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Abstract

This thesis is devoted to the studies of structural and magnetic properties of Pd/Fe
multilayers with the principal goal of determining the extent to which the Pd layers
are polarised by the Fe atoms and the average moment induced on each Pd atom.
Although Pd/Fe multilayers have been the subject of several previous studies, no
consensus on the behavior of magnetically polarised Pd has emerged. This work
has the novel feature of applying a wide range of characterization techniques on
the same sample. These techniques included x-ray diffraction, conversion electron
Méssbauer spectroscopy (CEMS), magnetometry and polarised neutron reflectometry.
Ag/Fe multilayers were first characterized to confirm the validity of the analysis of
the small-angle x-ray reflectivity to obtain layer thicknesses, as well as to determine
the temperature dependence of the Fe moment from CEMS data.

From the intersection of the results from the complementary measurements on
Pd/Fe multilayers, for the first time, an unequivocal understanding of the behavior
of magnetically polarised Pd has been achieved. We find, there is a clear excess
magnetisation associated with Pd polarisation. At 4.5 K, the Pd in contact with an
Fe surface is polarised with an average moment of 0.32 &+ 0.02 ug to a depth of 20
+4A (9 £+ 2 atomic layers). These results indicate a large exchange splitting of the
Pd d-bands for a significant distance from the Fe surface, leaving the spin-up band
full, and a moment in the Pd arising from the 0.36 holes in the spin-down band. We
also find that the Fe moment at the Pd/Fe interface is slightly enhanced to 2.42 +
0.05 up for about 2.0 £ 0.3 atomic layers, suggesting that the magnetic properties
of Fe is less affected by Pd as compared to the influence of Fe on Pd. Neither the
extent of Pd polarisation nor the interface Fe moment agree with values predicted by
theoretical calculations (the calculated Pd polarisation depth is 2 atomic layers, and
the interface Fe moment is 2.7 ug). The band structure calculations will have to be

refined in the light of the results from current study.

ix



Résumé

Cette these est dévouée a I’étude des structures et propriétés magnétiques du Pd/Fe
multicouches, dont le but principal est de déterminer jusqu’a quel point les couches de
Pd sont polarisées par les atomes de Fe ainsi que le moment moyen induit sur chaque
atome de Pd. Bien que les multicouches Pd/Fe aient fait 1'objet de nombreuses
études précédentes, il n’y a pas encore de consensus sur le comportement du Pd
polarisé magnétiquement. Ce travail propose la nouvelle caratéristique d’appliquer
une grande variété de techniques de caractérisation sur le méme échantillon. Ces
techniques incluent diffraction par rayon-X, CEMS, magnétométrie, et PNR. Les
multicouches Ag/Fe ont été caractérisées en premier pour confirmer la validité de
’analyse de la reflectivité par rayon-X & petits angles pour obtenir les épaisseurs des
couches, ainsi que pour déterminer la dépendence des moments de Fe & partir des
données CEMS.

A partir des résultats des mesures complémentaires sur les multicouches Pd/Fe,
la compréhension non-équivoque du comportement du Pd polarisé magnétiquement
a été atteinte pour la premiere fois. Nous avons trouvé qu’il y a un clair exces de
magnétisation associée avec la polarisation du Pd. A 4.5 K, le Pd en contact avec
la surface de Fe est polarisée avec un moment moyen de 0.32 4 0.02 up jusqu’a
une profondeur de 20 + 4 A. Ces résultats indiquent un dédoublement d’échange
complet des bandes-d du Pd & une distance significative de la surface de Fe, laissant
la bande complétement occupée, et un moment de 0.36 ug/Pd associé avec les trous
spin-down. Nous avons aussi trouvé que le moment du Fe & linterface Pd/Fe est
légerement accrue jusqu’a 2.42 + 0.05 ug sur a peu pres 2.0 & 0.3 couches atomiques,
suggérant que les propriétés magnétiques du Fe sont moins affectées par le Pd par
rapport & Pinfluence du Fe sur le Pd. A la fois I'extention de la polarisation du Pd et
P'interface du moment du Fe ne concordent pas avec les valeurs prévues par les calculs
théoriques. Les calculs de structure de bande sont supposés s’améliorer & la lumiére
des résultats de cette présente étude.
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1

Introduction

This thesis is devoted to the study of the magnetic properties of metallic multilay-
ers incorporating interfaces of ferromagnetic Fe with nonmagnetic Ag and strongly
exchange-enhanced paramagnetic Pd.

A multilayer or superlattice is an artificial structure composed of alternating layers
of two or more different materials or their alloys. The dimension of the layers is in the
nanometer range. The wide range of novel and exotic physical properties exhibited
by multilayers compared to bulk systems are promising for technological applications.
These applications include high-critical-current superconductors[1], mirrors for soft x-
rays[2] and neutrons(3], magneto-optical recording materials[4], and magnetoresistive
heads[5]. A considerable effort has been dedicated to tailor structures with specific
properties. Giant magnetoresistance (GMR) has been a particularly intriguing topic
in recent years due to its application in magnetic recording head for information
storage systems.

Scientific research on magnetic thin films is motivated by the fundamental mag-
netic phenomena associated with the surface, interface and low-dimensionality. The
lively interplay between theory and experiment is mainly focused on three questions:
1) ground state magnetic moments; 2) spin-wave properties; 3) surface magnetic
anisotropy.

At surfaces and interfaces, the ground state moment of a ferromagnet is expected
to be modified from its value in the bulk. Theoretical calculations[6, 7, 8] suggest
that the ground state moment is enhanced at the surface of magnetic transition

metals. The enhancement in the moment is commonly explained as a consequence of



1: Introduction 2

the reduction in the coordination number and symmetry, which leads to narrowing
of the d-band and an enhanced paramagnetic state density at the Fermi level. At
the interface of a ferromagnetic metal with a nonmagnetic metal, the hybridization
between the d-band of the magnetic metal and the sp conduction electron band and
the d-band of the nonmagnetic metal also plays an important role in the interface
magnetism. The hybridization in general tends to diminish the moment. With the
advances in the theoretical and numerical methods, the theoretical prediction on the
surface and interface moment is now considered to be physically meaningful. However,
these calculations have not been experimentally proven since determining the atomic
moment at surfaces and interfaces is still a challenging problem.

Among the studies of interface magnetism, Ag/Fe and Pd/Fe have received par-
ticular attention since they represent two extreme cases. The Ag/Fe is a relatively
simple system with a sharp interface and no induced moment in the Ag layer, while
in Pd/Fe there is a substantial induced moment in Pd.

Ag/Fe is a close approximation to a two-dimensional (2D) system due to the
following unique properties. Ag/Fe has well-defined interfaces because there is no
interdiffusion and also a high degree of epitaxy. The strong de-mixing tendency
between Ag and Fe due to the large positive heat of mixing in the solid and liquid
phases[9] makes Ag and Fe nearly immiscible. It has also been found that Fe(110)
films grow epitaxially on Ag(111) films[10], while Fe(100) films grow epitaxially on
Ag(100) films[11]. The latter system is particularly favorable for epitaxial growth.
This is because the lattice constants of bec a-Fe and fee Ag differ by a factor of
nearly /2, so that an almost perfect registry (0.8% mismatch) of the two surface
nets is produced after a 45° rotation about the surface normal[12]. Furthermore,
the epitaxial growth of Fe on Ag proceeds in a nearly layer-by-layer fashion. Last,
according to band structure calculations[13, 14], there is only a small degree of band
hybridization between Ag and Fe, thus the 2D magnetism of Fe is expected to be
mostly unaffected by the presence of Ag.

There is a wide range of intriguing properties obtained in experimental investi-
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gations of the Ag/Fe system. First of all, the ground state moment of Fe atoms at
Ag/Fe interface was found to be enhanced as compared to the bulk value of 2.22
ps. Bland and et al.[15] carried out polarized neutron reflectivity (PNR) and ferro-
magnetic resonance (FMR) studies on epitaxial Fe films prepared by molecular-beam
epitaxy (MBE) on Ag(001) substrates. By fitting the neutron spin asymmetries mea-
sured at temperatures below 20 K, an average magnetic moment of 2.58 & 0.09 ug
was obtained for a Ag/Fes 5 a1, structure, where AL represents atomic layer. This
moment is significantly enhanced from the value of 2.33 & 0.05 ugp determined for
a Ag/Feigg a1 reference sample. The moment ratio between these two samples was
found to be 1.06 £+ 0.02 by FMR measurement at 77 K, which was in agreement
with the ratio of 1.11 £ 0.04 yielded by PNR. This study provided evidence of an
increase in moment with reduced Fe thickness, implying that the moment of Fe atoms
at the interface was enhanced. Wooten et al.[16] performed SQUID magnetometry
measurements on 1 — 5 AL of Fe(100) films epitaxially grown on Ag(100) substrates
by electron beam evaporation. The interface moments were found to be enhanced as
much as 29%. Nevertheless, this value is more than twice higher than that predicted
by an ab inito calculation[17] (2.52 ug, corresponding to 14 % enhancement).

There have been numerous 5"Fe Mossbauer spectroscopy investigations of Ag/Fe
system, because Mossbauer spectroscopy provides the most direct information of the
magnetism at the Fe site. This information includes: the hyperfine field and its
temperature dependence, the orientation of the magnetic moment, and the magnetic
state (magnetically ordered or paramagnetic). The hyperfine field (Bgs) has been
traditionally used to obtain the magnetic moment for the bulk material since By, to
a good approximation, scales with the moment with a single scaling factor. However,
at a surface[6] or interface[17, 18], the contributions to the By are different, and By
no longer scales with the moment the same way as in bulk. As a result, the By
can not be simply converted to a magnetic moment. However, it has been shown for
molecular-beam-epitaxy(MBE) deposited thin films[19, 20] that the By scales with

the moment the same way at different temperatures, so that By still measures the
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temperature dependence of the moment. For those sputtering-deposited multilayers
with larger interfacial roughness, the validity of this rule is in question. This question
was first answered in this thesis using Ag/Fe multilayers.

The second system, Fe-Pd, is of particular interest because the magnetic properties
of palladium are so fascinating. Palladium is isoelectronic with nickel and is an
“incipient ferromagnet”[21, 22]. Although the free palladium atom is nonmagnetic
with a 4d'95s% configuration, in a metallic environment the palladium 4d-band is
not entirely filled, which gives rise to an anomalously large (enhanced) paramagnetic
susceptibility (Pauli susceptibility)[23]. In fact, theoretical calculations predict an
onset of an ordered moment in fec Pd simply by expanding the lattice by 5 — 6
%[24, 25, 26]. This last result can be understood as a consequence of enhanced
repulsive intra-atomic Coulomb interactions resulting from the increase in atomic
volume. However, experimental attempts to induce ferromagnetism in Pd by growing
Pd on Ag and Au to expand the lattice of Pd[27, 28, 29] have failed, even though the
Pauli susceptibility of Pd was found to be significantly enhanced[27].

A particularly interesting and much studied property is that a long-range polarisa-
tion of the Pd d-band is seen in Pd alloys with dilute solute atoms of Mn, Fe, Co and
Ni[30, 31, 32, 33]. The magnetization in these dilute alloys is far too large to be due
to the impurity alone[34, 35] implying that the solute atom polarises the surround-
ing Pd atoms to form what is known as a “giant moment” associated with impurity
atoms. In very dilute alloys, where the overlap between giant moments is minimal,
the total moment for a polarised cloud may be as much as ~10 ug[30, 36, 37], with
an average on the Pd atom of 0.05-0.4 ug[30, 38, 39]. However, the spatial extent
of the polarisation cloud has never been clearly established. Ascribing the onset of
long-range ferromagnetic order to the formation of a percolating network implies a gi-
ant moment radius of ~30 A[32]. However, assuming Pd carries a moment of 0.1-0.3
ps/atom (values taken from concentrated Pd-Fe alloys[40, 41]), a uniform, maximally
polarised cloud would have to extend no more than 5-10 A from the central impurity

to account for the observed ~10 up cloud moment. To add to the confusion, di-
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rect determination from small angle neutron scattering yields values ranging from 10
A[39, 42, 43] to 50 A[44]. While these scattering-based estimates of the cloud’s extent
have been questioned[45], band structure calculations confirm that many hundreds of
Pd atoms should be polarised[46].

The wide range of estimates for both the size and amplitude of the polarisation
cloud reflects the experimental difficulty associated with extremely dilute random
alloys. For example, the small-angle neutron scattering signal is Weék, and necessarily
contains contributions from many dynamic and static disorder sources. The problem
may be greatly simplified by studying Pd/Fe multilayers (where the materials involved
are pure metals) rather than dilute PdFe alloys. The magnetic behavior will be simpler
as the Pd is in contact with bulk-like, ferromagnetically ordered iron layers rather
than isolated, randomly ordered Fe impurity atoms.

Experimental investigations on Pd/Fe thin films and multilayers have given both
qualitative[47, 48, 49, 50, 51] and quantitative[15, 52, 53, 54, 55] evidence of polari-
sation of the Pd atoms in close proximity to the Fe interface. However, no consensus
on either the iron moment at the Pd/Fe interface or the extent and magnitude of the
magnetic polarisation in the Pd layers has emerged. Most studies[15, 52, 53] only
provided mixed information about total enhancement in the moment relative to that
of bulk Fe. The enhancement includes the contributions from Pd polarisation and
enhanced interface Fe moment as suggested by theoretical calculations[56, 57, 58, 59].
Only a few studies[55, 60] have attempted to provide values for the interface Fe mo-
ment and Pd polarisation independently. Using an indirect measurement, magnetic
circular x-ray dichroism (MCXD), Vogel et al.[55] and Le Cann et al.[60] determined
that the Pd and Fe at the Pd/Fe interface had a moment of 0.38 + 0.08 u5/Pd atom
and 2.7 £ 0.2 up/Fe atom respectively. MCXD measures the absorptions of left and
right circularly polarised x-ray at inner shell absorption edges in magnetic materials,
and the moments were obtained using MCXD sum rules[61]. The sum rules, derived
from a single ion model, state that the integrated absorption cross-section over the

absorption edges relates to the ground-state expectation values of orbital, spin and
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the spin dipole of the valence electrons|61]. However, application of the atomic sum
rules to determine accurately the moment at surfaces or interfaces of transition metals
is still controversial due to theoretical ambiguities and experimental difficulties|[62].

The range of Pd polarisation has been given as anywhere from 1 to 4 atomic
layers(AL) from the interface[50, 51, 52, 55], while theoretical calculations made on
an Fe overlayer on semi-infinite Pd(001)[56] and Pd atomic layers on semi-infinite
Fe(001)[57] suggest that only the first 1 — 2 AL (1 AL of Pd(001) = 1.9 A) of Pd
near the interface should be polarized. These experimental and theoretical values of
the extent of polarisation into Pd layers are surprisingly shorter than the size of the
polarisation cloud in Pd alloys. In addition, most experimental studies mentioned
above were carried out at room temperature, at which the Pd polarisation effect is
very weak as will be shown in our study. Further investigation at low temperature is
required if clear results are to be obtained.

In the thesis, we started with the Ag/Fe system. The bilayer thicknesses of four
samples obtained from analysis of the small-angle x-ray reflectivity data were com-
pared to the results from transmission electron microscopy (TEM) studies. The
hyperfine field and magnetisation of multilayer [Ag25 A/Fel0 Alys/Ag 25 A were
measured as a function of temperature using CEMS (conversion electron Mossbauer
spectroscopy) and magnetometry measurements respectively, and compared to each
other. We address two problems: 1) if the bilayer thickness obtained from analysis of
the small-angle x-ray reflectivity data is reliable; 2) if the variation of hyperfine field
still measures the temperature dependence of the Fe moment in the sputter-deposited
multilayers.

Then we attacked the more challenging problem, Pd/Fe multilayers, using a series
of complementary structural and magnetic measurements all carried out on the same
samples. Layer thicknesses and crystalline orientations were obtained from analysis
of small-angle and high-angle x-ray diffraction data. The Pd polarisation and its tem-
perature dependence were obtained by combining data from CEMS, magnetometry

and PNR measurement. First, the CEMS was employed to determine the interface
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Fe thickness and the temperature dependence of the Fe moment. Then the Fe contri-
bution was removed from the total moments, measured by the magnetometer, to give
the temperature dependence of the Pd polarisation. Last, we used PNR to probe the
magnitude and depth of the induced polarisation in the Pd layers at both room tem-
perature and 4.5 K. PNR measurements were used since neutrons interact with both
nuclei and the atomic moments so that they map the nuclei as well as the existing
magnetic profile. The important feature of the PNR study is that multilayer samples
grown with carefully matched Pd and Fe layer thicknesses were used, which minimise
the contributions from chemical structure to the even-order superlattice reflections
and greatly enhance the sensitivity to Pd polarisation effects. Taken in isolation, no
single measurement can yield an unequivocal understanding of Pd/Fe moment; taken
together, a clear conclusion emerges. For the first time, we are able to answer the
following questions with confidence: 1) what are the magnitude and the extent of the
Pd polarisation; 2) how does the Pd polarisation vary with temperature; 3) what is
the magnitude of the interface Fe moment.

The thesis is organized as follows: In Chapter 2, the theoretical background of mag-
netism of atoms and solids in general, and magnetic properties of Ag/Fe and Pd/Fe
multilayers in particular are introduced. In Chapter 3, the experimental methods for
sample preparation and characterization are described. Chapter 4 presents the data
and analysis for x-ray diffraction, TEM, magnetometry and CEMS studies on Ag/Fe
multilayers. In Chapter 5, the results of Pd/Fe moments, studied using CEMS, mag-
netometer, and PNR, are presented, The conclusions of this thesis as well as some

proposals for future studies are included in Chapter 6.



2

Theoretical Background

A ferromagnetic thin film is an artificial material whose magnetic properties are
strongly dependent on the dimension of the magnetic entity, the structural prop-
erties and the material in contact. The literature about a variety of two-dimensional
magnetic phenomena and the underlying physical principles is vast. This chapter is
limited to a brief introduction of the origin of magnetic moment and magnetic order-
ing in general, and the ground state moment of Fe at the two-dimensional interface

in proximity to Ag and Pd, and the polarisation of Pd in particular.

2.1 Magnetic Phenomena and Ferromagnetism

A magnetic material often exhibits long-range magnetic order below a certain critical
temperature, which is called the Curie temperature when the ordering is ferromag-
netic. Above this critical temperature, thermal energy overcomes the exchange in-
teraction, and the magnetically ordered substance becomes magnetically disordered,
and behaves like a paramagnet.

The magnetic moment of an atom originates from the electrons and nuclei. How-
ever, since the mass of nuclei is much larger than that of electrons, the nuclear mag-
netic moments are usually negligible. The atomic moment is thus mostly attributed
to the orbital motion and spin of electrons, and the electrons are the carriers of mag-
netism. According to quantum mechanics, the electrons move in orbitals, each of the
orbitals is characterized by a specific energy and spatial distribution. The electron
also has an intrinsic spin angular momentum. The orbital and spin angular momenta

lead to a magnetic moment. Since the components of the orbital angular momentum
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and spin angular momentum along a specified direction, usually that of an applied
magnetic field, are quantized, so also is the moment.

An atom or ion with all electronic shells filled has zero spin and orbital angular
momentum in its ground state, so that its moment is zero. The quantum numbers
of angular momenta can be determined for a free atom or ion at ground state with
unfilled shells using Hund’s rules. The atomic magnetic moment can be obtained
thereafter.

In magnetically ordered substances, i.e., ferro-, antiferro-, and ferrimagnet, not
only the atoms or ions carry magnetic moment, but also the moments in general tend
to be aligned parallel or antiparallel. Collective magnetic interaction is indispensable
for the magnetic ordering, since without the interaction, the individual magnetic
moments would be thermally disordered and point in random directions in the absence
of an externally applied field. It was first thought that the magnetic interaction
would be the direct dipolar interaction between the magnetic moments. However, the
direct dipolar interaction energy of two magnetic dipoles is a few orders of magnitude
smaller than the electrostatic energy differences between atomic states. Moreover, the
electrostatic energy of a pair of magnetic ions of a certain state depends on the relative
direction of their moments in that state, as a result of Pauli exclusion principle.
The most important source of magnetic interaction is the ordinary spin-independent
Coulomb interaction. The contributions to the energy arising from Pauli principle
may be regarded as caused by two-body spin-spin interactions, and the Hamiltonian is
given by H = —3%7,; Ji;S;-S;, where S; and S; are the spin operators of the localized
spins on site ¢, and 7, and J is the exchange integral. This is known as Heisenberg
exchange model, which is defined for localized electrons that interact only weakly.
According to this localized electron model, positive J favors ferromagnetism, while
negative J favors antiferromagnetism. This model successfully explains the origin of
ferro- and antiferromagnetism in many insulating components.

For the first transition metal series (3d system) ions or atoms, the magnetic mo-

ment has an almost spin-only value[63] of effective moment of pierr = g4/S(S + 1)ps,
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or saturation moment of pe; = gSug, where S is the total spin quantum number,
g is the gyromagnetic ratio, and g = 2 for spin motion, ug is Bohr magneton. This
is a result of the almost complete quenching of orbital angular momentum due to
crystalline electric field. The crystal field is the non-central and nonuniform electro-
static field from neighboring atoms or ions in the crystal environment. For the ions of
the first transition series (3d system) in an insulating solid, the theoretical values for
the moments with S determined using Hund’s rules are in excellent agreement with
experimental values. In the metallic form, however, the moments are not integers as
determined by Hund’s rules. For example, the three ferromagnetic elements Fe, Co,
and Ni exhibit saturation magnetic moments of 2.2, 1.7, and 0.6 ug respectively, in
contrast to spin magnetic moments of 4, 3, and 2 up respectively. This discrepancy
led to a different model: itinerant-electron theory.

Itinerant-electron theory is the band theory when applied to the field of mag-
netism. It is the main stream of theory of magnetism and is widely used to predict
or interpret the magnetic properties of new magnetic materials, such as magnetic
surfaces, superlattices, alloys and etc. Itinerant theory assumes that the d and s
electrons are not completely localized at atoms, but instead are able to move (or be
itinerant) in a crystal lattice and form a band structure. The band structure and the
density of state (DOS) of electrons as a function of energy N, (E) can be calculated
using band theory. A simplified spin-up and spin-down electron energy bands are
shown in Fig. 2.1. The electrons fill the energy band up to the Fermi energy level

(er), and their numbers are given by,

n, = / " N, (E)dE. 2.1)

—0o0
The magnetic moment p is given by the imbalance between the number of electrons
in the spin-up and spin-down d-bands, i.e.,

p=(ny — n)yus, (2.2)

in which n, is the number of electrons with spin ¢, and T and | represent spin-up

and spin-down respectively. 4 is not necessarily an integer.
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The occurrence of the ferromagnetism can be explained using a phenomenological
model. At T = 0K, and in zero field, without exchange interactions between electrons,
the energy bands for the two spins are symmetrical and n; is equal to nj, so that the
net magnetization is zero. If taking the positive exchange interaction between the
electrons into account, which is equivalent to a positive internal magnetic field, the
energy of Spin—up electrons is reduced while the energy of spin-down electrons is
enhanced. The energy bands are exchange split by a small energy 6E. At ep, the
electrons in energy range of JE is removed from spin-down band and added into spin-
up band. The number of electrons is not the same for the two spins any more, which

gives rise to a non-zero magnetization.

