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Chapter 1

INTRODUCTION

After having been dormant, for the greater part of a century since the discov-
ery by Barkla1 of the polarized nature of x-rays, the field of polarized x-ray
research is being shaken to life rather abruptly by the boom in the produc-
tion of synchrotron radiation. Polarized x-iays form now a challenging new
experimental probe useful for the broad range of sciences covering atomic-
and solid state spectroscopy. coordination chemistry and protein structure
research. This boom is a result of the increasing availability of polarized x-
rays, which are produced with high intensity by electron and positron storage
rings.

This thesis deals with one particular kind of x-ray polarization effect,
known as dichroism, or the polarization dependence of the absorption spec-
trum.

Colours exist because different materials absorb different parts of the
spectrum of white light. However, if the light is polarized, some substances
show even two colours, and they are said to be dichroic. Dichroism was first
described by Biot (1815), who found the colour of crystal platelets of the
darkly coloured mineral Tourmaline changed when he varied their orientation
with respect to the polarization direction of the light. Indeed, even more
coulours are possible, for which one uses the term pleochromism.

Dichroism occurs when the electronic structure of the absorbing system
is anisotropic. For instance, the electrons of a linear molecule like CO2 have
different resonant frequencies along the axis of the molecule compared to
normal to the axis. As a result, the absorption by such a molecule of light
that is polarized along the axis differs from the absorption if the polarization
is normal to it.



Quite often also solids have an anisotropic electronic structure, like the
Tourmaline of Biot. In everyday life, dichroism can be found on the nose
of owners of polaroid sunglasses. In such glasses light-absorbing polymer
chains have been oriented vertically by stretching the material. As a result,
the plastic niters out the horizontally polarized reflections from car roofs and
water surfaces.

The second half of the title of this thesis mentions the rare earth elements.
This group of 14 elements encompasses the fourth transition series of the
periodic table, in which the 4f shell is filled. The rare earth distinguish
themselves through the behaviour of the 4f electrons, which in many respects
are atomic-like even in solids.

The atomic nature of the 4f shell is certianly apparent in the x-ray excited
transitions involving the 4f shell. In particular this is true for the 3d—>4f ab-
sorption lines, which have been found to exhibit atomic-like multiplet struc-
tures that can be simulated quite accurately with atomic model calculations.
However, on close inspection it turns out that often the shape of the spectra
is not completely atomic, but reflects influences from the surrounding solid.
In fact, it is possible to use these modified spectra as fingerprints of these
influences. Indeed, the subject of this thesis is the study the dichroism of
such spectra, which is the fingerprint of local anisotropies in the surroundings
of rare earth ions.

The starting point of this thesis was the prediction by Thole et al. 2 of a
strong Magnetic X-ray Dichroism (MXD) in the 3d—>4f spectra of vare earth
materials. These predictions were based on the excellent correspondence
found between the experimental 3d—>4f spectra of poly-crystalline samples
and atomic model calculations. However, in the course of the work it was
realized that the purely atomic picture in most cases has to be extended to
include the symmetry lowering effects of crystal electTic fields.

The aim of the work described in this thesis is to answer the question:
How can we measure, describe, and use the dichroism present in the x-ray
absorption spectra of localized materials, as represented par excellence by the
rare earth elements. However, to realize this aim it proved to be necessary to
spent a quite large amount on the development of experimental techniques.
As a result, about half the work presented in this booklet concerns experi-
mental aspects of x-ray absorption in the soft x-ray range.



1.1 Scope of the work

The structure of this thesis is as follows:

Chapter 2 aims to provide a perspective to the different aspects covered
by this thesis for the non-expert. It gives an introduction to x-ray ab-
sorption spectroscopy and explores polarization effects, both the long-
known effects in the visible as well as those in the x-ray range, which
have been discovered only quite recently. Furthermore, an intuitive
description of the physical ideas underlying MXD. The chapter is con-
cluded with a review of the work on x-ray dichroism so far.

Chapter 3 treats the atomic description of x-ray absorption and MXD of
the 3d—>4f transition in mere detail. Predictions for the linear and
circular MXD spectra are presented for all magnetic trivalent rare earth
ions. Also crystal field effects are discussed. Finally, since often the
magnetic ordering of rare earth materials is very complex, a simplified
description of the MXD of non-collinear spin systems is given.

Chapter 4 contains a feasibility-study of the application of the MXD ef-
fect to the construction of an x-ray polarization filter or analyzer. In
addition we comment on the possibility to use the super-conducting
magnet used in such a device as an x-ray absorption microscope. Such
a microscope would allow one to perform both elemental mapping of
inhomogenous samples and, in combination with MXD. mapping of the
domain structure in ferromagnetic materials.

Chapter 5 combines a number of papers dealing with experimental aspects
of XAS.

• Chapter 5.1 describes a UHV double crystal monochromator, con-
structed by our group at the Super-ACO storage ring at LURE,
Orsay, France, and used in part of the measurements described
here.

• In Chapter 5.2 the UHV experimental system used in the exper-
iments described in later chapters is discussed. Also the different
ways of measuring x-ray absorption are discussed.



• In Chapter 5.3 we reprint a paper dealing with the first realization
of the long-standing idea to use radiation-sensitive organic crys-
tals as monochromating elements in a double crystal monochro-
mator by protecting them from most of the heatload and x-ray
intensity from the storage ring by prefiltering the radiation beam
with a synthetic metallic multilayer. We present tests and oper-
ating experience with sucli a monochromator, with the emphasis
on spectroscopic applications.

• For many purposes, e. g. the characterization of the organic-crys-
tal/multilayer monochromator or the theoretical simulation of x-
ray absorption spectra, it is necessary to posses a reproducible
method for the characterization of the resolution of soft x-ray
monochromators. The article reprinted in Chapter 5.4 describes
such a method.

Chapter 6 describes the first experimental confirmation of MXD accord-
ing to the predictions by Thole et al. . The chapter consists of two
parts: a reprint of a publication on the first spectra of Tb iron garnet
(TB3Fe5012). followed an Addendum presenting newer data as well as
a reviewed interpretation thereof.

Chapter 7 presents a detailed x-ray absorption study of the Tb—Ni in-
termetallic compound system and the Tb/Ni(110) overlayer system.
Although the study was conceived as a backup-study to the MXD ex-
periment described in the last chapter, it yielded some striking results
concerning the probing depth and sensitivity of the measurement tech-
nique used: the total electron yield method.

Chapter 8 describes the observed X-ray Dichroism effects of the system
Tb/Ni(110). This system was selected for a number of reasons: the
same system is or was studied by several other groups using different
methods, amongst whom colleagues in Nijmegen using spin-resolved in-
verse photoemission. Also both materials have magnetically interesting
edges which are accessible with high resolution by a single monochroma-
tor. This has allowed studies of the alloying properties of the overlayer
by comparison with the absorption edges of the bulk rare earth—Ni
compounds. The results prove X-ray Dichroism measurements on rare
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earth elements allow the study of the symmetry and magnetism of films
of submonolayer thicknesses.
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Chapter 2

X-RAY ABSORPTION AND X-RAY
DICHROISM: A PERSPECTIVE

2.1 Introduction

Polarized x-ray research is a new field of science. Therefore, probably few
readers of this thesis will be acquainted with both parent subjects: polariza-
tion dependent effects in the visible and x-ray absorption spectroscopy (XAS).
In this chapter we will discuss both.

The structure of the chapter is as follows: We first give a brief account of
the availability of polarized x-ray radiation for spectroscopic purposes. Then
the single particle description of x-ray absorption is discussed in a fairly
didactical way, introducing the nomenclature of x-ray spectroscopy. Later
the atomic description, which is more relevant for the rest of the thesis, is
introduced. The reader familiar with x-ray absorption spectroscopy might
skip these first sections.

The second half of the chapter is devoted to polarization dependent phe-
nomena, which are first discussed for the visible and then for the x-ray range.
Finally we turn to x-ray dichroism itself, presenting a simple picture for the
magnetic x-ray dichroism of the 3d-XAS spectra of rare earth elements that
is the main subject of this thesis. The chapter is concluded with a review of
x-ray dichroism experiments.

2.2 Generation of Polarized X-rays

The polarization properties of x-rays have hardly been exploited until very
recently. This situation was due to the difficulty of generating and manip-
ulating polarized x-rays. A major development was the advent of electron
storage rings dedicated to the production of synchrotron radiation. When the
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relativistic electrons (or positrons) in the ring are deflected by the bending
magnets that keep them in a closed circular orbit, they emit highly intense
beams of linearly polarized x-rays in the plane of the electron orbit. Exactly
in the orbital plane the polarization is linear, while slightly above and below
the plane the polarization is elliptical, with a degree of circular polarization
whkii increases rapidly with the out-of-plane angle3. However, the intensity
drops even more rapidly with this angle. As a result, at the moment linearly
polarized x-rays are abundantly available, but there have been only few ex-
periments with circularly polarized synchrotron radiation (CPSR), and none
in the soft x-ray range. Currently a number of alternative sources for CPSR
are under development. The most notable are so-called insertion devices
like helical wigglers and crossed undulators4'5'6' 7> 8-9'10, which are complex
arrays of magnets with which the electrons in a storage ring are made to
oscillate in two directions perpendicular to their propagation direction, with
the result that they emit circularly polarized x-rays. Alternatively, in the
hard x-ray range CPSR can be generated with devices similar to A/4 plates
used in the visible, but know based on the anomalous scattering properties
of perfect crystals11' n.

2.3 X-ray Absorption Spectroscopy (XAS)

The absorption of a photon by a solid is an extremely complex phenomenon,
and in simulating the spectrum one has to make very drastic approxima-
tions. In this chapter we discuss two extreme approaches: the single-particle
approximation and the atomic model approximation.

In the single particle approximation the absorption is viewed as the ex-
citation of a single electron: one electron absorbs the photon and is excited
into a higher orbital as a result. Because this model is easy to visualize, and
because it was and still is widely applied to describe XAS in free electron-like
systems, we will use it to illustrate our introduction to x-ray absorption.

To be specific we will use the 'simple' element aluminium to illustrate
some basic notions. In Fig. 2.1, (left), its single-particle electronic structure
is represented schematically. It consists of three core-levels, Is, 2s. and 2p,
and a valence band structure which is build up of partial density-of-states
with s, p, d, f,- - • symmetry. The structure of these subbands is due to the
scattering and interference of the electron wavefunction on the crystal lattice.

In the single-particle picture, the absorption of visible and ultra-violet

13



SINGLE

50 101} 1550 tW (sV)

VISIBLE X-RAY EDGES
•UV

L*3 L1 K

-h-

EXAFS

Figure 2.1: Schematic single-particle description of visible, ultra-violet (UV).
and x-ray absorption transitions. Top panel: schematical representation of
the absorption spectrum of aluminium. Left: single-particle energy scheme,
consisting of three core levels (Is, 2s, 2p) and a valence band with contri-
butions of s. p, d, f. • •. partial densities-of states. States below the Fermi
level (E = 0) are filled. Midle: visible and UV intra-band transitions. Right:
x-ray transitions. The x-ray spectrum can be divided in regions as denoted
on the far right.
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light (ha: = 1 10 eV) involves intra-band transitions of electrons from occu-
pied to unoccupied states, as depicted schematically in the middle of Fig. 2.1.
Crudely said, the visible absorption spectrum is a continuum given by the
convolution of the occupied with the unoccupied bands. In a more precise
picture however, one has to include the impuls-selection rule A t = 0 and
possibly to allow for phonon assisted transitions13. As a result, the interpre-
tation of optical spectra is often prohibitively difficult.

In the x-ray range the spectrum is characterized by a series of sharp steps.
or edges, that are followed by structured tails (Fig. 2.1. inset). Each edge
corresponds to the opening of a core-level absorption channel, and the edges
are identified by labels derived from the core-level designation: K, L, M. N- • •
for core levels with principal quantumnmnber n = 1.2.3.4 • • •. Subscripts to
these labels number consecutive edges and will be discussed more completely
below. In Fig. 2.1 (inset) the L-, and L3 edges lie too near to each other to
be drawn separately.

2.3.1 Nomenclature

The x-ray absorption spectrum from a particular edge. c. g. the K edge in
Fig. 2.1 are divided in three to four regions:

• In the prc-ed<jc region the absorption is due to the rather structureless
tails of the occupied valence electrons and the shallower edges (e. g.
the L 1.2.3 m Fig. 2.1).

• At the edge the absorption intensity suddenly rises and often shows
pronounced structure. The 50 eV wide interval above the edge is the
XANES (x-ray absorption near edge structure) region which is domi-
nated by multiple scattering effects of the excited photoelectron in the
cluster of atoms surrounding the absorbing site.

• In the EXAFS (extended x-ray absorption fine-structure) region, ex-
tending from 50 eV above the edge until the next edge the spectrum
shows slow oscillations with energy. The initial amplitude of the fine-
structure oscillations can be 5 10% of the mean absorption, and de-
creases slowly over the next 500-1000 eV. These oscillations arise be-
cause the excited photoelectron is partially reflected back by the first
few shells of atoms around the absorbing atom. At kinetic energies
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greater than 50 eV the wavelength of the outgoing spherical wave of
the excited photoelectron becomes comparable to the atomic spacing
and, going to higher energies, the wave will interfere alternatingly con-
structively and destructively with itself.

The structure in the EXAFS region can be well described with sin-
gle scattering theory. EXAFS oscillations are widely studied because
from a Fourier analysis of the oscillations one can obtain the bond
lengths and coordination numbers of the absorbing atom, i. e. the lo-
cal geometry14.

• Often the denotation XAS is used for the first 15 eV of the XANES
region. This region in general shows the sharpest features and is studied
with high resolution monochromators.

Spectroscopically the most interesting XAS edges are in general the K,
L2,3 and M,^. This is mainly because these edges have the highest cross-
sections, e. g. in Al the Lt is about 10 times weaker than the L2,3 or K
edges15. Also L̂  and M]i2,3 edges often lie superposed on the EXAFS of the
L2,s and M45 edges (see Fig. 2.1). Finally, edges from the same shell have a
lifetime broadening that decreases with increasing orbital momentum of the
hole state16'17.

2.3.2 The core-hole spin-orbit splitting

The spin of the hole left in the core-level can be either parallel or antiparallel
to the hole's orbital angular momentum I, leading to two possible final core
states with j± - I ± 1/2, which differ in energy by the spin-orbit interaction
of the core-level. The XAS spectra from core levels with / ^ 0 are therefore
split in two parts, labelled as L2i3 (2p1/2, 2p3/2), M2>3 (3pi/2, 3p3/2), M4,5
(3d3 2. 3d5/2) etc. . All have the shape of the partial density-of-states. To
a first approximation the intensity ratio between the j _ = / — 1/2 and the
j+ = I + 1/2 states is (2j_ + l)/(2j+ + 1), or 1 : 2 for L2,3 and M2,3 edges
and 2 : 3 for the M4i5 edges. In the presence of the atomic correlations
discussed below, the spin-orbit splitting of the final state can change these
ratios drastically18.

For the Al example in Fig. 2.1 the spin-orbit splitting is only ~0.4 eV
and is too small to be resolved. For deeper core levels the splitting increases
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Figure 2.2: The 2p-XAS spectra of Cu compounds with different valencies,
showing the splitting into L2 (2p!/2) and L3 (2p3/2) edges due to the strong
spin-orbit coupling of the 2p core level19.

rapidly. This is illustrated in Fig. 2.2 which shows the L2,3 spectra of a
number of Cu compounds of different valencies. This figure also illustrates
nicely the different edge shapes observed in practice. Cu metal has a step-like
edge followed by two broad features. The spectrum of Cu2O on the other
hand shows sharp resonances, called white lines because of their appearance
on the photographic films used in the early days of XAS.

2.3.3 Golden Rule description

The earliest approach to the description of x-ray absorption spectra, and one
which is still widely used, employs the single-electron model as a starting
point. In this picture, the core-electron is excited in the unoccupied contin-
uum states of the system. According to Fermi's Golden Rule the transition
probability per unit time from a bound state to a continuum state can be

17



written as
?* tf - Ec) (2.1)n

where |{A-|P|f)| is the matrix element of the electromagnetic field operator
P between the core-electron state |r) and the valence state \k), p/{E) is the
density of valence states at the energy E above the Fermi level and Ec is the
core-electron binding energy.

The operator P can be written as20

P = e'i^-'p.e (2.2)

where n is the light propagation vector, e the polarization vector, and r
and p are the electron position and momentum operators. It is customary,
and usually valid, to make the electronic dipole approximation, wherein the
exponential is replaced by unity, giving

Kfr|P|c>|«|<fclp.e|c)| (2.3)

Since the electric dipole operator is odd, and acts on the radial part of the
electronic wavefunction only, transitions can be made only between states
which have opposite parity and differ in angular momentum by one: A/ = ±1,
with As = 0, the dipole selection rules. For instance, in Fig. 2.1 the K and Li
edges have p final states and the L23 edges s and d final states. Since the core
state |r) is strongly localized on the nucleus, the matrix element is also local
to the atom21. A somewhat loose formulation of the above states that: x-ray
absorption spectra give the site- and symmetry-selected unoccupied electronic
levels of the absorbing atom.

