample and polarizing supermirrors (discussed
later) remains unaﬀected by changes to the wavelength resolution. As a rule of thumb,
a thin ﬁlm creating a reﬂectivity with wide spaced fringes in QZ can beneﬁt from the
increased ﬂux with low resolution, while thick ﬁlms or speciﬁc experimental questions require high-resolution settings. In this project, all experiments have been performed with a
medium wavelength resolution of chopper pairing 1+3, delivering a wavelength resolution
of Δλ/λ = 4.3%.
The pulsed neutron beam is collimated using a sequence of motorized B4 C slits 1-4 [Fig.
7.1] and directed onto the sample at angles typically between 0.5◦ and 6.0◦ . Slit 1 is used
for a coarse collimation, while the main collimation system consists of slit 2 and 3, set
at a distance of L23 = 2835 mm. In contrast to the monochromatic reﬂectometer NERO,
the slits of PLATYPUS can be adjusted in horizontal and vertical directions. Due to the
horizontal sample geometry of PLATYPUS [Fig. 7.2a], neutron beam collimation, and
therefore the angular resolution are deﬁned in the vertical direction. The beam divergence
of the incident beam at the sample position [330],
Δαi (F W HM ) = 0.68 ·

d22 + d23
,
L223

(7.2)

can be adjusted to achieve a constant resolution Δαi /αi for each incident angle αi , similar
to the wavelength resolution Δλ/λ by the appropriate choice of vertical slit openings d2
and d3 [Fig. 7.2b]. For example, a slit setting of d2 = d3 = 0.5 mm leads to a beam
divergence of Δαi = 0.01◦ . The total resolution of a neutron reﬂectometry experiment is
deﬁned over the combination of angular and wavelength resolution,
ΔQ
=
Q

Δαi Δλ
,
+
αi
λ

(7.3)

Figure 7.2: a) PLATYPUS sample geometry: A horizontal neutron beam strikes the sample
which is tilted at an angle αi , resulting in a vertical scattering plane. b) PLATYPUS neutron
beam collimation and sample illumination.
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and has to be considered appropriately in simulations of PNR. Apart from the resolution,
an important parameter is the size of the footprint of the neutron beam on the sample
[330],




LS3
1
· (d2 + d3 ) ·
.
LB = d3 +
L23
αi

(7.4)

For the purpose of a larger intensity, small samples may be over-illuminated, i.e. the neutron beam footprint is larger than the sample. Note that in this instance the sample itself
acts as a slit with an opening of dS = LS sin(αi ), and the resolution has to be calculated
exchanging d3 with dS in Eq. 7.2. L23 in this case becomes the distance L2S between
sample and slit 2. Care has to be taken during the data reduction, as an over-illumination
aﬀects the scaling factor between direct beam and reﬂected beam [Section 7.2].
Slits in the horizontal direction are usually opened to illuminate the whole sample width,
typically ∼20 mm, leading to a horizontal divergence of Δαi,h = 0.4◦ . Slit-package 4,
located behind the sample, is mounted on a vertical translation stage, and is used to block
direct beams being transmitted through the sample and reduces the incoherently scattered
background reaching the detector.
After traveling through the instrument, either reﬂected from the sample or as a direct
beam, the neutron pulses are detected by a 2D 3 He detector with an active area of 500 mm
in width and 250 mm in height. The spatial resolution of the detector is 1.177 mm/pixel in
the vertical and 1.19 mm/pixel in the horizontal direction, which deﬁnes the geometrical
condition for oﬀ-specular scattering events together with the detector-sample distance.
Depending on the time of arrival within one acquisition frame, triggered by the chopper
pulse frequency, neutrons are assigned diﬀerent time registers, which is translated directly
into the TOF by the acquisition software. A detector image of an unpolarized direct beam
acquisition obtained with a 20 Hz chopper frequency and slit collimation of 0.5 mm and
40 mm in the vertical and horizontal direction, respectively, is shown in Fig. 7.3a-c. The
intensity presented in the contour plot has been integrated over the horizontal direction
(X-pixel) of the detector. The ﬁrst step in processing the data is a conversion of the time
registers to the neutron wavelength via the TOF tT OF [Fig. 7.3 (b) ⇒ (c)],
λ=

h
tT OF .
mn D

(7.5)

In addition, a correction for the detector eﬃciency of each pixel is performed in Fig. 7.3c
by normalization to an incoherent illumination of the detector, the so-called waterrun1 .
The 2D Y-channel vs. Wavelength plot is the conventional detector image of the acquired
intensity, used to visualize the spectral shape, background levels and eventual oﬀ-specular
1

This step is performed automatically, but the correct normalization dataﬁle has to be speciﬁed.
The waterrun is recorded frequently by the instrument scientists and included in the data reduction
code SLIM ([204], see also Section 7.2).
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Figure 7.3: Data acquisition and conversion in PLATYPUS. The intensity vs. time register
information (a) is converted to TOF (b) and subsequently into a wavelength spectrum (c). (d)
and (e) show the integrated intensity summed over wavelength (d) and over the y-direction
on the detector (e), which is the conventional plot of a wavelength spectrum.

scattering. The vertical shape of the beam is shown as a wavelength-integrated detector
Y-pixel plot in Fig. 7.3d. Such a representation of the data is used to deﬁne the beam
dimensions for integration over the vertical direction of the detector and contains essential
information on the scattered angles. By extracting the width and peak center via ﬁts to a
Gaussian or Voigt function, the angle of reﬂection of the scattered beam is deﬁned, allowing
the Q-value to be allocated to the data in conjunction with the neutron wavelength. Figure
7.3e shows the wavelength spectrum, which has been calculated by integration over the
vertical direction over the region indicated by the vertical dotted lines in Fig. 7.3d.

7.2 Data Acquisition and Reduction for Unpolarized Data of
PLATYPUS
A code for reducing reﬂectivity data obtained with the TOF instrument PLATYPUS has
been developed by A. Nelson [203, 204] and directly implemented into the IgorPro based
instrument control program. The advantage of this approach is a data acquisition and reduction within the same software environment and that data visualization can take place
during acquisition. For the polarization equipment, it was decided to construct a new
reduction environment, which is based on a C++ programming language implemented in
the analysis software package OriginPro. This oﬀers a manual extraction and treatment
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of recorded intensities from diﬀerent acquisitions. Both reduction codes are combined in
SLIM at a later stage. In order to illustrate the procedure of data acquisition, reduction
and analysis, the example of an unpolarized reﬂectivity measurement of a thin Ni0.8 Fe0.2
ﬁlm (300 Å) on Si substrate with a 20 Å Cr capping layer will be used. The sample was
mounted on a ﬂat Al stick in the center of the sample goniometer between the pole shoes
of the 1T Bruker electromagnet, which will be properly introduced in Section 7.3. The
magnet was set to provide a 200 mT ﬁeld at the sample position in order to fully saturate
the Ni0.8 Fe0.2 ﬁlm. The choice of a magnetic sample in an otherwise unpolarized measurement permits comparison with a data acquisition in polarized mode. Most of the steps
explained below are similar in unpolarized and polarized modes.
Prior to aligning the sample on the sample stage, appropriate choices for incident angles
and respective slit settings have to be considered. With a wavelength band of 2.2 to 18 Å,
only a limited QZ range is accessible for each incident angle. Due to a critical scattering
vector of QZ,c = 0.02 Å−1 of Ni0.8 Fe0.2 , a choice of αi,1 = 0.6◦ ensures suﬃcient coverage of
the region of total reﬂection to allow proper scaling of the reﬂectivity. The maximum accessible QZ at this incident angle is QZ,max = 0.06 Å−1 , which is used to deﬁne the second
angle of incidence to αi,2 = 2.5◦ , covering a QZ -range of 0.03 Å−1 < QZ < 0.25 Å−1 , and
providing a substantial overlap between the two angles in QZ . The vertical position of the
detector is changed according to the incident angle, such that reﬂected beam intensities are
detected at the same Y-position on the detector. This procedure further avoids detection
with diﬀerent detector eﬃciencies and can aid in identifying eventual misalignments of
the sample. The slit settings of slits 1-4 are chosen with respect to the lateral dimensions
(20 mm×50 mm) of the sample and the desired angular resolution to values listed in Table
7.1.
The calculated resolution in Table 7.1 is obtained using Eq. 7.2 and the slit openings
d2 and d3 , while the real resolution due to over-illumination is calculated using the actual
sample height dS (0.6◦ ) = 0.523 mm and dS (2.5◦ ) = 2.181 mm for an incident angle of 0.6◦
and 2.5◦ , respectively. The resolution Δαi /αi is better than the wavelength resolution
Table 7.1: Vertical and horizontal slit openings for the two incident angles of the unpolarized
Ni0.8 Fe0.2 (300 Å) reﬂectivity measurement

Incident
Angle

Vertical Slit
(mm)

Horizontal Slit
(mm)

Δαi /αi
cal. / real

Footprint
(mm)

αi,1 = 0.6◦

(d2 = 0.9, d3 = 0.36)

(dh2 = 10, dh3 = 10)

0.022 / 0.0216

LB = 80

αi,2 = 2.5◦

(d2 = 3.75, d3 = 1.5)

(dh2 = 10, dh3 = 10)

0.022 / 0.0216

LB = 80
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Δλ/λ = 0.043, but, due to a footprint substantially larger than the sample, the expected
intensity on the sample increases by more than a factor of 201 .
The sample alignment with respect to the incident neutron beam is performed by tilting the sample to an incident angle that results in a momentum transfer below the critical
momentum transfer QZ,c for a substantial interval of λ (e.g. αi = 0.5◦ < αi,c for Ni0.8 Fe0.2
for λ < 5.2 Å, i.e. λ > 5.2 Å are reﬂected) and scanning the sample height until a reﬂected
intensity is observed on the detector. The actual tilt of the sample with respect to the
incident neutron beam can be calculated over the diﬀerence in Y-position of the reﬂected
and direct beam on the detector,
αi = arctan((yref lected − ydirect ) · 1.177/LD ) ,