E E

OE

N} (E) - Ny(B) N} (E) Ny (B)

Figure 2.1: Density of state of spin-up electrons (N;) and spin-down electrons (N;), a) without
exchange interaction; b) with exchange interaction.

A spontaneous ferromagnetic (FM) state occurs if the state with split energy bands

is stable. Upon splitting the energy bands by JE, the kinetic energy is enhanced by
Ex = N(er)SE - SE = N(ep)(E)?, (2.3)

where N(ep) is the density of states at Fermi energy for one spin state without ex-
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change splitting. The change in the exchange energy is
2

o = V(g + N(eF)aE) (g - N(eF)aE) - VL = - VNAe)(E? (24)

where V' is an effective exchange potential between the electrons, and n = ny +ny, is
the total number of electrons in the energy bands. The resultant change in the total

energy is

AE = N(ep)[l — VN(ep)](JE)2. (2.5)

FM state requires [1 - VN(er)] < 0, i.e., the split state has lower energy. This is called
Stoner condition for FM state. This suggests that FM state is favored in systems with
strong exchange potentials and large N(er).

In the non-FM state, the susceptibility x is given by

Xp

X = 1T 7 VN

(2.6)

in which Xp = uB>°N(er) is the unenhanced Pauli susceptibility, and [1 — VN(ep)] ™
is called Stoner exchange enhancement factor.
" The calculated electronic densities of states of ferromagnetic Fe, Co and Ni are
characterized by a broad and unpolarised 4s-band superposed on a spin-split 3d-
band. The magnetic moment arises from the difference between the spin-up electrons
and spin-down electrons in the 3d-band. The carriers of the magnetism can also be
regarded as the holes in the 3d-band. For example, the electronic configuration of Fe
atoms in metallic form is 3d83d'264510345103 where 1 and | denote spin-up and
spin-down respectively. There are 0.2 holes in 3d' band and 2.4 holes in 3d‘-band,
which gives rise to a spin-only moment of 2.2 ug. For these three ferromagnetic
elements, the unsplit densities of states exhibit a peak at the Fermi level ep giving
N(ep) > 1 /atom-eV, and the exchange potential V in the 3d-band is ~ 1 eV, so that
the Stoner criterion for spontaneous ferromagnetism [I — VN(er)] < 0 is satisfied.
Altough d electrons are able to be itinerant in the lattice, they are not as mobile as
s electrons. For example, in the calculated energy dispersions of Fe[64], one d-band is

parabolic-like, corresponding to freely itinerant electrons, while the other d-bands are
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very flat, reflecting very large effective electron mass. Electrons with large effective
masses are close to being in a localized state. So the d electrons can be divided
into itinerant electrons (d;) and localized electrons (d;). The calculated d; = 0.35
electrons per Fe atom, while the total d electrons are 7 electrons per Fe atom[65],
indicating that the Fe spin moment is very localized. In metals, long-range magnetic
ordering is not a result of Heisenberg exchange interaction. Instead, the spins that are
localized on separate atoms are considered to be exchange coupled by a small fraction
of itinerant electrons. The occurence of ferromagnetism in metals can not be simply
determined by the sign of the exchange integral. According to the Stoner citerion,
spontaneous ferromagnetism is determined by the competition between the kinetic

energy increase and exchange energy reduction due to spin band splitting (moment

formation).

2.2 Magnetic Properties of Ag/Fe and Pd/Fe Thin Films

Magnetic surfaces and interfaces are a special group of magnetic system characterized
by low-dimension and reduced symmetry. There are a wide range of novel properties
found in 3d-metals related to surface magnetism, which were not found in bulk mate-
rials. In this section, the ground state moment of Fe at Ag/Fe and Pd/Fe interfaces,
and the unique properties of Pd are discussed qualitatively in the light of density of

states from band structure calculations by S. Ohnishi and et al.[17] and Huang and

et al.[58].

2.2.1 Enhanced Fe Moment at Fe Surface and Ag/Fe Interface

In general, the magnetic moment of atoms at a surface or interface in proximity
with non-magnetic metals is affected by at least two factors[66]. One factor is the
coordination number[66], or number of nearest neighbours. For the same system, the
magnetic moment increases with decreasing coordination number. As an example,
an Fe atom in the bulk has 8 nearest neighbors. At clean Fe surfaces, the number

of neighbors is reduced to 6 and 4 for Fe(110) and Fe(100) structures respectively.
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According to the calculations by Ohnishi et al.[6] and Fu et al.[8], the moment at
the Fe surfaces of both structures is enhanced relative to the bulk value of 2.22 ug,
and Fe(100) surface has higher moment of 2.98 ug[6] as compared to Fe(110) surface
moment of 2.65 up[8]. For an unsupported Fe(100) monolayer, which has two free
surfaces, the moment further increases from the Fe(100) surface value to 3.2 ug[17].
This occurance can be explained as that the Fe atoms with lower coordination number
have less overlap with neighbouring atoms, so that the d states become more localized
and atomic-like. As a consequence, the intra-atomic exchange is more effective and
the exchange splitting can be larger, which strengthens the conditions for moment
formation at the surface, and in turn enhances the magnetic moment. The localization
of the d-band is also reflected by the narrower d-bands in the Fe layers with reduced
coordination as compared to those of bulk Fe.

According to the band structure calculation by S. Ohnishi et al.[17], when Fe(100)
surface is covered by a Ag layer, the electronic structure is neither bulk-like, nor
surface-like. The surface d states found in clean Fe surface[6] are still present at the
interface. However, the surface states at interface are not as localized as they are for
the clean surface, since the Ag atoms provide an increase of overlap for the surface
d states. On the other hand, at the interface although Ag seals the Fe surface, Ag
does not have the same effect of reimposing the bulk conditions as Fe itself does. As
a result, the Fe layer at the interface has a moment of about 2.5 ug, which is lower
than the clean Fe(100) surface moment of 2.98 pg[6], but still about 10% higher as
compared to the bulk Fe value.

Another factor affecting the magnetic moment at the interface is the hybridization
between the d-band of the magnetic metal and sp conduction electron band[66] and
d-band[14] of the non-magnetic metal, which in general tends to lower the moment at
the interface. The d—d coupling between Ag and Fe is very small since the d-bands of
Ag and Fe are very narrow and hardly overlap[14]. The Ag(sp)-Fe(d) coupling is also
small since Ag has relatively low sp-conduction-electron density[14]. In the Ag/Fe

system, the factors suppressing the magnetic moment do not exsist.
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'There have been experimental evidences for enhanced Fe moment at Ag/Fe in-
terface. For example, the PNR study by Bland and et al.[15] has shown that a
Ag/Fes 5 a1 structure has an average moment of 2.58 + 0.09 g, significantly en-
hanced from the value of 2.33 + 0.05 up determined for a Ag/Fejgg a1 Fe reference
sample. They also found that the moment ratio between these two samples was 1.06
+ 0.02 by FMR. The fact that moment increased with reduced Fe thickness implied
that the moment of Fe atoms at the interface was enhanced. The interface moment
of Fe was found to be enhanced by as much as 29% by Wooten et al.[16] when they
studied Fe(100) films epitaxially grown on Ag(100) using SQUID magnetometry mea-

surements.

2.2.2 Unique Magnetic Properties of Pd

Pd is isoelectronic to Ni and has the same lattice structure as Ni. Also due to its
unusually large exchange enhanced paramagnetic susceptibility, Pd is regarded as
an “incipient ferromagnet”[21, 22]. In their pure atomic configuration 4d'°5s°, free
palladium atoms are nonmagnetic. However, in a metallic environment the palladium
4d-band turns out to be not entirely filled. The band structure calculation by F. M.
Mueller et al.[22] has suggested that Pd has 0.36 holes in the 4d-band, which is
in excellent agreement with the de Haas-van Alphen measurements of Vuillemin and
Preistly[67]. F. M. Mueller et al.[22] have also shown that the Fermi energy lies slightly
above the maximum in the calculated density of states N(E) as illustrated in Fig. 2.2,
and the density of states at Fermi energy N(er) is 1.14 4 0.08 states per eV. Combining
the exchange potential V' = 0.71 eV for the Pd, which is from a recent calculation|68],
the product of N(er) and V is slightly lower than 1. The Stoner condition for FM
state is not satisfied, while the Stoner exchange enhancement factor is large. These
numbers qualitatively explain the absence of FM ordering in Pd and the anomalously
large enhanced paramagnetic susceptibility observed experimentally[23].

Since Pd is near the threshold of becoming FM, various attempts were made to
render the FM state in Pd. One is by expanding the lattice constant, since the in-

crease in atomic volume enhances the repulsive intra-atomic Coulomb interactions.
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Figure 2.2: Calculated density of states of pure Pd. The unit for the energy is Rydberg(Ry), and
1Ry = 13.606 ev. (after F. M. Mueller et al., Phys. Rev. B, 1:4617, 1970.)
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Spin-polarized calculations[24, 25, 26] have found an onset of magnetic behavior upon
5—6 % (10 % when spin-orbit interaction was included) expansion in the lattice con-
stant. However, these predictions have not been proved experimentally. No induced
ferromagnetism in Pd has been achieved by growing Pd on Ag and Au to expand
the lattice of Pd[27, 28, 29], although the Pauli susceptibility of Pd was found to be
significantly enhanced[27].

On the other hand, long-range polarisation of the Pd d-band has been seen in a
large number of experiments on Pd alloys with dilute solute atoms of Mn, Fe, Co and
Ni[30, 31, 32, 33]. The magnetization in these dilute alloys is far too large to be due to
the impurity alone[34, 35], implying that the solute atom polarises the surrounding
Pd atoms. Electronic structure calculation[46] yielded a picture of the long-range
polarization of Pd by local moments of 3d impurities, suggesting that many hundreds
of Pd atoms should be polarised.

There is also experimental evidence of ferromagnetism in Pd at the two-dimensional

interface incorporating Pd with ferromagnetic materials[15, 47, 48, 49, 50, 51, 52, 53,



2: Theoretical Background 17

54, 55]. Several theoretical calculations about the electronic structures at the inter-
face between Pd and Fe claim to account for the Pd polarisation and enhanced Fe
moment via 3d — 4d band hybridization. For example, Huang et al.[58] used a spin-
polarized self-consistent localized-orbital (SCLO) calculation to study a free Pd(100)
atomic layer with Fe lattice constant, a 5 AL Fe(100) slab(Fes) simulating the clean
substrate, and a thin film consisting of 3 AL of Fe sandwiched by Pd atomic layers
(Pd/Fes/Pd). The layer-resolved DOS of these three systems was used to illustrate
the hybridization effect between Pd and Fe.

The calculated DOSs of the free Pd atomic layer and Fes are given in Fig. 2.3. For
the free Pd atomic layer(Fig. 2.3 (a)), not only the shape of the DOS is different from
that of pure Pd, but also the majority-spin and minority-spin states are exchange
split, resulting in a magnetic moment of 0.36 ug. The narrower band of Pd atomic
layer with respect to that of bulk Pd and wavefunction localization account for this
FM state in Pd. As shown in Fig. 2.3 (b), the main feature in surface DOS of Fes is
different from that of interior planes, while the interior planes have DOSs resembling
those of bulk Fe, indicating the surface states are very localized.

As to the Pd/Fe3/Pd sandwich (Fig. 2.4 (a)) it can be seen that DOSs for the
majority-spin and minority-spin of Pd cover layer become considerably different to
those of the free Pd monolayer, and the DOS of surface Fe layer is also modified while
being covered by a Pd layer. Moreover, as shown in Fig. 2.4 (b), the DOSs of Pd
cover layer and first Fe layer overlap strongly in the majority-spin band, but not in
the minority-spin band. It follows that a new mutual Pd-Fe state is developed at
Pd/Fe interface via hybridization between majority spin electrons. This new state
attributes to the interface magnetic properties of the Pd/Fes/Pd sandwich.

The layer-resolved moments of Pd and Fe are listed in Table 2.1. The Pd cover
layer has a moment of 0.37 ug, which only differs from that of the free Pd monolayer
by 0.01 pug. The moment of the Pd cover layer results from Pd-Fe hybridization
rather than the reduced coordination, since the DOSs of the Pd cover layer and free

monolayer differ dramatically from each other. Hybridization reduces the interface
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Figure 2.3: Spin and layer-resolved density of states for a) a Pd(100) monolayer; b) a five-plane
Fe(100) film. 1 is for the majority-spin and | is for the minority-spin. ep is the energy zero. The
vertical scale is arbitrary, and differs for a) and b). (after H. Huang et al., Surf. Sci., 172:363, 1986.)

Fe moment from the clean Fe surface, but the interface Fe moment 2.74 ug is still
significantly larger than the center-plane moment of 2.37 ug and the bulk Fe moment
of 2.16 ug.

The number of atomic layers of Pd which are polarized by Fe is also of interest,
since clarifying this problem sheds light on the problem of polarization length into
Pd by ferromagnetic impurities. Bliigel et al.[56] have investigated the electronic
structure of a system consisting of 7 AL of Pd(001) covered by an Fe overlayer, and

found that an Fe overlayer induced moments of 0.32 and 0.17 ug in the first and
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Figure 2.4: a) Density of state (DOS) for a five-plane Pd/Fes/Pd sandwich. b) The DOSs of Pd
cover layer (solid line) and first Fe layer (shadowed) superimposed on each other, to illustrate the
hybridization between the majority spin electrons. (after H. Huang et al., Surf. Sci., 172:363, 1986.)
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Table 2.1: The magnetic moments for a free Pd(100) monolayer Pd;, a five-plane Fe(100) film Fes,
and a Pd/Fes3/Pd sandwich. The surface, subsurface and central layers are labeled S, S—1, and C,
respectively. (after H. Huang et al., Surf. Sci., 172:363, 1986.)

Film  Pdy Fes;  Pd/Fes/Pd
S  0.36 ug  2.89 ug 0.37 up

S—1 - 2.31 pg 2.74 up
C - 2.49 up 2.37 up

second Pd layers respectively. The Fe overlayer on the Pd slab has a moment of ~ 3.2
pB, which is substantially higher than the interface Fe moment of 2.74 ug obtained by
Huang et al.[58]. This could be explained as a result of the lower coordination number
- of the Fe overlayer, since the moment usually increases with decreasing coordination
number. The moment of the Fe overlayer on the Pd slab is also higher than the
moment of surface Fe (2.98 ug)[6], or the moment of Fe overlayer on Ag (3.0 ug)[14],
suggesting the enhancement in the Fe moment by Pd in contact.

The theoretical value of the extent of polarisation into Pd layer of 2 AL by
Bliigel et al.[56] is in qualitative agreement with the results by a few experimental
investigations[50, 51, 52, 55], but is significantly shorter than the size of the polar-
isation cloud in Pd alloys. Since most experimental studies mentioned above were
carried out at room temperature, at which the Pd polarisation effect is very weak as
will be shown in our study, further investigation at low temperature is required to
resolve these discrepancies and to determine whether these theoretical calculations

are correct or not.
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Experimental Methods

The Ag/Fe and Pd/Fe multilayers used in this research were prepared using a com-
puter controlled magnetron sputter deposition system. Low-angle x-ray reflectivity,
high-angle x-ray diffraction and transmission electron microscopy (TEM) were per-
formed to characterize the multilayers. Magnetometry, polarised neutron reflectiv-
ity (PNR), conversion electron Mossbauer spectroscopy (CEMS) measurements were
carried out to probe the magnetic properties of the multilayers. The experimental

methods of these techniques are described as follow.

3.1 Sputter Deposition

Magnetic thin films are synthesized in vacuum to reduce the concentration of impuri-
ties in the deposited films. There are a wide variety of vacuum deposition techniques.
According to how the source material is gasified, these deposition techniques are
divided into two categories: chemical vapor deposition (CVD) and physical vapor de-
position (PVD). CVD, which involves chemically gasified solids as sources, is widely
used in industry. Because most of the chemical vapors used to evaporate the source
are poisonous or ignites if exposed to air, and contamination involved in deposition,
CVD is not often practised in research. PVD includes molecular beam epitaxy (MBE),
electron-beam evaporation, laser ablation, and sputtering, during which the source
material is evaporated using physical processes. Sputtering is one of the most popu-
lar techniques widely used both in research and industry. Many materials, including
metals, semi-conductors, or insulators, alloys or compounds, can be deposited at a

relatively high rate.

21
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Sputtering deposition employs highly energetic positive ions of a gas to knock off
the atoms of a target material. After the evacuation of the deposition chamber, the
sputtering gas, usually argon or other inert gas is introduced into the chamber, and
a high negative DC voltage is applied to the target material. The sputtering gas is
ionized by collisions with electrons. The ions of the sputtering gas, attracted by the
cathode, are accelerated toward the target and remove the target atoms by bombard-
ment. The energy of the sputtered target atoms, initially in the range between 2 — 30
eV, is reduced prior to deposition onto the substrate by collisions with the sputtering
gas. Good adhesion onto the substrate depends mainly on substrate cleanliness. The
structure of the deposited film depends on a variety of factors, such as the sputter-
ing gas pressure (typically from 1 to 100 mTorr), target-substrate distance (typically
from a few cm to a few tens of cm), power applied to the targets, substrate material,
and temperature. During the sputtering process, a self-sustaining glow discharge,
containing reflected ions, electrons and neutral species, is generated. The glow dis-
charge is essentially a plasma, which is a partially ionized gas containing about equal
concentrations of positive and negative particles. The characteristics of sputtering is
determined by the properties of the glow discharge.

Sputtering can be operated in two modes, DC sputtering and RF sputtering. DC
sputtering is used for metallic film deposition, while RF sputtering is used for both
metallic and insulating film deposition. Magnetron sputtering is an improved tech-
nique operating with both DC and RF modes. In magnetron sputtering, a magnetic
field (0.02—- 0.05 T) is produced by strong permanent magnets placed underneath the
target. The electrons undergo a cyclic motion based on E x B drift so that the glow
discharges are confined close to the target and away from substrate. The sputtering
gas pressure and cathode voltage are reduced due to the longer mean free path of
the secondary electrons under cyclic motion. The advantages of the magnetron sput-
tering include reduction of damage to the substrate and the film from energetic ion
bombardment, and lower residual gas in the thin films.

In this study, two families of Ag/Fe and Pd/Fe multilayers were grown using an
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Edwards multifunction deposition system (Fig. 3.1). The system has three magnetron
sputtering sources, two of which can be operated simultaneously for the deposition of
multilayers containing two different materials, while the third one allows the growth of
a capping layer or buffer layer of material different to the ones used for the multilayer.
Discs of high-purity materials (99.99 % for Ag and Fe, 99.9 % for Pd) were used as
targets. An isolation shield was placed over the targets to avoid intermixing the fluxes
of the sputtered atoms. Substrates were mounted on a rotary substrate platform on
top of the chamber. The rotation of the substrate platform was controlled by a
computer. Deposition rates of the sputtered material were individually measured
using a quartz-crystal monitor, and were precisely calibrated using small angle x-
ray reflectivity measurement for thickness determination. The layer thicknesses in
the multilayers were regulated by computer control of the substrate position and the
exposure time.

Prior to sputtering, the chamber was pumped by a cryo-pump and a base pressure
of 2.0 x 107 Torr was achieved. During deposition, the Ar pressure was 7 — 10 mTorr.
The pumping and pressure monitoring procedures are automatically controlled by a
microcomputer. For a given material, the deposition rate is controlled by the Ar
pressure and the DC power. The deposition conditions of the Ag/Fe and Pd/Fe
multilayers are listed in Table 3.1. The typical deposition rates were 0.6 — 3 A/ S.
With a typical target-substrate distance of 14 ¢cm and the 3.8 cm diameter target
used in the sputtering, the uniformity of the deposition is 5 % or better for a distance

of 4 cm from the center of the target.

Table 3.1: Deposition conditions for Ag/Fe and Pd/Fe multilayers. D, is the substrate-target

distance, P 4, is the sputtering pressure of argon gas, Pp¢ is the DC power and 7 is the deposition
rate.

group | Dg (cm) Py, (Torr)  Ppe (Watt) 7 (A/s)
Ag/Fe 14 10 Pag:30 / Pre:80  7ag:3 / Twe:l
Pd/Fe 14 7—-8 dei40 / PFeZ6O Tpd32 / TFeil
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Figure 3.1: Schematic diagram of the multifunction deposition system.
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3.2 X-ray Diffraction

X-ray diffraction is a non-destructive technique which provides quantitative infor-
mation about the structural properties of the multilayers. In an x-ray scattering
measurement, the intensity of a reflected radiation from a sample surface relative to
the intensity of the incident beam is monitored as a function of wave vector transfer,
q, defined as q = k. — k;, where the k, and k; are the reflected and incident wave
vectors respectively. The most commonly used scattering geometry is the reflectivity
measurement(Fig. 3.2), in which the incident angle (6;) and reflected angle (6,) are
equal (6; = 6, = 6) so that the ¢ is normal to the layers, and the magnitude of q =
4rsin@/X. The reflectivity measurement is conventionally separated into low-angle
(20 < 20°) and high-angle (20 > 20°) regions. In the low-angle region, the length
scales probed by x-rays are much larger than the lattice spacings of the constituent
layers, hence the scattering can be considered to solely arise from the chemical mod-
ulation of the structure. The low-angle x-ray scattering intensity of a sample with a
rough interface is composed of specular intensity and diffuse background. The specu-
lar reflectivity provides information about the structure normal to the interfaces, i.e.
the thicknesses, the intermixing and roughness of the constituent layers. The diffuse
components can be determined by performing w-scan and fitting the calculated diffuse
scattering profile to the experimental one. The w-scans, (also referred to as diffuse
scan, transverse scan, or w-rock), measures the scattered intensity as a function of 6;
while fixing the detector at certain 26 (see Fig. 3.3) and rocking the sample around
the specular peak at 6; = %(29). The diffuse scattering provides lateral information
about the roughness structure at the interfaces. In the high-angle region, the x-rays
probe the atomic structure and the diffraction spectra provide information about
the crystal structure. Quantitative analysis can be done by modeling the reflectivity

spectra and fitting the calculated reflectivity spectra to the experimental ones.
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Figure 3.2: The schematic illustration of x-ray reflected by a stratified medium.

3.2.1 X-ray Reflectivity of Multilayers

An x-ray is essentially an electromagnetic wave. When an x-ray is scattered by an
atom, the primary interaction is between the electric field of the x-ray and the electron
charges of the atom, while the electromagnetic field couples with the spin or magnetic

moment very weakly. The scattered amplitude is described by the atomic scattering

factor,

F o= f, + (Af) +i(Af"). (3.1)

in which {, = Z is the atomic scattering factor at zero-momentum transfer and Af’ and

Af" are the real and imaginary parts of the dispersion corrections to f,, respectively.