The usefulness of the golden rule approach to XAS is illustrated in Fig.
2.3. left, where the experimental Si K-edge spectrum of NiSi2 is compared
with the unoccupied Si p-DOS 22. Although some peak positions are right,
large discrepancies occur near the Fermi level. On the right it is shown that
inclusion of the energy dependence of the matrixelement does not improve
the situation much22.

This example clearly indicates the limitations of the single electron pic-
ture. The poor agreement really is not very suprising in view of the complete
neglect, first, of the dynamics of the transition and, second, of the relaxation
of the electron system to the new charge distribution in the presence of the
core hole. With the advent of both more reliable band structure calculations
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Figure 2.3: Left: Si K edge (Is—>unoccupied p states) of NiSio compared
with unoccupied Si p-partial density-of-states (DOS). Right: comparison of
Si p-DOS with theoretical spectrum which includes the energy dependence
of the Golden Rule matrix element (also shown).

and improved experimental technique the deficiencies of this model are in-
creasingly felt. Several attempts have been made to improve the description
by going to the other extreme of the single particle description, wherein the
spectrum is compared with the unorcupied states of the final state charge
distribution, i. e. the solid is allowed to relax completely around the core-
ionized atom23 24'25. At the moment it is still a subject of discussion as to if
and where the final state description indeed is better than the simpler initial
state description.

However, the real problem of the core hole is the importance of atomic-
like many-body interactions between the multipole moments of the core hole
and those of the valence levels. Our understanding of such interactions is
still in its infancy, although important progress know is being made26.

2.3.4 A-particle description

Absorption edges involving a localized final state, like for instance the transi-
tions ls-^2p in 0, N, F; 2p-+3d in the 3d transition metals; and 3d^4f in the
rare earth elements, are more naturally described in terms of a local model-
Hamiltonian, e. g. atomic27-28-29'2 impurity30' 31< 32< 33<34, crystal field35- 36 or
cluster models37'38. In such a description one sacrifices a large amount of the
properties of the solid in order to be able to perform a many-body calculation
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on the remaining electron system.
In the atomic model the transition is viewed as taking place between

the ground-state and excited state of the complete atom. The situation is
illustrated in Fig. 2.4 for the 4fw-+3d94fN+1 x-ray absorption transition of
the rare earth elements. The description involves calculation of the discrete
energy levels of the initial- and final state N- particle wavefunctions (multi-
plets). Each multiplet state has a definite atomic angular momentum quan-
tum number J. In this description the dipole selection rules are A J = 0, ±1.
The spectrum is formed by the superposition of all the selection-rule allowed
transitions from the ground state to the levels of the final state multiplet.
An important consequence is that while in delocalized electronic systems the
core-hole problem seriously hampers the interpretation of XAS spectra, it has
been shown that it can be succesfully taken into account in an atomic-like
picture27-2Si 29.

Notably for transitions involving the 4f shell of the rare earth elements the
match between the measured spectra and calculations based on the aotmic
picture is almost perfect. This is illustrated in Fig. 2.52, where the experi-
mental M5 spectrum of Dy metal is compared with the calculated spectrum
of a trivalent Dy ion (ground-state 6Hj=15/2). For later reference we remark
here that the theoretical spectrum consists of three contributions with AJ=
1, 0 and - 1 , which appear in well separated groups, as is shown in the lower
three panels of Fig. 2.5.

2.4 Polarization Phenomena in the Visible

Before turning to polarization phenomena in the x-ray range, it is worthwhile
to consider briefly the visible light absorption phenomena.

As was already mentioned in Chapter 1, dichroism is the dependence of
the absorption of light on the polarization state of the light. Well known
examples of dichroic materials in the visible are tourmaline, which changes
its colour from blue to green when it is turned in linearly polarized white
light, and polaroid sunglasses. In these cases the asymmetry in the charge
distribution leading to dichroism is due to respectively the low symmetry
crystal structure and stress in the polymer film. Below we will see also
magnetic fields can give rise to dichroism.

Simple symmetry considerations imply that dichroism can not occur in
systems which have cubic or higher symmetry, i. e. where the three Cartesian

20



hV
(»v)
1600

FINAL STATE

1550

NTtAL STATE

yraund sttte

Figure 2.4: Atomic description of 3d-x-ray absorption transitions of rare
earth ions. The initial multiplet (4fv, N = 0-14 is the 4f occupation number)
is 1 to 5 eV wide, with only the lowest, state, given by Hund's rules, occupied.
The final state multiplet 3d94fJV+1 b split in two parts by the 3d spin-orbit
interaction and, depending on N, consists of two lines for ytterbium to several
thousands for gadolinium. The dipole selection rules AJ = 0, ±1, allow only
a part of these lines to be reached from the initial state.
Inset: Sticks: the matrix elements of the allowed lines. Full curve: line
spectrum broadened with lifetime and experimental resolution contributions,
corresponding to the observed spectrum.
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Figure 2.5: (a) Experimental and (b) theoretical M5 XAS spectra for Dy3+

Hf9) in a non-magnetic ground-state. The separate contributions with A J =
1,0.-1 of this spectrum are shown in (c), (d). and (e), respectively.

directions are equivalent39 (point groups T, Th, Td, O, Oh, I, h)- Similarly, cir-
cular dichroism, meaning different absorption for left and right-handed cir-
cularly polarized rays, can occur only when the point group of the system
does not contain a plane or a center of symmetry.

Dichroic materials are also double refractive (birefringent): a ray of unpo-
larized light which is incident on a transparant material is, upon refraction
at the surface, split in two conjugately polarized rays that travel in different
directions. Expressed less concisely, the refractive index in such materials
varies with direction and polarization. Double refraction is easiest observed
in the transparent regions away from the dichroic absorption bands, like in
the well-known examples Icelandic spar, quartz, mica, and the highly stressed
windshields of cars. The occurence of polarization dependent effects at wave-
lengths other than that of the dichroic absorption bands is due to the fact
that there the electrons of a solid act as strongly damped anisotropic oscil-
lators interacting with the photon radiation field (see also below).
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2.4.1 Magnetic Circular Dichroism

Obviously polarization dependent measurements can give information on the
symmetry of the absorbing atoms, and therefore in the1 visible such techniques
form standard extentions of absorption experiments. The one most used is
magnetic dichroism (MD), where the absorption spectrum of a sample in an
applied magnetic field is measured as a function of temperature.

Magnetic dichroism was discovered by Zeeman in 1886 in bis famous
experiments on the emission and absorption by ions of sodium and other
elements in a magnetized flame40. Initially he found the light emitted nor-
mal to the field direction consisted of a triplet. The two outer lines proved
to be linearly polarized normal to the plane containing the field and light
directions (<x polarization) while the center line was polarized in this plane
(/T polarization), see Fig. 2.6. Soon after this discovery Lorentz was able to
explain these observations with his model of the electron as an oscillating
charge in the atom41, and even could predict that light emitted along the
field direction consists of a doublet of circularly polarized components with
opposite senses of rotations. This was soon afterwards confirmed by Zee-
man. Later, in addition to these 'normal' Zeeman patterns also 'anomalous"
splittings, consisting of more than three components, were observed, which
could not be explained until the discovery of the electron spin in 1925. This
points to the essential role of spin-orbit coupling for a detailed understand-
ing of magneto-optical effects, as will be evident from the discussion of x-ray
dichroism effects given below.

Magnetic dichroism is the absorptive counterpart of the Zeeman emission
effect, and indeed is sometimes called the inverse Zeeman effect. It turns out
that the experimentally most convenient geometry for magnetic dichroism
studies is that wherein an alternatingly left- and right circularly polarized
beam travels along the direction of the magnetic field. Also it yields all the
information derivable from the use of other geometries or linear polarizations.
This form is known as magnetic circular dichroism (MCD). The theory of
MCD spectra in the visible has been given by Stephens42.

An important class of materials amendable to MCD measurements is
formed by the transparent insulating 3d transition metal compounds. In
these materials the optical transitions involve the narrow crystal field levels of
the 3d shell. 3d—>3d transitions are both spin- and parity-forbidden but can
acquire intensity by exchange, spin-orbit and vibrational interactions42'43.
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Figure 2.6: Normal Zeeman splitting of the emission from a magnetized ra-
diation source. Top: circularly polarized doublet as observed along the light
direction.
Bottom: ir and cr polarized linearly polarized triplet as observed perpendic-
ular to the field direction.

This makes the interpretation of MCD spectra quite involved, but it is pos-
sible to obtain information on these interactions42, as well as information on
the symmetry, magnetic moments and wave/unctions of both the initial and
final states of the absorbing atom44'43.

Related to the MCD effect are the Faraday effect: the rotation of the
polarization vector of light travelling through magnetized materials, and the
magneto-optical Kerr effect (MOKE): the rotation of the polarization on
reflection.

MOKE derives its practical importance from the fact that important
classes of magnetic materials are non-transparent, making them unsuitable
for Faraday and MCD measurements. In the last two decades MOKE studies
received extra impetus from the possibility of using the effect in high-density
magneto-optical storage systems45'46. However, the theoretical description
of the MOKE of non-transparant materials (and indeed any other magneto-
optical effect in the visible) is enormously complicated, because both the
initial- and the final-state lie within the electron bandstructure, so that one
has to evaluate all Ak = 0 transitions between all occupied and all unoccu-
pied bands47'48f 49<50. Also, because of the importance of spin-orbit coupling,
a proper description of magneto-optical effects in band-like ferromagnetic
materials involves relativistic spin-polarized bandstructure calculations and
is therefore both mathematically and computationally less tractable. These
problems have been one of the motivations for studying magnetic x-ray di-
chroism, because in x-ray absorption the initial state is a simple core state51.
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2.5 X-ray Polarization Effects in Solids

Optics in the x-ray range differs in important respects from visible optics.
First of all, hard x-rays have great penetrating power, often allowing ab-
sorption measurements on materials not transparent to visible light. Fur-
thermore, with x-rays the wavelength is comparable to the size of atoms and
their spacings, giving rise to strong interference which leads to the diffraction
effects which have long dominated x-ray research. Also the short wavelength
makes a description of light-matter interaction in terms of a quasi-continuous
dielectric tensor, as is used in the visible, less appropriate. A more natural
description is in terms of the atomic scattering factors, f = fi + ifc- f\ and
/2 are interrelated by the Kramers-Kronig relations, and have been tabulated
for the x-ray range by Henke et al. 52. The complex refractive index is re-
lated to /i and ft by n = rii + in^ = 1 — Kf\ — i/f/2, with K a material and
wavelength dependent constant52.

As we saw in Fig. 2.1, in the x-ray range the absorption edges are fairly
widely spaced, and in light materials like Al even absent at high photon ener-
gies. Thus, according to the Kramers-Kronig relations, away from absorption
edges /1 is small, so that the real part of the refractive index, n 1 = 1 — Kf\, is
close to unity in most of the x-ray range. Consequently in general no strong
polarization mixing effects can occur in the x-ray range. Some authors even
have claimed such effects would be absent53. Nevertheless, as we will see
below, x-ray polarization effects now appear to be abundant- Such effects
can be divided in a group of pure scattering effects arising purely from geo-
metrical conditions, and in a group of dichroism related effects. We will give
a short review of scattering effects before turning to x-ray dichroism itself.

2.5.1 Anomalous x-ray scattering and birefringence

Transmission through perfect crystals, i. e, crystals without mosaic spread,
is described by dynamical diffraction theory54. According to this theory,
when an x-ray beam enters a perfect crystal under the Bragg condition, it
forms four wavefields: two with x polarization (polarization parallel to the
scattering plane) and two with <j polarization (perpendicular to the plane).
Both the 7r and the a pairs are further divided in a wavefieid component which
has its wave nodes in between the atoms (a-branch) and one which has its
nodes on the atoms (£?-branch), see Fig. 2.7. Because of the greater over-
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Figure 2.7: Standing x-ray wavefields at the Bragg condition of the trans-
mitted beam in a perfect crystal. Taken from Mills11.

lap with the electronic wavefunctions, ^-branches are anomalously absorbed
Borrmann effect. Tims an unpolarized beam upon transmission through a
thin crystal platelet becomes linearly polarized, or. if the thickness is cho-
sen judiciously, even circularly polarized, because of a thickness dependent
phase shift between the aT and «ff-brauchesD5> 56. On the basis of this effect
practical polarization filters acting as A/4 plates for 10-100 keV synchrotron
radiation have been constructed recently12' l l .

As was shown by Templeton and Teinpleton57- 58' 5 l\ also crystals with
mosaic spread can display birefringence. In these cases however the bire-
fringence results from the polarization dependencies of fx and /2 caused by
di( hroic effects in nearby absorption edges, and we will discuss some of these
data in more detail below.

Other polarization dependent x-ray scattering effects involve magnetism.
The scattering cross section of x-rays also contains terms which depend

on the electron spin- and angular-momentum densities60'fil. Although these
terms give only a low cross-section this problem is more than compensated by
the intensity of synchrotron radiation sources. Near absorption edges larger
effects have been observed62 that arise from magnetic x-ray dichroism and the
Kramers-Kronig relations (resonance scattering). Magnetic x-ray scattering
offers several possibilities complementary to magnetic neutron scattering.
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such as the possibility to measure the spin and angular contributions to
the magnetic field separately, and the possibility of thin film experiments.
Although this technique is still in an early stage of development it promises
to be exceedingly powerful.

Another term in the x-ray scattering cross section is the magnetic Conip-
ton scattering contribution. Measurements with circularly polarized syn-
chrotron radiation of 30 to 100 keV have yielded the momentum distribution
of the magnetic electrons in ferromagnetic materials63'6'1'65.

2.6 X-ray Dichroism

In this penultimate section we turn to a discussion of pure x-ray dichroism
effects. We start by presenting a simple model for the magnetic and crystal
field dichroism of the 3d-XAS spectra of rare earth studied in this thesis. For
this we return to the atomistic description of XAS and the Dy example given
earlier. Subsequently a review of other x-ray dichroism effects is presented.

2.6.1 3d-Magnetic X-ray Dichroism

To explain the mechanism of MXD we turn first to the very simple example of
trivalent Yb, which has a 3d-XAS spectrum (3d104f13^3d94f14). as illustrated
in Fig. 2.8. In the field-free ion spin-orbit interaction leads to splitting of both
the initial and the final states into 2F7 2. 2 F 5 2 (Cs.o. = 0.366eV) and 2D5 2-
-D:i i {Ct.o. — 19.4eV) respectively. The 2 F 7 2 is the Hund's rules ground
state. The only allowed transition is 2F7 2 ^ 2 D 5 •> with AJ = - 1 (see Fig.
2.8. left), while the transition to 2D3 2, which would constitute the M4 line.
is dipole forbidden.

When the spherical symmetry is broken by a magnetic field the AJ = — 1
line is split into 18 lines divided over three groups with different AM. Lower
in the figure the division of the linestrength over these lines {given by the
squared 3-j symbol, see next chapter) is indicated and. at the bottom, the
polarization state pertinent to the different AM transitions: left and right
circularly polarized for AM = ± 1 . and parallel linearly polarized for AM =
0.

At sufficiently high temperatures all the levels remain populated and as
the splitting is much smaller than the experimental resolution it has no ef-
fect on the spectrum. However, the occupancy of the levels is governed by
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Figure 2.8: Energy diagram of the 3dlo4f13->3d94f14 transition of Yb3+ with-
out (left) and with (right) a magnetic field. The vertical arrows indicate the
dipole selection rule allowed transitions jo J)—>\a'J'). Their relative intensi-
ties are given by the dots. The required polarization state is indicated at the
bottom.

Boltzmann statistics so that when the magnetic field splitting
sufficiently large relative to the thermal energy kbT, the upper levels are less
occupied, and this has an effect on the observed absorption cross section.
From the figure it can be seen that in the limit of 0 K only the lowest level
is occupied. Then absorption will take place only if the light has a left cir-
cularly polarized component. At intermediate angles or temperatures the
absorption intensity of the AJ = - 1 line varies between 0 and the field-free
value.

The case of Yb3+ is exceptional in that a single AJ = - 1 line composes
the whole spectrum. For other elements the spectrum contains also compo-

28



nents due to AJ = 0 and +1 transitions (cf. Dy in Fig. 2.5). As discussed
in more detail in the next chapter, the temperature and field dependencies
of these components have cross sections which, though subject to the same
mechanism as the A .7 = — 1, have strongly different dependencies on field,
temperature and polarization. The net effect of this is illustrated in Fig.
2.92, where the unpolarized spectrum is compared with the predicted T = 0
linear polarization spectra with the polarization parallel and perpendicular
to the field. As an example of experimental dichroism spectra we show in
Fig. 2.10 the spectra of a Dy monolayer on a Ni{110) surface, taken at 70
K with the polarization vector making an angle of 0° and 70° respectively
with the surface [111] direction. Large dichroic effects in accordance with the
theoretical predictions are evident, although the effect is of course smaller
than the T = 0 K predictions. A complete discussion of similar experiments
on Tb overlayers on Ni(110) is given in Chapter 8.