(7.6)

where LD is the distance between sample and detector and 1.177 is the pixel height in the
y-direction on the detector. After the tilt angle is corrected in the instrument software
to the calculated αi , the z-position of the sample is scanned. Upon passing through the
neutron beam, a maximum reﬂected intensity is observed, which deﬁnes the center location of the sample height in z. The alignment of angle and height should be repeated in a
recursive manner until no changes in αi or z are observed. In addition, the sample should
be scanned along the x-direction and tilt angle φ, i.e. the tilt in the direction perpendicular to the neutron propagation direction, although only small changes are expected due
to the wide neutron beam and larger horizontal divergence. The sample is aligned if both
additional scans are centered in the maximum of the observed reﬂected intensity.
Following the sample alignment, the ﬁrst incident angle can be set and an acquisition
can be started [Fig. 7.4]. In order to obtain suﬃcient statistics at both incident angles
and due to the intensity decreasing with ∼ Q−4
Z , the acquisition time should be increased
for measurements at larger angles. For the experiment presented here, the acquisition
time was set to 1 h for αi,1 = 0.6◦ and 4 h for αi,2 = 2.5◦ . Figure 7.4 shows the measured
reﬂected intensity as Y-channel vs. Wavelength contour plots. The data presented in the
ﬁgure has been corrected by the “waterrun” and normalized to the beam monitor counts in
order to adjust for diﬀerences in detector eﬃciency and ﬂuctuations in the incident neutron
intensity on the sample. Judging from the appearance of the intensity in the contour plot,
appropriate regions for integration of the specular reﬂected intensity are selected. The
usable wavelength band, avoiding any possible frame overlap of slow or fast neutrons, is
indicated by vertical red lines in the contour plots and Y-integration regions are indicated
by white dotted lines. In Fig. 7.4 no oﬀ-specular scattering is detected and the extended
intensity spread in the wavelength band between λ = 4 to 8 Å identiﬁes incoherent and
background scattering. The oscillations in the intensity along λ are the Kiessig fringes
1

The expected relative intensity can be calculated over I = (d2 d3 dh2 dh3 )/(Δαi Δαi,h L23 ) [104].
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Figure 7.4:
2D intensity contour plot of unpolarized reﬂectivity from
Cr(20 Å)/Ni0.8 Fe0.2 (300 Å)/Si (left αi,1 = 0.6◦ , right αi,2 = 2.5◦ ). The data has been
corrected by a “waterrun” and normalized to the monitor counts of the respective
measurement. Usable wavelength range and Y-integration interval are indicated in the ﬁgure.

scaling with the sample thickness of the 300 Å thick Ni0.8 Fe0.2 ﬁlm.
The results of integrating over λ and Y are shown in Fig. 7.5a and 7.5b. The dotted
vertical line in Fig. 7.5a indicates the Y-interval y1 ≤ y ≤ y2 , similar to the horizontal
lines in Fig. 7.4. An instrumental background for each angle is determined by interpolation
between the two boundaries y1 and y2 in the Y-integration [Fig. 7.5a], here approximated
to the integrated background level. This approach is preferred over the deﬁnition of a background region outside of the chosen Y-interval, which can be superimposed by eventual
oﬀ-specular scattering. Note that the background is not subtracted from the reﬂectivity
data prior to the re-binning process described below. The plot further identiﬁes a deviation in the center peak location for the two diﬀerent angles. A Voigt proﬁle ﬁt of the
peaks gives a center location of Y = 153.93 for αi = 0.6◦ and Y = 152.92 for αi = 2.5◦ ,
while both recorded direct beams are centered around Y = 153.45. Using Eq. 7.6, an
oﬀset of less than 0.015◦ is identiﬁed, which highlights the degree to which a reproducible
sample alignment can be performed. The small oﬀset has been neglected in the following
consideration, as it did not indicate major sample misalignment.

The next step of the data reduction is a re-binning of the 1000 time registers (or wavelength bins) in the reﬂectivity and background data, usually to values representing the
wavelength resolution (Δλ/λ = 4.3 % ). The re-binning procedure is similar to the ap144
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Figure 7.5: Illustration of data reduction procedure after integration of the 2D contour
plots. a) Integration over λ for identiﬁcation of specular Y-channel; b) uncorrected wavelength
spectrum obtained from integration between the dotted lines in (a); c) Reﬂected wavelength
spectrum and background after λ re-binning to 3%.

proach taken in the instrument reduction program SLIM [203, 204], which re-bins the
intensity to logarithmically spaced wavelength bins with user-deﬁned bin boundaries. The
result of the re-binning is shown in Fig. 7.5c. Also shown in Fig. 7.5c is the instrumental
background, re-binned to the same wavelength bins, which is now subtracted from the data.
In order to scale the wavelength spectrum [Fig. 7.5c] to the reﬂectivity [Fig. 7.6] in the
conventional “Intensity vs. QZ ”-representation, a division by a direct beam intensity is
performed, which was recorded under similar conditions. The QZ value of the reﬂected
intensity is calculated over the angle of incidence αi = αf ,
QZ =

4π
sin αi ,
λ

(7.7)

corrected for eventual misalignment of the sample tilt as identiﬁed above. Figure 7.6a
shows the reﬂectivity obtained separately for each angle. The overlap between both
measurements shows a good agreement and the reﬂectivity below the critical momentum transfer QZ,c approximates unity. The reﬂectivity above QZ > 0.15 Å appears to
remain constant, which is expected to originate from a frame overlap during data acquisition. The shape of the reﬂectivity and the agreement in the overlap region, does not
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Figure 7.6: Reﬂectivity of Cr(20 Å)/Ni0.8 Fe0.2 (300 Å)/Si, reduced by detector eﬃciency,
beam monitor counts, re-binning, background subtraction and direct beam division. a) Individual measurements showing the overlap of the two angles of incidence in QZ ; b) Final
merged dataset with averaged overlap region. The line in (b) is a ﬁt to the data.

indicate a misalignment or a falsely calculated neutron wavelength, which could arise from
false chopper settings. Therefore, the intensity above QZ > 0.15 Å is neglected in the further consideration. The last step in reducing the reﬂectivity data is scaling (if necessary)
and an optional illumination correction, which scales the intensity correcting for neutrons
passing the sample due to over-sized slit settings. The overlap region of both angles can
be used to merge the two datasets by averaging between the data points [Fig. 7.6b]. This
approach avoids increased statistical errors due to the decreasing intensity in the boundaries of a wavelength spectrum. The ﬁt to the data shown in Fig. 7.6b has been obtained
by averaging the ﬁtted reﬂectivity (R+ + R− )/2 of a polarized measurement, which is
described in detail in the next section.

7.3 The Polarized PLATYPUS
Polarization of the incident neutron beam, the ability to change the polarization direction of incoming and scattered beam and a post-sample polarization analysis is enabled
by two sets of polarizing Fe/Si supermirrors (m = 3.8), and two radio frequency (RF)
spin-ﬂippers. The m = 3.8 Fe/Si supermirrors have been manufactured by Swiss Neutronics [298]. The components of the polarization system, including the spin-ﬂipper and
supermirror housing have been provided by Mirrotron. Figure 7.7a shows a schematic
of the instrument with the locations of the polarization equipment. Figure 7.7b shows
a schematic of the neutron spin propagation (“spin-down” direction only), which will be
discussed later.
The polarizing unit on the pre-sample side of the instrument (position 4 in Fig. 7.7 and
Fig. 7.8a) consists of an array of Si wafers (50 mm wide with a total length of 500 mm),
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Figure 7.7: a) Schematic of PLATYPUS, showing the location of the polarization elements
and sample environment for magnetic thin ﬁlm studies. b) Neutron polarization direction along
the ﬂight path of the instrument assuming zero spin ﬂip at the sample or in the spin-ﬂippers.
Neutrons with spin directions antiparallel to the mirror magnetization are transmitted and
turn into a longitudinal direction in the guide ﬁeld and transversal again in the magnetic ﬁeld
around the sample. The post-sample situation is symmetric to the incident situation.

coated on the top and bottom surfaces by Fe/Si supermirrors. The mirror wafers are
arranged in a 500 mm long neutron guide and oriented at 0.8◦ to the horizontal. Vertical
walls of the guide are comprised of boroﬂat glass coated with non-polarizing m = 3 Ni/Ti
supermirrors. The top surface consists of uncoated boroﬂat glass, which absorbs neutrons
reﬂected from the mirror.

The polarizer assembly is housed in a soft-iron framework [Fig. 7.8a] and a series of permanent magnets maintains a saturating magnetic ﬁeld of 50 mT in the plane perpendicular to
the neutron propagation direction and parallel to the mirror surface. This magnetic ﬁeld
and the resulting mirror magnetization provide a quantization axis deﬁning the incoming
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Figure 7.8: Polarizer (a) and analyzer (b) supermirror frames with RF spin-ﬂipper components.

neutron polarization P to the horizontal transverse direction. A polarizing supermirror
utilizes Bragg reﬂection of a depth-graded supermirror [Fig. 7.9]. In such a special case
of magnetic multilayer, neutrons with diﬀerent wavelength experience a regime of Bragg
reﬂections at diﬀerent double-layer thicknesses as they propagate through the multilayer
[190, 192, 298]. As explained in Section 2.2, the magnetic SLD ρm has to be added or
subtracted from the nuclear SLD depending on the polarization direction of the neutrons
with respect to the magnetization of the layers. Therefore, a polarizing supermirror exhibits two diﬀerent SLD proﬁles for either “spin-up” or “spin-down” neutrons (the nuclear
SLD of the magnetic material is indicated in Fig. 7.9 by the dotted lines). The Fe/Si
+
−1
coatings provide a critical momentum transfer of m · Q+
Z,c = 3.8 · QZ,c [Ni] = 0.082Å
−
−1
for spins parallel to the mirror magnetization and m · Q−
Z,c = 0.645 · QZ,c [Ni] = 0.014Å

for the antiparallel direction [276]. Therefore, the mirror transmits neutrons antiparallel
to the saturating ﬁeld, which shall be denoted in the typical PNR convention as “spindown” neutrons, and reﬂects the parallel spin state (“spin-up”). At an incident angle of
0.8◦ with respect to the mirror surface, the critical momentum transfer for total reﬂection of neutrons parallel to the mirror magnetization results in a theoretical transmitted
polarized wavelength band of λmin ∼ 2.14 Å ≤ λ ≤ λmax ∼ 12.53 Å, assuming zero beam
divergence1 . Assuming a typical beam divergence of ±0.043◦ , the usable wavelength band
becomes 2.25 Å ≤ λ ≤ 11.85 Å. Below λ = 2.14 Å, both neutron spin states are transmitted, while all neutrons with λ ≥ 12.53 Å, as well as “spin-up” neutrons above λ = 2.14 Å
are reﬂected. At the polarizer, these neutrons are taken out of the system by the top
surface of the neutron guide.
Unlike the polarizer, the post-sample analyzer guide unit with m = 3.8 Fe/Si super1

This wavelength spectrum has been chosen prior to the assembly due to the emission characteristic of the liquid deuterium cold moderator of the cold neutron source.
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Figure 7.9: Schematic of reﬂection and transmissions of “spin-up” and “spin-down” neutrons
from a polarizing supermirror [298].

mirrors (position 10 in Fig. 7.7 and Fig. 7.8b) allows both spin states to pass the mirror
either as “spin-down” transmitted or “spin-up” reﬂected beam. As such, the analyzer
eﬀectively acts as a spin splitter [140] and both neutron spin states are spatially separated
and simultaneously detected. In order to cover the divergence of the neutron beams, the
width of the analyzer mirror is increased to 104 mm with similar length to the polarizer
supermirror (500 mm). In contrast to the polarizer unit, in which the mirror is ﬁxed at
an angle of 0.8◦ to the horizontal, the analyzer is mounted on a z-translation stage with
goniometer (position 11 in Fig. 7.7). This enables the reﬂected beam to be followed, resulting in a constant angle of incidence of the neutrons on the mirror, which was adjusted
to 0.8◦ to provide a transmitted spectrum comparable to the polarizer.