Low-angle X-ray Reflectivity

At glancing angle, the wave vector q is sufficiently small that the length scales probed
by the radiation are much larger than the inter-atomic distance. The medium can be

treated as a continuum characterized by the refractive index, n, which is related to F
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by
A2N,
2

where 1. is the classical electron radius (ro = 2.810x1073 A), A is the wavelength of

n=1-r

F. (3.2)

the x-ray, N, is the number density of atoms. n is usually written as

n=1-4-i3 (3.3)

Combine Eqn. (3.1), (3.2) and (3.3),

reA2N A2
5§ = le 0 A N — e .
o (f, + Af) 5 TePe: (3.4)
TeA’No oo H
b= 2r (AF) = 47’ (3:5)

where p, = No(Z + Af’) is the electron density, and p = 2r A\2N,Af” is the absorption
coefficient.

The value for § is typically in the order of 107¢ — 107®, so the real part of n
is slightly less than 1. A beam of x-ray impinging on a flat surface can be totally
reflected when the incident angle is below a critical angle 8., which can be obtained

by applying Snell-Descartes’ law. In a good approximation,
0. = 26. (3.6)

Since an x-ray is an electromagnetic plane wave, the propagations of its electric
(E) and magnetic (H) field components in a medium obey Maxwell’s equations. The
intensity of the wave is proportional to the square of the amplitude of its electric
field(|E|?). The calculation of x-ray reflectivity, defined as the ratio between the
intensities of reflected and incident x-rays, is to relate the electric field components
of the incident and reflected x-rays. The x-ray reflectivity can be calculated exactly
using the electron profile, or using a matrix method[69] as well. We use the formalism
of Vidal[70] for the reflectivity calculation in the fitting program, which is essentially a
matrix method. In this method, the components of the electric fields in the two media
separated by an interface are related by the transfer matrix M. The matrix elements

of M is a function of refractive indexes of the two media, the incident angle and the
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incident wave vector. For a multilayer, the total transfer matrix(Mea1) relating the
components of the electric fields of the incident wave, reflected wave and transmit

wave is given by the product of the transfer matrices of all the interfaces,
Miotat = Mnn-1Mn-1n-2---Maj. (3.7)

And the reflection and transmission coefficients can be calculated from the matrix
elements of Myota1. The transform matrix by Vidal[70] includes the effect of interface

roughness. For details of the formalism, see appendix 1.

High-angle X-ray Reflectivity

The theoretical x-ray diffraction pattern is calculated using a kinematic formalism[71].
The general model of a superlattice consists of a stack of M bilayers of material A
and B characterized by scattering factors Fs, Fg. Material A (or B) has an integral

number of atomic layers Ny (or Ng). The structure factor of the superlattice can be

written as
M
Fsi(a) = > exp(iqx;){Fa; + expliq(ta; + aaj)]Fs;}, (3.8)
j=1
where
j—1
Xj = ) (tas + aas + tes +ans), (3.9)
s=1

and q is the scattering vector given by q=4msin0/A; F; and Fp; are the scattering
factors, ta; and tg; are the layer thicknesses of materials A, B in the ;™ bilayer; an;
and ap; are the interface distances separating the layers. The scattering intensity is
given by square of the structure factor < Fgr,(q)F§.(q) >.

In the modeling, two types of disorder, interlayer disorder and intralayer disorder,
are included. The interlayer disorder refers to the deviation in the periodicity of the
layers in the growth direction resulting from interface disorder and layer thickness
variations. To simulate this effect, the variation of interface distance as; and ap; is
assumed to follow a continuous Gaussian distribution about an average value, and the
layer thickness variation is included by assuming a discrete Gaussian variation of Ny

(or Ng) about an integer average value. The intralayer disorder refers to the quality
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of the atomic ordering within a single layer. The intralayer disorder is included while
calculating F5 and Fg: the inter-planar distance is assumed to fluctuate around an
average value following a continuous Gaussian distribution, and the fluctuations are
assumed to be cumulative. In addition, the average inter-planar distances between
the three atomic planes closest to the interface are allowed to deviate with respect
to the bulk d-spacing, which simulates the lattice distortion at the interface due to
the lattice mismatch between the two different materials. The scattering intensity
is then given by I(q) = < Fgsp(q)F§.(q) >, where the brackets are an ensemble
average over all possible Fyj, Fgj, ta;, tgj, as; and ag; weighted by corresponding
Gaussian distributions. Before comparing the calculated I(q) with the measured

profile, a scaling factor, an absorption correction, the Lorentz-polarization factor and

a background intensity are included.

3.2.2 Low-angle X-ray Reflectometer

Low-angle x-ray reflectivity measurements were carried out on a high-resolution diffrac-
tometer with a conventional 2.2 kW Cu-K, x-ray tube source. The layout of the

diffractometer is shown schematically in Fig. 3.3.
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Figure 3.3: A schematic diagram of the low-angle x-ray reflectometer. The inset shows the rotation
of the sample about three axes.
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To achieve high resolution, two identical germanium single crystals with (111)
orientation are used as monochromator and analyzer. Set at the Cu-K, Bragg angle,
the monochromator and the analyzer select radiation with a narrow range of wave-
vectors. Three sets of slits are place along the path of the x-rays to collimate the
beam. The mechanical resolution of the slits is 0.01 mm in both horizontal and vertical
directions. A resolution of order 0.01°, full width at half maximum (FWHM), for a 6
~ 26 scan (6; = 6, = 0) is achieved, corresponding to a Aq of 0.0014 A~ in reciprocal
space. Further increase of the resolution about one order higher in a 6 — 26 scan can
be achieved by filtering the Cu-K, radiation.

The sample is mounted on a goniometer, which allows the translation of the sample
in two directions and rotation of the sample about three axes, as shown in the inset
of Fig. 3.3. The specular reflectivity measurements have been performed in the 26
range between 0.3° — 8° at a step of 0.02° in 20 (Aq = 0.0014 A1),

Due to the high angular resolution of the diffractometer, particular care was taken
to align the sample and the detector. For each alignment, the zero angle of the
detector was set in the location of maximum beam intensity with no sample present.
The sample was translated into the beam until it blocked half the x-ray beam at § =
0°. The 6 — 26 alignment was optimized by a couple of quick 8 — 26 scans followed by
a few w scans with fixed 26 where the reflected intensities were high (usually at the

20 positions of superlattice peaks).

3.2.3 High-Angle X-ray Diffractometer

High-angle x-ray diffraction measurements were performed using an automated Nicolet-
Stoe L11 powder diffractometer with a 2.2 kW Cu-K,, x-ray tube source. The general
layout of the apparatus is shown in Fig. 3.4. A graphite crystal is used as the an-
alyzer, which gives higher intensity at the expense of lower resolution as compared
to the germanium single crystals. The width of sample slit is 1.8 mm. The detector
slit with a width of 0.2 mm provides an angular acceptance of ~ 0.3°. The axial
divergence of the beam is limited to ~ 3°. Most measurements were performed in a

26 range between 30° and 100° at a step of 0.2°.
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Figure 3.4: A schematic diagram of the high-angle x-ray reflectometer.

3.3 Polarised Neutron Reflectivity

X-ray and neutron reflectometry measurements are the two principal techniques used
to study the composition modulation of multilayers. The scattering geometry, in
which the neutron reflectivity is measured, is the same as that of x-ray reflectom-
etry measurement. Undergoing different interactions, the x-rays probe the electron
density profile, while the neutrons map the nuclei as well as the existing magnetic
profile. In a spin-polarized neutron reflectivity measurement, the incident neutrons
are polarized to be spin-up or spin-down. Spin-up (-down) neutrons are those with
magnetic moments parallel (antiparallel) to the guide field. The reflected spin-up
and spin-down neutrons can be measured respectively to yield the neutron reflectivi-
ties in four channels: non-spin-flip (NS¥) spin up-up and spin down-down channels,
and spin flip (SF) spin up-down and spin down-up channels. For each channel, the
first spin state is for the incident neutrons, while the second spin state is for the
reflected neutrons. The reflectivity corresponding to these four channels are R*™,
R, R™™ and R, where ™ and ~ indicate spin-up and spin-down respectively. The
polarised neutron reflectivities provide vital information on the chemical modulation

and magnetic profile in a multilayer.
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3.3.1 Neutron Reflectivity of Multilayers

The neutron is a particle with a magnetic moment and zero electric charge. A beam
of neutrons have wave-like properties and can be described by a wave of wavelength

A appropriate to neutron velocity v, and given by the de Broglie relation,

A = h/mw, (3.10)

where h is the Planck’s constant.

In vacuum, the neutron potential is zero, while in a medium, the potential energy is
mainly from strong interactions with nuclei and existing magnetic field of atoms. The
nucleus-neutron scattering via the nuclear force is strong but the scattering process
is elastic for rigidly bounded nuclei, and the potential extension is much smaller than
the neutron wave length. Hence the interaction potential energy of an atom can be

described by the Fermi pseudopotential[72]

Ve(r) = by (2@2)5(1"), (3.11)

where b, is the nuclear scattering length, and r is the position of the neutron. by,
is generally a complex number, b, = b, + ib’. b, is called the coherent scattering
length. The imaginary part b, which determines the absorption of the neutrons, is
negligible for thin films except for certain elements, such as Gd, Sm, B and Cd. The
total scattering cross section is given by ooy = 4 ™ <| by |?>, in which the brackets
designate the statistical average over the neutron and nuclear spins.

At glancing angle, the medium can be treated as a continuum, and the mean

potential energy can be expressed as[73]

2
v, = Zeba (3.12)
m

where p is the atomic density.
The neutron carries a magnetic moment, and the dipolar interaction of neutron

spin with effective magnetic field Beg is expressed as[73]

Vu(r) = —pu-B = —gnu,o - Bes, (3.13)
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where p is the neutron moment, y, is the nuclear magneton, g, is the nuclear Landé
factor of neutron, o is the Pauli operator associated to the neutron spin, and Beg

is the vector sum of the external field and the existing magnetic field created by the
unpaired electrons of the magnetic atoms. The magnetic field from a magnetic atom

contains two terms, the spin part and the orbital part[73]:

Ho e X R eve X R
B = — - .14
(v {%r ] - ) (314
where e = — 2upo is the magnetic moment of the electron, and v, is the speed of

the electron. By integrating —g,u,0 - B on a homogeneous magnetic layer, the mean

interaction potential energy due to magnetic moment of the electron can be written

as[73]:

27h?
\ LIS N (3.15)
m

where by, = 2.696 o - M| fm, is the magnetic scattering length; M, is the in plane
magnetic moment given in ug per atom.

From Eqn. (3.12) and Eqn. (3.15), the interaction of neutron with matter is
characterized by the scattering length b, which includes contributions from both
chemical and magnetic structures. For non-magnetic media, the total b = by, and only
the chemical structure contributes to the scattering process, while for magnetic media,
neutrons interact with both nuclei and the atomic moments. In a spin-polarized
neutron reflectivity measurement, if the magnetisation of the medium is saturated
in-plane, the SF reflectivities are essentially zero. Neutrons measure the in-plane
moment through the NSF reflectivities. The neutron reflectivity is the square of the
Fourier transforms of scattering length density, p, which is the scattering length b

multiplied by the in-plane atomic densisty. The neutron reflectivity is given by[74],

R(q) = (%) [ ptereiae

R** and R~ are different since the neutron scattering density b is different for

i (3.16)

spin-up and spin-down neutrons, b = b, * by, where the + and — signs are for

the spin-up and spin-down neutrons, respectively. Information about b, and the
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magnetic moment of a medium can be obtained by fitting the calculated reflectivities
to the experimental ones.

The neutron-matter interaction is different to x-ray-matter interaction, whereas,
the neutron reflectivity of a multilayer can be calculated using optical formalism

similar for the case of x-ray reflection. For the details of the formalism, see Appendix
A.2.

3.3.2 Polarised Neutron Reflectometer

The PNR experiments were carried out on the C5 triple-axis spectrometer of the
DUALSPEC facility at Chalk River. The schematic set-up is shown in Fig. 3.5.
A CuoMnAl Heusler single crystal set at (111) Bragg reflection selects the incident
neutrons with a wavelength of 2.3705 A and down-spin polarization. A graphite
filter is used to remove the neutrons with higher-order wavelengths in the diffracted
beam. The polarised neutrons are guided by a field produced by a magnetic box
consisting of permanent magnets to prevent the neutrons from depolarizing. Two
Mezei-type[75] spin flippers were installed in front of and after the sample. The spin
flipper is made of two sets of coils, with appropriate currents, the field produced by
the horizontally wound coil cancels the stray field from the magnetic guide box, and
the vertically wound coil produces a field which can reverse the neutron spin. The
flippers enabled the measurement of all four spin-dependent scattering channels: spin
up-up, spin down-down, spin up-down and spin down-up channels. The diffracted
beam was 2 inches high, and the width was determined by the sizes of slit 1 and slit
2, which were varied during a scan. The angular resolution was determined by the
sizes and the separation between slit 1 and slit 2, as well as the distance between
slit 2 and sample. The samples used in this study were multilayers deposited on 100
mm diameter and 6.35 mm thick single crystal Si(100) circular wafers. An‘ in-plane
magnetic field of > 250 Oe provided by permanent magnets was used to align the
moments of the multilayers parallel to the field. For low temperature measurements,
the samples were field-cooled to 4.5 K using a liquid helium cryostat. Reflectivity

scans have been made in all four neutron spin-dependent cross sections in the g range
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Figure 3.5: A schematic diagram of the polarised neutron reflectometer.

of 0.004 — 0.35 A1,
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3.4 Transmission Electron Microscopy

TEM measurements were performed using a Philips CM200 FEG microscope with
accelerating voltage of 200 kV at National Center for Electron Microscopy, Lawrence-
Berkeley National Laboratory. The microscope was operated in energy-filtered imag-
ing mode using K-edge electrons, which are those electrons that lose a certain amount
of energy to jonize the atoms of the specimen by exciting K shell electrons and giving a
saw-toothed edge in energy-lose spectrum as schematically shown in Fig. 3.6. K-edge
electrons were chosen because the electrons undergoing inner-shell ionization contain
information characteristic of the atoms in the specimen. The images of the specimen
were obtained using electrons with energy-loss of “pre-edge” and “post-edge” as in-
dicated in Fig. 3.6. The background intensity coming from plural-scattering events,
which are usually associated with outer-shell interactions, was subtracted by calcu-
lating the jump ratio, which is given by (Ipost—edge + Ipre—edge)/Ipre—edge- The jump

ratio images had sharp contrast and the resolution is about 7 A.

Intensity

Pre-edge Post-edge
Window Window

Energy-Loss (eV)

Figure 3.6: A schematic diagram of the energy-loss spectrum.

Specimens for TEM were prepared by a standard method, involving cross-sectioning,
dimpling, and final thinning done with a Technoorg Linda IV3 Ar beam mill using a

liquid-nitrogen cold stage.
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Figure 3.7: A schematic diagram of the AC susceptometer: (A) cross section of the PPMS dewar
and probe (seperated by the thick solid line); and (B) cross section of the ACMS coil set.

3.5 Magnetometry Measurements

Magnetometry measurements provide important information on the magnetisation,
magnetic anisotropy, and magnetic phase transition. In this study, the DC magnetisa-
tion of the multilayers was measured using a custom-made AC Measurement System
(ACMS) unit connected to a Quantum Design Physical Property Measurement Sys-
tem (PPMS) workstation. The ACMS unit and associated ACDC-Mag software are
capable of performing both DC magnetisation and AC susceptibility measurements.
The PPMS provides the temperature control and the magnetic field control. The
apparatus is made of three main parts: PPMS dewar, PPMS probe, and AC coil set,
as shown in Fig. 3.7.

The aluminum PPMS dewar contains a super insulation layer, a liquid nitrogen
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layer and a vacuum layer to minimize the consumption of liquid He. The PPMS probe,
placed in the liquid helium bath, incorporates the elemental temperature control
hardware and the superconducting magnet. Above 4.2 K, the sample is cooled by
drawing cold He vapor from the liquid He dewar into a cooling annulus, or heated by
a heater mounted at the base of the sample chamber. The He flow rate is controlled
by an impedance assembly. Below 4.2 K, the cooling annulus is filled with a controlled
amount of liquid He. The pressure above the liquid He is reduced by opening the
flow control valve. The boiling point of He is reduced consequently. The temperature
can go down to 1.9 K. The 9 Tesla superconducting magnet is a longitudinal solenoid
composed of niobium/titanium alloy embedded in copper, which provides a high field
homogeneity (0.01 %) within the measuring region. The AC coil set contains the
drive and detection coils. The drive coil provides an AC excitation field for the
AC susceptibility measurement. The detection coils are two sets of counter-wound
copper coils connected in series. Such a configuration senses the inductive signals
from a sample and rejects interference from uniform background sources.

For the DC magnetisation measurements in this study, two methods were used to
mount the samples. For the Ag/Fe multilayers, samples were broken into small pieces
and put in a plastic bucket. The bucket was attached to a sample rod, and then
placed in the center of the detection coil. For the Pd/Fe multilayers, a 4x20 mm?
sample was inserted into a plastic straw and fixed at the end of the straw. The straw
was attached to the sample rod. The DC magnetisation was measured as a function
of magnetic field up to 5 Tesla, and the diamagnetic signals from the sample holders
and Si substrate were removed from saturation magnetisation by extrapolating the

magnetisation to zero field.

3.6 Mossbauer Spectroscopy

Mossbauer spectroscopy involves the use of «-rays to probe the nuclear transitions in
Massbauer active atoms. In a Mossbauer experiment, y-rays are provided by a source

which decays to the Mdssbauer nuclide. A velocity, called Doppler velocity (vp), is
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applied to either the source or the absorber using a drive system in order to impart
an additional Doppler energy of Ep = E,vp/c to the emitted +-ray, where E, is the
energy of the emitted y-ray, and c is the velocity of the light. By moving the source in
a precise and controlled velocity, the energy of the y-ray can be varied continuously in
a range of interest. As the vy-rays propagate through the sample (absorber), those at
energies matching the excitation energies of the Mossbauer active atoms at the ground
state in the absorber are absorbed resonantly, causing a reduction in the intensity
of transmitted y-rays, or an increase in the reemitted v-rays, x-rays, or electrons
by nuclides undergoing de-excitation in the absorber. The Mossbauer spectrum is
obtained by registering the resonant absorption of the y-rays as a function of Doppler
velocity, which corresponds to the y-ray energy. By analyzing the M&ssbauer spectra,
the hyperfine parameters can be obtained, which reveal the local environment of the

Mossbauer active atoms in the absorber.

3.6.1 Basic Concepts

The Mossbauer effect is essentially a process of emission and nuclear resonance ab-
sorption of v-rays by recoil-free nucleus of the same kind. It is associated with nuclear
transition from an excited state of energy E, to the ground state of energy E,, or vice
versa. The spectral lines, in term of the intensity as a function of the transition en-
ergy(I(E)), of emitted or absorbed v-ray do not have a single energy of E, = E, — E,.
Instead, the energy of the ~-ray has a distribution centered around E, with a width
of I'(Heisenberg natural line width). This is because the energy level of the excited
state spreads over a certain energy range of width AE( = I'), due to the finite mean
life. I(E) was found to have Lorentzian or Breit-Wigner form. Nuclear resonance
absorption occurs only if the y-emission line and the y-absorption line appear at the
same energy position or partially overlap. Between nuclei of free or loosely bound
atoms, nuclear resonance absorption does not occur due to the recoil effect. Assume
the nucleus is at rest before decay or excitation. Momentum conservation requires a
recoil to be imparted to the nucleus after a y-emission or a y-absorption. The kinetic

recoil energy of Eg ~ E2/2Mc? is involved, where M is the mass of the nucleus. In
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the emission process, the nucleus moves in the opposite direction to the direction of
the y-emission and takes up the recoil energy. The emission line is shifted to E, =
E, — Er. In the absorption process, the nucleus moves in the same direction as the
direction of the absorbed ~-ray, which requires a total energy of E, =E, + Egr to
excite the nucleus and make up the recoil effect. As a result, the emission line and
absorption line are separated by 2Eg on the energy scale, which is about 10° times
larger than the natural line width. Overlap between the transition lines and hence
nuclear resonance absorption is impossible.

In the solid state, atoms are rigidly bound to the lattice and vibrate about their
equilibrium positions, so that the behavior of the recoiling atom is different from that
of a free atom. According to the quantum theory of the harmonic crystal, the lattice
vibrational energies are quantized and can only change by integral multiples of the
phonon energy hw (w represents the characteristic frequency of a vibrational mode).
If Eg is less than the phonon energy Lw, either zero or one unit of phonon energy
may be transferred to the lattice. So there is a certain probability f that no lattice
excitation (zero-phonon transition) takes place, and the nuclear undergoes transition
without recoil. In a zero-phonon transition, the whole crystal rather than a single
atom recoils. Due to the very large mass of the crystal as compared to the mass of
a single nucleus, the recoil energy is many orders of magnitude smaller than I", and
this process is then effectively recoil-free. The ~-ray emitted by a recoil-free atom
carries the total energy of the nuclear transition, and the excitation energy needed
by a recoil-free atom equals to the energy of the nuclear transition. Hence resonant
absorption of v-ray is achieved which gives rise to the Mossbauer effect. f, called
the recoil-free fraction, can be derived using the Debye model for solids, and has the

following expression[76]:

—6Eg (1 T \? roo/T x
_ (L dx b, 3.17
f = e [kB@D {4 * (@D) /0 & — 1 XH (3:17)

which reduces to the following approximations at temperatures much lower and much
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higher than the Debye temperature,

E 3 272
f=exp [— kBGRD (5 + W@—QD)} , for T< ©Op, (3.18)
6ERT
f=exp <_ﬁkBg%> T > ©Op, (3.19)

where kg is the Boltzmann factor and Op is the Debye temperature.

Méssbauer spectrum records the spectral lines of y-rays. A 3Fe Mossbauer spec-
trum may contain a single line, or a doublet, or a sextet, or a combination of these fea-
tures, which reflects the nature and the strength of the hyperfine interactions. There
are only three kinds of hyperfine interactions to be considered in practical Mossbauer

spectroscopy: electric monopole interaction (e0), electric quadrupole interaction (e2)

and magnetic dipole interaction (m1).
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® @ £312 AE T 3
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A) B) ©
Figure 3.8: A schematic diagram of the effects of hyperfine interactions on the nuclear energy
levels of "Fe illustrating the origins of: (A) isomer shift (6); (B) quadruple splitting (A); and (C)

the magnetic dipole splitting of the ground state AE(g) and the excited state AE(e). Resultant
conversion-electron Mossbauer spectra are also presented.

In the absence of an electric field gradient and magnetic hyperfine field in the
nuclear region, the Mdossbauer spectrum is a single line associated with the electric
monopole interaction (Fig. 3.8(A)). The electric monopole interaction is the elec-
trostatic Coulomb interaction between the nuclear charge and electrons inside the
nuclear region. The nuclear energy levels are shifted by the electric monopole inter-

action energy, which is called electrostatic shift. The isomer shift ( §) arises from
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the difference in the electrostatic shift between the source and the absorber, and is

expressed by[76],

0 = 457TZ 2R2( )(|¢( )labsorber - |¢(0) zource) (320)

where JR is the difference in mean nuclear radius R, between nuclear excited and
ground state, and |¢(0)|? is the total electron density at the nucleus dependent on
the chemical environment of the Méssbauer nucleid. In 5"Fe Mdssbauer spectroscopy,
"Co diffused into metal foils, such as Rh, Cu, Pd and etc are use as sources, whose
|(0) |24 are different to each other. So the isomer shift § relative to a standard

reference material, a-Fe, is commonly reported,

4o
) = 5absorber - 5a—Fe = _Z 2R2( )(‘QS( )absorber - I¢(O)|¢21—Fe)' (321)

The isomer shift relative to a-Fe reflects the difference between the electron densities
at the nucleus of the Fe atoms in absorber and the Fe atoms in the pure a-Fe.