2.6.2 Crystal field effects

Although the crystal field interactions acting on the rare earth 4f levels are
small, they may very well be comparable to the spin-orbit interactions. The
initial predictions by Thole et al. 2, were based on the observed good corre-
spondence between experimental data and the atomic predictions25*. The ex-
perimental 3d-XAS spectra that were used for the comparison were however
all taken on poly crystalline samples. Possible crystal field induced dichroism
effects in these spectra are obscured by the angular averaging in the poly-
crystalline material. To illustrate this point we will briefly touch on crystal
field induced dichroism in the 3d-XAS spectra.

In Fig. 2.11 we show the effect of a crystal field of axial symmetry on the
Yb3+ spectrum. (The field is assumed to be represented by the 0° equivalent
operator66'6T As shown in the figure, in such a field the initial and final states
split up into a series of Kramers doublets J ± Af). Like in the magnetic case
the AJ = —1 line splits into three AM groups, but now each group has
four components with different energies instead of six (cf. Fig. 2.8). The
consequences for the dichroism are easily seen from the T = 0 K situation:
now both circular polarized transitions remain possible. Also it can be seen
that the temperature dependence of the cross section is different from the
magnetic case.

In this particular case no intermixing of the magnetic substates occurs.
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Figure 2.9: (a) The calculated 3d-XAS spectra of Dy3+ for disordered atomic
moments (a) and for magnetically aligned ions at T = 0 K with linear polar-
ization parallel (b) and normal (c) to the magnetization.

Figure 2.10: Lower two curves: Dy M5 XAS spectra of a 0.25 ML Dy film on
Ni(110), measured at 70 K, with the polarization vector E making an angle
of 0° and 70° respectively with the [111] direction. Top curve: Spectrum of
a thick polycrystalline film.

However, if the field has lower symmetry this is no Longer true; the crystal
field levels are formed by a linear combination of different atomic sub-states
\M). In some cases the lowest crystal field level can contain contributions
from all states |Af) with the result that even at T = 0 K some transitions are
always possible for any polarization, resulting in a reduction of the dichroism.

30



2.7 Review of X-ray Dichroism Experiments

We will conclude this chapter with a review of x-ray dichroism experiments
by other groups. For work in the 10 100 eV range, we refer to Ref.68. Natural
dichroism experiments are discussed prior to magnetic experiments.

2.7.1 Natural X-ray Dichroism experiments

Large linear dichroic effects have been found in the XAS spectra of layered
compounds (TaSe2

3S, TiS2
69), molecular solids (Cu11, metal-organic comple-

xes70 '71), surfaces7273, and high-Tc superconductors74. If at all, the data
were always interpreted in the single-particle model; either only qualitatively
in terms of unoccupied crystal field orbitals42" 71, or quantitatively by compar-
ison to local-density bandstructure69 or cluster calculations'0. As remarked
in Chapter 1, because of the spherical symmetry of the core hole in such a
description the dichroism arises from final state asymmetry only.

In a series of studies devoted to anomalous diffraction effects caused
by diffraction of absorption edges. Templeton and Templeton57* 58- 59 found
strong dichroic effects in systems which were known to be dichroic in the
visible. Unfortunately these authors do no interpret these spectra in detail.
A particularly intriguing example of their work is reproduced in Fig. 2.12°8.
showing the linear dichroism of the U Li (2s—>np) edge of RbUO2(NO3)3.
Large dichroic effects are visible, as well as a large apparent shift, in edge
position of ~13 eV between the two polarizations. The dichroism can easily
be understood from the structure of the uranyl ion, U O ^ , which has a linear
0— U—O configuration, with contributions to the bonding from the U 7s.
7p. 6d, and 5f orbitals75. However, it is unlikely that the 7p density of states
in the U—O bond direction is suppressed over an interval of 13 eV from
the Fermi level for one polarization, and it is therefore likely that we have
here a case where the screening orbital that can be reached by the dipolar
transitions is different for the two polarizations of the light. The size of the
effect would require the two final states to have very strongly differing radial
distributions, possibly through different mixing of p and f states in the two
directions. Similar effects are also found in the Uranyl L3 and Bromate K
spectra57-58.
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Figure 2.11: Energy diagram of the 3d104f13 ->3d94f14 transition of Yb3+

Left: free-ion spectrum. Right: weak axial crystal field OQ. Compare with
Fig. 2.8.

2.7.2 Magnetic X-ray Dichroism experiments

Prior to the prediction by Thole et oi. 2 of the strong MXD described in this
thesis little work had been done in the field of x-ray magneto-optics.

The first work seems to be the calculation by Erskine and Stern47 of the
MOKE in the M2,3 (3p-c3d) region of Ni (hu; = 64 eV). A substantial change
(~10%) in the reflection of jr-polarized light was predicted, due to magnetic
dichroism in the edge. These authors noted that although the magneto-
optical effects involving transitions from s-core states to p-conductionband
states would be much smaller, e. g. 10^3%, they would allow one to measure
the exchange splitting of the unoccupied p states, which is difficult to measure
with other techniques.
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Figure 2.12: Linear dichroism of the Lt edge of the uranyl ion, showing
a difference in edge position of 12 eV. Figure taken from Templeton and
Templeton58

Subsequently a search was made for circular dichroism in the Gd L3 edge
(2p—>5d, ku) — 7243 eV) of a foil of an amorphous GdFe alloy by Keller
and Stern76, These authors used the out-of-plane CPSR (see page 13) in the
MCD (see page 23 transmission geometry, employing a small electromagnet
to orient the magnetic domains in the sample. An upper limit of 0.02 % was
established f r the dichroism.

Recently a more sophisticated form of this experiment has been devel-
oped by Schutz et al. . With their setup these authors measured the mag-
netic dichroism spectra of a whole range of ferromagnetic materials, includ-
ing elements (Fe7r, Ni78, Gd and Tb79), oxides, intermetalhc compounds
and impurity systems78. The effects are of the order of 0.05-1% of the
total cross section, with the exception of the impurity systems, where ~
25% effects were observed. As an example we show in Fig. 2.13 the results
for the Fe K edge, compared with relativistic spin-polarized bandstructure
calculations51'80. The agreement between the measured and calculated di-
chroism is remarkable, especially considering the large discrepancies between
the measured and calculated total cross section, which are of the order of
10%.

A simple picture used by Schutz et ai. to explain their data splits up the
single particle description in two steps. In the first step the CPSR excites a
spin-polarized electron from the unpolarized core hole. This electron is then
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Figure 2.13: Dashed lines: Direct and magnetic circular x-ray dichroisin
spectra of the K-edge of iron compared with spin-polarized relativistic band-
structure calculations (full curve). Figure taken from Schiitz et al. 77.

thought to drop into the exchange-split unoccupied density of states.
In the K edge experiments the polarization dependence can be under-

stood from spin-orbit interaction induced differences in the radial part of the
matrix elements from the Is to the pi,<2 and P3/2 final states of free atoms,
as discussed by Fano81 (see also Delone et al. 82. In this case the effects are
rather small because the net electron polarization of this internal source of
spin-polarized electrons is small for most edges. Much larger effects are found
in the L edge since there the angular part of the dipole matrix elements leads
to much bigger electron polarizations83. Indeed, as discussed in Chapter 3,
in describing the 3d-dichroism of the rare earths, we use solely the angular
part.

Finally, very recently more theoretical work has appeared. Jo and Imada
have presented impurity calculations that include 4f hybridization effects for
the magnetic dichroism of the 4d and 3d edges34"84 of Ce compounds. Fur-
thermore, Carra and Altarelli have presented a systemetical analysis of the
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magnetic terms of the electric multipole expansion. They derive a general for-
mulation for linear and circular dichroism. and show that quadrupole terms
may in some cases contribute importantly85.

2.8 Conclusion

In this chapter we have tried to give a background to x-ray absorption and
x-ray polarization phenomena with which one can read the rest of this thesis.

We have given an introduction to XAS based on the single particle and
the atomic limits. Also we have discussed a few of the many polarization
dependent effects known in the visible, in particular magnetic circular di-
chroism (MCD) and the magneto-optical Kerr effect (MOKE), and most of
the less abundant effects in the x-ray range.

Magnetic x-ray dichroism was introduced using the very simple case of
the 3d^4f absorption line of trivalent Yb. A review of x-ray dichroism
experiments, including both natural and magnetic dichroism was given.

It is evident from the material in this chapter that many new experi-
ments are possible with polarized x-rays. This is reflected also in the number
of beamlines with special polarization characteristics planned or under con-
struction at a large number of synchrotron radiation centres4'5' 6n 7" 8> 9. This
is in part due to the fact that polarized x-rays offer advantages over, or com-
plementary to, visible light. Firstly, within the validity of the single-particle
picture, the description of magnetic dichroism spectra is simplified in that
the initial state is a core level instead of an occupied valence state, making
testing of relativistic bandstructure calculations much more straightforward.
Secondly, the greater penetration of x-rays allow dichroism experiments on
materials not transparent in the visible.

For magnetism, the most important orbitals are the 3d and 4f orbitals.
Since MCD spectra are proportional to the magentic moment42' m these or-
bitals preferentially should be probed with CPSR. However, the edges that
do directly involve these orbitals lie in the soft x-ray range, where a number
of experimental problems (notably the polarizing characteristics of crystal
monochromators) make the out-of-plane CPSR hard to use.

Since no other circularly polarized x-ray sources exist, to date, the exper-
iments described in this thesis had to be performed with linearly polarized
x-rays. As the results show, even then very interesting experiments are possi-
ble, but a full deployment of the possibilities of soft x-ray magnetic dichroism
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has to await the construction of insertion devils producing x-rays with any
degree of ellipticity.
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Chapter 3

THEORY OF 3d X-RAY DICHROISM OF
RARE EARTH MATERIALS

3.1 Introduction

As was shown in the previous chapter, x-ray dichroism, in particular magnetic
x-ray dichroism, has been found in systems which have electronic structures
that cover the range between fairly itinerant (Fe) and completely localized
(rare earths). For the description of dichroism one has the choice from many
different theoretical approaches.

The atomic model approach has been quite succesful in describing the 3d
XAS spectra of rare earths and other localized systems, as has been shown
in many studies performed over the past two decades27'87'88' 89< 9 0 '9 1 '9 2 '2 9 .
Analysis of spectra with this model has been used succesfully to study a
diversity of ground state effects, such as the relative population of spin-
orbit-split ground-state levels of Ce93 and determination of the occurence of
the valencies of Tb in corrosion protection layers. Extentions of the atomic
model to impurity models that allow the description of hybridization ef-
fects have been very succesful for Ce, Ce compounds and other mixed valent
compounds31 '94-95 '96-97 ' 98<33 '».

In this chapter the atomic description of the 3d—*4f x-ray absorption
spectra is discussed briefly with emphasis on details relevant for dichroism
effects. The results of atomic calculations for the T = 0 K linear- and circular
magnetic dichroism spectra for all ions of the rare earth series are presented,
along with predictions for the temperature, magnetization and polarization
angle dependencies. Part of the material on linear magnetic dichroism has
been published elsewhere100

Crystal fields also can lead to dichroism, or, in magnetically ordered ma-
terials, influence the magnetic dichroism. We briefly investigate the more
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complicated description in this case. In many cases a complete prediction of
the spectra from crystal field calculations is impossible. In the last section a
simple semi-empirical model is presented which allows a partial interpreta-
tion for such cases.

Since the start of this work two different, approaches have been described.
The single particle bandstructure picture was used by Ehert et al. 5l-80, us-
ing a relativistic bandstructure program, to account for the dichroism found
in the L edge XAS spectra of Fe77 and Pt dissolved in Fe. Very recently Jo
and Imida34'S4 have presented calculations of the dichroism of the 3d and 4d
edges of Ce compounds based on a single site Anderson impurity model33'".
Furthermore. Carra and Altarelli have presented a general formulation of
linear and circular dichroism in the absorption of x-rays in magnetically or-
dered systems, concentrating on the operator part of the transition matrix
elements.

3.2 The Atomic Description of 3d~XAS of Rare Earth Materials

In the atomic picture the 3d—»4f absorption process involves the electronic
excitation 3dI04fJV ^3dlJ4fN+1, where all other shells of the atom are either
filled or empty. As discussed in connection with Fig. 2.4 both the initial-
and the final configuration are split in multiplets of states with energies EaJ

and wavefunctions denoted by \aJM) (a labels all other quantum numbers
aside from J and M needed to completely specify the state). The final-
state configuration 3d94f'v+1 contains two open shells and consequently its
multiplet is more complicated and in some cases consists of several thou-
sands of levels \a'J'M') (primes indicate final-state quantumnumbers). The
strongest final-state multiplet interaction is the spin-orbit coupling of the 3d-
hole, which splits the multiplet in two parts, which to a first approximation
may be labeled 3d3/2 and 3d5/2 (or M4 and M5 respectively). In the x-ray
absorption spectrum only those states of the excited multiplet are present
that can be reached from the Hund's rule ground-state \aJM) under the
optical selection rules AJ = 0, ±1.

Transitions to the unoccupied rap-continuum states are also allowed but
have much smaller cross section compared to the 4f resonance, and lie at
higher photon energies. The 3d5/2 —*np edge is visible in the spectra of the
heavier rare earth as a weak step in between the 3d5/2 —>4f and 3d3/2 —»4f
edges29. The difference in excitation energy between the 4f resonance and
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the continuum edge results from the very efficient screening of the hole by
the 4P" 1 final state28.

3.2.1 Calculation of atomic spectra

The theory of atomic spectra is quite involved, and it is impossible to give
more than a rough outline of the procedure, which is discussed more com-
pletely in the books of Cowan101 and Condon and Shortley102. We concen-
trate here on the angular part of the dipole matrix element that give rise to
the dichroic effects

In the dipole approximation the absorption cross section of the transition
from state \aJM) of the ground-state level aJ to a state \a'J'M'} of the
level a ' J ' is given by

(aJM jP^j a'J'M')\2 6(EoJ - Ea.j

(3.1)
where P^1' is the q-t\\ component of the classical dipole moment. The total
spectrum is obtained by summing over all possible final states a'J'. Appli-
cation of the Wigner-Eckart theorem allows separation of the angular and
radial parts of the matrix element of eq. (3.1), giving for the transition rate
101, 2

I j w y (3.2)

where SQja>j> = j{a,/||P||a'J'}|2 is the square of the reduced matrix element
of the dipole operator P, also known as the linestrength of the transition.

The term between the big brackets is the square of the Wigner 3-j symbol
which dictates the distribution of the linestrength of the aJ —» a'J' line
over its different M —> M' components. The 3-j symbol is non-zero only if
A J = 0, ±1 (J = J' = 0 excluded) and if q = -AM = M - M' = 0, ±1.
Transitions with q = 0 can be excited only by radiation that has a linearly
polarized component along the z-axis (i. e. the quantization axis) of the
atom—and q = ±1 transitions only by components that, are left-, respectively
right-handed circularly polarized in the xy-plane102.



The 3-j symbols are subject to a number of sum rules; for instance sum-
ming eq. (3.2) over the 2J + 1 degenerate levels gives \aJM)

PaJ^a'J'i^) = 47T2ttofiu; SaJa<J> (3.3)

The calculations of the atomic multiplets were performed with a computer
program by R.C. Cowan, which is described in his book101 and article104. The
program employs Hartree-Fock theory with relativistic corrections. Con-
figuration interaction and solid state effects were included by reducing the
Hartree-Fock values for the Slater electronic and exchange integrals to 80% of
their calculated value. These reductions were found to give good agreement
with experimental 3d-XAS data of the early rare earths29. For the second
half of the series they give slightly too wide spectra, although the general
shape is is obtained quite well. Numerical values of the HF parameters can
be found in Table I of Thole et al. 29.

3.2.2 Calculated 3d-XAS spectra

In 7ig. 3.1 we give the calculated 3d spectra of the J = 0 ions La3+ and Eu3+,
as were obtained by Thole et al. 29. The sticks give the relative sizes of the
linestrengths of each aj —* a'J' dipole transition. They have been broadened
with Gaussian and Lorentzian curves simulating the instrumental resolution
and the 3d core-hole lifetime to yield the full curve. As was proven by Thole
et al. 29 such calculations match the experimental spectra exceedingly well
for all the trivalent rare earth. The most notable exception is Sm3+. This
is thought to be due to the small splitting of the ground state to the first
excited state in the multiplet, which allows them to be mixed by crystal field
interactions105.

In Fig. 3.2, top panel, we reproduce the calculated spectra for all trivalent
rare earth ions with non- J = 0 ground-states. Instead of the stick spectra
we now show the decomposition of the spectra into the contributions from
the three possible values of AJ = 0, ±1. Note that each group forms a
readily distinguishable contribution to the total spectra; in the first half of
the rare earth period especially in the M4 part (right), and in the second
half in the M5 part (left). Clear exceptions are the J = 0 La3+ and Eu3+

ions, where AJ = 1 is the only available channel. In Gd3+, an f7 ion, the
splitting between the AJ components is small, due to the orbital singlet
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Figure 3.1: Atomic calculations of spectra of the 3d5/2 (left-) and 3d3/2 x-ray
absorption edges of the J — 0 ions La3+ and Eu3+. The sticks represent
the relative strengths of the allowed dipole transitions (AJ = 1 only). The
full curve is the lifetime and resolution broadened spectrum. The indicated
maximum cross section is in A2.