Figure 7.10a shows a comparison of an unpolarized wavelength spectrum with a spectrum
obtained in transmission through the polarizer and an unpolarized beam spin-separated
by the analyzer mirror. The spatial separation of the analyzed unpolarized neutron beam
is shown in Fig. 7.10b as a Y-pixel vs. wavelength contour plot. The shapes of the transmitted spectra identify the usable polarized wavelength band. In comparison to the theoretical estimation above, the low wavelength cut-oﬀ is deﬁned by the drop in intensity
just below 2.3 Å in the polarizer and analyzer transmitted spectra. In order to avoid the
steep long wavelength cut-oﬀ, which leads to large statistical uncertainties due to the low
intensity, the maximum transmitted wavelength for data reduction has been restricted to
λmax = 12.5 Å. Therefore, at an incident angle of 0.8◦ and by using the supermirrors in
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Figure 7.10: a) Unpolarized neutron beam spectrum, spectrum transmitted through polarizer supermirror and neutron beam spectrum transmitted as well as reﬂected from the analyzer
supermirror. b) 2D contour plot of transmitted and reﬂected intensity of an unpolarized neutron beam passing the analyzer.

transmission, an actual usable wavelength band of 2.5 Å < λ < 12.5 Å is achieved1 . The
angle of incidence on the analyzer has been adjusted until the transmitted wavelength
band matches the cut-oﬀs from the polarizer spectrum [Fig. 7.11] in order to utilize the
full transmitted wavelength band.

Due to the horizontal beam geometry, utilization of the polarizer in transmission constitutes a major simpliﬁcation of the setup, which outweighs the neutron absorption that
becomes signiﬁcant at longer wavelengths (∼ 22 % at 12.5 Å). Additionally, a reﬂection
oﬀ the supermirror occurs preferentially on the top coating, which does not necessarily
have the same eﬃciency as the bottom coating. Neutrons transmitted through the mirror,
on the other hand, interact with both coatings, i.e. the total polarization eﬃciency is
expected to be higher in comparison to a system operating in reﬂection.

This restriction does not apply to the analyzer as it is possible to observe both spin
states simultaneously. The separation along the y-coordinate [Fig. 7.10b] is suﬃcient to
resolve both peaks. However, in a number of instances it might be preferable to view
the transmitted channel only and block the reﬂected beam. Such situations include the
detection of weak SF signals, which would merge with the spin-dependent background of
the larger intensity reﬂected from the mirror. The overlap of the two spin channels on
the detector could be increased due to beams with larger divergence or non-perfectly ﬂat
sample surfaces and thus larger diﬀuse scattering. As a result, additional care has to be
1

Note that the wavelength spectrum is directly depending on the beam geometry as deﬁned by
the slits in front of the polarizer supermirror. Small deviations from a horizontal neutron beam
can lead to a shift of the low- and high-wavelength cut-oﬀs.
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Figure 7.11: Transmitted wavelength spectrum as a function of the tilt angle of the analyzer.
The black squares show an unpolarized spectrum. For the experiments, the analyzer tilt has
been adjusted to the transmitted polarizer spectrum (red circles).

taken in the data reduction and background subtraction as well as eﬃciency determination [Section 7.4]. As an upgrade of the polarization system, the reﬂected spin state can
be suppressed by B4 C mounted at the exit of the analyzer [Fig. 7.8b], thus allowing only
the transmitted spectrum to pass the analyzer1 . The method of obstructing the reﬂected
beam removes the spin-dependent background and should be used whenever trying to
detect weak signals, although this signiﬁcantly increases the data acquisition time due to
separate acquisitions if both analyzed spin states are required.

In order to prevent depolarization of the neutron beam over the ﬂight path between
the elements and the sample, electromagnetic guide coils are inserted on the snouts of
the collimation and detector tank (position 5 in Fig. 7.7). Insuﬃcient guide ﬁelds would
cause a precession of the neutron spin in the earth or stray magnetic ﬁelds of the sample
environment and lead to a depolarization of the neutron beam depending on the neutron
velocity vn , which is proportional to the wavelength λ of the neutrons. The guide ﬁeld
can be increased to accommodate magnetic stray ﬁelds of diﬀerent sample environments,
such as the standard 1 T Bruker electromagnet (maximum ﬁeld ∼ 1 T-2.2 T, depending on
sample size), a specially constructed static horizontal magnetic ﬁeld cell for solid/liquid
studies (5 mT< μ0 H < 20 mT) and the envisaged operation of a 5 T superconducting
1

Since the upgrade was installed towards the end of this thesis, only a limited set of data could
be recorded in the remaining available time on the instrument. The evaluation of the instrument
capabilities in the following is therefore presented with both spin states on the detector, while the
upgraded system and eﬀects on the polarization eﬃciency are discussed in Section 7.5.
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Figure 7.12: Sample perspective of neutron polarization propagation along the ﬂight path
of the neutrons (a) without speciﬁc sample environment (guide ﬁeld only) and (b) with the
Bruker 1 T electromagnet providing a horizontal transversal magnetic ﬁeld at the sample
position.

magnet. Low magnetic ﬁeld options are enabled by using the static magnetic ﬁeld of the
guide coils without any additional magnetic sample environment. The situation of a “spindown” neutron traveling through the instrument with a sample magnetic ﬁeld provided
is schematically shown in Fig. 7.7b. Figure 7.12 shows a more detailed schematic of the
evolution of the neutron spins propagating through the instrument. The ﬁeld lines of the
guide-ﬁeld coils couple directly to the transverse magnetic ﬁelds provided at the polarizing
supermirrors, such that the neutron spin is turned into a longitudinal orientation over the
ﬂight path between the polarizer and analyzer components [Fig. 7.12a]. The transverse
magnetic ﬁeld at the analyzer then again turns the neutron spin into a transverse direction.
The guide ﬁeld is strong enough to maintain a 0.5 mT minimum ﬁeld across the sample,
below which neutron depolarization would occur. This constitutes the low ﬁeld option of
the instrument with longitudinal neutron spin vectors.
The situation becomes more complicated if the 1 T electromagnet or other magnetic equipment is installed on the sample table [Fig. 7.12b]. The magnetic ﬁeld of the magnet is
directed perpendicular to the propagation direction, leading to a stray ﬁeld gradually turning the neutron collinear to the initial spin state as it is provided after the supermirror.
Due to the initial turn in a longitudinal direction, the situation is symmetrical, i.e. both
positive and negative ﬁelds are accessible without losing the polarization. After being
reﬂected from the sample, the longitudinal pre-sample orientation is restored by the stray
ﬁeld and coupling to the post-sample guide ﬁeld. During a measurement, because of the
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soft-iron pole shoes of the magnet distorting the guide ﬁeld, a ﬁeld of at least 0.8 mT
must be applied on the 1 T electromagnet in order to avoid depolarization. Therefore, in
connection with cryogenic environment on the sample stage, the maximum magnetic ﬁeld
range becomes ±0.8 mT ≤ μ0 H ≤ ±1 T. The orientation of the spins remains transverse
if SF scattering occurs at the sample.

The direction of incoming and scattered neutron spin can be inverted by pre-sample and
post-sample RF spin-ﬂipper units. The incident-side ﬂipper is mounted in the evacuated
collimation optics tank behind the polarizing supermirror and the second ﬂipper is located in the detector tank in front of the analyzer supermirror [Fig. 7.8]. Due to the
broad bandwidth of the polarized neutron beam, RF spin-ﬂippers are best suited to provide full control of the alignment (parallel or antiparallel) of the neutron spin direction
with respect to the sample magnetization. Inside the ﬂippers, a gradient magnetic ﬁeld
along the horizontal direction perpendicular to the neutron propagation is superimposed
by a longitudinal, time varying RF magnetic ﬁeld [Fig. 7.13].

The strength and frequency of the RF ﬁeld initiate a precession of the neutron beam in such
manner that every neutron spin of the usable wavelength spectrum (2.5 Å ≤ λ ≤ 12.5 Å)
is ﬂipped by 180◦ upon passing through the activated coil. Numerical simulations [277] of
the wavelength-dependent ﬂipping behavior inside the coils (conﬁrmed by neutron tests
explained in Section 7.4) revealed an optimal operational frequency of Ff lip,P = 236 kHz
for the polarizer coil. The ﬁeld strength inside the spin-ﬂipper is adjusted by regulating
the coil current to the smallest value at which complete ﬂipping of all wavelengths is observed. Tests have shown that a proper frequency tuning is more important than increased
RF current magnitude for eﬃcient ﬂipping over the entire wavelength band.
In order to access all four neutron spin cross-sections (R++ , R−− , R+− , R−+ ) even if the
beam reﬂected from the analyzer is blocked, PLATYPUS is equipped with the post-sample

Figure 7.13: Schematic of the magnetic ﬁeld situation present in the neutron spin-ﬂipper
coils.
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spin-ﬂipper. This second spin-ﬂipper is used to turn any “spin-up” reﬂected spin orientation from the sample to a “spin-down”, so it can be detected by transmission through the
analyzer. Due to a coil with larger diameter (to accommodate a horizontally divergent
beam), the optimal frequency of the post-sample analyzer coil is Ff lip,A = 198 kHz. The
RF ﬁeld has been adjusted to the minimum current at which complete ﬂipping occurs. If
the ﬂipper is “on”, the incoming neutron spin direction is inverted by 180◦ , if it is “oﬀ”,
the neutron spin direction is maintained. The status of the ﬂipper can therefore be used
to indicate the polarization channel of the measurement [Table 7.2]1 , if the analyzer is
used in transmission. Detected intensities with both ﬂipper “on” or “oﬀ” denote the NSF
channels R++ and R−− of a PNR experiment, while terms in Table 7.2 with only one
ﬂipper correspond to SF signals R+− and R−+ .
In order to operate in optimum conditions independent of the stray ﬁeld from the magnetic
sample environment, for example in the high stray ﬁeld from the 5 T superconducting magnet, variable capacitor banks allowing a greater range of tunable frequencies and current
values have been installed. Each choice of capacitor setting results in a diﬀerent resonance frequency, and the system can therefore be adjusted to show optimum conditions
in resonance operation together with the highest ﬂipping eﬃciency. However, due to gas
discharge occurring in the analyzer ﬂipper coils, the variable capacitor bank was disabled
and the frequency ﬁxed to a resonance value of 198 kHz, which, according to numerical
simulations [277], shows the highest ﬂipping eﬃciency. The operational current for operation at 198 kHz is 4.5 A (electrochemical mean value), which results in an output voltage
of 12.0 - 13.0 V. This situation is summarized in the list of operational parameters of the
PLATYPUS polarization equipment in Table 7.3. At the time of the ﬁrst neutron tests,
the construction of the polarizer resonance circuit only allowed for a frequency of 193 kHz
instead of the numerically endorsed 236 kHz. The operational current for this resonance
setting is 5.0 A, resulting in an output voltage of 8.0 - 9.0 V. Operating with the non-ideal
1

The intensities I(00), I(10), I(01) and I(11) denote the status of the ﬁrst and second neutron
spin-ﬂipper as “oﬀ” (0) and “on” (1).