The interaction between the electric field gradient and the nuclear quadrupole
moment, called electric quadrupole interaction, splits the degenerate j = % level and
gives rise to a doublet in the spectrum (Fig. 3.8(B)). The j =  level is unsplit since
the ground state of 5"Fe has spherically symmetric distribution and corresponding
to zero nuclear quadrupole moment. The interaction only occurs if the surrounding
charge distribution is not in cubic symmetry, which gives rise to the electric field
gradient. The doublet in the spectrum helps to identify crystallographic sites.

The magnetic dipole interaction or the nuclear Zeeman effect, is the interaction
between a nuclear magnetic moment and the magnetic hyperfine field(Bys) at the
nucleus, so called magnetic hyperfine interaction. In the case of 5'Fe, the magnetic
dipole interaction splits the j = % level into m = :I:% and :i:% levels, and the j = %
level into m = i% levels. The nuclear transition from the j = % excited state to the j
= % ground state with selection rules ém = 0,%1 allows six transitions and gives rise
to a sextet in the spectrum (Fig. 3.8(C)). The transition probabilities are the squares
of the Clebsch-Gordan coefficients corresponding to these angular momentum states,

and hence they depend on the j and m values. The probabilities also depend on the
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angle 6 between the detected y-ray and the direction of the magnetic field producing
the Zeeman splitting of the nuclear energy levels. The line intensity ratios are given
by 3:x:1:1:x:3 where x = 4sin®6/(1 + cos? §)[77]. For an in-plane magnetized Fe,
the six lines have intensity ratios 3:4:1:1:4:3. By an appropriated least-squares fit to

the spectrum, one may obtain the related hyperfine parameters: d, the quadrupole

splitting (A), and the By;.

3.6.2 Moéssbauer Spectrometer

"Fe Mossbauer spectroscopy is a powerful method to study magnetic properties of
Fe atoms located at surfaces, interfaces and in ultra-thin films. There are mainly
two approaches to apply >"Fe Méssbauer spectroscopy to thin films, the conventional
transmission technique and conversion electron Mossbauer spectroscopy. In a con-
ventional transmission Mossbauer experiment, the unaffected transmitted ~-rays are
detected, while in a CEMS experiment, the so-called conversion electrons are detected.

A schematic diagram of a conventional transmission Mossbauer spectrometer is
shown in Fig. 3.9. For 5"Fe Mossbauer spectroscopy, 5"CoRh single line source is
used. 5"Co decays primarily to the 137 keV state of %’Fe, and this excited state
decays immediately to the 14.4 keV first excited state, emitting 123 keV ~-rays. The
decay from the first excited state to the ground state provides the 14.4 keV v-rays
for the Mdssbauer effect measurements.

The source is moved by an electromagnetic velocity transducer, which consists of
the drive and pickup coils moving in a homogeneous magnetic field. The driving unit
feeds the transducer with a voltage, whose waveform is given by a digital function
generator (DFG)’s reference signal. A triangular waveform was used in this study
corresponding to constant acceleration mode. The amplified voltage difference be-
tween the reference signal and the induced pickup signal is applied to the drive coil.
This negative feedback system minimises the deviations of the actual velocity from
the reference waveform.

The detector used in transmission Mossbauer experiment is a proportional counter

containing a Ar+10% CH,4 gas mixture. The magnitude of the pulses from the detec-
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Figure 3.9: A schematic diagram of the Mdssbauer spectrometer.

tor is proportional to the y-ray energy. After amplification, the pulses are sorted by
a single channel analyzer, which allows the selection of the y-ray of interest from any
other radiation emitted from the source. The detected counts are fed to a multichan-
nel analyzer (MCA) installed in a computer which stores an accumulated counts in
each of 512 registers known as channels. The MCA is synchronized with the trans-
ducer so that each channel corresponds to a particular velocity. Synchronization is
accomplished as follows. The MCA is started by a ‘START’ impulse from DFG,
which coincides with the beginning of the waveform. The DFG also generate ‘CHA’
pulses with period which equals to the period of the waveform divided by the number
of the channels in the MCA. The channels are advanced by the ‘CHA’ pulses, and
the counts obtained in the dwell time of the pulses are accumulated in the opened
channel.

Conversion-electron Mossbauer spectroscopy (CEMS) works in the back scattering
geometry in which conversion electrons are detected. The CEMS is based on the fact
that an excited nucleus may de-excite by internal conversion (91 % probability) other

than ~-ray emission (9% probability). In an internal conversion, the excited nucleus
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transfers its excess energy to one of the inner electrons with appreciable density at
the nucleus. As a result, the electron, called a conversion-electron, is ejected from
its orbit. Most of the internal conversion results in the ejection of a K-electron of
7.3 keV energy. The resulting excited atom with a K-shell hole further de-excites by
emission of a 6.4 keV x-ray or a L-electron of 5.4 keV, which is called Auger electron.

The set-up of CEMS is the same as convention transmission Mdssbauer spectrome-
ter, except for the detector and the way the sample is mounted. A schematic diagram
of the CEMS detector used in this study is shown in Fig. 3.10. The sample is mounted
inside the detector and grounded, forming the cathode. A fine gold coated tungsten
wire (25 pm diameter) biased to 500 — 1000 Volts forms the anode.

Pre Amp |----0oomtoeoes w

Gas outlet

Gas inlet -

Sample-

Gas Chamber-
of the detector

(A) B) ©

Figure 3.10: A schematic diagram of the conversion-electron detector: (A) cross sectional side view;
cross sectional top views of the two detachable parts of the detector: (B) the gas chamber with the
anode; (C) the cover with the sample.

A typical CEMS detector is a He+10%CH, gas-flow proportional counter operating
between 90 — 290 K. A gas-filled He counter was used down to 50 K. Helium gas is
used to minimize the sensitivity to 7-rays. The detector is constantly flushed with
the counting gas with a flow rate of ~30 cm?®/min, to remove contamination from
the atmosphere. The amplification of the signal from originally emitted electrons is
achieved through the ionisation processes of He gas by the electrons emitted from

the sample (primary ionisation process) as well as in the avalanches where secondary
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electrons are multiplied (secondary ionisation process). To prevent He ions from
emitting additional electrons by colliding with cathode materials, CH, is added as
a quench gas. Charges of He ions are transfered to CH4 molecules by collisions.
CH, ions are usually decomposed instead of emitting the additional electrons when
colliding with the cathode.

The advantage of the CEMS over conventional transmission Mdssbauer on the
study of thin film containing Fe is that the CEMS detector has high sensitivity to
3"Fe. The standard transmission technique requires a minimum 100 — 200 A thick
5Fe, corresponding to 0.5 ~ 1 um of natural iron, while a CEMS detector has a
detection limit of 1/10 to 1/100 of a monolayer of 5"Fe. As a result, CEMS is a
powerful tool to probe thin films made of natural Fe, which has only 2% abundance
of 5Fe.

In this study, the CEMS was applied to the multilayers in temperature range of 50
— 290 K. The temperature control was accomplished by a nitrogen flow cryo-stat in

tempareture range of 90 — 290 K, and below 90 K by a closed cycle He refrigerator.
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Structural and Magnetic Properties of Ag/Fe Multilayers

In this chapter, the structural and magnetic studies of Ag/Fe multilayers using x-
ray diffraction, TEM, CEMS, and magnetometry measurements are presented. The
purpose of small-angle x-ray and TEM studies is to prove that the bilayer thicknesses
obtained from these two techniques are consistent, so that used correctly, small-
angle x-ray reflectivity can provide a fast and accurate determination of the layer
thicknesses in a multilayer. The crystalline orientation was examined using high-
angle x-ray measurements, and the profiles were fitted using a kinematic diffraction
formalism. CEMS and magnetometry studies confirmed that the variation of the

hyperfine field does indeed follow the temperature dependence of the Fe moment.

4.1 Structural Characterization

4.1.1 X-ray Reflectivity

For multilayers Si(100)[Ag 30 A/Fe t]s/Ag 100 A with nominal thicknesses of ty, =
5, 10, 15 and 20 A, the reflected x-ray intensity is plotted on a semi-log scale as a
function of 26 and shown in Fig. 4.1, where 6 is the angle of incidence. The size of
the vertical lines represents the error in the intensity measurements. As mentioned
in section 3.2.1, the reflectivity depends on the refractive index, hence the electron
density. The refractive index of a crystal for x-ray wavelengths is slightly less than
unity. As a result, below a critical angle 6., total reflection occurs at the crystal
surface. 6 is related to the electron density of the surface layer. The Ag top layer

gives 6, ~ 0.4° as indicated by the dashed line at 26 = 0.8° in Fig. 4.1. Below 26,

47
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the reflectivity is unity and the reflected intensity should be a constant and equal to
the incident intensity of the x-ray beam. However, a small slope is observed instead
of a horizontal line. This is because when the x-ray is incident at a glancing angle, the
sample projection in the x-ray beam, which is smaller than the width of the beam,
increases as the sample rotates to higher #. The size of the beam incident on the
sample, which is completely reflected, increases with § until the sample projection
starts to exceed the x-ray beam size. This effect is taken into account in the model
calculation.

Beyond 6., x-rays penetrate into the film and are reflected at each interface. The
superposition of all the reflected amplitudes gives rise to the interference pattern. The
small period intensity oscillations result from the interference between the reflected
beams from the two interfaces, one between the sample’s top surface and air, the other
between the sample’s bottom surface and substrate. The constructive interference
between the x-ray beams reflected from the surfaces of each bilayer gives rise to the
strong superlattice peaks, whose 8 position is determined by the critical angle , and

bilayer thickness A. To a good approximation[78],
0* = 62 + 63, (4.1)
and the Bragg angle 0y is determined from,
2Asinfg = nA, (n=1,2,..) (4.2)

where A is the wave-length of the x-ray. The intensity of the superlattice peaks is
determined by the contrast in the electron density of the two layers, and by the
interfacial roughness. The contrast in the electron densities of Ag (2.7732 e~!/A3)
and Fe (2.1164 e~'/A3)! is large, giving rise to a strong first order superlattice peak.
The interfacial roughness reduces the intensity of the higher order superlattice peaks.
In Fig. 4.1, the superlattice peaks can be seen up to 2"¢ order without apparent
broadening, suggesting well-defined compositional modulation along the film growth

direction.

The electron densities are obtained from “http : //www — cxro.lbl.gov/optical_constants”.
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Figure 4.1: X-ray reflectivity of multilayers [Ag 30 A/Fe t ]o5/Ag 100 A, with t = 5, 10, 15 and 20
A. The dashed lines are the experimental data and the red lines are the fits to the data using the
method described in Appendix A.1.
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Quantitative analysis was carried out by calculating the x-ray reflectivity using
the formalism[70] shown in Appendix A.1, and fitting the calculated reflectivity to
the experimental data. The main structural parameters, the layer thickness (t) and

root-mean-square roughness (o) of the interface, are listed in Table 4.1.

Table 4.1: The parameters obtained from x-ray reflectivity analysis of multilayers [Ag 30
A/Fe t]25 /AglOOA, with nominal t = 5, 10, 15 and 20 A. tp. and tag are the layer thicknesses
of Fe and Ag respectively. A is the bilayer thickness. And OAg/Fe is the roughness at the interface
with Ag layer on top of Fe, and op, /Ag 18 the roughness at the interface with Fe layer on top of Ag.

Nominal tre | tre (A)  tag (&) A (A) Oag/re (A)  Ome/ag (A)
5) 4 £1 29 £1 33.0 1 8.0+04 14 £2
10 9.7 £0.8 29.8 £0.8 40 *+1 7.4 £0.1 15 +3
15 13 +£2 31 2 44 43 17 £2 8.9 0.2
20 18 +£2 33 2 51 £3 18 £1 11.4 4+0.2

o is a measure of the degree of roughness at a non-ideal interface. There are two
types of roughness: inter-diffusion, and geometric roughness. For a purely diffuse
interface, the electron density varies smoothly along the film growth direction x, and
can be described by an electron profile function pyP(x), where py is the electron
density of the bulk material, and P(x) is the interface profile function with values
between 0 and 1. For an interface with purely geometric roughness, although abrupt
transitions from one electron density to another occur at different positions of x, the
interface can still be represented by a simple analytical function P(x). The reason
is that the measured x-ray reflectivity samples the average variation of the electron
density across the interface over the area of the x-ray beam. For a purely diffuse
interface, the derivative of P(x) is the composition gradient. While for an interface
with pure geometric roughness, the derivative of P(x) is the probability distribution
of the height deviations from the average interface[79]. Abdouche[80] has modeled the
x-ray reflectivity from a 500 A Ni film deposited on Si/SiOs by magnetron sputtering
and fitted the calculation to the experimental reflectivity profile. Among four types

of profiles P(x): linear, error function, hyperbolic-tangent and arc-tangent, the error
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function worked best in the fitting for describing the interface structure. P(x) for an
interface described by an error function and a mean interface with vacuum at origin,

is given by[79]

Plx) = 217r0 /_xooe—;—idu - %[1+erf( \/’%U)} (4.3)

The derivative of Eqn. (4.3) is a Gaussian. In order to show how the electron
density profile changes with o, effective electron density profiles for a 100 A Fe layer
sandwiched by Ag layers with ¢ = 0 ~ 100 A are given in Fig. 4.2. For an ideally
flat and abrupt interface (0 = 0), the electron density profile is a step function. The
effect of a small ¢ is to smooth out the transition at the interface. As ¢ increases to
half of the layer thickness, the interface extends into the center of the layers, and the

difference between the effective electron densities in Fe and Ag layers is reduced.
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Figure 4.2: The effective electron density profiles of a 100 A Fe layer sandwiched by Ag layers with
different interface roughness, ¢ = 5, 25, 50, and 100 A, are used to show the intnerface structure
described by an error function. The effective electron densities of bulk Fe and Ag are 2.1164 ¢~/ A3
and 2.7732 e~ /A3 respectively.
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Since the formalism{70] used in the fitting of small-angle x-ray profiles assumes the
interface profile function at interfaces is an error function, the electron density profiles
of multilayers [Ag 30 A/Fe t]o5/Ag 100A were generated using error functions (Eqn.
(4.3)) and the parameters obtained from the fits to the x-ray reflectivity (Table 4.1).
Since all the bilayers in each multilayer are identical, Fig. 4.3 displays the electron
density profiles of multilayers with a period of N = 10. As can be seen, the effect
of the roughness, which is comparable, and in some cases even larger than the Fe
thickness, is to reduce the effective electron densities in the Ag layers from the bulk
Ag value of 2.7732 e~/ A3, while enhancing the effective electron densities in the Fe
layers from the bulk Fe value of 2.1164 e~/ A3, implying the Fe profile extends to the
Ag layer, and the Ag profile extends to the Fe layer.

4.1.2 X-ray Diffraction

High-angle x-ray diffraction measurements provide information about the atomic or-
dering or crystallographic structure along the sample growth direction. The x-ray
diffraction intensity as a function of twice the incident angle is shown in Fig. 4.4 for
multilayers [Ag 30 A/Fe t]y;/Ag 100A with t = 5, 10, 15 and 20 A.

At room temperature, equilibrium bulk Fe has a body-centered-cubic (bce) struc-
ture with lattice constant a = 2.8655 A and Ag has a face-centered-cubic (fcc) struc-
ture with lattice constant a = 4.0863 A. The Bragg peaks for bulk Fe and Ag are
indexed as shown in Fig. 4.4. The high intensity peaks with sharp features in the
20 = 50° — 75° range are Bragg peaks originating from the Si substrate. The Bragg
peaks with 20 positions at 38.15° and 81.64°, corresponding to Ag(111) and Ag(222)
diffraction peaks, are from the multilayers. It suggests a predominant texture with
Ag(111) orientated along the film growth direction. Since Fe typically grows along an
axis perpendicular to its densest packed layer[81], then Fe(110) is expected to stack
on Ag(111). As the Ag layers are thicker than the Fe layers, and the square of the
atomic scattering factor of Ag is about 5 times that of Fe, the Fe(110) diffraction peak
at 20 = 44.6° is relatively weak. The satellite peaks around the main peak indicate a

well-defined periodic structure.
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Figure 4.3: The effective electron density profiles (solid lines), generated using the parameters
obtained from fitting to the small-angle x-ray reflectivity (Table 4.1) and using the error function
to describe the interface structure, for multilayers [Ag 30 A/Fe t];0/Ag 100A with a) t =5 A, b) t
=10 A, c)t =15 A, and d) t = 20 A. The dotted lines indicate the mean position of the Si/SiO
interface, SiO2/multilayer interface, and multilayer /air interface.
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The x-ray diffraction profiles around the Ag(111) diffraction peak were fitted using
a kinematic diffraction formalism[71] (see section 3.2.1), as shown in Fig. 4.5. The
d-spacing of Ag obtained from these fits agrees with the d-spacing of bulk Ag(111)
planes (2.3592 A). For samples with tm, = 10, 15, and 20 A, the d-spacing of Fe
agrees with the interplanar spacing of (110) planes (2.0269 A) of bulk bce Fe. While
for samples with t = 5 A, the d-spacing is expanded by 943 %, suggesting lattice
distortion along the epitaxy. The width of the fluctuations in the interface distance
and interplanar spacing are found to be very small (< 0.2 A), indicating that the
interface, Ag and Fe layers have a high crystalline order. It can be concluded that
the Fe layers have preferential Fe(110) orientation perpendicular to the film plane,
and the d-spacing is expanded for the sample with the thinnest Fe layers.

The Fe and Ag layer thicknesses and the bilayer thicknesses calculated using the
number of atomic layers, d-spacing and interface distance from fits to the high-angle
x-ray diffraction profiles, are listed in Table 4.2. The values of bilayer thicknesses are
in good agreement with those obtained from fits to the small-angle x-ray reflectivity

data except for the sample with the thinnest Fe layers as discussed above.

Table 4.2: The parameters obtained from the analysis of high-angle x-ray diffraction data of multi-
layers [Ag 30 A/Fe t]o5/Ag 100A with t = 5, 10, 15 and 20 A. tg, and t Ag are the layer thickness of
Fe and Ag in units of A and atomic layers respectively, and A is the bilayer thickness.

Nominal tge | tre / Atomic Layers ta, / Atomic Layers A (A)
5A 6.5+ 02A (3AL) 283+ 05A (12AL) 348 +£0.7A
10 A 103+ 0.8A (5AL) 31+1A (13 AL) 41+ 2A
15 A 1434+ 06 A (TAL) 307+ 08A (13AL) 45+1A
20 A 17+ 2 A (8AL) 31+ 2 A (13 AL) 48 +4 A

4.1.3 Transmission Electron Microscopy

TEM provides a direct observation of the microstructure of the multilayers. The

Fe (Ag) jump ratio images, obtained using K-edge electrons of Fe (Ag), have been
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Figure 4.5: The high-angle x-ray diffraction profiles of multilayers [Ag 30 A /Fe t]as/Ag 100A with t
= 5, 10, 15 and 20 A. The vertical lines are experimental data, and the solid lines are calculations.
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obtained for the [Ag 30 A/Fe t]ys/Ag 100A multilayers and illustrated in Fig. 4.6
and Fig. 4.7. In each Fe jump ratio image, the bright layers of the same thickness
correspond to Fe and the dark layers to Ag, while in the Ag jump ratio images, bright
layers are Ag and the dark ones Fe. 25 bilayers are visible for samples with tp, = 10
and 15 A, while part of the sample with tg, = 20 A is missing due to the damage during
cross-section sample preparation. The image of the sample with tp, = 5 A is blurry
since 5 A is close to the limit of the TEM resolution. The Fe layers in samples with Fe
thickness of more than 5 A are clearly continuous, while the condition of the Fe layers
with thinnest Fe thickness of 5 A can not be determined due to the image quality.
The waviness of the Fe layers close to the substrate (left side) is relatively moderate,
while the waviness increases as the Fe layers approaching the surface, demonstrating
the effect of cumulative roughness in the multilayers. The thick and bright layer of
about 35 A is the natural SiO, layer on top of the Si substrate. Including this SiO,
layer in the reflectivity calculation does not make a noticeable difference for x-rays,
since the electronic density of SiO of 0.6713 e~1/A? is very close to that of Si (0.7142
e™1/A3), but will be important for the fittings of the neutron reflectivity of Pd/Fe
multilayers as mentioned in section 5.4.

Quantitative analysis of the layer thickness was carried out using the intensity
profiles of the selected areas marked in Fig. 4.6 and Fig. 4.7. The intensity profiles
are shown in Fig. 4.8 and Fig. 4.9. For the intensity profiles of Fe jump ratio images,
full width at half maximum (FWHM) was first determined for each selected peak,
and the average value of the FWHM was taken as the average Fe thickness. The
bilayer thickness was determined by dividing the distance between the peaks at the
two ends of the selected area by (N—1), N being the number of peaks in the selected
area. The intensity profiles of Ag jump ratio images were analyzed in a similar way
to obtain the Ag thickness and bilayer thickness, except for the sample with 5 A Fe
layers due to poor image quality.

The parameters of the thicknesses from analysis of the intensity profiles as de-

scribed above are listed in Table 4.3. The bilayer thicknesses A obtained from analysis



4: Structural and Magnetic Properties of Ag/Fe Multilayers 58

15 A 20 A

Figure 4.6: The Fe jump ratio images of [Ag 30 A/Fe t]s5/Ag 100A with t = 5, 10, 15 and 20 A.
The selected rectangular regions, enclosed by dashed lines, are used to generate the intensity profiles
shown in Fig. 4.8.
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15 A 20 A

Figure 4.7: The Ag jump ratio images of [Ag 30 A/Fe t];5/Ag 100A with t = 5, 10, 15 and 20 A.
The selected rectangular regions, enclosed by dashed lines, are used to generate the intensity profiles
shown in Fig. 4.9.
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Figure 4.9: The intensity profiles, taken from the selected area in the Ag jump ratio images of [Ag
30 A/Fe t]as/Ag 100 A with t = 5, 10, 15 and 20 A.
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of Fe and Ag jump ratio images agree within error. The sums of Fe thickness and
Ag thickness obtained from Fe and Ag jump ratio images respectively are in good
agreement with the values of A for the samples with nominal tg, = 10, 15 and 20
A. However, it should be noted that taking the FWHM of an intensity profile of a
particular element as layer thickness is not very precise and may not provide accurate
values. This is because the value of FWHM of a peak in an intensity profile depends
on the sharpness of the peak and the background of the peak, both of which are de-
pendent on the quality of the image. Choosing the background, which varies from one
peak to another, is also subjective. However, the bilayer thickness can be accurately
determined from the intensity profiles, since it is easy to identify the position of the

peaks, specially when averaging over about 10 periods to reduce the error.

Table 4.3: The parameters obtained from TEM analysis of multilayers [Ag 30 A/Fe t]o5/Ag 100A
with t = 5, 10, 15 and 20 A using the intensity profile of Fe jump ratio images (Fe JRI) and Ag
Jump ratio images (Ag JRI). tre, ta; and A are the Fe, Ag and bilayer thicknesses.