(L = 0) ground- state, and as a result especially the linear dichroism effects
are correspondingly small.

In the other elements it is because of this distinguishability of the A /
partial spectra that dichroic effects can be observed, because, as will be shown
below, each A J group turns out to have its own dependence on temperature
and polarization.

Since the shape of the multiplets is dependent, only on the total number of
f-electrons, spectra like the above can also be calculated for other valencies,
i. e. the spectra of Eu2+ and Tb4+ have roughly the same shape as Gd3+,
although they appear of course at a different photon energy106.

41



Ce3+

0.33R?

^ — I
0.20H2

0.22H2

0.27ft2

"0.33H2

•0.20^

; . . . - • • " '

880 393 9«6 869 895 896 »1 904

ENERGY(«V)
923 92S 929 932 939942945918

ENERSYteVl
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Bottom panel: Difference spectra of the curves in the second (dash) and third
(dots) panels.

42



975 978 861 9M 995 996 1001 1004
ENERGY(eV)

0.14fl2

•I '• %

0.18R2:-:

A\

0 .1 lfl2':

I I I

0.181

r i
0.11ft2

1024 1027 1030 1033 1048 1051 1054 1057

ENERGY IeV)

43



1074 1077 10B0 1083 1100 1103 UOB 1109
ENERGY(eV)

>-17fl]l Gd;

=4 •*SA-*r;

0.21

0.18R*

,/TV-r-
"0.29R2

"0.2IR2
I '1—t

1181 1164 1187 1190 1211 1214 1217 1230
ENERGY(eV)

44



0.16ft' "0.16R2

.n

0.20R2

™n™"—" * » ' " * " . " ^ » *

0.21R2

"0.20R2

•o

0

0

0

•

•

.09R2

i >

fv,l:v
.13R?

^ 1

' I
! »
' i
*

''l " |
.24R2

." ".
' '• *

.24R2

l\
t <

."• I

- ' ' » *

i
l\/1 iJ \

v v
\

• *\> -
% ;

: i :
: \ :

' i \
\ \
\ •

n
11f t
r i
i i
i i
r L

r i

t i
t i
j i
i i

V
i

" " " • ^

V

0.

0.

"0.

-o.

-

-

13ft2

• >

24RZ

24f l2

1235 1238 1241 1244 1266 1269 1372 1275

ENERGY(eV)
L2B8 1291 1294 1237 1323 1326 1329 1332

ENERGY UV)

45



1343 1346 1349 13S2 1381 1384 1387 1390
ENERGY(eV3

1401 1404 1407 1410 1442 1445 1448 1451
ENERGY(eV)

46



0.08R2

Jt
l . l l f l 2 ft

Tm3+

0.23

0.23FI2

0.08H2

O.Hf l 2

0.23FI2

0.05R2 Yb
3+ l"

0.08R2 h

0.16fl2 ;•

O.16R*

0-05fl2

-Q.16R2

'0.16fl2
H h

1457 1460 1463 1466 1503 1506 1509

ENERGY(eV)
1515 1518 1521 1524 1563 1566 1569 1572

ENERGY(eV)

47



3.3 3d X-ray Dichroism of Rare Earths

Dichroism occurs in atomic spectra when the spherical symmetry of the free
atom is broken. For rare earth ions in solids the symmetry breaking field
can be magnetic or electric in origin, and can be applied or internal to the
solid, (e. g. molecular magnetic fields or crystalline electric fields). Whatever
the origin of the field may be, the result is invariably a partial lifting of
the degeneracy of the 4f sublevels \aJM), since the electron orbits adapt
themselves to the new potential. The net effect is a change of the shape of
the 4f electron cloud, for instance in the case of a magnetic field, the spherical
cloud is either compressed or elongated in the direction of the field. In the
case of crystal fields the deformation can be much more complicated.

The 4f levels of the rare earth elements have small expectation radii and
are well screened by the surrounding valence electrons. To a first approxima-
tion therefore, crystal fields may often be neglected. Moreover, the ions with
a L = 0 configuration. Eu2+, Gd3+ and Tb4+, are never strongly affected by
crystal fields since the crystal field potential does not act on the spin part
of the electronic wavefunctions. In the following section we will first assume
crystal fields can be neglected completely. As we will see, in this approxi-
mation the size and direction of the magnetic moment can be obtained from
the measured dichroism spectra. In section 3.4 we will show this is no longer
true when crystal field effects are important, unless certain assumptions are
made.

3.3.1 Magnetic X-ray Dichroism, MXD

In a magnetic field H the states \aJAI) of both the initial- and final levels
shift from their non-perturbed positions by an energy

EM = nU • {aJM |L + 9oS\ a'J'M'), (3.4)

where g0 is the electronic splitting factor, and the matrix element is the
atomic moment of the sublevel \aJM). Application of the Wigner-Eckhart
theorem gives the well-known Zeeman energies

EM = -tigaJHM, (3.5)

where gaJ is the intermediate-coupling spectroscopic splitting factor107'101.
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A"JJ

A"jJ-X

q = 0

(2J+3)(J+1)(2J+1)

J(J+1}(2J + 1)

J(2J-1)(2J+1)

q = ±1
(J+l)(J+l)T(2J+3)(JW'!) + (M:!)

2(2J+3)(J+1)(2J+1)
J(J4-1)±(M)-{M*)

2J(J+1)(2J+1)
J(J-1)±(2J-1)(M) + (M-S)

2J(2J-1)(2J+1)

Table 3.1: The expressions for the factors AJJ, giving the intensity of AJ —
0, ±1 transitions for different values of q = M' — M.

The primary effect on the spectrum is that each transition \aJM) —•
\a'J'M'} will be shifted in energy by a small amount fi{gaj — ga'r). The
maximum observed Zeeman splittings, such as occur in ferromagnetic mate-
rials, are of the order of 10 meV. Such splittings are two orders of magnitude
smaller than the lifetime and experimental Unewidths and thus not directly
observable.

However, a second effect, of the magnetic splitting is that the occupation
of the Zeeman levels will be temperature dependent. This can be included
by taking the Boltzmann weighted average of eq. (3.2), giving

AJJ">

with
r

(3-7)

M

where 0 = kT/pgQjH is the reduced temperature.
The J4'J, give the temperature dependence of the absorption strength for

each of the nine combinations of A J and q. By writing out the 3-j symbols in
their analytic form108'101 the Aqj3, can be written in terms of the expectation
values (M) and (M2). The resulting expressions are given in Table 3.1.

(M) is related to the magnetic moment M of the ion by (M) = | M | / ^ Q j .
By evaluating the thermal average of the matrix element in eq. (3.4) one
obtains

= -JBj{J/Q), (3.8)



where Bj(J/Q) is the Brillouin function107 and likewise

H ^ ^ - (3-9)
The A<jJ+&j can be conveniently plotted as a function of the reduced

temperature. For the trivalent rare earth ions we need to consider only
ground-states with J = 5/2. 7/2, 4, 9/2, 6, 15/2 and 8. For these values the
(2J + \)Aqjj' are plotted in Fig. 3.3 for all q. It is evident from these curves
that each J —> J' transition has an unique dependence on polarization (q)
and effective temperature (0). From Fig. 3.3 one sees that at 0 = 0 the
matrix AJJ, is triangular in q and J, and becomes almost, diagonal for large
J, i. e. a transition with a particular AJ has approximately AM = AJ.
On the other hand, for © —> oo the intensity of each of the AJ channels
approach the statistical value 1/3(2J + 1) and we retrieve the unpolarized
spectrum.

In order to give an impression of the size of the maximum magnetic
dichroism effect we give in Fig. 3.2, second panel, the normalized 0 = 0
spectra for parallel and normal linear polarizations. In the third panel the
left- and right circularly polarized spectra are given. The bottom panel gives
the difference curves for both cases.

With the above formula the magnetic dichroism can be predicted ex-
tremely simply. For instance, with right circularly polarized x-rays, incident
along the direction of the magnetic field, only transitions with q = —1 are
possible. The spectrum then is obtained by adding the three AJ compo-
nents given in Fig. 3.3 top panel, weighted by the factors J 4 J ) + A J ( 0 ) . The
only input required is the effective temperature Q and the J-value of the
groundstate.

3.3.2 Angular dependence

In order to obtain the spectrum at any angle we take a closer look at the
matrix element in eq. (3.1). In the coordinate representation the matrix
element of the dipole operator can be written as20

(aJ\T-e\a'J') = ^ £( - l ) '<aJ jrYftr)! a'f) yf{e), (3.10)
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Figure 3.3: The dependence of the cross section of the three partial spectra
AJ = 0, ±1 on the effective temperature 0 = kT/pgajH for q = —AA1 =
1,0, —1 transitions. At high 0 all curves converge to 1/3 (dashed horizontal
line). From that line outward one finds the curves for the Hund's rules
ground-states J = | , | , 4, | , 6, y and 8.
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Fq(e)
linear, e = x
circular, e = l/\/2(x ± iy \

q = Q
cos2 (j) sin2 &

q = ±l
cos2 0cos 2 6 + sin2 4>

Table 3.2: Angular dependence of the absorption cross section of q = 0
and q = ±1 transitions for linear and circular polarized light. The x-rays
propagate along the c-axis. The direction of the polarization vector is given
by the unit vector e. d and <p are the polar- and azimuthal angles of the field
direction in the laboratory frame.

where r is the position operator, e is the (complex) polarization vector and
Y,m are spherical harmonics. For arbitrary polarization therefore an extra
factor F,(e) has to be included in the summation over q in eq. (3.7), given
by

2

= cos" a q = 0 (3.11)
,2= \ sin2 a q = ± 1.

where a is the polar angle of the polarization vector e in the spherical co-
ordinate frame of the atom. In practice it is easier to use laboratory-frame
coordinates, for which the Fq are given in Table 3.2.

3.3.3 Linear Magnetic X-ray Dichroism

For the edges discussed here only linearly polarized x-rays are experimentally
available. In this case the expressions for the factors Aq

Jjr can be substan-
tially simplified. If we choose a to be the angle between the ;:-axis and the
polarization direction, then the angular dependence of the spectrum is given
by

A°JJ. cos2 a + - (Aljj. + A-j},) sin2 a. (3.12)

From the orthogonality relations of the Wigner 3-j symbols101, we have
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so that the total angular- and temperature dependence of the spectrum can
be written in terms of A°JJ, only:

3(2J

with
2

Q = - cos a- -

(3.14)

(3.15)

An important consequence is that with linear polarized x-rays, measurement
of the dirhroism does not give information on the sign of the magnetization,
since from Table 3.1 we see the A^r do not contain terms proportional to

The angular factor Ca, plotted in Fig. 3.4, vanishes at the magic angle
54.7°, so that the right-hand side of eq. (3.14) reverts to the statistical value
1/3{2J + 1) and we recover the unpolarized spectrum.

From the expressions for A°JJ, given in Table 3.1 we find

J(2J - 1)
3(2 J (J + l)(2J + 3)
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JJ1 3(2J + 1)

where C — C^CM, with

~- (3-19)

Thus we see that the linear magnetic dichroism spectra are simply linearly
dependent on a single parameter C, called the linear dichroism parameter,
which is the product of factors that describe the angular dependence and the
temperature- and magnetic field dependence. Ca varies between —0.5 and 1,
and CM between 0 and 1, so that also C varies between -0.5 and 1.

3.3.4 Circular Magnetic X-ray Dichroism

For completeness we give here the equations for the magnetic circular dichro-
ism (MCD), defined as the difference in absorption of left and right circularly
polarized beams. For a single line J -> J '

J, = A)j, - Aj), (3.20)

From Table 3.1 we find

= (

( 3 2 2 )

These equation show the important result that, under the assumption that
crystal fields can be neglected, the magnetic dichroism signal is directly pro-
portional to the magnetic moment of the ion. The MCD spectra for satu-
ration magnetization at T = 0 K, where (M) = —J, are given the bottom
nanels of Fie\ 3.2panels of Fig. 3.2.
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Note that an alternative method to obtain the MCD signal consists of
alternating the direction of magnetization instead of the sense of the polar-
ization. In this way it is even possible to measure the MCD signal with
elh'ptically polarized light since the linear polarized part in the absorption
cancels out.

3.4 Crystal-field X-ray Dichroism

For the rare earth 4f, electrons spin-orbit interaction is in the majority of
cases stronger than the crystal field since the potential of the surrounding
electrons is efficiently shielded by the more diffuse 5d and 6p orbitals (see e.
g. Elliot109). Also the overlap between the 4f electrons and the surrounding
atoms is negligible. Hence it is sufficient to treat the crystal field effects in
the weak field limit of the point charge model110' 6r. In this case one can
disregard mixing of different atomic levels a J by the crystal field interaction
(J-mixing).

In the crystal field potential the atomic energy level aJ splits up in states
which transform as irreducible representations V of the point group symme-
try. The crystal field level scheme consists of states with energies Ei and
wavefunctions \aJTi) (i labels different states that belong to the same ir-
reducible representation) that can be written as linear combinations of the
atomic wavefunctions \oJ,M):

\aJTi) = £ ct(J, M) \aJM), (3.24)
M

with coefficients c;( JM) satisfying the normalization condition

$>*(JM)!2 = 1. (3.25)
M

The coefficients ct(JM) are independent of a, i. e. all terms with the same J
split up in the same irreducible representations of the point group and have
the same crystal field expansion coefficients.

To obtain the crystal field spectrum the atomic wavefunctions \aJM) in
eq. (3.1) have to be replaced by the crystal field wavefunctions of eq. (3.24).
By expanding the latter as in eq. (3.24) we obtain

| ) 2 (3.26)
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c*{JM)Cj(J'M')S2|{aJM|P^|a'J'M')|2 (3.27)

(3.28)

MM
2

where in the last step again the Wigner-Eckhart theorem has been used. In
the weak crystal field limit, the splitting of the free-atom spectral lines is
again too small to be observed directly, and is expressed only as a tempera-
ture and polarization depependence of the cross section of these lines. Taking
as before the Boltzmann weighted average over all crystal field levels orig-
inating from the atomic level a J , and summing over all crystal field levels
originating from the final level a'J' we obtain

£ (3.29)

where

Since the crystal field splitting of a term depends on J only, all terms a'J'
split up in the same way. Thus completely analogous to the magnetic case
discussed above, all J —> J' transition have the same temperature depen-
dence. Again the 3-j symbol can be substituted by the analytical forms,
yielding exactly the same equations as given in Table 3.1; however, the terms
(M) and (M2) now have to be replaced by

The simulation of the crystal field dichroism spectra involves the evalua-
tion of the matrix |C?(7M)CJ( J'M')\2. In cases of sufficiently high symmetry
this matrix is completely determined by the point group symmetry, i. e. no
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knowledge of the strength of the crystal field is necessary. In cases where
the point group is known to fullnll this condition it is in principle possible to
obtain information on the crystal field energies Ej from measurements of the
temperature dependence of the dichroic spectra. By least-squares fitting the
three A J components to the measured dichroism spectra the temperature
dependence of the Bq

jr can be obtained, from which in turn the energy split-
tings Ei can be obtained by fitting those curves with eq. (3.30). As a trivial
example one could obtain the 10D, splitting of the 3d orbitals of transition
metals in a cubic field (0/,-symmetry).

In general however, it will be very difficult to extract information on the
crystal structure without making important simplifications. One possible
simplification is the neglect of the final state crystal field splitting. In that.
case the final state crystal field coefficient matrix Cj{J'M') would reduce
to fijw* so that the expressions eq. (3.31) would contain only initial state
crystal field parameters. The resulting (M) is just the magnetic moment
in a crystalline field and can be obtained directly from the MCD without
knowing the details of the crystal field splittings. At this point it is unclear
whether the above assumption is valid.

We conclude this section by remarking that in general the Hamiltonian
of magnetic materials will contain both crystal field and magnetic perturba-
tions. In such cases the splitting of the sublevels will be more difficult to
calculate, but the crystal field formulae given above remain valid.

3.5 Linear MXD Spectra of Non-colliuear Magnetic Moments

Many ordered magnetic systems, especially those containing rare earth ele-
ments, exhibit non-collinear spin structures, i. e. spiral- or umbrella struc-
tures111. The occurence of such structures indicates crystal fields and/or
anisotropic exchange may be important109. However, as discussed in the pre-
vious section, a description in terms of a Hamiltonian including these effects
is often quasi-impossible.

In such cases, to a first approximation the dichroism spectra can often be
described in terms of a collection of atomic-like moments with artificially fixed
directions. The necessary information has to be obtained from other sources,
for instance neutron scattering, or by assuming some model distribution. In
this section we will analyze the interpretation of MXD spectra in terms of
this model, and we derive values of the linear dichroism parameter for a
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number of modeled canted magnetic structures, with the objective to gain
insight into the possibilities to characterize them with MXD.