Table 7.2: Neutron spin states according to the ﬂipper settings on PLATYPUS.

154

Flipper Status
Flipper 1, Flipper 2

Intensity
Channel

Spin Direction
pre- / post-sample

Reﬂectivity
Channel

OFF, OFF

I(00)

↓ / ↓

R−− (NSF)

ON, ON

I(11)

↑ / ↑

R++ (NSF)

OFF, ON

I(01)

↓ / ↑

R−+ (SF)

ON, OFF

I(10)

↑ / ↓

R+− (SF)

7.3. The Polarized PLATYPUS
Table 7.3: Components and operational parameters of the PLATYPUS polarization system
(n.a. = not applicable). Dimensions and instrument speciﬁc parameters of the components
are described above. Polarization eﬃciencies P of the components are described in Section
7.4.

Component

Length
mm

Width
mm

Operational
Parameter

λmin
Å

λmax
Å

P (λmin )
%

P (λmax )
%

Polarizer

500

50

Fe/Si: m = 3.8
Tilt: θ = 0.8◦

2.5

13

91

99.3

Analyzer

500

104

Fe/Si: m = 3.8
Tilt: θ = 0.8◦

2.5

13

89

99.3

Pre-sample
RF Flipper

270

74

f =236 kHz
Current: 5 A

n.a.

n.a.

99.7

99.7

Post-sample
RF Flipper

270

110

f =198 kHz
Current: 4.5 A

n.a.

n.a.

99.7

99.7

Pre-sample
Guide Coil

610

320

80 V / 800 W

n.a.

n.a.

100

100

Post-sample
Guide Coil

250

380

80 V / 800 W

n.a.

n.a.

100

100

frequency setting has a negative eﬀect on the ﬂipping eﬃciency of the device, which was
identiﬁed during the eﬃciency evaluation.

Based on the observations made in Section 7.4, an additional capacitor was installed
in series in the RF power supply of the incident side spin-ﬂipper, which increases the
resonance frequency to 230 kHz. Unfortunately, this upgrade occurred together with the
modiﬁcation of the analyzer, i.e. the suppression of the reﬂected spin state from the analyzer, and only a limited set of data could be obtained in the remaining time available on
the instrument. Therefore, the below description will continue with the previous setting of
193 kHz resonance frequency at the polarizer unit and the upgrade and eﬀects on ﬂipping
eﬃciency will be discussed separately in Section 7.5.

Using a direct beam, the operation of the polarization system is illustrated in Fig. 7.14
to 7.16. In Fig. 7.14, contour plots of the four spin channels of a polarized neutron experiment are shown in the Y-pixel vs. wavelength plot. Depending on the status of the
spin-ﬂipper, the intensity is either concentrated in the transmitted or reﬂected beam position on the detector, indicating the polarization state at the analyzer as “spin-down”
(transmitted) or “spin-up” (reﬂected). Intensities observed in the transmitted beam with
one ﬂipper on, or reﬂected from the mirrors with zero or both ﬂippers on, originate from
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Figure 7.14: 2D contour plots of a polarized neutron beam on the detector in four spin
channels I(00), I(01), I(11) and I(10).

Figure 7.15: Wavelength-integrated intensity of the polarized neutron beam of Fig. 7.14 in
four spin channels I(00), I(11) (left) and I(01) and I(10) (right). The background of I(01) and
I(10) is governed by the overlap with the high intensity NSF peak.

incomplete polarization of the neutron beam. The integration over wavelength is shown
in Fig. 7.15. Intensities, which are used for further analysis, either for determination of
spin-dependent reﬂectivities or for eﬃciency evaluation of the next section, are highlighted
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Figure 7.16: Spectra of a polarized beam transmitted and reﬂected from the analyzer
supermirror in all spin-ﬂipper states.

by yellow shading. The contour plot and the wavelength-integrated spectrum show that
the transmitted and reﬂected beam from the analyzer are not entirely separated and share
a common background. This background is governed by the strong NSF intensities and
therefore has strong spin dependence. In order to subtract the background from the data,
it is determined by a linear interpolation between the two Y-pixel boundaries of the peaks
(intersection between data and vertical dotted lines in Fig. 7.15). The observation of the
peak overlap was the main initiator for the upgrade of the PLATYPUS polarization system described in Section 7.5. The spin-dependent wavelength spectra prior to re-binning
are shown in Fig. 7.16 for the transmitted and reﬂected beam. Small diﬀerences between
I(01) and I(10) become apparent, which indicate a diﬀerence in the ﬂipping ratio of the
two spin-ﬂippers. The incomplete ﬂipping is also illustrated by the diﬀerences in I(00)
and I(11), since I(11)(P = 100%) = I(00) in the case of ﬂipper eﬃciencies of 100%.

7.4 Polarization Eﬃciency of PLATYPUS
The polarization P is deﬁned using the ratio of “up” and “down” neutrons contained in
the neutron beam,
P =

I↑ − I↓
,
I↑ + I↓

(7.8)

with −1 < P < 1 [332]. Accordingly, the polarizing power of an element in the polarization
setup is deﬁned over the probability of neutron spins being correctly oriented after passing
the component. In the following, only neutrons transmitted through the supermirrors are
regarded. Therefore, the supermirrors provide “spin-down” neutrons with a probability
P1 after the polarizer element and with probability A1 after the analyzer element. The
subscript “1” is used to avoid confusion between beam polarization and supermirror polarization eﬃciency. The eﬃciency of the ﬂipper F1 (F2 ) located at the polarizer (analyzer) is
deﬁned over the probability of neutrons being correctly ﬂipped after propagation through
the ﬂipper coil. The ﬂipper works perfectly if F1 = 1 and does not perform any ﬂipping
if F1 = 0. Using these deﬁnitions of the polarization eﬃciency, a matrix equation can be
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used to connect the measured intensities I(00), I(10), I(01) and I(11) to the reﬂectivities
R++ , R+− , R−+ and R−− [332],
Iˆ = F̂1 · F̂2 · P̂1 · Â1 · R̂ ⇔
⎞ ⎡
1
0
0
I(00)
⎜ I(01) ⎟ ⎢
0
1
0
⎟ ⎢
⎜
⎝ I(10) ⎠ = ⎣ (1 − F1 )
0
F1
I(11)
0
(1 − F1 ) 0
⎡
(1 + P1 )/2
0
⎢
0
(1 + P1 )/2
×⎢
⎣ (1 − P1 )/2
0
0
(1 − P1 )/2
⎡
(1 + A1 )/2 (1 − A1 )/2
⎢ (1 − A1 )/2 (1 + A1 )/2
×⎢
⎣
0
0
0
0
⎛

⎤⎡
⎤
0
1
0
0
0
⎢
0 ⎥
0
0 ⎥
⎥ ⎢ (1 − F2 ) F2
⎥
0 ⎦⎣
0
0
1
0 ⎦
0
0 (1 − F2 ) F2
F1
⎤
(1 − P1 )/2
0
0
(1 − P1 )/2 ⎥
⎥
⎦
(1 + P1 )/2
0
0
(1 + P1 )/2
⎤ ⎛ −− ⎞
0
0
R
⎥ ⎜ R−+ ⎟
0
0
⎟ . (7.9)
⎥⎜
(1 + A1 )/2 (1 − A1 )/2 ⎦ ⎝ R+− ⎠
R++
(1 − A1 )/2 (1 + A1 )/2

The intensities need to be corrected for detector eﬃciency, monitor counts and scaling
diﬀerences. Each row of Eq. 7.9 relates the measured intensity to the reﬂectivity of the
measured system, whereas each column accounts for the diﬀerent spin contributions, which
are mixed to the degree of the ﬁnite polarization or ﬂipping eﬃciencies. Due to the TOF
mode of operation of PLATYPUS, intensities, reﬂectivities and therefore also eﬃciencies
are a function of the wavelength λ [P1 (λ), A1 (λ), F1 (λ), F2 (λ)]. In order to provide a
stable reduction procedure for spin-polarized reﬂectivity data that is independent of the
operational mode, it is desirable to determine the polarization eﬃciency independently for
each component. Using samples with a known relation between the reﬂectivities, Eq. 7.9
can be solved for the each eﬃciency, if the intensities of each ﬂipper setting are measured.
The ﬁrst reﬂectivity recorded is of a non-magnetic wafer. This measurement makes use of
the relations
R++ = R−−

and

R+− = R−+ = 0

(7.10)

to solve the Eq. 7.9 for ﬂipper eﬃciencies F1 and F2 and a function φ = 1/2(1 − P1 A1 ),
which combines the polarization eﬃciencies of the supermirrors. Eq. 7.10 is also valid for
a direct beam measurement without a sample, if the guide ﬁeld is adjusted well enough
to avoid depolarization over the ﬂight path between the elements of the setup. In a measurement of a non-magnetic sample, it is not possible to solve for polarization eﬃciencies
of the polarizer and analyzer separately. Therefore the deﬁnition of φ = 1/2(1 − P1 A1 ) is
used, which describes the absolute eﬃciency of a system with only polarizer and analyzer.
The relation φ(P1 , A1 ) is generally valid, if it is assumed that each neutron interacts with
each element only once before it is taken out of the system by detection or absorption by
the supermirror housing.
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Using Eq. 7.10, the resulting equations for the eﬃciencies F1 , F2 and φ are
φ=−

2I(01)I(10) − I(01)I(00) − I(00)I(10) + I(00)I(00) − I(00)I(11)
,
2I(00)I(11) − 2I(01)I(10)
F1 =

(7.11)

I(00) + I(11) − I(10) − I(01)
and
2I(00) − 2I(01)