Nominal tr, | tre (A) | tag (A) A (A) tre + tag
(A) Fe JRI | AgJRI | FeJRI | AgJRI (A)
5 10.2 £0.5 - 31.8 0.5 - -
10 12.6 £0.5 | 26 +1 |38.6 +0.5|38.6+05| 39+ 1
15 17.6 £0.6 | 24.0 £0.5 | 41.7 £0.5 | 41.9 0.5 | 41.6 + 0.8
20 21 £1 | 26.5 +0.5 | 47.8 +0.5 [ 482 0.5 | 48 + 1

The values of tge, taog and A, which were obtained from the analysis of small x-ray
reflectivity, high-angle x-ray diffraction and TEM data, are plotted for comparison in
Fig. 4.10. Since for the sample with nominal 5 A of Fe, the Ag thickness can not be
determined from Ag jump ratio image due to the poor image quality, the Ag thickness
is obtained from Fe jump ratio image by subtracting the Fe thickness from the bilayer
thickness. The values of tg., tag and A obtained from fitting to the x-ray reflectivity
and diffraction data agree with each other except for the sample with nominal 5 A of

Fe. The tp, and ta, obtained from analysis of TEM data do not agree with the values
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obtained from the x-ray diffraction: the values of tg, obtained from TEM are larger
than those obtained from x-ray diffraction, and the opposite is true for t Ag- However,
the bilayer thicknesses obtained from all these three techniques agree within error.
Since it is difficult to determine accurately the individal layer thicknesses from TEM
images, in the following chapter, the Fe and Pd thicknesses were determined from the

fitting to x-ray reflectivity data and used to calculate the magnetic moments.
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Figure 4.10: The comparison of the Ag (tag), Fe (tpe) and bilayer (A) thicknesses obtained from
analysis of the small-angle x-ray reflectivity (blue O), high-angle x-ray diffraction (green A) and
TEM data (red O) of multilayers [Ag 30 A/Fe t]5/Ag 100A with t = 5, 10, 15 and 20 A.



4: Structural and Magnetic Properties of Ag/Fe Multilayers 64

4.2 Magnetic Properties

4.2.1 Conversion Electron Méssbauer Spectroscopy

5"Fe Méssbauer spectroscopy provides information on the magnetism of Fe, including
the hyperfine field and its temperature dependence, the orientation of the magnetic
moment, and the magnetic ordering. Mossbauer spectroscopy is site selective. An ex-
perimentally obtained Méssbauer spectrum is a superposition of the subspectra from
all the 57Fe sites in a specimen. If the components in a spectrum can be resolved,
then the hyperfine parameters for the Fe sites can be determined by fitting the sub-
spectra. Detailed studies have been carried out using one or two atomic layers of "Fe
as a probe[82, 83, 84, 85, 86]. The probe layers were grown at different depths in
the Fe layer away from the interface or surface. The hyperfine parameters were thus
sampled only for Fe sites where the probe was placed. Depth-dependent information
about the magnetic properties of Fe has been obtained with a monolayer resolution.
However, if too many Fe sites are present, their corresponding components in the
spectra overlap and can not be resolved. Usually, these spectra are tentatively fitted
with two components associated with Fe sites at the interface and in the interior of
the Fe layers.

In this study, the [Ag 25 A/Fe 10 A]ys/Ag 25 A multilayer was investigated using
5TFe low-temperature conversion electron Mdssbauer spectroscopy (CEMS) between
50 K and 295 K. Three spectra are shown in Fig. 4.11. The spectra are dominated by
a magnetic Zeeman sextet at all temperatures, with a central doublet present when T
> 130 K. Careful inspection of the spectra shows that the line shape is asymmetric.
For example, in the 130 K and 296 K spectra, line 5 is sharper and stronger than line
2, and there are more data points on the inner side of the lines than those on the
outer side. These features imply the presence of more than one sextet with different
0 and Bpy, which, when superimposed give rise to the asymmetry in the line shape.

The CEMS spectra were fitted using a non-linear least-squares routine with two
sextets at all temperatures and with one additional doublet when resolvable. The

sextets can be assigned to Fe sites according to their isomer shift §. The isomer shift
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Emission (%)

Velocity (mm/s)

Figure 4.11: Conversion Electron Méssbauer spectra of the [Ag 25 A/Fe 10 A]ys/Ag 25 A multilayer
at 90 K, 130 K and 296 K. Black vertical lines are experimental data, colour lines are from fits by
assuming two sextets (see the text): Sy, (blue lines) and S; (green lines) and one doublet (purple
lines) for spectra measured at temperature > 130 K, and two sextets for spectra measured below
130 K. The red lines are the overal fits.
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relative to a-Fe reflects the difference between the electron density at the Fe nucleus
in the sample and that of Fe in bulk a-Fe state, and this difference depends on the
environment of Fe in the sample. Since both sextets from our fits have non-vanishing
d, the corresponding Fe sites are all interface-like. One of the sextets with larger § is
attributed to Fe sites with more Ag neighbors (S,,), while the other with smaller &
is attributed to Fe sites with less Ag neighbors (S;). The hyperfine fields of the two
sextets, shown by empty blue circles and filled green circles in Fig. 4.12 for S, and
Sy, follow a linear temperature dependence. The hyperfine field of Sy, is slightly more
temperature dependent than that of S;. Assuming Bj; measures the temperature
dependence of the magnetisation, (as justified in the following section), then S, is
magnetically softer than S;. The partial contributions to the spectral area of S,, and
Sp at T < 90 K are 40% and 60% respectively, while above 130 K, the doublet grows
at the expense of Sy,, being 23 + 1 % in the room temperature spectrum. The area
weighted hyperfine field, Bny = (BiF As,, + BitAs,)/(As,, + Asg,), where Ag, and
Ag, are the percentage contributions to the spectral area for S,, and S; respectively,
is also shown in Fig. 4.12 by red triangles.

The angle, 6, between the incident v ray and the Fe moment, is related to the
relative intensity ratio of the six lines, 3:x:1:1:x:3, where x = 4sin® /(1 + cos? )[77].
A ratio of 3:4:1:1:4:3 indicates an in-plane magnetisation.

The doublet component has an isomer shift (~0.3 mm/s) and quadrupole splitting
(QS) (~1.0 mm/s). The relative area of the doublet decreases as the sample is cooled,
and the doublet vanishes as the temperature reaches 90 K, suggesting the ordering
temperature is between 90 — 130 K. Paramagnetic doublets with an ordering tempera-
ture below 77 K have also been observed in MBE-grown Fe(100)/Ag(100) systems[82],
but their QS were usually smaller than 0.42 mm/s, except for a [Fe;gar/Ag1saLlss
superlattice studied by Volkening[87], which gave a doublet with QS of 0.77 mm/s
and § of 0.39 mm/s. Depth profiling experiments using a monolayer of 5"Fe as a
probe have shown that the subspectrum with an isomer shift of 0.38 mm/s and QS

of 0.41 mm/s is associated with Fe atoms with zero or one nearest Ag neighbors[86].
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Figure 4.12: The hyperfine fields of [Ag 25 A/Fe 10 A]5/Ag 25 A obtained from fits using two
sextets assumed for two Fe sites (see the text), Sy, (blue O) and S; (green ®). The area-weighted
hyperfine fields, Byy, (red A) also have a linear temperature dependence. The lines are the fits
assuming linear temperature dependence.

The doublet could also be attributed to a tetragonal distortion of the Fe(100) atomic
planes on top of Ag(100) due to the out-of-plane mismatch([88, 89, 83].

The last problem is to relate the hyperfine field to the local moment. The hyperfine
field is a magnetic field at the site of the nucleus produced by the electron spin. The
largest contribution to By is the Fermi contact term[90], which is non-zero only for s
electrons. This term reflects the spin density at the nucleus, and can be separated into
core (Bep) and conduction-electron (Bg) contributions. The core s electrons, which
are exchange polarized by the d electrons, give rise to a large and negative field, Bep,
at the nuclei. The negative sign indicates that the net s-electron spin is antiparallel
to the moment of the atom. In bulk ferromagnetic metals, B, is the predominant
contribution to By, and is approximately proportional to the moment. The hyperfine
field has been empirically used to obtain the magnetic moment for bulk materials

assuming a simple linearity between the hyperfine field and moment. However, the

linearity between the hyperfine field and moment of bulk material has been questioned
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for a surface or interface. According to calculations for Fe at a clean surface[6], and
interfaces of Fe/Ag(001)[17] and Fe/W(110)[18], B, scales approximately with the
moment with a scaling factor of —13 to —14 T per unpaired spin, regardless of the
local environment. However, the conduction (valence) electrons contribution, Bee,
which does not scale with the moment, can be either negative or positive, depending
on which kind of polarization dominates. B is negative if the conduction s electrons
are indirectly polarized by d electrons through covalent mixing between the s- and
d-bands[91], while B is positive if the conduction s electrons are directly coupled to
the d electrons. For example, the calculated B, of Fe buried inside a Fe slab and at
Ag/Fe interface is small and negative, while in a monolayer[17], at a clean surface of
Fe(100)[6, 17], in Fe/W(110) and Ag-covered Fe/W(110)[18] systems, the calculated
Bee is large and positive (13 — 32 T). For those systems with an enhanced Fe moment,
the Fermi contact term could be reduced in comparison with the bulk Fe value, since
the positive B, exceeds the enhanced negative Bep (due to the enhanced moment).
Moreover, the importance of the contribution to Bjs from the dipolar field (Bg;,) at
the surface or interface is not clear. The Bg;, has three terms, the demagnetizing field
(Ba), the Lorentz field (Br,) and the dipole sum within the Lorentz sphere (By). Inside
a ferromagnetic sample, By = —ugNyM, where Ny is the demagnetizing coefficient,
and M is the magnetisation. The demagnetizing coefficient can be calculated exactly
only for samples with a few special geometries, such as an ellipsoid, from which the
Ny of special cases, a sphere and an infinite thin slab, can also be obtained. Inside
a thin film, Ny = 0 and 1 for in-plane and perpendicular magnetisation respectively.
The Lorentz field By, = %/J,OM, and By = 0 for a cubic material. So inside a Fe
thin film with bulk moment, the dipole field is 0.7 T and —1.4 T for in-plane and
perpendicular magnetisation, respectively. At the surface or interface, however, By, is
not defined, By does not vanish and depends on the orientation and the structure of
the interface and on the direction of the magnetization. Christensen et al.[92] have
calculated the Bgip’s of Fe(100) thin films by performing the lattice summation of
the demagnetizing field and the Lorentz field. They found that for a thin film with
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in-plane magnetisation, the By, of surface atoms was slightly reduced by 0.17 T from
the Baip of the atoms inside the film (0.7 T). If the magnetization was perpendicular
to the film plane, the By, of surface atoms was enhanced by 0.34 T from the value
inside the film (—1.4 T). So the difference between the surface Buaip and the bulk Bgip
values is not significant compared to the total hyperfine field (e.g., the hyperfine field
of bulk Fe is 34 T at 0 K). However, the effect of surface roughness, which is expected
to increase the local demagnetizing fields[93], was not evaluated.

As mentioned above, from the theoretical side, Bhry might not scale with the
moment the same way as in the bulk, since the conduction electron contribution
Be[6, 17, 18] and the dipolar field By;p[93], are both strongly dependent on the local
environment and might become prominent. On the experimental side, owing to the
difficulties in determining the number of atoms in an ultra-thin film, the interface mo-
ment determined using direct magnetization measurements may not be accurate. The
relationship between the experimentally determined hyperfine field and the magnetic
moment at the surface is not established.

In our study, the ground state value of the area weighted B, obtained by extrap-
olating By to zero temperature assuming a linear temperature dependence, is 36.1
+ 0.3 T. If we tentatively assume that Bjy scales with the moment in the same way
as in the bulk, the interface-like Fe moment is 2.36 & 0.02 ug, which is enhanced by
6% compared to the bulk Fe value of 2.22 ug. On the other hand, studies[19, 20]
have shown that for MBE-grown ultrathin Fe, the temperature dependence of the
hyperfine field (Bys(T)/Bns(0)) is the same as that of spontaneous magnetisation
(Ms(T)/M;(0)), where Mg is the saturation magnetisation. In the following section,
we will prove this for the sputter-deposited Ag/Fe multilayers.

4.3 Magnetometry

M; of Sio was measured in the temperature range of 5 — 290 K. M(T)/Ms(0) and
Bhs(T)/Bps(0) are shown in Fig. 4.13. In the same temperature range, the Mg(T)/M(0)
and B ¢(T)/Bps(0) are superimposed on each other. It demonstrates that, for sputter-
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deposited ultrathin Fe layers sandwiched by Ag layers, the effective hyperfine field
follows the same temperature dependence as the saturation magnetization, although
sputter-deposited samples have larger interfacial roughness and possibly associated

larger B, and By, relative to those of MBE-deposited thin films.

100 " T

T
N e Magnetometry

96 Im » b ]
g A---- CEMS

ot N
L.u"\_
88 | 4
N,
84 | B |

80 - N

M(T)/M(0) and B, (T)/B,(0) (%)

76 : ‘ - '
0 100 200 300

Temperature (K)

Figure 4.13: The temperature dependences of saturation magnetization (red O) and hyperfine field
(blue A) in the same temperature range of 50 — 295 K are compared. The ground state saturation
magnetization and hyperfine field were obtained by extrapolating the data between 50 — 295 K to
0 K, which were used to normalize the magnetization and hyperfine field data. Assuming linear
temperature dependence, the red dotted line and blue dashed line are the fits to the magnetization
and hyperfine field data, respectively, which superimpose on each other.

The linear temperature dependence of the saturation magnetization, reflected
by Bxs(T), is often associated with two-dimensional magnetic behavior, where the
spin-wave excitations normal to the film are suppressed over an appreciable low-
temperature regime[94]. In a Mossbauer study of Fe(110)/Ag(111) multilayers, J.
C. Walker and et al. have shown that linear B,¢(T) could either be a quasi-two-
dimensional (2D) magnetic effect[95, 96], or a consequence of superparamagnetic re-

laxation of island structures[97]. These two behaviors can be distinguished in principle

by comparative Mossbauer measurements with and without a small applied magnetic
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field[95]. Upon applying the field, if By;(T)/Bps(0) of a multilayer is not changed,
the linear Bys(T) is due to a genuine quasi-two-dimensional behavior. But if the
slope of B,¢(T)/Bhs(0) is reduced by the application of field, then the linear By¢(T)
is due to magnetic relaxation. Further CEMS measurement with applied field is re-
quired to clarify whether linear B, ¢(T) found in our Ag/Fe multilayer is the result of
quasi-two-dimensionality or superparamagnetic relaxation behavior.

In this chapter, upon performing x-ray diffraction, CEMS and magnetometry stud-
ies of the relatively simple and clean system of Ag/Fe multilayers, we have confirmed
that the analysis of small-angle x-ray reflectivity data provides fast and accurate
determination of the bilayer thickness. We have also demonstrated that for the Fe
layers in our sputtering deposited multilayers, the temperature dependence of the hy-
perfine field reflects the variation of saturation magnetisation of Fe with temperature.
These two important and powerful experimental techniques were then applied to the

more complicated system, Pd/Fe multilayers, to reveal its intriguing structural and

magnetic properties.



5

Palladium Polarisation In Pd/Fe Multilayers

In this chapter, we present the results of structural and magnetic studies of Pd/Fe
multilayers, and present for the first time a consistent and complete picture of the
polarisation of the Pd layer in the Pd/Fe multilayer system. First, the multilay-
ers were characterized using small and high angle x-ray diffraction measurements,
from which the layer thicknesses and crystalline structure were obtained. Then the
magnetic properties were investigated by combining CEMS, magnetometry and PNR
measurements. The interfacial Fe thickness and the temperature dependence of the
Fe moment were determined from the CEMS studies. Magnetometry measurements
provided the ground state expectation value and the temperature dependence of the
total moment. Removing the Fe contribution from the total moment, the Pd polarisa-
tion as a function of temperature was obtained. Finally, the value of the Pd moment,
the extent of the Pd polarisation, and the value of the interfacial Fe moment were

extracted from the analysis of PNR measurements at room temperature and 4.5 K.

5.1 Structural Characterization

5.1.1 Low Angle X-ray Reflectometry Results

In the study of the magnetism of an ultrathin film, structural characterization is of
great importance. In addition to the preliminary requirement of ensuring a well-
defined layered structure, a detailed understanding of the structural properties is
essential for tailoring the magnetic properties. In the Pd/Fe study, the major concern

is the Fe and Pd moment, so that knowing the number of atoms in the sample is

72
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essential for the determination of the moments. The number of atoms can only be
calculated with the knowledge of crystalline orientation and the layer thickness. In
addition, an interesting “wasp-waisted” feature associated with interfacial roughness
was observed for the hysteresis loops (section 5.3.3). A model including the cumulative
roughness effect was developed and shown to give a better description of the data than

a simple model using constant roughness.

The dependence of the roughness on bilayer period

It is well known that the interfacial roughness may increase cumulatively with the
bilayer period (N)[98, 99, 100]. In the process of deposition, if the adatoms do not
have sufficient lateral mobility, the rate at which the surface is smoothed out is lower
than the rate at which atoms are deposited, so that the roughness of the surface will
increase as more material is deposited[98]. The substrate roughness will propagate
into multilayer interfaces, and the interface roughness increases with N. As will be
shown in the following sections, the coercive field is sensitive to N even at very small
N. In order to study the cumulative effect of interfacial roughness and to find the
correlation between the roughness and the magnetic properties of sputtered Pd/Fe,
multilayers [Pd 50A/Fe 20A]y with N = 5, 10, 15 and 20 were characterized using
small angle x-ray reflectivity measurements. Fig. 5.1 shows the reflectivity profiles
in which the superlattice peaks are visible up to 5% order, due to the large contrast
between the electron densities of Pd and Fe, and moderate roughness at the interfaces.
The 4% and 5% superlattice peaks are strongest for the sample with N = 20, owing
to the greater number of interfaces reflecting x-rays, and so giving rise to stronger
constructive interference at these superlattice peak positions.

Quantitative analysis was carried out by fitting the calculated reflectivity to the
experimental data. Two models were applied. Model I assumes that all the layers
of the same kind are identical throughout a multilayer. The interfacial roughness
is then an average over all the interfaces of the same kind. The plots of the fitting
are shown in Fig. 5.2(a) and the structural parameters obtained from the fitting are

listed in Table 5.1. The structural parameters include individual layer thicknesses
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Figure 5.1: Small angle x-ray reflectivity profiles of [Pd 50 A/Fe 20 A]x, N = 5, 10, 15 and 20
multilayers. The superlattice peaks can be seen up to the 5t order without significant broadening.
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Table 5.1: The parameters obtained from fitting the x-ray reflectivity profiles of [Pd50A /Fe20A]y
multilayers with N=5, 10, 15, 20 using model 1. A is the bilayer thickness, t is the layer thickness,
05 is the surface roughness, opg/pe and ope/pg are the interfacial roughness with Pd on top of Fe,

and with Fe on top of Pd respectively. The Fe (Pd) layers are assumed to be identical from bottom
to top.

N| A4 tre (A)  tpa (A) s (A) OPd/Fe (A) OFe/Pd (A) »°
5 | 73.6£0.1 20.7+0.1 52.940.1 6.840.2 6.810.2 5.1£0.1  2.63
10 | 74.3+£0.5 17.54+0.5 56.84+0.5 9.240.1 8.44+0.4 7.3£0.2  3.83
15 | 76.0+£0.9 20.94+0.9 55.1£0.8 10.4+0.2 9.31+0.5 9.5+£0.5 4.74
20 | 75.9£0.6 26.4+0.6 49.5+0.6 11.6+0.1 11.24+04 8.8+£0.3 3.81

for Pd (tpq) and Fe (tge), bilayer thickness (A), surface roughness (o), interfacial
roughnesses for the interface with Pd on top of Fe (opa/re) and for the interface with
Fe on top of Pd (0pe/pq). The fitting program tends to increase the surface roughness
and the interfacial roughnesses in order to fit the shape of the reflectivity profiles as N
increases. However, the large roughness washes out the high order supperlattice peaks
in the calculated profiles for the multilayers with N=15 and 20. x? also increases with
N, suggesting poor fitting for the sample with large N.

In order to improve the fitting, model II was used to simulate the cumulative
effect of roughness. In this model, opa/re(0re/pa) has an initial value of opqg/pe(1)
(owe/pa(l))for the layer nearest to the substrate; as the bilayer number increases,
opd/re(0re/pa) increases linearly with a ratio of Aopq/re(Acre/pa). So for the it layer

counting from the substrate, the roughness is,
o(i)=c(1)+(i—-1) x Ao. (5.1)

The spectra calculated using the two different models are shown as solid lines in
Fig. 5.2(b). The parameters obtained from model II are listed in Table 5.2. Visual
inspection of the agreement between the calculations (red solid lines) and the exper-
imental spectra (black vertical lines) at the high order superlattice peaks suggests
improved fitting using model II for multilayers with N = 15 and 20. The smaller
values of x? for the multilayers with N > 10 in Table 5.2 confirms that model II gives
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Figure 5.2: Fits to the x-ray reflectivity profiles of [Pd 50 A/Fe 20 A]y, N = 5, 10, 15 and 20
multilayers using two different models: (a) model I assumes that all the layers of the same kind are
identical all across a multilayer; (b) model II includes the effect of cumulative roughness into the
reflectively calculation. The black dashed lines are experimental data and the red solid lines are the
calculations.
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Table 5.2: The parameters obtained from fitting the x-ray reflectivity profiles of [Pd50A /Fe20A]y
multilayers, N=5, 10, 15, 20, using model II. A is the bilayer thickness, t is the layer thickness, o
is the surface roughness, opq/r. and op, /Pa are the interfacial roughness of with Pd on top of Fe,
and with Fe on top of Pd respectively. The cumulative interfacial roughnesses are modeled in such
a way, from the bottom to top, that the i layer has a roughness of o(1) + (i—1)xAg. .

N A tre tpd Os  opame(l)  Aopame  opespa(l)  Aopepa X2
A) A&) (&) A) 4) @A) A) &)

5| 73541 205+.1 53.0+.1 7.0+1 53+2 5808 4.6+.1 .40+£.05 2.36

10 | 74.3£.2 18.0+.2 56.3+.2 9.9+1 64+2 42405 57+1 .33 +.03 260

15 | 76.0+.2 21.9+.2 541+2 109+.1 58+.2 .40+.03 63+2 .28+.02 2.81

20 | 75.94.6 26.1+.3 49.8+.3 12141 4.6+1 .37£.02 63+£2 22402 2.73

better fits. Even though, the bilayer thickness and Fe and Pd thicknesses obtained
using the two different models are consistent within error.

For each multilayer, o(1)’s for the films are not consistent within error, neither are
the values of Ao. The discrepancy could be due to the fact that the linear increase in
the roughnesses is only a simple approximation of the cumulative roughnesses. In a
multilayer, the roughness initially might increase faster with N, while the increment
in roughness slows down at large N, as suggested by the values of Ao which decrease
as N increases. The fits are not sensitive enough to give a detailed description of how
the roughness increases. However, the layer thicknesses are found to be independent
on the model used. For simplicity, the model I using a constant roughness is applied
to get the structural parameters in the remaining of the chapter.