We will work in a polar coordinate system which has its c-axis along a
main symmetry axis of the system, e. g. the direction of the macroscopic
magnetization M. Let (#o,0o) be the direction of the linear polarization
vector e with respect to this coordinate system and (8i, fa) the direction of the
moment m; (|tUj| = g/i{M)) of the ion i, and let iV(0t, fa) be the normalized
angular distribution function of the moments. Then the magnetization is
given by

Furthermore, let a0 = 6Q be the angle between e and M, and let a* be the
angle between e and m*. with

cos a; = sinflosin0jCos(0o — <pi) + cos#ocos#i, (3.33)

The contribution to the spectrum by each moment then is given by eq. (3.16)
using the angular factor CQi. The total spectrum therefore is given by the
same equations, except that Ca has to be replaced by the angular averaged
value

5 ] o J ) . (3.34)

Often the magnetization is a direction of axial symmetry and the contribution
to the spectra of the components of the magnetic moments normal to the
magnetization are averaged out, so that we obtain

C(e) = CaCN. (3.35)

where
C0 = ^ c o s 2 a - * . (3.36)

and

The linearly polarized spectrum of the collection of moments is therefore
given by a linear dichroism parameter C composed of three factors: C =
CMC'OCJV. The first two factors are the same as for a single ion as discussed
in section 3.3.3, while the last factor gives the size of the effective moment.
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of the system . ranging form 0 for a completely isotropical distribution to 1
for a (anti)ferromagnetically ordered system. We will consider some special
distributions in more detail.

• Umbrella structure
This structure is found in a large number of rare earth systems. The
atomic monents lie on a cone arround the direction of magnetization,
with &i = ,<3. Oi = i^ {i = 1 • • • N), and thus

^ 3 - ^ (3.38)

In chapter 6 this model is app[lied to the MXD of Tb iron garnets.

• Continuous distributions of spin directions
This class of models is used to describe the magnetic structure of
amorphous rare earth-transition metal alloys112" u 3 . Here the transi-
tion metal is assumed to be ferromagnetically ordered while the rare
earth moments have some distribution of spin directions that yields a
net magnetic moment along the ordering axis of the transition metal.
We consider three cases:

Isotropical hemisphere distr.: N{9) = ; (0 < 6 < §) CN = \
Cosine distr.: N{6) = cos0 (0 < 0 < §) CN = \
Cosine square distr.: JV(0) = f cos2 9 (0 < 0 < §) CN = |

From a comparison of the range of CQ-values that is possible with the
umbrella structure we see that it may not be possible to distinguish this
structure from the continuous models with the same C. On the other hand,
the results show linear MXD measurements can distinguish between different
continuous models.

3.6 Discussion

We conclude this chapter with some remarks on the accuracy of the approach
used here and the approximations made in it.

Spin-orbit coupling is in origin a relativistic effect, and the fullest descrip-
tion of atomic structure would involve solving the Dirac equation. However,
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in most practical atomic problems, and in the calculations used here, rela-
tivistic effects are treated as perturbations to the non-relativistic Schrodinger
equation. Specifically, instead of the spin- dependent radial wave functions
Pnij(r), the functions Pnt(r) of the non-relativistic solution are used.

This has direct bearing on the calculation of dichroic effects. As was
predicted by Fano81, photoelectrons with circularly polarized light excited
from s levels of free atoms into the unoccupied p states can be highly po-
larized, with a degree of polarization that depends on their kinetic energy.
This phenomenon, which is the basis for the explanation of magnetic x-ray
dichroism in the picture of Schutz et al. , (see Chapter 2) is a direct con-
sequence or the difference in the radial parts Pipj=i/2(r) and Pip,j=3/2ir) of
the wavefunctions.

If, as in our calculations, these differences are neglected, it is impossible
to predict the small polarizations effects in K, L} etc. edges were the initial
state is an L=0 core state, for instance as in the K-edge of Fe81'77.

Secondly, we have assumed that the energy separation between the ground
state and the next excited state in the multiplet is sufficiently large to neglect
mixing between them (J-mixing). This is true for most of the free rare earth
ions, but in the solid state substantial mixing can occur by crystal fields or
exchange fields, especially in the cases of Eu and Sm105.

Furthermore the Born-Oppenheimer and Franck-Condon approximations
are assumed to be valid so that the eigenfunctions can be separated into an
electronic and a vibrational part. The latter part is neglected completely
in this thesis, although it is realized that vibrational and also exchange in-
teractions play a vital role in the occurence of dichroic phenomena in the
visible42' 43. However, the vibrational contribution to the line width is at the
moment is still much smaller than the experimental resolution, and can be
neglected here.

3.7 Conclusion

In this chapter we have presented the theory, calulated spectra, temperature
and angular dependence which are necessary to analyse experimental x-ray
dichroism spectra of the 3d absorption transition of rare earth materials. The
emphasis has been on the pure magnetic case, i. e. with the neglect of crystal
field interactions, since such interactions often to a first approximation can
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be neglected. Furthermore, in the special cases of the L=0 ions Eu2+, Gd3'
and Tb4T crystal field effects are always negligible.

It was shown that in this limit the linear dichroism spectra are dependent
on a single parameter C, dubbed the linear dichroism parameter, which is
the product of an angular and a temperature and field dependent factor.
The temperature dependent factor basically shows a free-ion Brillouin type
dependence. By fitting experimental spectra to computer generated spectra
one can obtain the linear dichroism parameter from the experiment, and by
measuring the angular and temperature dependence of C one can obtain the
local magnetic field on the ion. Also one can test for deviations of the free
ion behaviour. Observation of deviations indicate crystal field effects are
important.

Crystal field interactions were investigated to some extend. In the weak
field case presented here the spectra are not expected to deviate appreciably
from the atomic multiplet. It was shown that in cases where the field has not
too low symmetry, the x-ray dichroism can provide information on the size
of the crystal field level splittings. For cases of lower symmetry it was shown
that useful data on the angular distribution of momenta might be obtained
from the linear dichoism parameter.

Furthermore it was shown that circular dichroism spectra are proportional
to the ionic magnetic moment. It is expected that circularly polarized soft
x-rays will become available within the next decade. They will provide an
important extra tool in x-ray measurements since they will allow one to
distinguish between crystal field and magnetic effects.
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Chapter 4

MXD IN HIGH MAGNETIC FIELDS

4.1 Introduction

In this chapter we describe a device in which the magnetic dichroism effect
is applied to the generation of circularly polarized soft x-rays. Alternatively
it might be used as a polarization filter. The heart of the device consists of a
very thin layer of a rare earth compound supported on a highly transparent
foil. This foil is placed in the centre of a superconducting solenoid with a
field strength of several Tesla. The filter foil is cooled to 4.2 K by the cryostat
He bath (see Fig. 4.1).

At the time of writing of this article it was not fully realized how large
the magneto-crystalline anisotropy energies of rare earth ions can be. These
anisotropies will hamper the alignment of the rare earth ions in the magnetic
field, and therefore the presented performance specifications for the different
elements are in most cases too optimistic. However, for the ions with a, L = 0
groundstate. i. e, Eu2+. Gd3+ and Tb4 + , the given numbers should be quite
realistic.

Figure 4.1: Schematieal layout of the circular polarization line filter.
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CIRCULARLY POLARIZATION LINE FILTERS IN THE SOFT X-RAY RANGE
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WaiiTitih St-n'nte Ci-nrr*-. { mrvmti nf (in/ttmecn. ^ifirtjb»^i*h JK v~J^ Ad (imnwfiert. The \cthcrItinJ\

A fejMtnlil\ siudv of lh^ applituiuin of the recent l\ discovered strong miigneiic X-r.^ dichrmsm af rjrc t'Jrrh mjieriuK n» the
pruJixLiian of cireuLirl> polarized X- r j \ \ i*. r tponed. A device i> described tfui can he in^cricd down-dream from a his.h TCMtlulwn
double bct\\ LT\stai momiLhronimor. Calculation* >htw thai 4?^ lriiOMiiisMon titn be obtained wiih filters, ihjt Meld *W> circular
polan/udon »i ihe t*nergy r-dnec "JMJ-1500 eV A,d\aning.c"« of ihi: proposed dtvit't' are ihc low Lust*, iht: (MM? i»f in^ijlUtum and ihc
high prodiiLi of uansnus-'Hin ^ polarization,

1. Ininiduclion

LinciirN polarised .Vray> arc presenllv avuilahle mer
the full *ptx-*rum and wiih high intensities from clcctcon
•ihvagt: ringv At the mumeni ihe situation for circular
poUri/ution i\ \er> much less fa\arublo [1J although J
number of sources are presently under investigation.
^uch as the out-of-plant rudiation from Mi>rag« rings.
Presumabl> this lag will he alleviated in the near future
h\ the appearance of insertion devices such as the
recentl\ proposed crossed undulal*^.1' {2} and a.symmei-
niral higglers [3-5Jr BCMUI?!* approaching the charucter-
istio* t>f Iht'jr hnearh ptilarized counlerparis thc> will
t̂ ffer the po?.?iibiKt\ of switching between left and right
pokiri/aiioris at \er\ short limescak1* (~ 1 kHz). How-
e\er. these devices are viill in un earK siagt* of develop-
ment \f*\. Moreover. the> work onK on U™ cmittanor
storage rings. LastK. the> will be rather nosily to con-
struct and installation will necesMtale opening the stor-
age ring.

Considering this, we think it useful to present a
re)jli\el> cheap device with which it ma> be possible to
obtain circularh polan/ed light at a number of discrete
energies distributed over (he photon energv range
K?0 l̂ tK) e\'. Applications for such a line source could
be found in e.g.. photoennssion. phase conirasi mi-
croscopv and X-ra\ scattenng of nii*gnciicall> ordered
materials. Also. ih<? device could be applied lo the
anal>si.\ of the polarization of other sources of eircularK
poSan/ed X-ra>v

The action of the filter ts based on the recenih
established strong magnetic X-ru\ dichroism {M\I>1 of
the ?d -* 4f ubMirption spectra of mujtneucailx ordered

rare eunh maleriaN [7 % The filter consist of the thin
foil of u rare earth material that seleemc1> absorbs one
of the i»n circularK polarized components of ihe hn-
earl> polan/ed \\ncbrotron radiation and i* inserted in
the heamline downsiream horn a double beryl cr\>tal
monivhromaior or an> i*ther moni'ichromjtor wiih
Lomparable resoluiion.

In the present work we will fof*i gj\e a short re\iew
of the MXD effeci *n rare earth nuterul>. On that basis
we present calculations of the performance of the filter.
The expected flu\ and the filter material are discussed
and J comparison i> ni.uk to alternatne M^urce> of
uircuIarU polarised \-r . i \s .

2. Thw»n and example of MXD

It ts well established that the 3d - 4f spectra of rare
earth materials are predicted to a high degree of accu-
racn- b\ atomic calculations JH) 12J. In such calcula-
tions one ohuiin-- the line spectrum of all the transitions
from the H u n d \ rule ground slate of the initial 3dlu4f"
configuratum. denoted b\ ,' aJ V "». IO ihe man\ possi-
ble states \a'J'\S' of the 3d"*4f" ' ] final configuration
(13] i rt denotes jll other quantum numbers necessary to
specify the state). This final M.Ue niultiplet is di\ided in
a 3d^ -. and a 3d ^ - part a> a result of the large 3d-hole
spin orhit interaction. As a tvpical evample we repro-
duce in fig. 1. top panel, the calculated spectrum [131 **f
Ho*', obtained from the line spectrum b> broadening
with core hole lifetime ami experimental resolunon con-
thhutiofis [1-J. With the presemK attainable resolution

)2 88.SO3.5O' FUt-\ier Science Publishers B.V.
Holland Ph\sics Publishing Duisionl
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ENERGY
hiS 1 Lppcr panel: Calculated 3d—4f X-ra\ absorption
vpcurum of Ho ". The full curves denote the ahsorplion cros*
vMuiD of ibe 3d, ; (lefts and M , , inght) groups in unit* of
V. Thev acre derived from the oscillator strengths (vertical
bjrM hv convolution with Lorenitian and Gaussian curves
repfneming Ihe lifetime and instrumental broadening (see ref
l^\t- Bottom panel: The same curves, with the vertical scale of
the U , , pan expanded, shoeing the contributions of each
±J groop ti> ihe total spectrum. ; ij= -1.

i J - O . • • • • i J . + 1.

of a double beryl crystal monochromalor (varying from
is.3 to 0.4 eV) a large amount of structure is found.

For our purpose it is important to nole thai, due to
the dipole selection rules governing the absorption tran-
sition, the spectrum consists of three groups of lines
w-i'.h A./ = - 1 . 0 or 1. In Ihe bottom panel of fig. 1 the
individual contributions are presented, and it is clear
thai each J J group has an identifiable contribution lo
the total spectrum.

1 he general expression for the ahsorption coefficient
i- fciven bv (14|:

ii,, = constant x V Y I J. ]

simple case of ihe V b ' ' <4f''t ion. Here we have just
one allowed final state and the spectrum consists of just
one 1J - - I line. In the presence of a magnetic field
this line is split into 18 lines divided over three groups
with different i M . Lower in the figure ihe division of
the line strength over these lines as given by the squared
ij symbol is indicated and. at the bottom, the polariza-
tion stale pertinent to the different i M transitions.

Al room temperature the magnetic splitting goes
unnoticed as all ihe levels are equallv populated and as
it is much smaller than the experimental resolution.
However, the occupancy of ihe levels is governed by
Boitzmann statistics so that when the field splitting
S(iBW is sufficiently large relative to the ihermal energy
k nT. the upper levels are less occupied. From the figure
it can be seen lhai in Ihe limil of 0 K only the lowest
level is occupied so that absorption will take place only
if ihe light has a lefl circularly polarized component

In other rare earth ions there are also i / = 0 and
* 1 transitions whose intensities, though subject to the

Vb* • magnetic field

-3/2
-ill

nhcre the 3/ symbol gives ihe distribution of the line-
-trenglh of a given transition |a j> — \a'J') over the
allotted .M — M' lines, li ;.Lso expresses a second selec-
tion rule limiting J.V/ = W - ,V/= - q to 0 or j l . T h e
former transitions can be excited <>nl> by radiation that
i- linearly polarized parallel to the magnetic moment of
the ion. ihe latter two only by circularly polarised
radiation incident ulong the axis of magnetization

The physical meaning of eu. (1) is best explained by
ImAing at the level scheme of the ion in a magnetic
field, where ihe degeneracy of the magnetic sublevcls is
lifted. In fig. 2 such a level scheme is given for the very

Fi(j. ;. Knerev diagram of the ,1dl"4f" - JJ*4f14 transition of
Vb' ' "Mllimil (left) and wilh (nghll a magnetic field- The
vertical arrows indicate the dipolc selection rule allotted transi-
tions \nJM) — | o V ' W ) , Their relative mien.uties are given
hi Ihe dots. The required polanmrion is indicated at the

buttom.

64



same mechanism, have strongly differing dependences
on field, temperature and polarization [9]. In general,
one has to take the Bolumann weighted average of the
squared 3j symbol in eq (11. or

HJJ • ( O) = constant X £ A]r ( 6 )

with

J '

I e
M - J

(2a)

(2b)

where

»s ihe effective temperature. In general, the expressions
for A%' {&) tan be expressed in terms of © [7.9], We
restrict our attention to the factors A - 'JJ'. correspond-
ing to the two circulaily polarized cases. In fig. 3 their
temperature dependence is plotted for several rare earth

species assuming a realistic magnetic field i>f 6 T and
atomic values for J and the Lande factor g. One should
note from Ihese figures that ihe dichroism effects are
largesl for the elements with high J and s; values.

3. Performance of polarization filter

From the example discussed ahove it is easy to see
tha! a foil of a material containing Vh'" ions which are
magnetically ordered along the direction of propagation
of the light is capable of filtering ou! one of the circular
components of any unpolarized or linearly polarized
beam.

For the general case the properties of a filter consist-
ing of a magnetically ordered rare earth material can be
calculated from the absorption coefficient of the two
circular components ji , given by eqs. |2). using the
Lambert-Beer law:

7"' = ' : / / , ; =«p(-»v .>. (?)

where nt is the mass thickness of the absorber. From
these transmissions, one can calculate the degree of

- . . " . 4V =1!

\

Fig. 3. Temperature dependent pan of the absorption strength Ajr Sm&J^O. ±1 normalized t»{2J + i r ' for Ce'*. Gd'*. T b "
and Ho3* ions in a field of 6 T. : left circularly polarized light, : right circularly polarized light. The high temperature

limit of 1/3 is indicated by the dashed line
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polarization of a linearly polarized beam after transmis-
sion (hriiugh the foil:

P -
T'- T (4)
T+T e \ p { — nijt \ + e*p( -~ tfl fi )

Similarly, (he overall transmission of that beam is given

/ •

- exp( -Blfl (5)

For the calculation of the transmission it is necessary to
include the background absorption by electrons in the
valence bands and shallow core levels. At the position
df the 3d -• 4f absorption edge their contribution
amounts to a nearly energy independent background
Mhnknr- t n e '•'^ ° ' »'hieh can he estimated from tabu-
lated values of atomic absorption coefficients [14]. By
comparing P^^, with the values of u,d , a f calculated
in ref. |12] it is clear that the absorption of the strongest
3d -• 4f peaks is typically 30 times larger than that of
the background. Although precise experimental de-
terminations, of the respective cross sections are lacking
•it Ihe present moment this theoretical conclusion is

corroborated by the strong peak to background ratios in
the rare earth 3d-4f XAS spectra |10(.