(7.12)

I(00) + I(11) − I(10) − I(01)
.
2I(00) − 2I(10)

(7.13)

F2 =

In order to obtain these quantities experimentally, direct beam acquisitions and the reﬂectivity of a 20 mm×50 mm Si wafer have been recorded. The measurement of the reﬂectivity
included three angles of incidence, 0.4◦ , 1.0◦ and 2.5◦ , resulting in a maximal momentum
transfer QZ = 0.22 Å−1 , with slit settings adjusted to ensure homogeneous illumination
and constant angular resolution. In order to allow a data reduction and obtain the total
reﬂectivity as a function of QZ , the direct beam measurements have been performed with
the same settings. Figures 7.17a and 7.17b show the exemplary result of a 1 h acquisition
at αi = 0.4◦ on a logarithmic scale. The data presented has been corrected according to
the procedure described in Section 7.2, with an absolute normalization of the measured
intensity of all channels to the total reﬂectivity edge of the R++ channel. The result1 of
the polarization eﬃciency in the wavelength band 2.5 Å < λ < 12.5 Å is shown in Fig.
7.17c for the spin-ﬂippers and Fig. 7.17d for the eﬃciency φ. Eﬃciencies above 100 % are
unphysical and can be ascribed to insuﬃcient statistics or over-subtraction of the spindependent background. Such instrumental artifacts become visible by the similarity in
both ﬂipping eﬃciencies above λ = 8 Å, which arise due to the simultaneous processing of
low intensity SF data.
To provide an expression for the eﬃciencies independent of the wavelength binning, results
have been ﬁtted with asymptotic functions. The eﬃciency of Flipper 1 decreases below
λ = 4 Å and has been approximated with a Boltzmann function (black line in Fig. 7.17c),
F1 (λ) = a1 +

a2 − a1
0.96 − 0.997
= 0.997 +
,
(x−x
)/dx
0
1+e
1 + e(λ−2.8)/0.32

(7.14)

which has been limited to a maximum of 99.7±1%. Disregarding the statistical ﬂuctuations
above 100 %, Flipper 2 shows a wavelength independent ﬂipping of
F2 = 0.997 ± 0.010 ,

(7.15)

shown by the red dotted line in Fig. 7.17c. The decrease in eﬃciency of Flipper 1 towards
the shorter wavelength originates from the non-ideal frequency setting on the RF circuit
of the ﬂipper discussed in the previous section. Increasing the current of the RF ﬂipper
circuit had no eﬀect on the analyzer ﬂipping behavior, but indicated an improved ﬂipping
1

Averaged between all measurements.
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Figure 7.17: Intensity spectrum obtained from a direct beam (a) and reﬂected from Si wafer
(b) in diﬀerent spin-ﬂipper settings. The incident angle on the Si wafer was αi = 0.4◦ with
a slit setting of (d1 = 5 mm, d2 = 0.64 mm, d3 = 0.26 mm, d4 = 3 mm) giving a resolution of
Δαi /αi = 2.4 %. c) Obtained ﬂipping eﬃciency of Flippers 1 and 2. d) Combined eﬃciency of
polarizer and analyzer expressed as φ = 1/2(1−P1 A1 ). The lines in (c) and (d) are asymptotic
ﬁts to the data.

of the polarizer ﬂipping eﬃciency. Operation at increased currents is however not advised
as the RF circuit may become unstable with high voltages.

The combined system of polarizer and analyzer, expressed by φ, shows a more pronounced
wavelength dependence [Fig. 7.17d], which can be related to the wavelength-dependent
transmission of each mirror. The ﬁt in Fig. 7.17d is the result of the decoupled polarizer
and analyzer eﬃciencies discussed below. The error in the eﬃciency calculation is estimated to be in the order of 1 %, resulting from statistical uncertainties in each measured
intensity and the possibility of inaccurate sample or analyzer supermirror alignment. In
general operation, however, it is expected that uncertainties due to misalignments or detuning of the components overwhelm statistical errors. Future calibrations of the eﬃciency
only need the non-magnetic measurement, since all features of the combined system are
contained in the data. In case of an observed deviation in the eﬃciency φ, from that
shown in Fig. 7.17d, the full procedure, including the measurement of a magnetic sample
would need to be followed in order to separate the polarizing eﬃciency for the polarizer
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and analyzer supermirrors.
Separation of the polarizer and analyzer eﬃciency can be achieved via polarized reﬂectivities from a saturated magnetic sample with magnetizations collinear to the neutron
polarization. Measuring intensities IM (00), IM (11), IM (10), IM (01) and using the above
results for F1 , F2 , φ and the reﬂectivity relations
R++ = R−−

and

R+− = R−+

(7.16)

of a magnetic material, the matrix Eq. 7.9 is solved for P1 and A1 . A graphic numerical
solution for the problem is reported by Wildes [332]. For the purpose of long-term reproducibility and comparability, an analytical solution of Eq. 7.9 has been implemented
in the PLATYPUS data reduction. The expressions for P1 and A1 are quite lengthy and
shall therefore not be presented here.
IM (00), IM (11), IM (10)and IM (01) are determined measuring the reﬂectivity of three
samples, two Ni0.8 Fe0.2 ﬁlms with a thickness of 3000 Å and 300 Å, and a Ni ﬁlm of 700 Å.
The samples are grown on 20 mm × 50 mm Si substrates and a 20 Å Cr cap protects the two
Ni0.8 Fe0.2 ﬁlms, while the Ni ﬁlms is uncapped. Due to the similar sample size, the same
slit settings as described above are used. A saturating ﬁeld of 200 mT is applied during the
measurements in an in-plane direction perpendicular to the neutron propagation. For the
calculations presented below, the wavelength region below the critical scattering vector
QZ,c has been neglected since the relation R++ = R−− would not be fulﬁlled during total
reﬂection (spectra not shown). Figure 7.18 shows the result of the eﬃciency calculation
separately for each sample and a ﬁt with an asymptotic function with the same parameters for each sample. The substantial noise in some parts of the eﬃciency is the result of
poorer statistics for the low wavelength region and sensitivity towards the spin-dependent
background. In addition, the samples with ﬁlm thicknesses of 300 Å and 700 Å are not
ideal, since the fringes R++ and R−− overlap at certain wavelengths or the diﬀerence can

Figure 7.18:
Polarization eﬃciency of polarizer and analyzer as a function of wavelength obtained from (a) Cr(20 Å)/Ni0.8 Fe0.2 (300 Å)/Si, (b) Cr(20 Å)/Ni0.8 Fe0.2 (3000 Å)/Si
and Ni(700 Å)/Si reﬂectivity measurements.
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Figure 7.19: a) Averaged polarization obtained by transmission through the polarizer
and analyzer supermirror. b) Polarization eﬃciency of all components of the PLATYPUS
polarization equipment. The lines are asymptotic function ﬁtted to the measured eﬃciencies.

change its sign. Therefore, at these positions, spikes appear in the eﬃciency, which are
neglected and the eﬃciency is ﬁtted based on the average of the measurements [Fig. 7.19a].
Neglecting the residual noise, the polarizer and analyzer eﬃciency is found to decrease
towards lower wavelength from a value close to 99 %. The ﬁts in Fig. 7.19 are obtained to
|P1 (λ)| = aP − bP ∗ cλP = 0.993 − 0.57 ∗ 0.47λ and

(7.17)

|A1 (λ)| = aP − bP ∗ cλP = 0.993 − 0.57 ∗ 0.51λ .

(7.18)

The results of the eﬃciency evaluation are summarized for each component in Fig. 7.19b.
This set of eﬃciencies is suﬃcient to describe the polarization system of PLATYPUS and
perform a full polarization correction of reﬂectivity data. Note that the diﬀerence between
polarizer and analyzer does not necessarily indicate a misalignment of the analyzer mirror, but could also originate from a slight misalignment of the samples, which reﬂects the
neutrons at diﬀerent angles onto the analyzer. As shown Fig. 7.20, the deviation of the
two supermirrors lies within the estimated error of the calculation.
A comparison of the calculated supermirror polarization eﬃciencies with the transmission speciﬁcations at λ = 5 Å provided by the manufacturer SwissNeutronics [299], is
shown in Fig. 7.20. Unfortunately, no electronic data of the supermirror transmission was
available and the data shown is extracted from the neutron test protocols [Fig. 7.20a] and
digitized in order to allow a comparison. The mirror transmission has to be averaged over
the three mirrors in the polarizer and analyzer components, but the distribution of the
mirrors is unknown. However, the uncertainty arising due to the digitization of the data is
higher than the expected deviation of the transmission characteristic between each mirror1 .
1
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Figure 7.20: a) Example of a transmission characteristic of a single mirror at λ = 5 Å [299].
b) Comparison between digitized transmission characteristics and calculated polarization eﬃciency of polarizer and analyzer.

Figure 7.20b shows the nominal transmission of ﬁve mirrors provided by SwissNeutronics
and indicates agreement between calculated and nominal polarization eﬃciencies.
A correction of a recorded set of reﬂectivity spectra for the polarization eﬃciencies has
to be performed after the wavelength re-binning of the data. Such a correction, using the
matrix formalism Eq. 7.9, redistributes individual intensities by the percentages given by
the polarization and corrects for over- and underestimation of NSF and SF intensities. In
order to ensure a correct weighting of the datasets, the data has to be scaled appropriately prior to any polarization correction, i.e. the intensity below the critical momentum
transfer for total reﬂection has to be 1 for both NSF channels. In case scaling diﬀerences are observed in the NSF channels, the eﬃciency reduction becomes unreliable and
can lead to a subtraction of “real” intensities. The polarization correction code has been
implemented together with the general data reduction code in the C++ based OriginC
program. After re-binning of the data, wavelength dependent intensities are combined
according to the vector Iˆ on the left hand side of Eq. 7.9 and multiplied with an inverse
matrix M̂P = [F̂1 · F̂2 · P̂ · Â]−1 consisting of the eﬃciencies plotted in Fig. 7.19b. A complete correction for all components of the system is only performed if all four reﬂectivity
channels are recorded. In the case of magnetic thin ﬁlms with no spin ﬂip taking place
during reﬂectivity, the correction will reduce the observed SF intensities to the level of the
background signal.
A careful background subtraction is important in the case of weak SF scattering signals,
which could coincide with the background if reﬂectivities are in the order of 1 × 10−6 . The
polarization correction has been performed on all samples measured during the PLATYPUS polarization commissioning, but is conﬁned here to the result of the sample with a
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Figure 7.21: a) Simulation (lines) of polarized neutron reﬂectometry data (symbols) of the
nominal Cr(20 Å) / Ni0.8 Fe0.2 (300 Å) / Si sample. The gray triangles show the SF data prior
to the eﬃciency correction. b) Magnetic SLD proﬁle obtained from the ﬁtting of the data.

nominal Ni0.8 Fe0.2 thickness of 300 Å, as displayed in Fig. 7.21. The left panel shows the
measured reﬂectivity for each polarization channel (symbols) together with a ﬁt performed
with the program SIMULREFLEC (lines) [221]. Gray triangles show the amount of SF
intensity prior to the eﬃciency correction, originating mainly from the ﬁnite polarization
eﬃciency of the supermirrors. The uncorrected NSF data is not shown for clarity. While
only a small eﬀect is observed in the high intensity NSF channels, the SF intensity due
to spin intermixing is suppressed to the overall background level by the correction (green,
orange circles). Although the polarization eﬃciency of the instrument has shown to be
well above 90 %, the diﬀerence prior to and after the correction highlights the importance
of accurate data correction if weak spin-dependent signals are to be measured. Errors in
the reﬂectivity have been propagated from the square root of the uncorrected intensity
throughout the data reduction procedure.