Since the roughness increases with N cumulatively, in principle multilayers with
small numbers of N (N < 5) should be used to ensure homogeneity. However, this
is at the cost of having smaller amount of material and thus lower signals in some
measurements such as magnetometry. When using samples with large N, care has to
be taken to distinguish between properties due to non-uniform roughness present in

the multilayers and their intrinsic properties.
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The study of the multilayers for magnetometry measurements

The reflectivity profiles of three series of multilayers for magnetometry measurements
with nominal forms of [Pd 50 A /Fe t Alys (tpe = 5-40 A),[Pdt A/Fe 20 Als (tpq =
5-50A) and [Pd t A/Fe 15 A]ys (tpq = 10 — 55 A) are shown in Fig. 5.3, Fig. 5.4
and Fig. 5.5 respectively. For the multilayers with 25 bilayers, the superlattice peaks
are observed up to 6™ order without significant broadening, indicating a well-defined
compositional modulation along the film growth direction. The interfacial roughness
gradually reduces the intensity of the higher order superlattice peaks. It is interesting
to see that the 3" and 5% superlattice peaks in the profiles of multilayers with tp, =
25 and 35 A respectively are significantly suppressed. This is because the ratios of
the Pd and Fe layer thicknesses in these two samples are close to the ratios 2:1 and
3:2, which give rise to destructive interference at the 3"@ and 5% superlattice peaks
respectively. The small intensity oscillations due to the interference of reflected x-rays
from the top and bottom interfaces of a multilayer are not visible for multilayers with
total thickness more than ~ 1000 A. For the multilayers [Pd t A/Fe 20 A5, with 5
bilayers, the small intensity oscillations are clearly visible because the total thickness
is so small, while the superlattice peaks are broader due to fewer bilayers contributing
to the interference.

The structural parameters obtained from fitting the small angle x-ray reflectivity
profiles of [Pd 50 A/ Fe t A]25 multilayers are listed in Table 5.3. The Fe thickness
from the fits does not increase quite linearly as the nominal Fe thickness increases,
and some fluctuations in the Pd thickness is also obtained. However, if one plots the
bilayer thickness as a function of nominal Fe thickness, a straight line is obtained,
suggesting a constant Pd thickness and a linear increment in the Fe thickness. Since
the fits to the small-angle x-ray profiles yield accurate bilayer thicknesses, while the
individual layer thicknesses are somewhat in question, more accurate values for the
Fe and Pd thicknesses were determined in the following way. The bilayer thickness
versus nominal Fe thickness was fitted using a straight line, the intercept of 53 £ 1

A is the Pd thickness, and the slope of the line corresponds to the Fe layer thickness
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Figure 5.3: Small angle x-ray reflectivity profiles of [Pd 50 A/Fe t A]s5 multilayers, with tpe = 5 —
40 A.
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Figure 5.4: Small angle x-ray reflectivity profiles of [Pd t A/Fe 20 A}s multilayers, with tpqg = 5 —

50 A.
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Figur‘g 5.5: Small angle x-ray reflectivity profiles of [Pd t A/Fe 15 A]zs multilayers, with tpq = 10
- 55 A.
increasing in steps of 4.8 + 0.2 A.

The result of such an analysis on the bilayer thickness of [Pd t A/Fe 20 Als
multilayers yields a constant Fe thickness of 18.9 + 0.2 A, and a Pd thickness of 5.20
+ 0.05 A for a nominal tpy = 5 A.

The study of the multilayers for PNR measurements
Two multilayers, nominal [Pd 60A/Fe 60A], and [Pd 30A/Fe 30A]5, were prepared

for PNR measurements. Equal thickness of Pd and Fe was chosen to eliminate the
scattering at the even-order superlattice reflections. For each sample type, a series
of multilayers with slightly varying layer thickness were grown, and the one with a
minimum 2™ order superlattice peak was chosen for PNR studies. The reflectivity
profiles are shown in Fig. 5.6. The residual weak 2"¢ order superlattice peak could
result from either the Fe and Pd layers not being quite equal to each other, and/or

roughness at the two different interfaces, op4/re and ore/pq, not being equal. By fitting
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Table 5.3: The structural parameters obtained from fitting the small angle x-ray reflectivity profiles
of [Pd 50 A/Fe t A]zs multilayers with t = 5, 10, 15, ... 40 A. tp. and tpq are the Fe and Pd layer
thicknesses, 0pg/re and ope/pq are the roughnesses at the interface with Pd on top of Fe, and Fe on

top of Pd, and A is the bilayer thickness.

Nominal [Pd/Fe]y | tre (A) tpa (A) OPd/Fe (A) OFe/Pd (A) A (A)

[Pd50A/Fe 5A]y5 | 5.0 £0.5 53.8 0.5 12.0 1.4 7.0 £0.2 58.8 4 1.0
10 75404 555404 122411 58401 63.0 £0.8
15 13.4 £0.4 54.7 £0.4 13.0+09 6.3 +0.1 68.1 + 0.8
20 14.4 £0.4 59.5 +0.4 9.0+04 6.5+0.1 739+ .8
25 24.8 £0.2 51.8 402 7.440.1 68401 76.6 =+ .4
30 28.4 £0.3 54.440.3 88402 6.1+01 828+ .6
35 34.5 £0.7 523 £0.7 107405 6.2 +0.1 86.8 £ 1.4
40 414 £0.4 515404 93403 62401 929+ .8

the reflectivity profiles, the actual Fe and Pd thicknesses were obtained, and these
two samples were found to have configurations of Pd 61A/Fe 61A and Pd 34A/Fe
34A respectively.

Small-angle x-ray studies of the Pd/Fe multilayers confirmed the well-defined com-
positional modulation along the film growth direction. The interfacial roughnesses
were found to increase with N from about 5 A, reaching about 13 A as N = 20. As
shown later, the interface roughness does not give rise to a measurable difference in
the saturation magnetisation. The Fe and Pd layer thicknesses were obtained from
the analysis of the bilayer thickness as well, which were used to calculate the magnetic

moments in the magnetometry studies as presented later.

5.1.2 High-angle x-ray Diffraction Measurements

The high angle x-ray diffraction patterns have high intensity peaks around 26 = 40.1°
and 86.7°, which correspond to Pd(111) and Pd(222), suggesting that the Pd/Fe
multilayers have a preferential Pd(111) orientation perpendicular to the film plane.

Pd(200) and Pd(311) diffraction peaks are also present. The Pd(111) peaks are 15
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Figure 5.6: Small angle x-ray reflectivity profiles of [Pd 60 A/Fe 60 A]4, and [Pd 30 A/Fe 30 A]5

multilayers. The weak even order superlattice peaks indicate that the Pd and Fe thicknesses are
closely matched.

— 70 times stronger than the Pd(200) and Pd(311) peaks. These are much greater
than the ratio between x-ray Bragg intensities from a powdered Pd sample (I119) :
Liaooy & 21 1, and I(111) @ Izi1y = 3 ¢ 1), which suggests predominant Pd(111) texture
in our multilayers. The Pd/Fe multilayers with preferential Pd(111)/Fe(110) texture
have also been made by deposition using magnetically enhanced dc sputtering guns
onto graphite and sapphire substrates[81], and using e-beam deposition on glass and
kapton substrates[101].

Using the kinematic diffraction formula[71], the high-angle x-ray diffraction profiles
can be fitted using the bulk d-spacings (dpqg(11) = 2.2465 A, dre(110) = 2.0269 A). The
result is shown in Fig. 5.8. The parameters obtained from the analysis are listed in
Table 5.4. The Fe layer thickness increases in a step of 2 AL (except for the last
sample), which is not consistent with the value of 2.4 &+ 0.1 AL obtained from the
analysis of small-angle x-ray data. The problem is that only integer number of atomic
layers can be used in fitting the high-angle x-ray data. The comparison of the layer

thicknesses obtained from the analysis of small-angle and high-angle x-ray data are
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Figure 5.7: High angle x-ray diffraction profiles of [Pd50 A /Fet A]ys, with t = 5 — 40 A multilayers
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shown in Fig. 5.9. More than half of Fe, Pd and bilayer thicknesses obtained from
these two analyses are consistent with each other, within error. However, the values
from high-angle x-ray data have large uncertainties, suggesting high-angle x-ray data
illustrate how the diffraction patterns vary with the layer thicknesses, and but do
not provide independent and accurate determination of the layer thicknesses. The
Pd and Fe thicknesses were first obtained from small angle x-ray data, then the bulk
d-spacings of Pd(111) and Fe(110) were used to convert these layer thicknesses from

A to atomic layers, necessary for the analysis of magnetic data.

i
i

Log,, (Intensity)

37 39 41 43 437 39 41 43 45
20 (degree) 20 (degree)

Figure 5.8: Fits to the high angle x-ray diffraction profiles of [Pd50 A/Fet A]ys multilayers, with t
=5 —40 A. The vertical dashed lines are experimental data, and the solid lines are the calculations.
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Figure 5.9: The comparison of the Fe (tge), Pd (tpq) and bilayer (A) thicknesses obtained from
analysis of the small-angle x-ray (O) reflectivity and high-angle x-ray diffraction (A) data of
[Pd50 A/Fet A]ps multilayers with tpe = 5 — 40 A.
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Table 5.4: The parameters obtained from the analysis of high-angle x-ray diffraction data of multi-
layers [PdSOA/Fe t]os with t = 5 — 40 A. tpe and tpq are the layer thicknesses of Fe and Pd in units
of A and atomic layers respectively, and A is the bilayer thickness.

Nominal tge | tpe / Atomic Layers tpq / Atomic Layers A (A)
5A 44+3A/2AL 54+3A/24AL 58+6
10A 84+ 08A/4AL 54+1A/24AL 6242
15 A 124+ 6 A /6AL 54+2A /24 AL 66 +3
20 A 16+2A/8AL  56+1A/25AL 7243
25 A 20+ 1A/10AL 54+1A/24AL 74+1
30 A 25 +3A /12AL 54+2A/24AL 7945
35 A 31+£2A /14AL 54+2A/24AL 85+4
40 A 35+2A/17TAL 54+1A/24AL 89+3

5.2 CEMS Study of Pd/Fe multilayers

The conversion electron Méssbauer spectroscopy (CEMS) spectra of the [Pd50 A /Fet A]ys
multilayers, with t = 5, 10, 15, 20, 30, and 40 A, denoted by Ss, S0, Sis, ..., Sao re-
spectively, taken at room temperature (RT) show typical magnetic six-line patterns
(Fig. 5.10). The line shape of Sy is very broad, but no pronounced paramagnetic
component is present in the spectrum. For the S5, Sy and Sz spectra, lines 1 and

2 are slightly sharper and stronger than lines 5 and 6, so two sextets with different
hyperfine fields (Byy’s), and isomer shifts () relative to a-Fe, were assumed which
when superimposed reproduce the observed asymmetry in the line shape. For S5, Sig
and Sy, only one sextet was needed because of the symmetric line shape.

The CEMS spectra were fitted using a non-linear least-squares routine. A Gaussian
distribution has been assumed for Bs;. The hyperfine parameters obtained from the
fitting are listed in Table 5.5 and shown in Fig. 5.11. For the spectra fitted with two
sextets, one sextet with vanishing isomer shift, é, and sharper lines (with a field width
of ~ 0.8 T) is attributed to a bulk-like Fe site, while the other with a positive § relative
to a-Fe and wider lines (with a field width of ~ 1.5 T) is attributed to an interface-like
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Figure 5.10: The RT-CEMS spectra of [Pd 50 A/Fe t AJss, t = 5, 10, 15, 20, 30, and 40 A as labeled
in the figures. The black vertical lines are experimental data and the colour lines are fits. The red

lines are the overall fits. For the spectra fitted using two sextets, the blue dashed lines, which are
displaced verticaly for clarity, are fits for interface-like Fe.
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Fe site. The sextets of interface-like Fe, which are depicted by blue dashed lines in
Fig. 5.10, have a relative area that decreases with the total Fe thickness (as shown
in Fig. 5.11b). If we convert the relative areas of the subspectra to Fe thickness
by multiplying the relative area of interface-like Fe by the total Fe thicknesses, the
interface-like Fe thickness is found to be constant at 8 = 1 A per Fe layer. If the
interface-like Fe is distributed equally on each side of an Fe layer, then 4 & 0.5 A(or
2.0 £ 0.3 AL) of Fe are interface-like at each Pd/Fe interface. It therefore follows that
all of S5 is interface-like, 80 % of Sy is interface-like and 80 % of S4q is bulk-like. Since
the uncertainty in the interface-like Fe is 10 %, the spectra of Sy and Sy can not be
decomposed into two subspectra. The isomer shift of the interface-like Fe, relative to
a-Fe, is in the range of 0.08 — 0.16 mm/s. The quadrupole splitting in all samples
is negligible, implying cubic symmetry of the Fe lattice structure. The interface-like
hyperfine fields (Bihf) are found to be about 33 T, while the bulk-like hyperfine fields
(BY;) are slightly reduced compared with the accepted value of 33 T for bulk Fe.
There is no dramatic change in either §, or By as the Fe thickness is reduced, so
our study does not show any evidence for a beec to fcc transition as claimed by Li
et al.[101]. Metastable fcc Fe layers can be grown epitaxially on substrates, such as
Cu, owing to a match in lattice parameter (afe.cu = 3.615 A and bulk A focFe = 3.588
A). However, fcc Fe can not be stabilized beyond about 13 AL (23 A)[102, 103, 104].
With the relatively large lattice mismatch between fcc Pd (afepq = 3.8908 A) and
fec Fe, it is very unlikely that fcc Fe can be stabilized for any thickness. The Fe in
our multilayers is most likely bee in all samples.

For all the multilayers except Ss, the Fe moment is in the sample plane, evidenced
by the intensity ratios of 3:4:1:1:4:3 in all the spectra or subspectra. Ss has a ratio
of 3:3.7:1:1:3.7:3, corresponding to a slight (12° & 7°) out of plane tilt. This strong
in-plane anisotropy has been found to persist even in 1 AL of Fe grown on Pd(001),
unless the Fe was deposited at low temperatures[105]. For Fe overlayer or Fe layers in
multilayer and sandwich structures, with thickness of 1 AL, the perpendicular surface

anisotropy usually overcomes the in-plane bulk anisotropy, leading to an out-of-plane
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Figure 5.11: The Fe thickness dependence of hyperfine parameters, which are broken down into
interface-like (blue O) and bulk-like (green @) Fe contributions, for the RT-CEMS spectra of
[Pd 50 A/Fe t Alss, t = 5, 10, 15, 20, 30, and 40 A. The hyperfine parameters include, a) hy-
perfine field (Byy), b) percentage area of the subspectra, c) field width (Bwiqa) and d) isomer shift
(8) relative to o-Fe.
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Table 5.5: The hyperfine parameters obtained from fitting the room-temperature spectra, assuming
one sextet for Sy, Sjg, and Sy9 and two sextets for Sis, Sgo and Szg. The parameters labeled by
“b” are for the bulk-like Fe and those labeled by “i” are for the interface-like Fe. The hyperfine
parameters include, isomer shift (4) relative to a-Fe, field width (Byq) of the sextet, hyperfine field
(Bhy), percentage area (A) of the subspectra.

tee (A) | 8° (mm/s) BLy (T) By () AP (%) & (mm/s) Bl (1) B, (T) A (%)
5 - - - - .16+.02 2.9+.3 30.9+.2 100
10 - - - - .08+.01 1.7+.1 33.0+.1 100
15 -.02+.01 8+.2 32.2+.1 42411 .10+.02 1.7+.1 33.0+.2 58+11
20 -.017+.009 8+.1 32.56+.06 62412 .14+.03 1.7+.2 33.4+.2 38+20
30 -.014+.009 S+ 32.74+£.06 73412 15+.04 0.94+.3 33.4+.2 27431
40 .007+.003 87+.04 32.764.03 100 - - - -

preferential orientation of the magnetisation[106]. The anomalous strong in-plane
effective anisotropy in Fe/Pd system was attributed to interfacial alloying during
RT depositions[107, 108]. However, the morphology of the interface has long been a
controversial issue, and both non-interdiffused[51, 109, 110, 111] and interdiffused[107,
108, 81] interfaces have been reported. In our case, the isomer shift of the interface-like
Fe is generally lower than that of Fe atoms in Pd, which is 0.177 + 0.002 mm/s[112].
Though the possibility of alloy formation can not be totally ruled out, at least the
Pd-Fe alloying effect is insignificant in our Pd/Fe multilayers and the interdiffusion
between Pd and Fe must be less than 2 AL.

In order to obtain the ground state hyperfine field of interface-like Fe and to study
the evolution of By with temperature for both interface and bulk-like Fe, CEMS
spectra of S;g and S;5 were taken from 90 K to 296 K. Using the RT spectrum
as a guide, one-sextet and two-sextets were used to fit the spectra of Sip and Si5
respectively. The hyperfine fields of the interface-like Fe and bulk-like Fe are shown
in Fig. 5.12. Since magnetometry and CEMS studies on epitaxial thin films[19, 20]
and our sputter-deposited Ag/Fe multilayers (section 4.3) have demonstrated that
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B measures the temperature dependence of the magnetization of ultrathin Fe films,
we assume that B} s represents the temperature dependence of the magnetization of
Fe at the Pd/Fe interface in this system as well. BR;(T) of S;5 was fitted using the
T3/2 spin-wave law[113], yielding a ground state hyperfine field of 34.3 + 0.2 T and
spin stiffness-parameter of (1.2 4 0.1)x107% K=3/2, ihf of Sip and S;5 were fitted
to By ¢(T) = B},;(0)x(1-bT#), with 8 = 1.5 & 0.4 for both samples, suggesting the
Le’s can also be described by the T2 spin-wave law. The fitting yielded B}, (0) =
37.8 £ 0.6 T and 36.4 £ 0.4 T for Sy and Sy5 respectively. Taking the average of
these two values we have Bj;(0) = 37.1 + 0.7 T, which are enhanced by 9 % relative
to the bulk Fe value. If simply fit B}, to the T32 spin-wave law, the spin-stiffness
parameters are (2.46 £ 0.09)x1075 K~%/2 and (1.81 + 0.07)x1075 K=3/2 for S;o and
interface-like Fe of Si5 respectively, which are enhanced relative to the bulk Fe value
by 4 — 5 times. The enhanced spin-stiffness parameters are consistent with the size
effect predicted by many theoretical studies on the spin excitations in quasi-two-
dimensional systems[114, 115, 116, 117]. These studies show that the spin-stiffness
parameter increases with decreasing film thickness, as a consequence of the loss of
exchange interaction across surface[118], and/or the weakening surface exchange[119].
An important but problematic issue is the relationship between By and the local
moment. In the bulk, the major contribution to By is the negative polarisation field
(Bep) of the core electrons due to the d electrons via the Fermi contact interaction.
Bep is approximately proportional to the magnetization, so is Bps, which is the basis
of the empirical interpretation of Bps. Using this empirical interpretation, the in-
terface hyperfine field of 37.1 £ 0.7 translates into the interface Fe moment of 2.42
=+ 0.05. However, at a surface or interface, the contributions from the conduction
electrons (Bce) and the dipolar field (Bgip), which are strongly dependent on the local
environment, might become prominent[6, 17, 18, 93]. As a result, Bss might not
scale with the magnetization the same way as in the bulk. A detailed calculation
of the electronic structure and B}, is necessary to evaluate the Fe moment at the

Pd/Fe interface. As this type of calculation is not available, we can only present
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Figure 5.12: The temperature dependence of the hyperfine fields of S1g (red A), and S;5: interface-

like (blue O) and bulk-like (green ®) Fe contributions and area averaged hyperfine field (red O).
The solid lines are for the fits using T3/2.

qualitative arguments. According to calculations for Fe at a clean surface[6], and
interfaces of Fe/Ag(001)[17] and Fe/W(110)[18], B scales approximately with the
moment regardless of the local environment with a scaling factor of ~ -13 to 14 T
per unpaired spin. Assuming the same scaling factor at the Pd/Fe interface, a 2.7
£ 0.2 pp moment could give rise to a B, of -37.1 + 0.7 T, which is the Bj,;(0)’s
obtained in our study.

From another point of view, if the average magnetization of Fe has the same
temperature dependence as the average hyperfine field, the interface Fe moment (1)
must scale with Bi(0) the same way as the bulk-like Fe moment does with BE(0).
However, the spin-stiffness parameter of the average magnetization is not sensitive
to the change in y;. For example, using a straight forward calculation, for Si5, 1 up
difference in y; only brings about a 4 % difference in the spin-stiffness parameter.
Different scaling factors between p and Bps’s for the interface and bulk-like Fe do

not affect the same temperature dependence of the average magnetization and the

hyperfine field.
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There have been Mossbauer spectroscopy studies on Pd/Fe systems. Depth-
profiling Mdssbauer spectroscopy by Hosoito et al.[109] showed that about 30 % of
the Fe in 3.5 A probe layers at the Pd interface was paramagnetic at RT and exhib-
ited a reduced hyperfine field of 31.5 T at 4.2 K as compared to the bulk Fe value
of 34 T, while the rest of the Fe had an enhanced hyperfine field of 36.5 T at 4.2 K.
In the RT-CEMS studies by Boufelfel et al.[81] and Li et al.[101], no paramagnetic
component was observed, and the hyperfine field of the interface-like Fe was larger
than bulk Fe. Our RT spectra have no paramagnetic components, in agreement with
Boufelfel et al.[81] and Li et al.[101], but in conflict with Hosoito et al.[109]. We do
not observe a bee to fcc transition as the Fe thickness was reduced as claimed by Li
et al.[101].

In summary, microscopic data of Fe in the Pd/Fe multilayers obtained by CEMS
study were presented in this section. Two Fe contributions were identified: one from
the bulk, the other associated with the Pd/Fe interface. The total interfacial Fe
thickness was 8 & 1 A per Fe layer. Assuming that the interfacial Fe is distributed
equally on each side of the Fe layer, then each Pd/Fe interface has an interface-like
Fe thickness of 4 A (or 2.0 + 0.3 atomic layers). The temperature dependence of the
hyperfine fields of two samples was measured between 90 — 295 K, which reflected
the variation of the Fe magnetisation with temperature. Extrapolating the hyperfine
field to 0 K yields a ground state hyperfine field of 37.1 £ 0.7 T, which is enhanced
relative to the bulk Fe value of 34 T. If we assume a simple linear scaling between the
hyperfine field and the magnetic moment, then the hyperfine field translates into an
enhanced Fe moment of 2.42 £ 0.05 up at the Pd/Fe interfaces. If we use the scaling
factor from theoretical calculations[6, 18], the hyperfine field corresponds to 2.7 + 0.2
pp. The 2.42 + 0.05 ug was confirmed by the PNR study presented in section 5.4.
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9.3 Magnetometry Measurements

5.3.1 Fe and Pd Moments

The saturation magnetization of a Pd/Fe multilayer, obtained by magnetometry mea-
surements, gives the total contributions from Fe and Pd. In order to separate the
Fe contribution from the total magnetization, a series of multilayers [Pd 50 A/Fe t
A]25 with fixed Pd thickness and varying Fe thickness, tp, = 5 — 40 A were investi-
gated. Assuming that the magnitude and extent of the polarisation of Pd are not
significantly dependent on the thickness of Fe, fixing the Pd thickness fixes the Pd
contribution. The variation in the total magnetization with Fe thickness is then due
solely to the increase in contribution from Fe.