A second background effect arises from the 3d -* n p
absorption edge that for the rare earths heavier than Gd
lies between the 3d 5 / , -• 4f and 3d v_, -• 4f lines. From
ref. (14) values of — 0.02 A"/'eV/alom are found for
the 3d -> n p edge, which is quite comparable to the
cross section of the 3d , , , lines of the heavy rare earth
(see eg. fig. 1). so that their effectiveness as polarizing
lines is strongly lirmied.

Fig. 4 gives the transmission for a linearly polarized
beam (eq. (5)) and the degree of circular polarization
after conversion by the foil (eq. (4)) as a function of
photon energy for a number of rare earth ions. The
transmission of left and right circularly polarized beams
(eq (3)) is also given. The data wer; plotted assuming
an energy independent p-^^,. The 3d -• np edge was
not included in the calculation owing to the lack of
knowledge of its energy dependence. The mass thick-
nesses were chosen to yield a degree of polarization of
W% in the main polarizing peak, and a field of 6 T and
a temperature of 4.2 K were assumed.

Table 1 gives the mass thicknesses necessary to ob-
tain, under the same conditions. 90$ or 99% circular
polarization and the corresponding transmission Tp.y,^
and /"p̂ ygLj for aH major absorption peaks.

f.iHc 1
t jlculjled rare canh mass thickness <vf trivalcnt rare earth ions yielding %"? or 99** circular polarisation with the indicated sense of
rolaluwi ( + , hehcitv •* left/rlghl cirmlarly polarized). The magnetic field is assumed to be antiparalLe! to the light direction. The
jh\orption h\ valence jnd shaHdvt core levels has be<;ri included Isee rcf. |14]}
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:317 lUt ;3*9 1352 13B1 1»* 13B7 HW

Fig. 4. Calculated performance of a foil containing ihe specified mass thickness of paramagneiically aligned rare earth ions at 4.2 K
and in a field of 6 T The mass thickness is chosen to give a maximum polarization of 99*5. Dashed (dotced) eurver transmission of
lefi(righl) circularly polarized radiation. Dash-dotted curve: transmission of linearly polarized radiaiton. Full curve: degree of

circular polarization behind the fail.
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4. Di->ctr>siun

I rum table 1 il can he seen ltwl high degrees of
virtular pi»liin/,iiiun tvm be obtained with sai" .rectors
transmission factors. The niiiMmum transmission for ;i
certain degree of polarization lies in the 3d, , for the
firsi hiilf of the series und switches over lo the Ms ; at
t'n! |1S). It is highest in Ihe elements with high J and s;
values, like Nd in the first half of the series and Ho in
I he second half.

CV. Gd. l)\ and Hi.-' have strong polarizing peuks of
both senses wiih T,, ^ ranging from 3.5f to 4_W.
.illoaing switching between them by tuning the mono-
chromatur. Prn is not listed because it is radioactive and
Sin is loft out hecause sis MXD effects decrea.se very
mpidh wiih temperature due (o iis low J and sj values-

4,1

The flu* from a double beryl crystal monochromator
is faith strongly dependent on energy in the range of
interest here. If a focussing mirror is used as wilh the
BF.SSY K.MC monoehromator the flux per 100 mA
electron beam current rises from 10*/s at 850 eV to 10s1

s al 1550 eV [16] (slightly different numbers hold for
the SSRL JUMBO monoehromator (HI) With the
calculated P =• 99"? transmission factors the resulting
flux after conversion ranges from - 5 x 107 / s ( te ) to
- !0"/s(Ho>.

It must he stressed thai (hew performances are based
on calculated absorption coefficients. However, the main
experimental features of the 3d -> 4f multiplet slruc-
lures und peak to background ratios are in good agree-
ment with these calculated values. Thus, while there
may be some uncertainty in the detailed shapes of the
polarization dependence and the absolute cross sections
il is unlikely thai the major features described here will
be significantly changed.

4.J. Filter materials

The mass thicknesses listed in table I correspond to
submicron film thicknesses. This allows vacuum deposi-
tion of the rare earth compound on a high transmission
foil (e.g. 10 jim Be. Al. C or Ti>. Also the rare earth ions
could be incorporated in a foil of a (dilute) alloy of
those same materials. In either case the extra material
leads to an additional attenuation in the order of 10 to

The requisite magnetic ordering could be either
paramagnetic or ferromagnetic. In the latter case the
high exchange field results in higher effective tempera-
tures 8 but this advantage is strongly reduced by the
occurrence of complex non-collinear spin structures pre-
sent in most rare earth compounds [I8J. which lead to a
decrease in polarization [8j. Paramagnetic ordering ill

experimentally feasible conditions of 4.2 K. 6 T using a
superconducting magnet gives adequate ordering for the
rare earths with a high ground slate J value. This has
the additional advantage of allowing the field direction
and thus the polarization stale to be switched.

•f.i. Ctmipunsott to ttiher meikotis

Sources of circularly polarized X-rays currently exist-
ing or under developmenl can be divided into two
classes. The first is based on the polarization character-
istics of radiation from relalivistic electrons moving in a
magnetic field. This class includes the out-of-plane
emission from storage rings which in principle is usable
over the whole energy range of the synchrotron. Until
now it has been applied only below 40 eV [19.20], and
between 7 and 9 keV in the hard X-ray regime in MXD
experiments on Gd (211 and Fe [22| and in Complon
scattering experiments [23}.

As mentioned in the introduction, new developments
in this class are asymmetric wigglers and crossed undu-
lators. Working on low emilti>><ce rings only, these
sources will be the circular polarized equivalent of
standard wigglers and undulalors. providing a continu-
ous spectrum. The predicted intensities are 10'1 to 10"
photons per second at - 1000 eV. dropping steeply at
higher energies. It will be possible to switch between the
polarization senses at a rale of 1 kH2.

The second class is formed by the extension to the
X-ray region of the polarization phenomena known
from the visi.sle region. Under this heading falls bire-
fringence, e.g. in MgF, up to 9 eV (24| and Si at 10 keV
energies |251, where degrees of polariiation of 85% and
15%. respectively, have been obtained. To our knowl-
edge it has not been used in the soft X-ray range.

S. Conclusion

We have shown that the filler described here can
provide a source of circularly polarized X-rays at a
series of energies between 850 and 1550 eV. We find a
degree of polarization of 99% with a satisfactory inten-
sity of 5 x lO'-lO1* photons/s 100 mA storage ring
current, assuming a double beryl crystal monochropva-
tor equipped with a focussing mirror. The bandwidth is
~ 0.3 lo — 0.45 eV depending on monochromator reso-
lution.

Compared to other sources the main disadvantage of
the device is the tine character. However, it is rather
unique in providing a high intensity x polarization
product in this energy range. The main advaniages of its
application in a polarizing filter are the unique energy
range, the simplicity and correspondingly low costs of
the design and the possibility to switch the polarization
senses.
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Finally we note that the use of this device can be
extended straightforwardly to the determination of the
polarization of other circularly polarized X-ray sources.
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4.3 An X-ray Absorption Microscope

In addition to the applications mentioned in the foregoing paper, a high-field
solenoid as depicted in Fig. 4.1 can be used to construct an x-ray absorption
microscope. In such a device the divergence of the magnetic flux out of the
bore of the magnet is used as objective lens for the yield of electrons excited
by light (or electrons) from a sample placed in the bore. This is possible
because the electrons stay near the magnetic field line near which they were
created, spiralling around it in tight orbits. A second coil producing a weak
field, e. g. 10 Gauss, collimates the electron field before it is made visible by
means of a microchannel electronmultiplier plate and a phosphor screen.

The magnification by a magnetic lens is given by the square root of the
high to low field ratio114, and with the field values given above would be
20-40. The resolving power depends on the radius of the orbit of the helical
motion of the electrons around the magnetic field lines and thus is determined
by the maximum field strength and the electron energy. With standard
technology a resolving power of 0.5 jmi has been proven to be feasible for 5
eV electrons114.

Until quite recently, magnetic lens systems were only used in laboratory
spectrometers115'114. In combination with synchrotron radiation the mag-
netic electron microscope would be a powerful tool for XAS measurements
of inhomogeneous samples. In addtion, in combination with the MXD effect
such a device would offer the possibility to study the high-field magnetic
domain structure, of ferromagnetic materials.

Work on the design of a suitable system, based on an existing 6 Tesla
superconducting magnet, has been started. The current design includes the
possibility to vary the sample temperature independendly from the magnets'
cryostat between 10 and 400 K by using a separate flow-cryostat for sample
cooling. Also the design allows the sample to be rotated arround the magnetic
field axis.
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Chapter 5

EXPERIMENTAL ASPECTS OF SOFT
X-RAY ABSORPTION SPECTROSCOPY

5.1 Introduction

This chapter deals with experimental aspects of soft x-ray spectroscopy. The
first two sections give details on the beamline and experimental apparatus
used in the experiments that are described in the remaining part of this
thesis. The last two sections are reprints of papers describing innovative
work in XAS.

Section 2 describes the double crystal monochromator beamline con-
structed by our group (Nijmegen and Groningen Universities) at the newly
constructed Super-ACO storage ring at the Laboratoire d'Utilisation de Ray-
onnement Electromagnetique (LURE), Orsay, France. This beamline was
financed by a EC CODEST program fund, and was completed slightly over
two years after the fund was granted.

Section 3 describes the LURE-based experimental system used for most
experiments, which in the last four years has evolved into a well-equipped
surface science system. Special attention has been given to the need to
operate the machine quickly, since beamtime is too expensive to be wasted
much.

Section 3 deals with the possibility of constructing a soft x-ray monochro-
mator from a combination of a synthetic metallic multilayer and a organic
crystal.

Section 4 presents a method for the reproducible characterization of the
resolution of soft x-ray monochromators. This work was spurred by the need
to obtain the width of the curve with which the calculated atomic dipole
spectra are broadened to simulate the experimental resolution (see Chapter
3), and the necessity to be able to compare the resolution of the multi-
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layer/organic crystal monochromator with that of other monochromators.
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5.2 A Window less UHV Double Crystal Monochromator Beam-
line for Soft X-ray Absorption Studies

5.2.1 Introduction

The experimental work described in this thesis was carried out during visits
to four synchrotron rings in three different countries. In all cases a dou-
ble crystal monochromator was used: the SOXAFS beamline 3.3 at SRS
Daresbury116, the Doppelkristal line at BESSY117, Berlin, and the old118 and
new double crystal lines at ACO and Super-ACO, both at LURE, Orsay. We
will describe here the new Super-ACO beamline SA21, which was constructed
by our group as part of an EC CODEST project, and is fairly representative
for the other lines.

The work in three synchrotron radiation centres gave a unique opportu-
nity to compare technical details, and has allowed us to construct a relatively
cheap state-of-the-art beamline. At the moment of writing the beamline can
be used for high resolution-high intensity XAS and EXAFS experiments in
the soft x-ray range (650 5000 eV). In a later stage a 1:1 focussing mirror with
focal distance of 10 m will be installed behind the monochromator, more than
doubling the total length of the beamline. This addition will enhance the
intensity even further to enable XPS (x-ray photoemission), CIS (constant
initial state), CFS (constant final state), resonant XES (x-ray emission), and
XPD (x-ray photodiffraction) studies.

5,2.2 Layout of the beamline

The beamline is described moving downstream with the photons, starting at.
the source point.

The beamline is situated at bending magnet SA21 of the Super-ACO
storage ring at LURE, Orsay. Under normal operating conditions the critical
photon energy is 650 eV. As can be seen in Fig. 5.1, in the operating range
of the monochromator the input flux drops monotonically, and even almost
exponentially at high energies119.

The front-end of the beamline, built by LURE, contains fast acting vac-
uum protection shutters and a removable gamma radiation trap which is in-
serted during injection of the ring. The front-end opens to a mirror box where
a grazing incidence mirror deflects one half of the 30 mrad wide light cone
to a neighbouring beamline. The mirror box also protects the synchrotron
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Figure 5.1: Flux from a bending magnet of Super-ACO under normal oper-
ating conditions.

vacuum from accidental venting of parts of the beamline by retarding the
shock-waves through expansion, giving the shutters more time to close.

At 6 meters from the source point the radiation beam passes through a
thin absorber foil which filters out the low energy part (IR to UV) of the
white light beam, leaving the x-rays and reducing the power in the beam by
about 50%117. The filter foils are mounted on a vertically adjustable rack,
allowing selection of the filter (currently 1.5, 3.0, 4.5 fim Al and 1.1 /tin C)
according to the operating photon energy and monochromator crystals used.
The same vacuum chamber is fitted with two horizontal collimators with
which the beam width is defined to within 0.1 mrad, i. e. 100 jum at 10 in.

The monochromator, which is described below, is located at 8 meters from
the source point. One meter behind the monochromator the output, signal
Io is monitored by the electron yield signal from a 90% transparent tungsten
grid or a 1.5 ^m Al foil. The Io gives information on structures in the output
due to absorption edges or so-called glitches120, and is therefore stored along
with the data. Experimental systems interface to the Io chamber.
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Figure 5.2: Principle of constant deviation non-dispersive double crystal
monochromator.

The double crystal monochromator

The double crystal monochroniator, located at 8.5 in from the source point,
is of the non-dispersive (+ / —) constant-deviation type (see e. g. James54).
The principle of the instrument is explained in Fig. 5.2. Only the part of the
incoming white radiation that mllnlls the Bragg equation

riA = 2dsin0, (5.1)

(where d is the lattice spacing of the monochroniator crystals and 6 the Bragg
angle.) is reflected by the first crystal. The second crystal is kept parallel
to the first by a combined rotation-translation mechanism, and thus Bragg-
reflects the beam into its original direction, but offset downwards by a fixed
distance (30 mm for this instrument).

All movements of the energy scanning mechanism are mechanically cou-
pled and driven by a single lead-screw/stepping motor external to the vacuum
system. Energy setting is accomplished by converting the readout of a lin-
ear optical encoder to the angle of incidence on the first crystal, using the
formula

L ( 4 5 ) L ( 0 )
$ = 45 — arctan — (5.2)

where D is the vertical offset of the beam, nominally 30 mm, and L(45°) —
L(0) is the difference between the actual reading of the linear encoder and
the reading at 0 — 45°.

Calibration of this formula to correct for errors in the constants D and
L(45°) was achieved using a angular optical encoder mounted on the axis of
the first crystal. Differences between the actual Bragg angle and the angle
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crystal

ML/KAP (KHC8H4O4)
Beryl (Be3Al2Si6018)
Quartz (SiO2)
InSb
Si

Miller
indices
(100)
(1010)
(1010)
(111)

(111)

2d

(A)
26.632
15.95
8.512
7.486
6.271

Energy range"
(eV)

472-800
790-1550

1500-1800
1680-
2010-

Table 5.1: Currently available monochromator crystals

obtained from eq. (5.1) were less than 120 arcsec over the complete 10-80°
angular span of the monochromator, A more detailed description of the
mechanical coupling mechanism and the calibration procedure can be found
in MacDowell et al. u s .

Crystal change and alignment

Crystals are changed by bringing the monochromator up to air. After modest
baking a base pressure of 10 & Torr is obtained with a 200 1/s ion pump.
Extreme care is taken to prevent vacuum contamination with hydrocarbons
which were found to deposit on the crystals due to radiation induced cracking.
Fine-tuning of the crystal parallelism before operation, which corresponds to
maximizing the throughput, is achieved by orienting the first crystal around
the two perpendicular axes in the surface plane using a double lever system
driven by two UHV compatible stepping motors.

A number of different crystals is available, for which the lattice spacings
and energy ranges are given in Table 5.1. Maximum crystal dimensions are
5x25x45 mm3 but smaller sizes can be installed using high precision interface
blocks.

The mounting block of the first crystal is water-cooled with the dual
purpose of minimizing damage by the heat load of the white synchrotron
beam and preventing thermal expansions that would influence the calibration
through changes in the lattice spacing d. Gallium is used to enhance the
thermal coupling between the back surface of the crystal and the holder.
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Rocking curve control

An important property of double crystal monochromators is the rocking
curve, the intensity profile obtained by scanning one crystal through the
Bragg condition set by the other. The shape of the rocking curve is related
to the instrumental function and its width gives information on the crystal
quality and resolution. The maximum of the rocking curve corresponds to
exactly parallel crystals54. A special feature of the Super-ACO instrument is
the fully automatic acquisition of rocking curves, whereafter the instrument
aligns itself on the maximum. This feature allows rapid and reproducible
optimization of the instrument

5.2.3 Monochomator control and data acquisition

The nionochroniator control electronics and software were designed and re-
alized at the University of Nijmegen Electronics department.