Table 7.4: Reﬁned thickness, roughness, nuclear and magnetic SLD of the nominal Cr(20 Å)
/ Ni0.8 Fe0.2 (300 Å) / Si sample.
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Material

Thickness
(Å)

Roughness
(σrms )(Å)

Nuclear SLD
(10−6 Å−2 )

Magnetic SLD
(10−6 Å−2 )

Si

Substrate

1.9

2.07

0

SiO2

15.1

2.0

3.66

0

Ni0.8 Fe0.2

294.0

4.2

9.11

2.12

Cr

22.5

9.5

3.11

0

Cr2 O3

14.4

3.7

5.70

0

7.5. Upgrade of the PLATYPUS Polarization System
The SLD proﬁle of the ﬁt is shown in Fig. 7.21b, with model parameters listed in Table 7.4. A substantially rough surface is observed and the Cr SLD had to be adjusted
towards Cr2 O3 indicating a strong oxidization through the capping layer. The magnetic
moment obtained for Ni0.8 Fe0.2 (M = 0.99 ± 0.05μB /atom) is close to the literature value
for permalloy in the concentration Ni0.8 Fe0.2 (M = 1.04μB /atom) [193]. Towards the Si
substrate surface, a 15 Å SiO2 layer has been introduced to account for the expected Si
surface oxidization due to an untreated substrate used for the deposition.

7.5 Upgrade of the PLATYPUS Polarization System
Based on the evaluation described in the last section, it was decided to upgrade the
PLATYPUS polarization system. This upgrade included the addition of a 10 nF capacitor
into the resonance circuit of the polarizer spin-ﬂipper power supply in order to match the
numerical ﬂipping frequency of 236 kHz. The motivation of this upgrade not only lies in
the gain of eﬃciency at short wavelength, but also to achieve a ﬂipper eﬃciency similar to
Flipper 2. Therefore, PNR measurements requiring only one SF channel (R−+ or R+− )
can be performed independent of the choice of the ﬂipper and with equal ﬂipping ratios
in comparison to the R−− measurement.
A second upgrade concerns the simultaneous detection of both spin states on the detector.
The analysis presented in the last section has shown that a spin-dependent background
is superimposed on SF signals, which can lead to a misinterpretation of data. Therefore,
in the upgrade, the B4 C plates, installed on the exit of the analyzer mirror housing [Fig.
7.8b], suppressed the reﬂected spin channel from the analyzer. The plates reach to the
top coating of the mirror, thus absorbing only the reﬂected spin state while leaving the
transmitted beam unaﬀected.
The polarizing supermirror also acts as a frame overlap mirror with a sharp cut-oﬀ at a
neutron wavelength of 12.5 Å. Therefore, the disc choppers can be run at an increased
frequency of 33 Hz, limiting the wavelength spectrum passing the chopper system to
λmax = 16.3 Å (λmin = 0). Due to the shorter pulse duration, an eﬀective increase in
the count rate by a factor of 1.67 was achieved, compared to operating at 20 Hz. Neutron wavelength larger than 16.3 Å, which would be assigned to the subsequent acquisition
frame, are taken out of the system by reﬂection from the polarizing supermirror.
Figure 7.22 shows 2D contour plots of direct beam measurements, obtained with an operation at 33 Hz chopper frequency, suppressed reﬂected beams of the analyzer and polarizer
ﬂipping frequency of Ff lip,P = 230 kHz. Otherwise, the same settings as in Fig. 7.14
have been applied. Due to the B4 C-mask, the reﬂected spin state is fully suppressed and
an asymmetric background is observed. In comparison with Fig. 7.14 the low intensity
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Figure 7.22: 2D contour plots of direct beam measurements obtained with the upgraded
polarization system in the four spin channels I(00) (top left), I(01) (top right), I(11) (bottom
left), I(10) (bottom right). The reﬂected spin channel from the analyzer is fully absorbed by
B4 C plates at the exit of the analyzer. In addition, an asymmetric background is visible, due
to the suppression of diﬀuse scattering by the mask.

transmitted signals of the SF channel are well distinguished from the diﬀuse background
scattering. Integrated intensities, with integrations performed over λ and Y -pixel, are
shown in Fig. 7.23. The SF intensity, including the SF background, can be well identiﬁed
in the plot [Fig. 7.23a]1 . An asymmetric background on either side of the peak can be
approximated via a linear interpolation between the two boundaries of the peak (dotted
vertical lines in Fig. 7.23a). NSF and SF peaks are deﬁned by the yellow and aqua shaded
regions, which are integrated to obtain the wavelength spectrum [Fig. 7.23b].
The eﬀect of the optimized frequency setting of the incident side spin-ﬂipper is visible
by comparing of Fig. 7.23b with Fig. 7.16. Due to the ﬂipping frequency of 230 kHz at
the polarizer, intensities I(00) and I(11), as well as I(01) and I(10) are now individually
1

Note that the intensity is not a real SF signal, but a measure of the wrong spin direction being
transmitted through the analyzer and therefore an indication of ﬁnite polarization eﬃciencies below
unity.
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Figure 7.23: Intensity proﬁle and wavelength spectrum of the upgraded PLATYPUS polarization system in NSF (I(00), I(11)) and SF (I(01), I(10)) channels. a) Wavelength-integrated
intensity identifying peak integration boundaries (vertical dotted line) and background levels
(colored horizontal lines). b) Wavelength spectrum integrated over the Y-interval indicated
in (a). The dotted vertical lines show the short and high λ-cut-oﬀ.

equal. Therefore, both ﬂippers operate with similar eﬃciency. A detailed evaluation of
the eﬃciency of the system has been performed using the same approach as presented in
Section 7.4 for a non-magnetic direct beam measurement [Eq. 7.11 - 7.13]. The result of
the ﬂipping eﬃciencies F1 , F2 and φ is shown in Fig. 7.24. The average ﬂipping eﬃciency
of both spin-ﬂippers evaluates to 99.7 %, constant over the wavelength band utilized in
a PNR measurement. The eﬃciency F2 of the analyzer side spin-ﬂipper, as well as the
combined eﬃciency of polarizer and analyzer,
1
φ = (1 − P1 A1 ) ,
2

(7.19)

did not change due to the tuning of F1 . This highlights the successful separation of the
polarization eﬃciencies of the individual components. The measurement further highlights that spin-dependent background levels have been taken into account correctly in
the previous sections of this chapter, since the eﬃciency would be sensitive to any over
or underestimation of spin-dependent background levels. Therefore, all calculations and
results of the previous Sections 7.3 and 7.4 remain valid and the results presented here
highlight the validity of the approach taken in evaluating the eﬃciency values.

7.6 Summary and Conclusion
A summary of the individual polarization eﬃciencies of the upgraded system is presented
in Fig. 7.24c. Due to the upgrade of the polarizer side ﬂipper, both ﬂipping eﬃciencies
F1 and F2 are wavelength independent with 99.7 %. Analyzer and polarizer eﬃciencies in
transmission are represented with asymptotic functions Eq. 7.17 and 7.18, with a maximum value of 99.3 %. The B4 C mask can be removed if the detection of the two spin
states is required simultaneously. Next to improving the PLATYPUS capabilities, the
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Figure 7.24: Polarization eﬃciency of individual components of the upgraded PLATYPUS
polarization system. a) Eﬃciency of ﬂipper F1 and F2 . The horizontal line shows the constant
average of 99.7 % for both ﬂippers. b) Combined polarizer and analyzer eﬃciency expressed
over the function φ. The graph shows the new data (green) in comparison with the eﬃciency
obtained prior to the upgrade. c) Summary of polarization eﬃciencies; Flipper eﬃciencies are
constant 99.7 %, while polarizer and analyzer are expressed by asymptotic functions.