The saturation magnetizations of multilayers [Pd 50 A/Fe t A]ys with t = 5 — 40
A, were measured at 5 K and up to 2 Tesla, then averaged over the number of Fe
atoms, giving the average moment of the multilayer per Fe atom, fig,. The number of
Fe atoms in each sample was calculated using the sample area, Fe thickness and bulk
Fe density. Fig. 5.13 shows a plot of Jiz, against tr.. As mentioned on page 81, the
actual tr, = 4.8 — 38.7 A (or tg, = 2.4 — 19.1 AL). Tiy, is as large as 3.65 up per Fe
for the sample with 2.4 AL Fe, and decreases with tg,, reaching 2.5 ug for the sample
with 19.1 AL Fe. This apparent enhancement in g, relative to the bulk Fe value of
2.2 pg is interpreted as a result of (a) enhanced interface-like Fe moment, and (b)
contribution from Pd polarisation.

For a clearer understanding of the variation of the total magnetization with tp.,
the total magnetization (Myo) of a multilayer is written in terms of i, tr and is
shown as a function of tp in Fig. 5.14. The data lie on a straight line (except for the
sample with the thinnest Fe layer, which falls just below the line). This implies that
to a good approximation, the Pd polarisation (Mpgq), bulk (u,) and interfacial (y;) Fe
moments are independent of tre. The magnetic profile of the Pd/Fe multilayers can
be described in the following way. The Pd polarisation has a constant contribution
of Mpq = Mpyq - %1;—:, to My, where opgq and op, are the in-plane densities of Pd and

Fe respectively (for bulk Fe(110), op, = 0.1721 atoms per A%; and for bulk Pd(111),
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Figure 5.13: The moment per Fe (fip,) as a function of Fe thickness t for multilayers [Pd24 AL/Fe
tlos with t = 2.4 - 19.1 AL. The L, ’s are enhanced relative to bulk Fe value.

opq = 0.1526 atoms per AQ). If the Fe layer is thinner than 2t;, where t; is the
maximum interfacial Fe thickness on each side of Fe, all Fe atoms are interface-like,

and My, increases with tg, proportionally at a rate of y;. This can be expressed by

the following equation
Mtot = pi X tpe -+ M,Pd’ tre < 25 (52)

As tpe exceeds 2t;, the interface-like Fe stops growing while the bulk-like Fe emerges.

The M;; can be expressed as,
Mot = ti X 2t + pp X (bpe — 2ti) + Mpyg, tre > 2t;. (5.3)

According to Eqns. (5.2) and (5.3), ideally, two straight lines should be seen in
Fig. 5.14 of Mye; vs. tre. One, the blue dashed line in the figure, has a slope of y; and
an intercept of Mp, for the data with tp, < 2t;; the other, the green solid line in the
figure, has a slope of 1, and an intercept of Mpy+ (14 — o) X 2t;, for the data with
tpe > 2t;. From Fig. 5.14, it is clear that 2t; is less than 4.8 AL which is consistent
with the CEMS study. The blue dashed line is not from a fitting using Eqn. 5.2,
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Figure 5.14: Mo vs. Fe thickness tge for multilayers [Pd 24 AL/Fe t|s with t = 2.4 - 19.1 AL.

The blue dashed line is the illustration of Eqn. (5.2), while the green solid line is the fit using Eqn.
(5.3).

but an illustration since there is only one data point below 4.8 AL. Moreover, the Fe
layers with thickness less than 7 A(3.5 AL) break into an island structure[120], and
the values of y; and Mpy can not be determined from samples with tg, < 4.8 AL.
Upon fitting a straight line to the data with tp. > 4.8 AL, a slope of 2.22 & 0.03 g,
and an intercept of 5.7 & 0.4 pp-AL are obtained. It follows that py, = 2.22 4+ 0.03
pB, which is consistent with the value of bulk Fe. Also Mpy+ (i — fap) - 2t; = 5.7 + 0.4
pus-AL. Taking p; = 2.42 & 0.05 pug/Fe and t; = 2.0 & 0.3 AL from our CEMS data,
we find that the interfacial Fe contribution to this intercept is ~0.8 4 0.3 ug-AL, less
than 15 % of the total, implying that there must be significant polarisation of the Pd
atoms.

In order to investigate how the Pd moment is distributed across a Pd layer, a series
of multilayers, [Pd t /Fe 20 A5, with nominal tpq = 5 — 50 A were studied. From our
small-angle x-ray study, the actual tp, = 18.9 + 0.2 A, and the nominal 5 A of Pd
has an actual thickness 5.20 + 0.05 A. In units of AL, this series of multilayers can
be denoted by [Pd t AL/Fe 9.4 AL]5 in which t = 2.3 — 23.1 AL.
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As shown in Fig. 5.15, Tig, is essentially a constant of 3.0 g within error. The 6%
uncertainty of each datum comes from magnetometry measurement (3%) and sample
area measurement (3%), which are random errors. However, the plot of fig, against
tpa shows an interesting systematic variation: Tipe first increases with tpy, reaching a
maximum at tpg = 11.6 AL, then decreases with tpq, reaching a minimum at tpq =
18.5 AL. The difference between the maxima and minima is about 9% of the average
P of 3.0 ug. The question is whether this variation of ip, with tpq is an intrinsic
property or an experimental artifact. The number of Fe atoms is calculated using the
Fe thickness obtained from the analysis of small-angle x-ray reflectivity data. The
samples were prepared in sequence starting from the sample with the largest tpq to
the sample with smallest ¢pq, so there might be a small systematic variation in the
Fe layer thickness. We can not categorically rule out the possibility that there is an
intrinsic oscillation in fip, as a function of tpg, but as these oscillations in iy, are
within the errors of the experimental measurements, for the rest of the analysis we
will assume that iy, is independent of tpq.

A few groups have also studied the polarisation of Pd by means of magnetic mea-
surements on samples with fixed Fe thickness while varying the Pd thickness. Chil-
dress et al.[53] measured the saturation magnetization at 15 K of MBE synthesized
Fe/Pd(001) superlattices, in which tp, = 18 A, tpq = 12 — 26 A. They found that
the saturation magnetization was essentially independent of tpq, and Jip, was 23 %
enhanced with respect to the bulk Fe value, corresponding to a total magnetization
enhancement of 6.6 + 3.2 ug-AL.

In the study of Li et al.[101], at 5 K, i, of the electron-beam evaporated [Fe 20
A/Pd t Algs, t = (6 - 60 A) multilayers, which have strong Pd(111)/Fe(110) texture,
shows an interesting oscillatory behavior as tpq increases, and was enhanced by ~ 35 %
at the maxima. They explained the oscillation in 7ig, by assuming that the Pd atoms
at the interface were directly polarised by Fe atoms through 3d-4d hybridization,
while the Pd atoms not in proximity with Fe were polarised by indirect Ruderman-

Kittel-Kasuya-Yosida (RKKY) interaction, which oscillates between ferromagnetic
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Figure 5.15: The plot of saturation magnetization at 5 K averaged on Fe layers g, (O) against Pd
thickness (tpg) for [Pd t/Fe 9.4 AL]; multilayers with t = 2.3 - 23.1 AL. The dotted line represents

the moment of bulk like Fe. The dashed line represents the average moment of 9.4 AL Fe. The solid
line is for the average value of fig,.

and antiferromagnetic coupling and changes the direction of Pd moment relative
to that of the Fe moment from positive to negative at various distances from the
Fe/Pd interface. However, their explanation is questionable. Firstly, the strength of
the RKKY interaction decays rapidly with distance from the interface[121, 122]. The
negative Pd polarisation in the inner Pd layer is not large enough to cancel the positive
Pd polarisation, carried by Pd atoms close to the interface, and account for their
observed oscillatory fig,. Secondly, according to the calculation by Shi et al.[123], the
coupling between the Fe layers across the Pd spacer is predominantly ferromagnetic.

Turning to Li’s[101] small-angle x-ray reflectivity data, one can see that the variation
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of the bilayer thickness of the samples does not follow their nominal thickness. The
oscillatory behavior of fig, is likely due to variations in the Fe thickness. Wang
et al.[124] also observed oscillatory iy, at room temperature in their magnetron-
sputtered multilayers. However, the oscillation period from Wang’s[124] study is
quite different from that from Li’s[101] study. Moreover, Wang’s[124] measurements
were done at room temperature, where Tig, is affected by the spin excitations, so that
they do not necessarily reflect the ground state values.

The results of our study of Pd/Fe multilayers with constant Fe thickness and
varying Pd thickness show a constant fig, for multilayers with tpq > 2.3 AL, and are
qualitatively consistent with Childress et al.[53]. Our results certainly do not agree
with the oscillatory fip, as a function of Pd thickness, observed by Li et al.[101] and
Wang et al.[124]. The oscillatory g, as a function of Pd thickness is not necessarily

an intrinsic property of Pd/Fe system, but an experimental artifact.

5.3.2 The Temperature Dependence of the Magnetization

The magnetisation measurements were made at different temperatures between 5 —
290 K in fields of up to 3 Tesla. The saturation magnetisation was obtained by ex-
trapolating the high field data to zero field in order to remove the demagnetizing
signal from Si substrate and sample holder. The magnetization and hyperfine field
(Bhy) normalized by their ground state values are shown as a function of temperature
in Fig. 5.16. The saturation magnetisation drops twice as fast as By with tempera-
ture. Since the magnetization of Fe follows the same temperature dependence as that
of the hyperfine field, the temperature dependence of Pd must decrease faster with
temperature than the total magnetization. This directly leads to the conclusion that:
1) Pd is significantly polarised at low temperature; 2) the Pd polarisation is strongly
temperature dependent.

Using the temperature dependence of the hyperfine fields we can extend the CEMS
data below 90 K (the total extrapolated change over this region is less than 3%). Fur-
thermore, using the interfacial Fe moment and thickness obtained from the CEMS

measurement, which are introduced in section 5.2, the contributions of the bulk and
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interfacial Fe to the total magnetisation can be obtained. Subtraction from the mea-
sured total then yields an estimate of the temperature dependent Pd polarisation
(Fig. 5.17). The dotted lines indicate the limits of uncertainty in Mg, and Mp, arising
from uncertainties in the thickness of the interfacial Fe component and its moment.
M/Pd approximately follows a linear temperature dependence. There is almost no Pd

polarisation surviving at room temperature.

5.3.3 Magnetic Coupling and Magnetic Reversal

The phenomenon of the oscillatory nature of the magnetic coupling between two
ferromagnetic thin films separated by a layer of non-magnetic transition metal as a
function of the non-magnetic spacer thickness has long been a subject of intensive
study[121, 122]. The magnetic coupling between Fe layers through a Pd layer has
been studied in an MBE-grown Fe/Pd(001) system. Using ferromagnetic resonance
and Brillouin light scattering, Celinski et al.[125] found the exchange coupling in the
Fe/Pd/Fe/Ag(001) trilayer structures remained ferromagnetic (FM) up to 12 AL with
a distinct oscillatory behavior (with a period of 4 AL) superimposed on a decreasing
background. Between 13 — 18 AL, the coupling changed to a weak anti-ferromagnetic
(AF) coupling. By contrast, from the magnetisation and Kerr imaging studies of
Fe/Pd/Fe/MgO(100) trilayer structures, Childress et al.[53] found that the coupling
was FM for a wide range of Pd thickness(5 — 25 AL). Hicken et al.[126] studied the
trilayer structures, which were grown under conditions similar to those of Childress
et al.. Using BLS and polar magneto-optic Kerr effect, they also found FM exchange
coupling in all the samples they studied, the Pd thickness lying between 14 — 30 A(7.2
—-15.4 AL).

In order to resolve these contradictions, we examined magnetic coupling in our
Pd/Fe multilayers by measuring the magnetic hysteresis loops of [Pd t A/Fe 15 Alos
multilayers, with tpq = 10 — 55 A, between 5 — 290 K. Fig. 5.18 shows the hysteresis
loops of three multilayers with tpq = 25, 40 and 55 A, namely Sos, Sy and Sgs
respectively. The hysteresis loops of multilayers with tpq = 10 — 30 A resemble

those of Ss5, and are characterized by a small coercive field of less than 0.5 mT,
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Figure 5.17: The temperature dependence of the palladium polarisation Mlpd (O) obtained by
subtracting Mpe (A — derived from CEMS data) from My, (O) for a) [Pd 50 A/Fe 15 Ajz5, and b)

[Pd 50 A/Fe 10 A]as (see text). Dotted lines indicated the range of uncertainty in Mg, and Mpy
arising from uncertainties in the thickness of the interfacial Fe component and its moment. Solid

line through CEMS data is T3/2 fit used to extend the data

down to 5 K.
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Figure 5.18: The hysteresis loops for [Pd tA/Fe 15A]25 with t = 25, 40 and 55 A, measured at a)
RT, b) 200 K and ¢) 5 K.

with an abrupt reversal of the magnetisation, indicating that the coupling is FM.
However, an interesting “wasp-waisted” shape feature was observed for the hysteresis
loops of Sy and Szs. The “wasp-waisted” shape feature is generally associated with
either AF coupling[121, 122], or incoherent reversals of magnetic layers with different
coercivities[127]. However, the “wasp-waisted” shape feature disappeared for the
multilayers with small number of bilayer period (N), ruling out the possibility of AF
coupling in our Pd/Fe multilayers.

The multilayers used to study the N dependence of the hysteresis loop are denoted
by [Pd 50A/Fe 20A]y, where N = 5, 10, 15, and 20. The hysteresis loops measured at
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Figure 5.19: The RT hysteresis loops for [Pd 504 /Fe 20A]y with N = 5, 10, 15, and 20.

RT are shown in Fig. 5.19. The coercivity increases as N increases from 5 to 20, and
the wasp-waisted shape feature becomes significant as N reaches 20. According to
previous results (section 5.3.1 and section 5.3.2), the Pd contributes to about 30 % of
the total magnetization of a multilayer with configuration of Pd 50A /Fe 20A at 5 K,
and the Pd moment is dramatically reduced to near zero at RT. So the RT hysteresis
loops of the Pd/Fe multilayers manifest the magnetic reversal of the Fe layers. The
first five Fe layers deposited on Si substrate are homogeneous with a small coercivity.
The Fe layers deposited later gradually become magnetically harder, which leads to
the “tail” extending into higher fields in the hysteresis loop as seen for the multilayer
with N = 20.

The coercivity causes the delay of magnetic reversal, and the magnetic reversal
in ultrathin film occurs by nucleation and domain wall propagation. The domain
wall in a thin film is a Néel wall due to the limited thickness of the film. For a
given material, the coercivity of a thin film is influenced by various factors, such as
preparation conditions, thickness, crystalline structure, roughness and etc. For the

Fe layers deposited in the same film, the structural factors remain the same except
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for the roughness which increases cumulatively, as demonstrated by the small angle
x-ray reflectivity study (section 5.1.1). It is plausible to associate the cumulative
increase in the coercivity to the cumulative roughness. A calculation[128] has shown
that the roughness increases the wall energy, decreases the thickness of the Néel wall
and the size of the Néel domain. Higher magnetic fields are required for domain wall
nucleation, and in turn the coercivity is increased. The motion of the domain wall
could also be inhibited by the inhomogeneities in the film caused by the roughness,
and domain wall pinning will enhance the coercivity. Experimentally, various studies
have shown that the coercivity increased as the surface roughness increases. Examples
are chemically etched NiFeCo films[129], epitaxial Ni/Cu(100)[130] and Co/Cu(001)
thin films[131].

Returning to Fig. 5.18, the “wasp-waisted” shape feature has clearly disappeared
from the hysteresis of S49 when the temperature was lowered to 200 K, while it is
present at all temperatures for Szs. This can be explained by assuming that the Pd
layers in Sy4o were nearly completely polarised as the temperature decreases. The FM
coupling between the Fe layers is enhanced by the Pd polarisation, and the magnetic
reversal of the Fe layers becomes more coherent. While in Sss, even at the ground
state, the center of the Pd layer remains non-magnetic, the FM coupling is weaker
than that of S4. The absence of “wasp-waisted” feature for multilayers with thin tpg
could be due to either smaller interfacial roughness as compared to S4 and Sss, or
Fe layers are strongly coupled at all temperatures.

The saturation magnetizations of the multilayers with different N were also mea-
sured at 5 K, which were consistent with each other within error. The temperature
dependence of the magnetization was also similar. It can be concluded that while the
interfacial roughness increases the coercivity, it does not affect the magnetic moment
or the spin-stiffness of the multilayers.

The present study show that magnetic coupling between Fe layers across a Pd
layer is FM for the entire range of Pd thicknesses (tpq = 10 — 55 A). According to

a theoretical calculation by Wang et al.[132], the interlayer coupling has combined
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RKKY-like and superexchange contributions. The RKKY-like contribution due to the
polarisation of the conduction electrons gives rise to FM interlayer coupling, while the
superexchange contribution leads to AF interlayer coupling. Shi et al.[123] calculated
the interlayer coupling of Fe/Pd(001) multilayer structures, and indicated that due
to the spin polarisation in the Pd spacer, the RKKY-like contribution was dominant,
consequently, the interlayer coupling with Pd spacer was predominantly FM. This

theoretical calculation is consistent with our result, as well as other experimental

data[53, 101].

5.4 Polarised Neutron Reflectometry Study

As neutrons interact with both the nuclei and the atomic moments, both chemical
and magnetic structures contribute to neutron scattering. Neutron reflectivity will
depend on the magnetic profile in the sample. However, it is difficult to determine
unequivocally small additional moments associated with enhanced Fe moment and
Pd polarisation in a Pd/Fe multilayer by PNR study. There are two main reasons.
Firstly, there are uncertainties in measuring the neutron reflectivities due to factors
such as mis-alignment, and de-polarising scattering of neutrons (since the sample is
not saturated in the applied magnetic field). Secondly, there are too many unknown
parameters making the fitting ambiguous. For example, a PNR study on Pd/Co
multilayers did not detect any excess moment due to Pd polarisation, and the Co
moment was even found to be reduced from its bulk value[133] (which is very likely
due to part of Co moments were not aligned by the applied field, lying perpendicular
to the sample plane, or in a disordered state). Our calculations with hypothetical
models show that the most sensitive way to detect an induced Pd magnetic moment
in Pd/Fe multilayers by PNR is to use samples with matched Pd and Fe layer thick-
nesses. For such samples, the contributions to the even-order superlattice reflections
from the chemical structure are ideally zero, so that the sensitivity of the even-order
superlattice reflections to non-uniform Pd polarisation effects is greatly enhanced.

Non-uniformity is an essential feature, as it gives rise to the development of a new
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periodicity, while a uniform change throughout the layers would simply lead to a
change in contrast that will not give rise to even-order peaks.

Reflectivity scans have been made for two samples, [Pd 60A/Fe 60A]4 and [Pd
30A /Fe 30A] 5, in all four neutron spin-dependent cross sections. The scattering takes
place only in the NSF channels, and the small intensity seen in the SF channels is
consistent with the measured flipping ratios of the Mezei flippers, verifying that the
field was strong enough to align the moments. The NSF reflectivities, R** and R~
measured at RT and 4.5 K are shown in Fig. 5.20 — Fig. 5.23. The positions for the
superlattice peaks are as indicated in the figures.

The R**’s at RT (Fig. 5.20 and Fig. 5.22) show dominant odd-order peaks. As
expected the 2™ and 4** order peaks are suppressed by the Pd/Fe layer matching,.
There is a pronounced 2™ order peak in the R~ of [Pd 60A /Fe 60A]4 at 4.5 K which
however is only barely visible at RT. A similar increase takes place for [Pd 30A /Fe
30A]5, in the second order peak of R™~, but the effect is less visually dramatic as the
low-temperature peak is quite broad. The 27¢ order peaks in the R** also manifest
increases but the change is much smaller compared to the R™= channel. Increase
of the intensity at the 2" order peak signals deviations from a simple square-wave
scattering length profile, and must be magnetic in origin as the chemical structure can
not change on cooling. It can only arise in the current system through a significant
and non-uniform magnetic polarisation of the Pd layers, or a change in the moments
of the interfacial Fe.

In order to have a quantitative description of the magnetic profile in the Pd/Fe
multilayers, the R*T and R~ are calculated using a matrix method[69] based on
the classic optical formalism[70]. The analysis code was developed from the one used
to analyze the x-ray reflectometry data on the same samples. The Pd and Fe layer
thicknesses and interfacial roughness parameters were all fixed at values obtained from
x-ray reflectometry. The bulk Fe moment was taken to be 2.2 ug, and the thickness of
the interfacial Fe layer was set at its CEMS derived value of 4 A. The three unknown

parameters, uf®, upq and tpo were adjusted until the calculated reflectivities fit the
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Figure 5.20: Polarised neutron reflectivity data at RT for multilayers [Pd 60A /Fe 60A], in the spin
up-up (R**) channel, and spin down-down (R~~) channel. The R** channel is dominated by the
chemical structure and shows strong odd-order peaks to 5* order. The R~ channel only shows
the 1% order peak. The black vertical lines are experimental data with error bars, and the red solid

lines are the fits as described in the text.
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Figure 5.21: Polarised neutron reflectivity data at 4.5 K for multilayers [Pd 60A/ Fe 60A]4 in the

spin up-up (R**) channel and spin down-down (R™~) channel. The R™~

channel shows the growth

of the 2"¢ order peak associated with polarisation in the Pd layer. The large change in the 27¢
order R™~ channel scattering reflects the strong temperature dependence of the Pd polarisation.
The black vertical lines are experimental data with error bars, and the red solid lines are the fits as

deseribed in the text.
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Figure 5.22: Polarised neutron reflectivity data at RT for multilayers [Pd 30A/Fe 30A]5 in the spin
up-up (R*T) channel and spin down-down (R™7) channel. The black vertical lines are experimental
data with error bars, and the red solid lines are the fits as described in the text.
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Figure 5.23: Polarised neutron reflectivity data at 4.5 K for multilayers [Pd 30A/Fe 30A]s in the
spin up-up (R**) channel and spin down-down (R™~) channel. The 2"¢ order peak in the R™~

channel is quiet broad. The black vertical lines are experimental data with error bars, and the red

solid lines are the fits as described in the text.
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experimental data. Spot measurements across the 100 mm diameter samples using x-
ray reflectometry showed ~10% average thickness variations which were also included
in the PNR fits. They lead only to a broadening of the reflectivity features, and do
not affect the intensities. The PNR scattering profile includes the Si substrate with
its native SiOq layer.

If we use only the 4 A interfacial Fe component as seen by CEMS and either
enhance or reduce the moment to fit the intensity of the 2"¢ order peak, then the
intensities of the 3™ and 4" order peaks become significantly stronger than what is
observed. From this we conclude that the 4 A interfacial Fe component can not, on
its own, describe the data. This leads to the conclusion that the Pd layer in [Pd
60A /Fe 60A], is non-uniformly and significantly polarised at 4.5 K.