The hardware consists of an Olivetti M240 Personal Computer, an inter-
face unit, two stepping motor driving units, two Heidenhain encoders, and
a small hand-held remote control box. The computer, which controls all
functions of the monochromator and runs the data acquisition programs, is
equipped with a PIO-12 interface which is used for all communication with
the other units, and with an IEEE interface, which can be used for data
collection with more sophisticated measurement units.

The main Interfacing Unit (I. U. ) is connected to the computer by the
PIO-12 bus and multiplexes the communication between the computor and
the other instruments. Also it houses three digital sealers for positive TTL
pulse counting detectors and an 8 digit LED display giving the actual energy.

The two Heidenhain units are used for measuring and calibrating the
position of the lnouochromafor carriage. The first (model VRZ181) reads and
displays the linear optical encoder connected to the main driving mechanism
with an accuracy of 0.1/mi. After every movement of the monochromator the
computer reads this instrument via the interface and converts the position
to Bragg angle and photon energy with the aid of the calibrated form of eq.
(5.2).

The second Heidenhain (model VRZ166) reads and displays the circular
optical circular encoder mounted on the rotation axis of the first crystal,
which is used only in the calibration procedure described by MacDowell et
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al 116.
Both steppermotor controllers are build around the simple supplies de-

livered with the motors. Apart from controlling the stepping mode and di-
rection they signal limit switch error situations, both digitally and via front
panel LED's. The two internal motors used for setting the parallelity of
the crystals are powered by a single supply which is electronically switched
between the motors. The relative position of these motors, which are not
equipped with encoders, is displayed on two signed 4 digit LED displays
on the front panel, giving the number of steps made by each motor since
power-up.

Control is either by the computer or manually, via front panel switches
or with the remote control box. The latter consists of a small hand-held box
connected to the interface unit via a 8 m long cable. It gives the operator
push-button control over the monochromator movements which greatly adds
to the experimental convenience in complex situations like positioning of the
sample in the beam, where rapid scanning of the monochromator on and of
the absorption maximum is required.

The computer program is menu organized, with the possibility of tog-
gling between the alphanumeric menu screens and the graphic spectrum dis-
plays. It consists of ~110 small modules written in C (Microsoft V5.0). The
six menus are dedicated respectively to initialization, gross changes of the
monochromator position, data acquisition, automatic acquisition of rocking
curves, remote control, and energy calibration on two edges of well known en-
ergy. The program takes data either from the sealers of the interface unit or
from the IEEE 488 interface card in the computer, allowing great flexibility
in the choice of detectors.

The main data acquisition menu includes options for dividing a single
energy scan in up to 5 regions with different step sizes (0.05-10 eV/step),
and multi-scanning of the same spectrum. In this mode both the new scan
and the sum of the previous scans are displayed on the screen. The new data
are stored at the end of each scan, while at the completion of all scans also
the sum spectrum is stored. Data storage is in binary form; files consist of
a header and two arrays of signal data and an I0-monitor data, both stored
as unsigned long integers. Currently hardcopies of the data are obtained by
dumping the graphics screen on a 24-pin printer.

The algorithm for scanning the monochromator involves a scheme of suc-
cessive approaches to the new position: The desired new energy is converted
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to a position of the linear encoder and the difference between the current
position and the desired position is calculated. The motor is moved towards
the new position with a step corresponding to a fixed, large percentage of
this difference. The new position is read from the linear encoder and the
procedure is repeated until the new position and the desired position differ
less than a specified fixed value. In order to minimize the effects of back-
lash, whenever the position of the monochroniator is higher than the position
wanted, a large negative overshoot is included in the first step to assure that
the desired position is always approached from below.

5.2.4 Performance

Until now the monochromator has been operating mainly with beryl crystals.
For these crystals a typical throughput curve of the monochromator is shown
in Fig 5.3.a. The observed increase of intensity with the photon energy is the
result of the competing effects of decreasing intensity from the storage ring
(see Fig. 5.1). and the increasing inonochromator throughput with decreasing
Bragg angle. The strucure at higher energies is due to absorption edges of
the Al and Si present in the beryl crystals.

The estimated maximum flux at 1300 eV is of the order of 6xlOh phot/sec-
/lOOmA/nirad hor./full vert./% bandwidth. In more practical terms: with
the ring operating at 300 mA electron current and with the slits set to give
a lx l innr spot on the sample we estimate the flux at 1300 eV to be 5x10''
photons/second, with a resolution of < 1 eV. At this energy the vertical di-
vergence of the beam does degrade the resolution and for optimum resolution
the entrance slit of the monochromator has to be closed to 100 //m (~ 450
meV, with a concommitant loss of flux. However, even then it is possible to
acquire spectra of films of submonolayer thickness in one half hour.

The instrument was characterized further by measurements of the rocking
curve at a number of different Bragg angles. The obtained widths were
identical to those reported by Hussain ei al. yn. Also, spectra of the Ni L3

edges and various rare earth M5 edges, as for instance that of Ho in Fig. 5 3 b
were comparable to spectra published elsewhere29'l11.
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Figure 5.3: a. Throughput of the monochromator fitted with beryl
(Be3Al2Si60i8) crystals. The structure above 1500 eV is due to the K ab-
sorption edges of Al and Si.
b. Ms total yield spectrum of Holmium.
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5.3 The Dutch Experimental Surface Science system at LURE

5.3.1 General description

The system is build up of two UHV chambers separated by an isolation valve.
Each chamber is pumped with cryopumps which can be valved off during
venting or during regeneration of the pumps. The whole system is mounted
on a rectangular frame, which carries also the Helium compressor unit of
the cryopumps (Leybold R.G 210) and the power supply of the bake-out
oven. The frame is equiped with wheels and (x,y,z) orientation adjustments
for alignment of the system to the beamline. All watercooling circuits are
equiped with quick-connect couplings, making (de-)coupling to the beamline
a matter of minutes.

The chambers and the cryopumps can be roughed out independently,
using a single turbopump mounted on a five-way manyfold located in the
system's frame. The chambers can be baked either separately or together
with an oven system build up from insulated aluminium panels.

5.3.2 Preparation chamber

The preparation chamber acts mainly as insertion lock for the sample analysis
chamber. It is equiped with an axially mounted linear transfer rod that ac-
comodates up to six samples. The samples can be cleaned by either scraping
with an AI2O3 file or ion bombardment before being brought in the analysis
chamber. Since in general the acquisition of an XAS spectrum of a polycrys-
talline sample is a matter of only tens of minutes it is possible, by baking the
system overnight, to measure six samples per day. If necessary, this speed
can be further enhanced by installation of a simple bajonet mechanism with
which individual samples can be transferred from a 10—slot magazine in the
preparation chamber to the manipulator on the analysis chamber.

5.3.3 Analysis chamber

The design of the analysis chamber has three functional levels:

1. The top level is dedicated to the preparation and characterisation of
single crystalline samples. It is equiped with a two grid forward view
LEED optics (Vacuum Generators) and a PC controlled single pass
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cylindrical mirror analyzer (CMA) with a coaxial electron gun (PHI
3017 AES subsystem with 10-155 CMA). This latter system works in
the pulse counting mode, allowing the use of low sample currents and
thus minimizing contamination of the sample by the electron beam123.
Spectra are obta'ied in direct signal, but can be smoothed and differen-
tiated digitally. Sample cleaning is possible with an ion bombardment
system which involves backfilling the chamber to a pressure of 10~5.

2. The middle level is the measurement level where the chamber interfaces
with the preparation chamber and the x ray beam entry port. Standard
components on this level are a viewport on the flange opposite the beam
entry port, which is necessary for alignment of the system; and the yield
detector on a port which makes an angle of 45" with the beam. Different
detectors are available for the different electron-yield methods that are
discussed in the next section.

3. The lowest level contains, besides pumping and gas inlet lines, a Knud-
sen type evaporator unit, which aims upwards at the sample position in
the middle level. The unit consists of a commercial oven-and-crucible
assembly, mounted coaxially with a stainless steel water-cooled heat
shield on an FC63 flange. A shutter on the same flange completes
the unit. In order to minimise outgassing. the mounting port of the
evaporator unit is also water cooled on the outside by a copper spiral
wrapped around the port.

Determination of the thickness of the evaporated layer is done with a
commercial water-cooled oscillating quartz crystal monitor (Intellemet-
rics IL100) located a few centimetres behind the samples' deposition
position.

Transfer of the sample between levels 1 and 2 is possible with a stan-
dard high precision micromanipulator {VG HPLT 165) mounted on top of
the system. All electrical connections to the sampleholder can be made via
the feedthroughs on the manipulator. For low temperature experiments the
manipulator was equiped with a homebuild He cold finger, which could be
rotated around its vertical axis using a differentially pumped rotary feed-
through. The lowest temperature attainable with this cryostat is 50 K. A
commercial UHV compatible low-loss cryostat (Oxford Instruments CF100)
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has been purchased, and will be installed in the next phase of the develop-
ment.

Yield Detection Methods for XAS

Although widely used, electron-yield measurements are still poorly under-
stood. Important work has recently been done in the hard x-ray range124,
but much less is known about soft x-ray electron yield. This section describes
the different detection methods of XAS.

Traditionally x-ray absorption spectra were measured hi the standard
transmission mode. Here the spectrum is given by the ratio between in-
cident and transmitted intensity. In the lower x-ray energy range, where
the attenuation length of the x-rays is of the order of tens of microns or
less, preparing suitable, free standing films of uniform thickness is in most
cases prohibitively difficult. Furthermore the absorption spectrum has to be
obtained from a ratio measurement, with the concommitant noise problems.

Several indirect methods of XAS measurement, known as yield methods,
have have been developed to complement and largely replace the traditional
method, especially in the soft x-ray range. In these methods one measures
instead of the transmitted intensity the yield of electrons or fluorescent ra-
diation produced as a result of the decay of the core hole, created in the
absorption proces.The great advantage of yield methods is that the sample
may be a powder, a solid bulk sample, or even a liquid.

Fluorescence yield is a true bulk method since both the incident as flu-
orescent radiation have large attenuation lengths, which are of the oider of
microns in the soft x-ray range and larger at higher energies.

Electron yield techniques have a probing depth which is determined by
the range of the detected electrons. The primary Auger electrons lose their
energy in collisions with valence electrons, producing a cascade of electrons
with lower energies. The yield at the surface consists therefore mainly of
electrons with a kinetic energy less than 5 eV. Depending on their energy,
the range of the Auger electrons lies between 10 nm in the soft x-ray range
and 1000 nm at a few keV. Therefore, electron yield in the soft x-ray range is
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quite surface sensitive, necessitating the use of ultra high vacuum. However,
in the soft x-ray range fluorescence yields are low125' 16' 126 17, making electron
yield the method of choice.

Electron yield methods

A number of varieties of electron yield methods exists, which differ in the
detector vised.

• The simplest method, and the one used in most of the work described
here, is the total electron yield method, where all yield electrons are
collected without energy discrimination. The total yield detector used
for most of the work described here consists of a pulse-counting chan-
neltron detector, which is mounted in a grounded hood, which leaves
the channeltrons' aperture exposed to the electron flux from the sam-
ple. Optionally the front of the detector is biased to +300 Volts to
attract electrons into the aperture.

The detector assembly is mounted with studs on a FC63 flange equiped
with the necessary voltage feedthroughs. A bellows between this flange
and the mounting port of the detector allows positioning of the detector
in the flux of electrons from the sample.

• A variety on the total yield method is the total electron yield current
method, where the photo current from the sample is measured using
a pico-amperemeter. In many respects this is the easiest method, and
in a recent comparative study this method was found to be the most
reliable124. Prerequisites for the use of the current mode are sufficient
conductivity of the samples and a sufficient signal strength (i. e. photon
flux). A separate version of the monochromator acquisition program
has been developed for current measurements using a Keithley model
617 electrometer which is connected to the beamline computer via an
IEEE interface. Initial tests failed because of the signal to noise ratio
was too low, which may be due to leakage currents in the UHV current
feedthroughs.

• In the partial yield method a retarding field analyser is used to select, the
high energy part of the yield spectrum, with the purpose of increasing
the surface sensitivity. To this end the total yield detector described
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above can be fitted with variable voltage high-transparency grids placed
in front of the channeltron aperture, giving the possibility to reject the
slowest secondary electrons in the partially electron yield mode. Little
experience exists in this mode, and its usefulness is not yet clear.

• In the Auger yield method a cylindrical mirror analyser is used to select
the signal of the primary Auger electron from the total yield spectrum.
In principle this offers the possibility of depth selective XAS measure-
ments by monitoring the yield of electrons in the inelastic tail of the
Auger peaks. These electrons have undergone one or more inelastic
collisions with valence electrons, and their energy loss is a measure of
their creation depth. The experimental system described in the previ-
ous section allows for this option through the possibility of mounting
the CM A on the yield detector port.
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5.4 Multilayer/crystal monochromators for soft x-rays

Nearly all the x-ray absorption transitions involving localized final states He
between 300 and 1500 eV (the soft x-ray range). The energy range 850
1500 eV, which encompasses all the 3d->4f transitions of the rare earths, is
very satisfactorilly covered by the double Beryl crystal monochromator. In
contrast, the Is—>2p of O, N, F, and the 2p—>3d transitions of all the 3d
transition elements (except Ni) fall in the lower energy range 300-850 eV, for
which no high resolution monochromators were available until quite recently.

It is possible to extend the range of double crystal monochromators to
lower energies by using monochromator crystals with a larger lattice param-
eter rf, which is related to the photon energy by E = hc/2dsinO, where $ is
the Bragg angle. The only suitable crystals known which have larger 2d rat-
ings than Beryl (2d = 15.95A) are the acid phthatate salts (XAP, X = Na, K,
Rb. Very short tests (~minutes) were sufficient to prove that these organic
crystals are not stable under the intense radiation of the direct, synchrotron
beam.

Here we reprint a paper dealing with the first realization of the long-
standing idea to protect the XAP crystals from most of the heatload and
x-ray intensity from the storage ring by prefiltering the radiation with a
synthetic metallic multilayer. We present, tests and operating experience of
this system with the emphasis on spectroscopic applications.

More information on this work can be found in the publications cited in
the list of publications on the first pages of this thesis.
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Abstract- A nm el concept for a monoehromator m the
•thfTWult" sufi \ ra> region is ilciicribcd. LSmg a inullila\cr K\t>
coinbinaimi aot'mrrpv resolution ni* -~O.KcV can he uhiained
tor plunon enertjic'. bttw-fen 550 lf>00 eV, hs practical \alue 1*.
dcinonstraicd with applications (or ioft x ra> absorpiion
spccirosL\*p\. A deiailed comparison fh gnen uiih diiMinp
momxhrouiaturs hastd on ̂ ratin^s and on double crj sials. ami
pmcntiiil impro\emcnis are discussed.

I, Introduction
The increasing interest in research using vuv st*fi x ra>
radiation, which i-i reflected in the advem oi" dcilkated low
energy storage Tings, undulators and free-t'ta'ctron lasers. lia>
neces\Uaied the de\elopmeni uf suiiab'L* disperse c e-leiiwniv
The soft x ra> spectral range contains the K edges of important
t'-lcnients .such a.* O and F and (he L edges of }ii traciMtkm
metal-,, but ha\ ortcn het̂ r referred to as a difficult spectral
region to monochromat).st (see e.g. Saile and West 19B?).
Considerable effort is needed u> bridge ihe existinp. g.ap Tanging,
from -~ -tOO to 800 eV btftween grating and cr> slal
nu-inoclir^matorv

Recently successful atternpis ha^e been r^ptvrted to extend
the use of gTating devices 10 higher energies with a re\o!mu!
rx»»er ol" 100O 2000. (Peterson 198fc. Maeawa ef ul I9«ftj. An
alternative apprtxach j,s 10 push down the low c-nergv limn of
crystal morttJchrt»niat(>r.s. Ai ihe niiiment this limit is at 740 L'V.
obtained with bervl crystals {2d~ I.?y5nm). Lower energies
can be covered * iih large d spacing organic crystals, if there \\ A
\v\\\ to protect them against the heal load fawn lhc intense
synchrotron Taiiiatioti.

In an earlier papeT we demons.trated the feasibility of \"ofi x
ray monochromalisation with an organic crystal preceded b\ a
multilayer aciing as a predispcrsor (van der Laan et a! IM8T}T
The multilayer comiwing of 20 layers of W - R t and C in
combmution with a rubidium acid phihalaie (RBAP> crystal
i2d --'. .612 nm> mulled in a molutiunoT - 1 eV ai 800 eV.bm
with a low peak reflectivity of -~ JO ". We predicted an
improvement in reflectivity ofseitral orders of magnitude fur an
opiimised multilayer design. In this paper we describe the

PrL̂ cnt addrovs: NSLS. RrnuLhâ cn National Labtwaiur>.. Lrpttm
NY l l^ . l . l 'SA.