upgrade further shows that evaluations presented on the previous system are valid. The
change of the ﬂipping frequency and suppression of the reﬂected beam only aﬀected the
polarizer spin-ﬂipper, leaving all other eﬃciencies unchanged. The analysis and similarity
of the results further indicates a correct approach for background subtraction in the case
of overlapping spin-dependent backgrounds.
In conclusion, the implementation and commissioning of the PLATYPUS polarization
system has been completed and can be fully integrated in the user program of the reﬂectometer. Each element has been calibrated separately and brought to the most eﬃcient
values. Nevertheless, the system remains easy to use and the data can be extracted and
reduced with a new code developed for polarized measurements. The combination of
m = 3.8 Fe/Si-supermirrors, RF spin-ﬂippers and ﬂexible longitudinal guide ﬁelds provide a highly versatile environment for spin-dependent measurements of either hard- or
soft-condensed matter systems. Positive and negative external ﬁelds (up to ±1 T, for the
4 K to 300 K CCR) can be applied without compromising the polarization eﬃciency. The
calibration has resulted in the decoupled eﬃciency of the individual components, which is
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implemented in the data reduction procedure.
The particular procedure for a PNR system depends on the available preliminary information on the magnetization in the sample and the scope of the measurement. Consequently,
the full information depth on the neutron spin is not always required and durations of the
experiment can be limited. The following list gives and overview of diﬀerent types of
acquisitions for a PNR experiment.
Full Spin Analysis
The most comprehensive experimental method is a full acquisition of all four spin channels
R++ , R−− , R+− and R−+ as it is discussed above. The measurement reveals the direction
and depth distribution of magnetic moments in the sample of an unknown magnetic state.
Most often, however, additional complementary magnetometry and x-ray measurements
are required in order to simulate the data and extract the full information. The polarization correction is performed in full, using the matrix Eq. 7.9.
Full Spin Analysis, R+− = R−+
Except for special cases of magnetizations, for example chiral orientations, SF signals
R+− and R−+ are equal in specular reﬂectivity. Therefore, under the assumption of
R+− = R−+ , one of the SF channels may be neglected in the experiment. A polarization
correction has to be made with the similar assumption that I(10) = I(01), i.e. that the
two spin-ﬂipper eﬃciencies F1 and F2 are exactly equal. Otherwise, in case of very strong
SF signals, the I(00)-intensity will be “over-corrected” and magnetic moments may be displayed incorrectly. Care has to be taken in this measurement mode in case of oﬀ-specular
scattering. Due to the birefringence eﬀect [149, 312, 317, 318], SF scattering is an asymmetric function of QX and R−+ is not identical to R+− . The information obtained from
the measurement is however identical and a measurement of both oﬀ-specular scattering
signals can be used as an additional contrast in the analysis.
Spin Analysis Without Spin-Flip
A third case is a measurement of saturated samples or magnetizations, which are aligned
with the external ﬁeld and neutron polarization. Since the projection M ⊥ of the magnetization is always zero, no SF scattering arises and therefore only NSF channels may
be measured. This can involve the analyzer, measuring R++ and R−− , or R+ and R− ,
using only the polarizer supermirror and ﬁrst spin-ﬂipper in a measurement without polarization analysis. Both measurements assume I(10) = I(01) = 0. The polarizer only
mode additionally has to assume that the eﬃciency of the analyzer supermirror and second
spin-ﬂipper is 100 %, in order to use the same matrix Eq. 7.9.
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Spin Separation By Analyzer
One particular mode of PNR arises due to the capability of PLATYPUS to simultaneously
detect intensities transmitted and reﬂected from the analyzer supermirror, giving access
to the two diﬀerent spin states reﬂected oﬀ the sample. A measurement of NSF signals can
therefore be performed using only the analyzer to separate and simultaneously detect the
two spin states. Although the eﬃciency for both transmission and reﬂection is known, this
measurement mode is not recommended. An analysis of the two beams has to take into
account the diﬀerent optical path for the two neutron spin directions. Furthermore, the
absorption of the analyzer supermirror, which is in general diﬃcult to obtain separately
from the eﬃciency, has to be taken into account accurately. However, the largest issue is
arising from the diﬀerent ﬂight-path of transmitted and reﬂected neutrons. The distance
to the detector is longer for reﬂected neutrons, leading to a smearing and frame overlap of
wavelength bins. Unless the detector is programmed to have two diﬀerent timing settings
on diﬀerent regions along the y-direction, a separate wavelength re-binning would have to
take into account the extra ﬂight path. If a substantial frame overlap is present between
the data and time bins, a data reduction becomes ambiguous.
Direct Beam Acquisition
The last mode of polarization correction has been implemented for the direct beam measurements, needed for each experimental condition to reduce the reﬂectivity data. Tests
of the neutron polarization equipment have shown that the spin-ﬂipper do not change the
neutron beam and therefore a direct beam measurement is not required in every polarization, but can be limited to the situation with both ﬂippers oﬀ. This mode is therefore used
as a scaling of the direct beam in order to adjust for correction of NSF and SF channels.
Note that the direct beam acquisition with both ﬂippers “oﬀ”, essentially means that all
reﬂectivities are scaled to the R++ channel.
Future upgrades to the instrument involve a polarized He3 cell for spin polarization analysis. Such a cell covers a wide range of scattering angles from the sample and in connection
with the 2D detector enables the detection of polarized oﬀ-specular scattering from lateral
magnetic patterns and domains.
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in 7 mT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.12 Oﬀ-specular neutron scattering of [Cu0.94 Mn0.06 (19 Å)/Co(21 Å)] × 30 at
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d 1 , d2

Slit 1, Slit 2 openings.

dB

Neutron beam width (NERO) or
height (PLATYPUS) at the center
of the sample position.

HC

Coercivity Field.

HS

Saturating Magnetic Field.

HEB

Exchange Bias Field.

Hext

External magnetic ﬁeld.

HF C

External ﬁeld applied during ﬁeld
cooling.

J1

Bilinear Exchange Coupling Energy

Glossary

αf

Scattering angle of neutrons. In
diﬀraction replaced with θ or 2θ.

αi

Angle of incidence. In diﬀraction replaced with ω.

αi,c

Critical angle of incidence for total
reﬂection.

ΔD

Distance between individual chopper discs.

J2

Biquadratic Exchange Coupling Energy

Δm

Fluctuation of magnetization between domains.

LB

Footprint of the neutron beam on
the sample.

Δαf

Angular divergence of the outgoing
beam.

LD

Distance between sample and detector.

Δαi

Angular divergence of the incident
beam.

LS

Sample length in the direction of the
neutron propagation.

Δγ

Small domain magnetization canting angle.

γ

Canting angle of large domain magnetization.

Λ

Modulation periodicity, e.g. in multilayers.

λ

Neutron or x-ray wavelength.

ρm

Magnetic neutron scattering length
density.

M

Mean sample magnetization.

m

Small domain magnetization.

ρn

Nuclear neutron scattering length
density.

ξ, tG

Structural coherence length.

M (M⊥ ) In-plane magnetization component
parallel (perpendicular) to the external ﬁeld.

ξL

In-plane magnetic domain width.

QX

bm

Magnetic neutron scattering length.

Momentum transfer in the plane of
the sample along the neutron propagation direction.

bn

Nuclear neutron scattering length.

QY

D

PLATYPUS: Distance between
neutron chopper and detector.

Momentum transfer in the plane of
the sample transverse to the neutron propagation direction.

d

Lattice spacing
scripts).

QZ

Momentum transfer normal to the
surface.

(diﬀerent

sub-

L12 (L23 ) Distance between Slit 1 and Slit 2
(Note: For PLATYPUS this distance becomes the distance between
Slit 2 and Slit 3.)
L2S (L3S ) Distance between Slit 2 (Slit 3)
and sample position for NERO
(PLATYPUS).
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QZ,c

Critical scattering vector (momentum transfer) for total reﬂection.

R

Reﬂectivity

S1 , S2

Slit 1, Slit 2.

t

Consistently used to describe a
thickness with varying subscript.

TB

Blocking temperature of exchange
bias systems.

TC

Curie temperature of ferromagnetic
systems.

TN

Néel temperature of antiferromagnetic systems.

TSG

Spin-glass freezing temperature.

vn

Velocity of neutrons.

ACMS

AC Option in a PPMS.

AFM

Antiferromagnetic

CCR

Closed-Cycle Refrigerator

DWBA

Distorted-Wave Born Approximation

NERO

Monochromatic polarized neutron
reﬂectometer at the Helmholtz Zentrum Geesthacht, Germany

NFC

Non-Field Cooled

NSF

Non-Spin-Flip

PLATYPUS Time-of-ﬂight polarized neutron reﬂectometer at the Australian
Nuclear Science and Technology Organisation (ANSTO).
PM

Paramagnetic

PNR

Polarized Neutron Reﬂectometry

PPMS

Physical Property Measurement
System (Quantum Design)

PSD

Position Sensitive Detector

RF

Radio Frequency

RKKY

Ruderman-Kittel-Kasuya-Yosida

RMS

Root-Mean-Square

SANS

Small-Angle Neutron Scattering

SF

Spin-Flip

EB

Exchange Bias

SLD

Scattering Length Density

FC

Field Cooled

SQUID

fcc

Face-Centered-Cubic

Superconducting Quantum Interference Device

FM

Ferromagnetic

FWHM Full-Width-Half-Maximum
GIND

Grazing Incidence Neutron Diﬀraction

TAIPAN Thermal-neutron triple-axis spectrometer at the Australian Nuclear
Science and Technology Organisation (ANSTO).
TAS

Triple-Axis Spectrometer

GMR

Giant Magnetoresistance

TOF

Time-of-Flight

HOPG

Highly-Oriented Pyrolitic Graphite

VSM

Vibrating Sample Magnetometry

IEC

Interlayer Exchange Coupling

XAS

X-Ray Absorption Spectroscopy

IN12

Triple-axis spectrometer at the Institut Laue Langevin, Grenoble,
France

XMCD

X-Ray Magnetic Circular Dichroism

XRD

X-Ray Diﬀraction

LSC

Loose Spin Coupling

XRMS

X-Ray Resonant Magnetic Scattering

MOKE

Magneto-optical Kerr Eﬀect
XRR

X-Ray Reﬂectometry

MR

Magnetoresistivity
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W. Schweika, M. Lentzen, and L. Baumgarten, eds., Probing the Nanoworld; Microscopies, Scattering and Spectroscopies of the Solid State, 38th IFF Spring School,
Matter and Materials. FZ Jülich (2007).
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Jülich GmbH, Jülich (2002).
[47] Bruno, P. Oscillations of Interlayer Exchange Coupling vs. Ferromagnetic-Layers
Thickness. Europhysics Letters 23, 8:615 (1993).
[48] Bruno, P. Theory of interlayer magnetic coupling. Physical Review B 52, 1:411
(1995).
[49] Bruno, P. and Chappert, C. Oscillatory coupling between Ferromagnetic Layers
Separated by a Nonmagnetic Metal Spacer. Physical Review Letters 67, 12:1602
(1991).
[50] Bruno, P. and Chappert, C. Ruderman-Kittel theory of oscillatory interlayer exchange coupling. Physical Review B 46, 1:261 (1992).
[51] Bruno, P. and Chappert, C. Interlayer Exchange Coupling: RKKY theory and
beyond. In R. Farrow, B. Dieny, M. Donath, A. Fert, and B. Hermsmeier, eds.,
Magnetism and structure in systems of reduced dimension, vol. 309. Plenum Press
(1993).
[52] Buschow, K. H. J. and Boer, F. R. d. Physics of Magnetism and Magnetic Materials.
Kluwer Academic/Plenum Publishers, New York (2003).
[53] Cadeville, M. C., Dahmani, C. E., and Kern, F. Magnetism and spatial order in NiPt and Co-Pt alloys. Journal of Magnetism and Magnetic Materials 54-57, Part
2:1055–1056 (1986).
[54] Camley, R. E. and Stamps, R. L. Magnetic multilayers: spin conﬁgurations, excitations and giant magnetoresistance. Journal of Physics: Condensed Matter 5, 23:3727
(1993).
[55] Camley, R. E. and Stamps, R. L. Magnetic multilayers. Physica A: Statistical and
Theoretical Physics 207, 1-3:396–410 (1994).
[56] Campillo, G., Gomez, M. E., Berger, A., Hoﬀmann, A., Escudero, R., and Prieto,
P. Inﬂuence of ferromagnetic thickness on structural and magnetic properties of
exchange-biased manganite superlattices. Journal of Applied Physics 99, 8:08C106–
3 (2006).
183