The 4.5 K reflectivity calculated with finite upq and t,, were fitted to the exper-
imental data. The main fitting criterion is that the calculated R~ should fit the
experimental R~ at the 1% and 2"¢ order superlattice peaks. The values of the three
unknown quantities, pf®, ppq and tpe with which the R~ measured at 4.5 K could
be satisfactorily fitted, turn out to have a wide range: uf® = 2.4 & 0.4 pg, ppg =
0.4+0.2 pg, and tp =21 £ 9 A. The magnetometry measurements have suggested
that the value of upq - tpol is a constant for samples with different Fe thicknesses. So
we require that the values of upq of [Pd 30A/Fe 30A]5 and [Pd 60A /Fe 60A]4 should
be the same at the same value of tp,. Furthermore, we require that the value of

bat (e —pube) x 2t; from the PNR analysis to be consistent with the result from our
magnetometry measurement (5.7 + 0.4 ug-AL, see p. 97). With these criteria, the
values of the three unknown quantities were narrowed down to pf® = 2.4 + 0.1 ug,
the thickness of the polarised Pd layer tpq = 20 £ 4 A, and an average Pd moment
of upq = 0.32 + .02 pp. Since uf® = 2.4 up at 4.5 K, using our CEMS result, this
value is reduced to 2.2 ug at RT. From the fitting of the RT PNR reflectivities of [Pd
60A /Fe 60A]4 and [Pd 30A/Fe 30A]5, we see that the spin polarisation extends to 15
+ 10 A from the interface leaving an average Pd moment of 0.15 %+ 0.07 ug at RT.

The neutron reflectivity is the square of the Fourier transform of the scattering
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length density p (Eqn. (3.16)). The values of p corresponding to the best fit parame-
ters of [Pd 30A/Fe 30A]5 and [Pd 604 /Fe 60A], at 4.5 K are shown in Fig. 5.24 and
Fig. 5.25. The nuclear (p,) and magnetic (pas) scattering length densities of Fe are
comparable in magnitude and considerably stronger than those of Pd, so when added
in the R** channel, the large contrast between the scattering densities of Fe and
Pd causes the R** channel to be dominated by the chemical structure distribution.
However, as p, and pjs are subtracted in the R™~ channel, it so happens that pp.
nearly matches ppq, so that the large-scale structural contrast almost vanishes, and
the effect of non-uniform moment distributions on p stand out in the R~ channel.
This explains why the 2"¢ order peak is much more pronounced in the R™~ channel
than in the R**+ channel. In [Pd 30A/Fe 30A)s, 30 A of Pd is uniformly polarised,
the enhanced Fe moment at the Pd/Fe interfaces is the only non-uniform feature seen
in the calculated R~ profile. While in [Pd 60A /Fe 60A]4, 20 A of Pd from the inter-
face is magnetically polarised, leaving the center 20 A of Pd non-magnetic. Both the
interface Fe moment and the non-uniform Pd polarisation seen in the calculated R~
profile give rise to the distinct 2" order superlattice peak in the low-T R~ profile
of [Pd 60A /Fe 60Al,.

In summary, we have undertaken a series of complementary measurements at both
RT and low-T. With microscopic data from CEMS, we found that 2.0 & 0.3 AL of Fe at
each interface is interface-like. The variation of the Fe moment with temperature was
determined from the temperature dependence of hyperfine field of Fe, and the ground
state moment of interface Fe was found to be 2.42 4 0.05 ug, slightly enhanced from
bulk Fe value of 2.22 ug. The magnetometry measurements revealed that Pd layers
are significantly polarised at low temperature. Combining CEMS and magnetometry
data, the temperature dependence of total Pd polarisation was determined for the
first time. This result suggests that very little Pd polarisation survives at RT, and
that the Curie temperature is much lower for magnetically polarised Pd than for Fe
thin films. The PNR measurements were performed on multilayers with matched

Pd and Fe layer thicknesses in order to minimize the structural contributions to the
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Figure 5.24: Neutron scattering length densities at 4.5 K for multilayers [Pd 30A/Fe 30A]5 in the
non-spin-flip channels. Top: Magnetic and nuclear scattering densities. Middle: magnetic and
nuclear scattering add in the R*+ channel. Bottom: The subtraction of magnetic from nuclear
scattering density gives R~ channel.
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Figure 5.25: Neutron scattering length densities at 4.5 K for multilayers [Pd 60A /Fe 60A]4 in the
non-spin-flip channels. Top: Magnetic and nuclear scattering densities. Middle: The scattering
density in the Rt channel. Bottom: The scattering density in R™~ channel.
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even-order superlattice reflections and thus greatly enhancing the sensitivity to Pd
polarisation effects. Using CEMS and magnetometry data as a guide, the analysis
of PNR data allows us to determine the induced moment on the Pd atom and the
extent of the Pd polarisation.

From the intersection of the results of these complementary measurements we
have been able to determine with reasonable accuracy the interface moments and the
extent of Pd polarisation. Specifically, at 4.5 K, 20 &+ 4 A(9 + 2 AL) of Pd layer
from Fe surface is magnetically polarised with an average moment of 0.32 + 0.02 ug.
The Pd polarisation of 0.32 £ 0.02 ug per Pd atom is consistent with values obtained
from dilute bulk alloys[30, 32], and is in the same order as the value obtained for
MBE-grown films[55] as well. However, our polarisation distance, t,q, is significantly
larger than those obtained from previous measurements[50, 51, 52, 55] (tyo < 4 AL).
It should be noted that all previous experiments were carried out at RT[50, 51, 55]
or 77 K[52], at which both the magnitude and extent of Pd polarisation are reduced
from the ground state value as demonstrated in our study. Thus the values of tpo
from these studies are expected to be larger at 5 K than what have been reported,
and could agree better with our result. Our value of tpq is also significantly larger
than the value of 2 AL predicted by various theoretical calculations[56, 57]. Although
an interfacial roughness of about 3 AL exists in our multilayers, this is unlikely to
account for the large discrepancy in tpe. Our much large value of tyo suggests that
the band structure calculations need to be refined to improve the accuracy.

A phenomenological picture can be drawn using the values obtained in this study.
Since the average value for the Pd polarisation is quite close to the number of holes in
the Pd d-bands[22, 67], it is reasonable to assume that for a significant distance from
the Fe surface, the exchange splitting, A, of the Pd d-band is complete, leaving the
spin-up d-band full. The moment in the Pd atoms results from the 0.36 up of spin-
down holes. It seems reasonable to suppose that with each layer further away from
the Fe surface, A diminishes. It is in fact possible that A decreases with the layer

number at a fast enough rate so that one passes from having just spin-down holes to
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having no polarisation within the space of two layers, as shown in the Fig. 5.26.
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Figure 5.26: A phenomenological picture of the exchange splitting (red O) and induced polarisation
(blue O) of Pd atoms varying with the distance to Fe surface. The A value for 1 AL is from reference:
H. Huang et al., Surf. Sci., 172:363, 1986.

Turning now to the values for the interfacial Fe, we have found that the 2.0 &
0.3 atomic layers at the interface have an average Fe moment of 2.42 + 0.05 ug, a
10 % increase from bulk Fe. Our results are in agreement with a recent magnetic
circular x-ray dichroism experiment[60]. However, the increase in the interface Fe
moment is lower than that predicted by calculations on an Fe/Pd(001) system[56,
58, 59]. According to these calculations, the enhancement in the Fe moment due to
hybridisation between Fe and Pd d-bands should be 0.6 pg[58, 59] — 1 ug[56]. Our
values for the interface Fe moment and thickness indicate that the presence of the
Pd surface has much less influence on the magnetism of Fe compared to the role
of Fe on the magnetism of Pd. Only the moment on the Fe atoms within about 2
atomic layers nearest to the interface is enhanced relative to the bulk Fe. Moreover,
the enhancement in the Fe moment is most likely to be attributed to the broken
symmetry at the interface, rather than the hybridisation of the Fe and Pd d-bands.

This follows from the observation that the Fe moment at a Pd/Fe interface is not
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higher than the Fe moment at a Ag/Fe interface[15, 16]. The enhancement in the Fe
moment at a Ag/Fe interface is due to the broken symmetry at the interface since

hybridisation between Ag and Fe d-bands is negligible[14].



6

Conclusions

"The main topic of this thesis has been to investigate the magnetic properties of Pd/Fe
multilayers with the principal goal of determining the extent to which the Pd layers
are polarised by the Fe atoms and the average moment induced on each Pd atom.
Although Pd/Fe multilayers have been the subject of several studies, no consensus
on the behavior of magnetically polarised Pd has emerged. This work has the novel
feature of applying a wide range of characterization techniques on the same sample.
These techniques included x-ray diffraction, CEMS, magnetometry and PNR. As a
consequence we are able to offer answers to the above questions with a great deal
more confidence than in previous work.

Ag/Fe multilayers with immiscible interfaces were first investigated to confirm
that analysis of small-angle x-ray data give a fast and accurate determination of the
bilayer thickness of the multilayers. The Pd and Fe individual thicknesses were then
obtained by fitting the small-angle x-ray reflectivity profiles, while high-angle x-ray
diffraction patterns revealed the preferential orientations of the layers perpendicular
to the film plane. This structural information is crucial in calculating the magnetic
moments.

The CEMS study has been carried out to determine the values of interfacial Fe
thickness and moment, and the temperature dependence of the hyperfine field of Fe
in the Pd/Fe multilayers. In the CEMS study of Ag/Fe multilayers with no polari-
sation moment in Ag layers, we confirmed that the variation of hyperfine field with
temperature indeed reflects the temperature dependence of the magnetisation of Fe.

So the Fe contribution to the total magnetisation of Pd/Fe was determined using the

120
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temperature dependence of hyperfine field obtained from the CEMS study. Combin-
ing CEMS and magnetometry studies allows us to distinguish the individual Fe and
Pd contributions to the observed temperature dependence of the total magnetisation.
The PNR study, which is the key of this thesis, has been employed to probe the mag-
netic profile in the Pd/Fe multilayers with the guidance of CEMS and magnetometry
measurements. Multilayers with matched Pd and Fe layer thicknesses were used in
the PNR study in order to minimize the structural contributions to the even-order
superlattice reflections and thus greatly enhance the sensitivity to Pd polarisation
effects.

From the intersection of the results of these complementary measurements we
have been able to determine with reasonable accuracy the induced moment on the
Pd atom, the extent of the Pd polarisation, and the value of the interfacial Fe moment.
Specifically, we have found that the average value for the Pd polarisation is 0.32 +
0.02 g, a figure which is quite close to the known number of holes in the Pd d-
bands[22, 67]. The Pd layer has been found to be polarised for a distance of 20 + 4
A from the Fe surface, which corresponds to about 9 + 2 atomic layers of Pd. This
value of the extent of Pd polarisation, ty, is significantly larger than the value of
2 AL predicted by theoretical calculations[56, 57]. Although interfacial roughness of
about 3 AL exists in our multilayers, it is unlikely to account for the large discrepancy
in tpe. Our much larger value of t,, indicates that the band structure calculations
need to be refined to improve this accuracy.

Taking together the values from our study, we propose that, for a significant dis-
tance from an Fe surface, the exchange splitting, A, of the Pd d-bands is large enough
to ensure that the spin-up band is full and the moment in the Pd atoms results from
the 0.36 pp of spin-down holes. It seems reasonable to suppose that with each layer
further away from the Fe surface, A diminishes. It is in fact possible that A decreases
with layer number at a fast enough rate so that one passes from having just spin-down
holes to having no polarisation within the space of two layers.

Turning now to the value of the interface Fe moment, we have found that 2.0 +
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0.3 AL of Fe at the interface has an average moment of 2.42 & 0.05 g, about a
10 % increase from bulk Fe. Our result is in agreement with a previous work[60],
but in conflict with various theoretical calculations[58, 56, 59] which predicted higher
enhancements in the interface Fe moment due to Pd and Fe d-bands hybridisation.
Our values for the interface Fe indicate that the presence of the Pd surface has
relatively less influence on the magnetism of Fe as compared to the role of Fe on Pd.
Only about 2 atomic layers of Fe nearest to the interface have enhanced moments.
Moreover, the enhancement in the Fe moment is attributed to the broken symmetry
at the interface, rather than the hybridisation of the Fe and Pd d-bands.

The following topics are suggested for future studies:

o Study the spin excitation in magnetically polarised Pd layers. For example, by
investigating the temperature dependence of the Pd polarisation for samples
with different Pd thicknesses, one can learn if there is any size effect of the
spin excitation in the Pd layer, and cross over from T3/2 to linear temperature

dependence of the Pd polarisation.

e Study the role of roughness on the Pd polarisation by comparing results of

Pd/Fe multilayers prepared by sputtering and MBE.

e The magnitude and extent of magnetic polarisation in Pd layer can be studied
for Co/Pd and Ni/Pd multilayers by combining magnetometry and PNR mea-
surements. The results may clarify how the Pd polarisation is affected by the

3-d magnetic metals.



Appendices

A.1 Low-angle X-ray Reflectivity of Multilayers

X-ray is essentially an electromagnetic plane wave. The propagations of electric (E)
and magnetic (H) field components of an x-ray in a medium obey Maxwell’s equations:
0B
VXE=——, Al
oD
VxH=1J e A2
+ = (A.2)
where D = ¢E, B = pH, and ¢ and p are the electric permittivety and magnetic
permeability, respectively. When combined, the Maxwell’s equations lead to the
propagation equation of the electric field known as Helmholtz equation,

V’E + K°E = 0. (A.3)

where k = nk,, is the wave vector in the medium with refractive index of n, which is
related to the € and p by n2 = ep. The electric field which is the solution of Eqn.
(A.3) is given by,

E = Aelkr, (A.4)
and the intensity of the x-ray is given by |A|2. The calculation of reflectivity of a
medium is to relate the electric components of the incident x-ray and reflected x-
ray. There are several approaches to calculate the reflectivity of a multilayer, which
is a stratified medium consisting of many homogeneous films piling along the same

direction perpendicular to the film plane. We follow the method of Vidal[70] for the
reflectivity calculation in the fitting program.

Consider a TE x-ray wave impinging on a stratified medium with ideally flat
interfaces, the incident angle is # and the incident plane is x-y. Assuming lateral
invariance in the incident plane, the electric field can be written as, E = Ael*=Zeimi,
and Eqn. (A.3) can be reduced to one-dimentional Helmholtz equation,

((f—; + k§> E(z) = 0. (A.5)

Then the electric field in j** layer can be written in terms of incident wave and
reflected wave,

E(z) = Ae7k=? 4 Belkie?, (A.6)
in which, straight forwardly,

kj - konj, (A7)
ki, =k — Kk = \/kgnj2 — k2n? cos? ;.
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According to the Snell-Descartes’ second law,
cosf = njcosf = ngcosfy = --- =njcosb;. (A.9)

Then we have k;, = ko, /nj2 — cos2 6.

If an interface is positioned at z,, ignoring the subscript z, the electric field in
medium 2 and 1 can be written as,

E(z) = Ae ¥ 4 Bel? (7> g,), (A.10)
E(z) = Ce iz 4 Def17, (z < 2o). (A.11)

The continuity of the electric field and its first derivative across the interface can be
written in terms of the matrix,

A . 1 mi1 Mio é
[ B ] 2 [ Ma1 Mo D (A-12)
where

mjy; = o e_i(kl—k2)z, (A13)
mp = Qg gHilkitka)z (A.14)
Mgy = qp e atka)z, (A.15)
Ilog = g e+i(k1_k2)z, (A16)

k
o =1+ —, (A.17)

ko

k
oy =1— = (A.18)

kg

and the subscript o in z, is neglected for simplicity. The transfer matrix M relates
the components of the electric fields in the two media separated by an interface. The
transfer matrix (Moa1) for a stratified medium consisting of many thin homogeneous
films piling along z(Figure 3.2) is given by the product of the matrices of all the
interfaces,

Miotar = MynN-1Mn-1,n—2--Mg,. (A.19)

Mjiotar relates the components of the electric fields of the incident wave, reflected wave

and transmit wave as
1 0
[ r :l —_ Mtotal [ t jl (AQO)

where ¢t and r are the transmission and specular reflection coeflicients. Then the

reflection and transmission amplitudes can be calculated from the matrix elements of
Mtota,l by

ma

R— (—)2 (A.21)

myg

T— <—1—)2 (A.22)

mjq
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For a real multilayer, the effect of interface roughness have to be included into
the reflectivity calculation. This is usually done by using an analytical function to
model the electron profile. For a diffused interface, the variation in composition at
the interface can be best described by an error function[79]. At a rough interface,
the interface position varies randomly at different depths with respect to an average
interface interface. If the probability distribution of the interface height deviation
from the mean position follows a Gaussian distribution, the effective electron density
profile also follows an error function. The reflectivity can be calculated exactly using

the electron profile, or using a matrix method[69] as well. The transform matrix of a
rough interface is given by [70]:

B

2

[

[ A ] _1 [ my; e~k % o g-latle)s [ C ] (A.23)
5 :

2
my; e~ (atke)? 5 gy o—(ki—ke)? %

where ¢ is the root-mean-square value of the roughness.

A.2 Neutron Reflectivity of Multilayers

Neutron is a particle with practically zero electric charge. A beam of neutrons have
wave-like properties and can be described by a wave of wavelength \ appropriate to
neutron velocity v, and given by the de Broglie relation,

A = h/mw (A.24)

where h is the Planck’s constant. The wave function of the neutron satisfies the
Schrodinger equation:

2m

1;12
(——v2 + V(R)) ¥ = EV. (A.25)
where V(R) is the neutron potential energy at position R. For a homogeneous mag-
netic layer, the mean interaction potential energy can be written as,

27h?
m

V =

p-b, (A.26)

where b = b, + by, b, and by, are the neutron nuclear and magnetic scattering
lengths, respectively. by, is related to the in plane magnetic moment My (given in ug
per atom) by by, = 2.696 o - M fm.

The Schrédinger equation (A.25) can be reduced to a Helmholtz propagation equa-
tion: 2T
— + KU = 0 (A.27)
dr?

with k% = 28(E — V). The refractive index n is defined as

\Y4 1/2
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6. = 1/22x (A.29)
™

Assume the multilayer has translational invariance in the x-y plane, the neutron wave
function can be written as, ¥(r) = ¢(z)e™™I, with k; = k,cosd, where 6 is the
incident angle and Eqn. (A.27) reduced to the one-dimensional Helmholtz equation,

and the critical angle is given by

d? 9
(d_z—i + kz> P(z) = 0 (A.30)
with k, = (& —kH)"? = [(kon)? — (k,cos 62]'/? . For a non-magnetic medium,

or a magnetic medium with magnetisation parallel or anti-parallel to the magnetic
field, only non-spin-flip (NSF) scatterings occur, giving rise to NSF reflectivities, i.e.,
spin up-up (R**) and spin down-down (R™7) reflectivities. The magnetic moment
contributes to the reflectivity via the neutron scattering length, b = b, + by, where

+ and — signs are for spin-up and spin-down electrons respectively. Eqn. (A.30) has
a general solution

P3(z) = Ae? 4 Bemk 7 (A.31)

where s = + and — are for spin-up and spin-down electrons respectively. Eqn. (A.31)
has the same form as Eqn. (A.6), which is the wavefunction of the electric field of
an x-ray. The matrix method using to calculate the x-ray reflectivity described in
Appendix A.1, and formulae from Eqn. (A.10) — Eqn. (A.21) can be applied directly
to calculate the NSF neutron reflectivities of a multilayer.

If the magnetization in a medium has an angle of fy; with respect to the neutron
spin, a spin flipping (SF) process occurs, giving rise to the spin up-down (R*~) or
down-up (R™7) reflectivities. The NSF and SF reflectivities depend on 6. Here the
calculation of neutron reflectivities of a general case in which the effective magnetic
fields in two adjacent media have a relative angle of ;5 is given. When the neutron
is incident at an angle of § on an interface, which is in the x-y plane at position z,
the wave functions are written as:

wi — Aieiki—FZ + Bie—ikfz + Cieiki'z + Die——iki—z (A32)

with i = 1, 2 for the neutron in media 1 and 2 respectively, and k; = (k? — kﬁ)l/ 2 =

[(kon)2 — (ko cos6)2]"2. The neutron quantization axis is defined as the direction of
the effective field in the medium. If the effective fields in the adjacent medium differ
by 612, in medium 2, ¥, should be written as R(©);, where the rotation matrix R(O)
is a 4x4 matrix expressed by © which is half of 614,

cos(O©) 0 sin(©) 0
0 cos(©) 0 sin(©)

—sin(©) 0 cos(©) O (A-33)
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The boundary conditions require that the neutron wave-functions of and their first

order derivatives are continuous at z respectively, which can be written in terms of
the matrix,

A2 A1
B2 _ Bl
Ma| 2 | = ROM: | ¢! (A.34)
Do D,
with L L
elki Z e—lki z 0 0
kfels —Ige~k= 0 0
M; = ! ! o o A.35
0 0 elki z e——lki z ( )
0 0 Kelr _k ek

Then the transfer matrix Mjo, relating the components of the wave-functions in
medium 1 and 2 separated by an interface, is given by:

M, = M;'R(©)M; (A.36)
Incorporated the interfacial roughness, M1, is given by:

1} cos®Omy; sinOmyy
M = 9| —sin®my; cosOmay (A.37)

where m;; are 2x2 matrices given by:
j

51 .n 8 8 s S 2 51 .,..8 S S 3 2
(1+ %)e—x(kll—k22)ze—(k11—k22)2"7 (1- %)el(kll+k22)ze—(k11+k22)212—

ko k,
51 i S S, s Sa\2 o2 S1. .8 S. s S. 2
(1 )t +aDng= (97450 (1 4 A )ellia’ aMme=a’ i)

k

) (A.38)

2 2

where s; represents + or —. For
mij, 81 = +, 82 = +;

myg, S1 = —, Sg = +;
mo, 81 = +, 82 = —;
Mgy, $1 = —, 83 = —.

The total transfer matrix (Myqta1) of a stratified film is the product of the matrices
of all interfaces. For incident spin-up neutrons, the incident, reflected and transmitted
components at top and bottom are given as,

T1 T Banl
++ 0
"o | = Mo | o |- (A.39)
[ ] | 0 |
Similarly, for incident spin-down neutrons
[ 0 ] [t~ ]
r 1 = Miotal t— | (A40)
L7 ] U
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So we have
rit = (mg1ms3 — mosms; )/ (m1mss — myzms; ), (A.41)
T = (mgymss — m43m31)/(m11m33 — m13m31), (A.42)
r~" = (my3my; — mymy3)/(Miimss — mizma;), (A.43)
r~* = (mgsmy; — myymy3)/(myymgg — mygmay ), (A.44)

The spin dependent reflectivities can be calculated using R = |r|*. It can also be shown
that |r*=|> = |r~*%, so that R*~ = R~*. In the special case that the magnetic
moment is in the same direction as that of the incident spin of the neutrons, sin(©)
= 0, 7t~ and r~* vanish. The 4x4 transfer matrix A.37 can be broken into two

2x2 matrices, and Eqn. (A.39) and Eqn. (A.40) can be reduced to Eqn. (A.20) for
spin-up and down neutrons respectively.
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