BIBLIOGRAPHY
[57] Campillo, G., Hoﬀmann, A., Gomez, M. E., and Prieto, P. Exchange bias and
magnetic structure in modulation-doped manganite superlattices. Journal of Applied
Physics 97, 10:10K104–3 (2005).
[58] Carbone, C. and Alvarado, S. F. Antiparallel coupling between Fe layers separated
by a Cr interlayer: Dependence of the magnetization on the ﬁlm thickness. Physical
Review B 36, 4:2433–2435 (1987).
[59] Castro, J. D. E., Mathon, J., Villeret, M., and Umerski, A. Conﬁnement mechanism for strong temperature dependence of the interlayer exchange coupling in
Co/Cu(001). Physical Review B 53, 20:R13306 (1996).
[60] Cebollada, A., Martı́nez, J. L., Gallego, J. M., Miguel, J. J. d., Miranda, R., Ferrer,
S., Batallán, F., Fillion, G., and Rebouillat, J. P. Antiferromagnetic ordering in
Co-Cu single-crystal superlattices. Physical Review B 39, 13:9726 (1989).
[61] Chappert, C., Fert, A., and Dau, F. N. V. The emergence of spin electronics in data
storage. Nature Materials 6:813 (2007).
[62] Chatterji, T. Neutron Scattering From Magnetic Materials. Elsevier Science (2005).
[63] Chen, C. T., Idzerda, Y. U., Lin, H. J., Smith, N. V., Meigs, G., Chaban, E., Ho,
G. H., Pellegrin, E., and Sette, F. Experimental Conﬁrmation of the X-Ray Magnetic
Circular Dichroism Sum Rules for Iron and Cobalt. Physical Review Letters 75,
1:152–155 (1995).
[64] Chung, J. H., Chung, S. J., Lee, S., Kirby, B. J., Borchers, J. A., Cho, Y. J., Liu,
X., and Furdyna, J. K. Carrier-Mediated Antiferromagnetic Interlayer Exchange
Coupling in Diluted Magnetic Semiconductor Multilayers Ga1−x Mnx As/GaAs:Be.
Physical Review Letters 101, 23:237202 (2008).
[65] Coey, J. M. D., Venkatesan, M., and Fitzgerald, C. B. Donor impurity band exchange
in dilute ferromagnetic oxides. Nature Materials 4, 2:173–179 (2005).
[66] Cowley, J. X-Ray Measurement of Order in Single Crystals of Cu3 Au. Journal of
Applied Physics 21, 1:24 (1950).
[67] Crangle, J. Some magnetic properties of platinum-rich Pt-Fe alloys. Journal de
Physique et le Radium 20, 2-3:435–437 (1959).
[68] Creagh, D. C. X-ray dispersion corrections. International Tables of Crystallography
C, Section 4.2.6:241–258 (2006).
[69] Cromer, D. T. and Mann, J. B. X-ray scattering factors computed from numerical Hartree-Fock wave functions. Acta Crystallographica Section A 24, 2:321–324
(1968).
184

BIBLIOGRAPHY
[70] Cullity, B. D. Elements of X-ray Diﬀraction. Addison-Wesley Metallurgy Series.
Addison-Wesley Puplishing Company, Inc., Massachusetts (1956).
[71] Danilkin, S., Yethiraj, M., Saerbeck, T., Klose, F., Ulrich, C., Fujioka, J., Tokura,
Y., and Keimer, B. TAIPAN: First Results from the Thermal Triple-axis Spectrometer at OPAL Research Reactor. Journal of Physics: Conference Series Accepted:31.08.2011 (2011).
[72] Danilkin, S. A., Horton, G., Moore, R., Braoudakis, G., and Hagen, M. The TAIPAN
thermal triple-axis spectrometer at the OPAL reactor. Journal of neutron research
15, 1:55–60 (2007).
[73] Demokritov, S. O. Biquadratic interlayer coupling in layered magnetic systems.
Journal of Physics D: Applied Physics 31, 8:925 (1998).
[74] Dianoux, A. J. and Lander, G. H. Neutron data booklet. Institut Laue-Langevin,
OCP science, Grenoble (2003).
[75] Dietl, T. Dilute magnetic semiconductors: Functional ferromagnets. Nature Materials 2, 10:646–648 (2003).
[76] Dietl, T. A ten-year perspective on dilute magnetic semiconductors and oxides.
Nature Materials 9, 12:965–974 (2010).
[77] Dosch, H. Surface-sensitive magnetic neutron Bragg scattering: Perspective and
limits. Physica B: Condensed Matter 192, 1-2:163–176 (1993).
[78] Dresselhaus, J., Spanke, D., Hillebrecht, F. U., Kisker, E., van der Laan, G., Goedkoop, J. B., and Brookes, N. B. Antiferromagnetic coupling of Mn adsorbates to
Fe(100). Physical Review B 56, 9:5461–5467 (1997).
[79] Dufour, C., Dumesnil, K., Soriano, S., Mangin, P., Brown, P. J., Stunault, A., and
Bernhoeft, N. Magnetic structures in a dhcp samarium ﬁlm. Physical Review B 66,
9:094428 (2002).
[80] Edwards, D. M., Mathon, J., Muniz, R. B., and Phan, M. S. Oscillations in the
exchange coupling of ferromagnetic layers separated by a nonmagnetic metallic layer.
Journal of Physics: Condensed Matter 3, 26:4941 (1991).
[81] Edwards, D. M. and Umerski, A. Exchange Coupling in Magnetic Multilayers. In
H. Kronmüller and S. Parkin, eds., Handbook of Magnetism and Advanced Magnetic
Materials, vol. 1, p. 487. John Wiley and Sons, Ltd., London (2007).
[82] Egelhoﬀ, W. F. and Kief, M. T. Antiferromagnetic coupling in Fe/Cu/Fe and
Co/Cu/Co multilayers on Cu(111). Physical Review B 45, 14:7795 (1992).
185

BIBLIOGRAPHY
[83] Ehlers, G. and Klose, F. Characterization of Magnetic Materials by Means of Neutron Scattering . In Y. Liu, D. Sellmyer, and D. Shindo, eds., Handbook of Advanced
Magnetic Materials. Springer US (2006).
[84] Fermon, C. Neutron reﬂectometry with polarization analysis: A theory and a new
spectrometer. Physica B: Condensed Matter 213-214, 0:910–913 (1995).
[85] Fert, A. and Bruno, P. Interlayer Coupling and Magentoresitance in Multilayers.
In B. Heinrich and J. Bland, eds., Ultrathin Magnetic Structures II: Measurement
techniques and novel magnetic properties, vol. 2. Springer, Berlin, Heidelberg (2005).
[86] Filipkowski, M. E., Gutierrez, C. J., Krebs, J. J., and Prinz, G. A. Temperature
dependence of the 90◦ coupling in Fe/Al/Fe(001) magnetic trilayers. Journal of
Applied Physics 73, 10:5963–5965 (1993).
[87] Fitzsimmons, M. R., Bader, S. D., Borchers, J. A., Felcher, G. P., Furdyna, J. K.,
Hoﬀmann, A., Kortright, J. B., Schuller, I. K., Schulthess, T. C., Sinha, S. K.,
Toney, M. F., Weller, D., and Wolf, S. Neutron scattering studies of nanomagnetism
and artiﬁcially structured materials. Journal of Magnetism and Magnetic Materials
271:103 (2004).
[88] Fitzsimmons, M. R., Dufour, C., Dumesnil, K., Dou, J., and Pechan, M. Mechanisms
of exchange bias in DyFe2 /YFe2 exchange-coupled superlattices. Physical Review B
79, 14:144425 (2009).
[89] Fitzsimmons, M. R. and Majkrzak, C. F. Application of polarized neutron reﬂectometry to studies of artiﬁcially structured magnetic materials. In Y. Zhu, ed., Modern techniques for characterising magnetic materials. Kluwer academic Publishers,
Boston (2005).
[90] Fritzsche, H. Antiferromagnetic structure of thin Cr(110) ﬁlms in large magnetic
ﬁelds. Journal of Magnetism and Magnetic Materials 302, 1:160–164 (2006).
[91] Fritzsche, H., Bael, M. J. V., and Temst, K. Oﬀ-Specular Polarized Neutron Reﬂectometry from Periodic Arrays of Lithographically Structured Co Dots. Langmuir
19:7789 (2003).
[92] Fu, A., Demokritov, S., Grünberg, P., and Zinn, W. Short- and long period oscillations in the exchange coupling of Fe across epitaxially grown Al- and Au-interlayers.
Journal of Magnetism and Magnetic Materials 103, 3:L221–L227 (1992).
[93] Fullerton, E. E., Schuller, I. K., Vanderstraeten, H., and Bruynseraede, Y. Structural
reﬁnement of superlattices from x-ray diﬀraction. Physical Review B 45, 16:9292
(1992).
186

BIBLIOGRAPHY
[94] Funk, T., Deb, A., George, S. J., Wang, H., and Cramer, S. P. X-ray magnetic circular dichroism - a high energy probe of magnetic properties. Coordination Chemistry
Reviews 249, 1-2:3–30 (2005).
[95] Garcia, V., Sidis, Y., Marangolo, M., Vidal, F., Eddrief, M., Bourges, P., Maccherozzi, F., Ott, F., Panaccione, G., and Etgens, V. H. Biaxial Strain in the
Hexagonal Plane of MnAs Thin Films: The Key to Stabilize Ferromagnetism to
Higher Temperature. Physical Review Letters 99, 11:117205 (2007).
[96] Glatter, O. and Kratky, O. Small Angle X-ray Scattering. Academic Press, London
(1982).
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Single-crystal Mössbauer measurement of the critical exponent β in the randomexchange Ising system Fe0.9 Zn0.1 F2 . Physical Review B 37, 7:3265 (1988).
[249] Roy, S., Fitzsimmons, M. R., Park, S., Dorn, M., Petracic, O., Roshchin, I. V.,
Li, Z. P., Batlle, X., Morales, R., Misra, A., Zhang, X., Chesnel, K., Kortright,
J. B., Sinha, S. K., and Schuller, I. K. Depth Proﬁle of Uncompensated Spins in an
Exchange Bias System. Physical Review Letters 95, 4:047201 (2005).
199

BIBLIOGRAPHY
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P., and Zinn, W. Investigation of 90◦ coupling in Fe/Ag/Fe structures: “Loose spins”
and ﬂuctuation mechanism. Journal of Applied Physics 77, 12:6432 (1995).
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E. Geissler, J. L. Hodeau, E. Leliévre-Berna, and J.-R. Regnard, eds., Neutron and
X-ray spectroscopy. Springer (2006).
[266] Scherrer, P. Bestimmung der Grösse und der inneren Struktur von Kolloidteilchen
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