(«c: 7̂.15 X- IJjJyh . (V7 S02.?O IW7 IOP Publishing Uii
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performance of s.,ch an optimised mulula\er KAP combination
mounted in ;• conventional double crystal monochromator.
These crysf'. moitochromators are generally available ai most
sy nchroir.n radiation centres, which, is an important advantage.
The u-fulness of multilayer KAP is shown by a detailed
comparison with ;>tale of the art grating and crystal mono-
i-l,romatoTS- Finally, we shall discuss some future prospects ol"
this new type of roonochromator.

2. Concept and basic facts
Multilayer reflecting coatings ha\c heen a practical reality in the
field of soft x ray optics for about a decade (HenXe I98L
GaptirtiH ei at W83J and ha\c even become available on a
commercial basin. These artificial one dimensional c rwals arc
composed of alternating layers of materials with high ami low
reJYacme index. Multilayers can be tailored to $1111 specific
tlemanik on d spacing, and can survive long, periods of exposure
to intense synchrotron radiation, However, compared with
single erWalv. their energj, resolution is poor, limited primarily
bv interface roughnesi and by iht elTeciive number of reflecting
la>ers, which is determined by absorption rath^T than by
exunetion. The application ol" a double-multilayer mono
diromator 15 therefore restricted to high intensity, low-resolu
iwn purposes {Pianette tvtdJ WS6. Bruijn et nl 1986V

On the other hand, there are several organic crystals fcnown
uith a large d spacing which could offer a good energy
resolution. The acid phihalate <AP! crystals with d spacing*
ranging from 1.295 to 1.332 nm can cover energies down to
?QOeV. although the strong absorption near the O K edge
1532 cV) produces a decrease in reflectivity and in resolution.
Using ihe Darwin^Prins model the calculated peak reflecimiy
of KAP <RBAP| gradually decreases from 14"** (l8.7"tO at
1000eV to 2% (3.5%) at 55OeV (Henke et a! J982). The
calculated resolving power changes from 1575 11330) ai
lOOOeV to S50 1800) at 550 eV. Therefore, these crystals are
tinK appropriate fof energies above 550 eV. They are frequently
employed in commercial x-ray fluorescence <XRf) spectrometers
with conventional * ra> anode tubes. However, the^e AP crystals
a e completely destroyed within a few minute^ when exposed i&
the full flux from a low emittancc ^nchroiron source. F.vcn in
the tittered radiation from a lo» intensity s> nthnitron source the
AP a>stals Jeterioratc rapidly resulting in a final rooking
power of - 250-

A concept for mont'chrnmalisation using: an organic
crystal, preceded by a multilayer matched1 in d spacing ha^ the
tollowing advantages.

11) The crystal is protected against (he high radtadon flux h\
(he rnulttlayer. which acis as a pre&eleeiof for energies around
the Bragg angle of crystal. The heat load on the crystal will be
roughly proportional to the band pass of the multilayer.

{2} The total energy resolution is determined by the dement
of the smaller band pass, which i.s the ms ta l .

In order to have the benefits iff 3 constant deviation exit
beam, the multilayer with the crystal can be mounted directly in
a double crystal monochromator. Because the two Bragg angles
arc the same, the multilayer d spacing ha* to be equal to a
multiple of the crystal d spacing. Thii multiple numbeT
determines tbt order of reflection for the multilayer. We found
from calculation that multilayers optimised far first and fw
second order give roughly the same peak reflectivity. We have
opted for second order reflecting multilayers, because- the hand
pais is smaller than in first order. A further advantage usifi£ the
multilayer in second order is thai the first order reflection from
the multilayer cannot be reflected by the crystal if tlK
wavelength exceeds its Id spacing. Therefore nn first ordi-r
contamination is present in the low energy spectrum.

Besides the radiation diffracted according to Brag£\ law. ilv
multilayer will also reflect all the radiation oi' which the energv
has a critical angle above ihe guen Bragg angle. This k>w energy
specular beam can be filtered from the diffracted beam with ihm
C foib. Another solution would be a small offset angje between
the Bragg planes and the surfaee of the organic crystal.

On a high energy storage ring the hard K-rayji ha^e to be
eliminated using a prenurror. Apart from causing possible
damage to the multilayer, hard x ra>s arc insufficiently absorbed
in the coating and can be reflected by the substrate: Si( 111J in
our case.

3, Experimental details
Multilayer coalings were obtained from the Institute for Atomic
and Molecular Physics (AMOLFl. Amsterdam. The coatings
were deposited by electron beam evaporation tBruijn euii 1985)
and consisted of 127 layer pairs of W-Re (0.4 nm) and C
(2.2 nrfl); AP crystals were obtained from Quart* and Silice.
Paris.

Measurements were performed &i the 2 GeV storage ring in
Daresbwry (UK.) with typical beam current^ between
100-300 inA. The experimental sci up ai beam line 3.4 is
schematically sketched in figure S. \ platinum coated mirror
[\\ at 3 grazing angle rejects the radiation with cnerg> ano\e
- J.5 keV. The uv radiation is suppressed with two 450 nm C
foils (B). These toils also serve to separate the vacuum of the
monochromator i I ̂ pa> from the storage Ting. The beam
sue has been reduced uiih a diaphragm (F) 10 a solid an^le of
10 \7mrad !.

The multilayer and the AP crvstal were mounted in a Bird
and Tole const ant-deviation monochromator (D) which has an
angular Tange from JO ui K0\ A full ticscripiion ol' this
apparatus will be given elsewhere (MacDowell et ul l»)il7)T The
throughput of the monoetiTomaior was optimised by tuning the
rocking angle between the multilayer and the crvstaL The
backside of the multilayer was thermally connccutl wrth Ga 10 a
water cooled Cu block in order 10 dissipate the heal load from
the beam.

X
Figure I- f-Kpenmeniai set up. A. Pi coated gfa^mg infult-nce m r r w ; B. 1*0 450 nm C loik: C , horizontal emraiice sht of momKhromator: D .
a^suu i t J»(3iKm monochTomamr equipped with multila\(;T|Mi.| ;ind iirgumc L!r>siul IKAI«K \-,2> uni ti< wimin« iuptimi.ih; h-di;i^riLjinu (.i.

tm: | l . pKiTKVimnal cuunicr u^ed for lraTismivsmn measurentcnts: K. elecmm >teU JcMecinr uwU fur mtfiMii-rnic^fe nn hulk •.aiiiples.
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Absorption niLVC-niL'rnL-ilti t*crv OerJtirmcJ JII :I ^LLp;ir:tii;
CApertntem.il chamber. etihcr in llie ir;in>mLssnMi mode or in the
intaJ fltvirnn \ield mode-

1n the transnussiun rnoik ilk- photom were coumed vntii ;i
proportional counter iH i tilled u.nh an \ i CO ninture m Kim
torr i ^ I T kl*iiv Theentnince window coiwMed iM 4 urn Mihir
on ;i ?{)"II mm spun-in stainless \iccl \uppiin imd the lrans
mission rnc.iNKremlins ucn- Jmii; on Ne JI;K mirodut-vd inin
ibc chamber usiiij: ;i k"uk y akc. The chamber ^a s -.ep;tr;ueJ
trum the mojioi-hroimitor .md ilie ri>l til the beam line with ;i
2 5 urn Be {oil H i allimiUL Mr UK ̂  a 50 cm ;ihsorpiu>n pmh

In ilie UH:II electron \ield moiK' »t- inc:i».itivd MIUJ hulk
sampler either sublimed or >cr;jpcd eltan in vacuum Heetrons
cmutcU iriMn the ilium mated surface H <. • N uere collected with :i
vsiiii1 anfilu ckxcirn»»taiii-L lens inio an e^cvriwi cVianntliron iKi,
Slandar^ puKe couniini; tCLLhniguc\ uerc u^cd lo pTixrurc ihc

4. Mul(Haycr/K<tP ihroughpui
Iht- ;ib>i>liiU- nunihcr of iratisniuicd phoions through ihc
tnuhiUivcr %.w moiioctiruniMinr w;iv tncu^urci! v*. uh tht
proporuoiial Lf-jnter. Tins phoiivi tluv. comxlt^l for ;ihsorpnon
in ilic Mjkir unuio\". and suppttri jind. is ii\L-n in iaNc I tor
tlii-LV IIIITLTCTII phoion encrpio. Also £ix<:n in i.ihl'j I is itie
C;IILLIILIICL) fluv LMttan.il i rit? from ilk- P( imrmr. thu' t ran Mn in an L\-
ot' die i. tojN ;uiil ilit rertoasnifc and rL^olyiii^n oi ilif iv-\i'
m - t a l UlL'iikc L-( u/ I'lSZ}. l-rom These numbers wo LiLkulat^!
trie peak reflt-'Ltuiu of the muliU:ucr. I he ohuuni;i! \alik'
nwruusL-J trom ;. I III ; :n WlOeV to '.S • III ' ai *5tU-\
this encr^\ Jcpundenci: ti>r iho rcflctfittiv ' s c*ptvU'd trnrn
i rL'snel\ UL|Li;i(ioii

I lie roflcL'tn it\ *>bi;dm:d can he ct>!flpari;d to prc\ unis
rvtuUs (\;m der l.jiin if «/ 14K"). A rcilccimu of S.2 • HI M
SlUUA u a s obtained with a o'mhiiKitiun of KH-\P and a Jll
penoil \\ Ke C mulukiLi-r ciMuni:- in which the lavcr ifiicknc^s
i;ra.duiiil> \anud trom :i gunner »au ' siac^ r.-iift* a( tht N>II*ITI
U> 1.(1 nm fWRcf and I.Anm (<.") ;ir ilic 1"p. Tht pam in
retKviiKi> ol"moreihan iwo wdtTs i>f ma^nuuiiu tor the prevent
opiinuscd \2~? period mulukuer lia\ three main reasons, uhuh
arc, in order ot importance.

dl smaller purpt'nJicular rodghnv'ss heUM-ei; the l:i>tT--:
U\) more Uuer pairw:

Table I. t lie mpgi atid output <\u\ ot the muUiUi>er K-\f
mo HOC h mi n.« ov fnr dilTcrem phoion energies. Tlic piruk
relilccii\ii\ olihe mullikutr has hem calculiiieil from IHCM?
luiinhers usini; ihe idhuluttrii \ aluc for ihc c;irbm) f<»U ;md itw
k\p crv^tal.

Phnion c

7(K)

Pfuiron flu* behind Pi mirror* I • )U ) V4 3.4 ?3

{ • 10"I
I r;m-,miunm:e o\\* toil at 41HI nmt 0.1 7 U..1 I 0.50
Percentage peak rctkewnct*of KAPJ .Mil 4TJ4 W.3̂

Peak Ttfflecm it> ohiamed for ihe
rnultilaitiri* 10 !> 2.1 5.2 .V8

+ In photon s 0.1 A rV bandpass 10 "Tmriul al 2 GeV.

hit) htrttcr choice JOT the la\er ihiekness ratio,
The influence of these factors i»n the rcflectii;t\ has been
discussed preiio-us.il ivandtr Liian *'i uf ?^87j.

Although the ph<rr»n flu* from ihf mu)tila\er KAP
mofw»(-'hromaii>r î  raihtrr low compared vtiih a Rouble CTVMal
Tn»inttk:hromaioT. a sufrkieTit cnutii rale can be obtained foT a
si'nsiint: detecting J o ue- >uch as ;i propnrlk'nal counter or a
channdtron.

5. Retoiulion
In ihix \etiiutn the ent*rai ri-siVluiioTi for some mukikuer crystal
curnbjnations \\i}\ he duiermmed USHIB ihc nieasUTcd lineuidili of
the Nti K and La M absorptmn edpes.

in figure - tbe ahsorption spcclrum of Nc al a pressure of
~l!.l mrr 111.3 Pal is shoun as nicihured unh mullil^icr KAP-
The crov, section has been culibraieil niili data from Marr and
tttfM (IWfti. The firvt rx-ak at 8*7,25 cV is ihe Ls -3p
transition iWuilleumier 14701. Also ihe ] * - 3 p iransnion at
•̂  1.5 eV hmher cntrt^ i> \isihie iu*-i below the conunuum. The

Figure 2-
i till) prn'

lull width k*l the is •> .*p IWIL1 iv cqtcfll to 1.0eV nieasured a.-. iw<<
timt*-. the IL'II h.tlr UKIIII. The inirmsie width of ihi^ Inw î
-O.^eV ilisifvai'i til 14S*j. Without making assumptions on

the hne shapes ihe exptnmental rc-^lution utll bt equal IO
U.S : 0.1 c\. This result is in atrcemenl «nh the theoretical
prediction, because ihe calculated Darwin Prjns utdih for KAJ»
IS equal ui <tft' e\ ' (Hcitkc *V w/ 1^82): and c««in'luied with a
hcam Jfi cr^'nee »r abtwt 20" we obtain the experimental \alue.

The La M, . a.bsorption spectrum of LaF measured in total
> iclJ and usmt multila> tr KAP is show n in figure ?. A
Tmrmalised spectrum obtained vuth ber>l cr\stak is gncn tor
eompan^.n. The daia show the thro? dipote- allowed
3d'"41" -3J"-*f transHions: a very weak line al - S 3 0 e V : a
sharp M. ImL' ai 834.2 cV; and an asynnmetrical Mi hue at
H$0.? cV. Tin1 laitcr is broadened b\ Fano iiucracuon tThoit tv
iv/ t4K>nl. The La M. line, which is hesi suited Tor deiernnnation
of the entrcy resolution, has an mtnnsic width ofO.H eV [Thole
!•; til l*W5at- Multilayer KAP results in a FWHM of 1.5 oV. The
\alue for the experimental resolution fljual lo 0.H ; O.I t*V as
demed aboie ts m agreement »iih the fact that both the KAP
rocking c u n t (Lieficld vi al 19701 and the intrinsic l a M. line
(Thole *>t al I'JK^a) ha\e maioK a Lorenizian line shape. We can
further see from figure .̂  that the spectral puri(> for
multilayer KAP is high. There are no ghost lines or pedL
deformations observed in the spectrum.

AKT resolution measurements were performed on a
muliilaver RBAP combination. In this case the width of the La
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Figure!. The Lii M,.* armwpmMi structuieof LaF. mea-aircd with
multilayer K\PUomplt:ic spectrum!and with b H K H O t

k

Figure 4. Co L : . n spectrum measured with mult i layers *

M. line was equal 10 1.65 eV, which agrees with the calculated
*aluc of ihe Darwin-Prins width for R»W (0.70 eVt. Uw of a
RBAP cry Mai with an offset angle of 1 between the crystal's
front race arul the reflecting Bragg planes resulted in a somewhat
larger La M. width equal 10 1.83 eV. This decrease in resolution
musi he ascribed to distortions in the structure al (he surface due
to the manufacturing process.

* . Applications

Passible applications' can be found in various kind*, of high
resolution studies in the soft-x-ray spectral region, such as
phoiocleciron spectroscope Cooper minima speetroseopy.
x ray absorption near edge structure <XAN£S). resonant
photocmiiSion and magnetic dichroism. Here, we will
demonstrate the practical use of multilayer- KAP ujih examples
from ihe field of soft- s ray absorption spectroxcopy.

6A- The I.; ^ absorption strucfunr of 3d trunsisfton metal
compounds
The ?d transition metal compounds display strong features at
trie 1_ : ; edges, which arc often referred to as while lines Tor
historical reasons, associated with the use of photographic plates
Sir x-ray spectra. These features are transitions
2p"?dF ^2p 3d"' ', which are distributed o\er a short energy
range of only a few eV, due to the narrow bandwidth of the 3d
states. They are split in 2p, .<L;»and 2p< JL,) by the spin-orhii
interaction. Bccau&e of the narrow width of the 2p core k\ch
I <. I eV) high resolution LL * absorption spectra can reveal
information about the distribution of 3d slates above the Fermi
Incl. Not many of these studies have yet been performed, owing
to the lack of proper mortochrornatising elements. Only the Ni
L : : edges are well documented* because they can be covered by
beryl (see t g . van der Laan el at 1956 and references therein).
Electron energy Kiis spectroscopy (EELS) can be used to
measure other 3d metals. One important disadvantage of this
technique is the necessity for thin films. SO to 100 nm thick
4«ee eg. Fink el ul 1985X whereas total yield measurements
u&ing synchrotron radiation can be performed on bulk

The Co L ; 1 absorption spcarum of the pure metal is shown
in figure 4. There U a good agreement with the EELS data of Fink
ci al (19851 although Ihe latter have better resolution. The steep
-tnpc at the onset of these edges reflects the Fermi fcvet in the
metal. The structure above the edges is mainly due 10 the
dispersion of the empty 3d bands.

The Fe L : , spectra of a haematite (crFe.O:). holmium iron
garnet I H o k . O r ) . magnetite (Fe.OA pyritc (FeS;) and Fe
mtrtal arc shown in figure 5. The iron sites in these compounds

- " ' i f'.

700 710 720 7J0
PhoTan energy l*V1

Fi (un5 . Ihc F t L j t ah-mrplion stniulures nf various iron trti
mirasurtd ui ih muliila>cr K W. A. pure iron: B. p i rile (FeS, 1:
C. magnnitc I Kc,O41. D. holmium mm garnet 1.H0, K--= O, z I:

difTer in valency, spin configuration and symmetry. Comparison
of the experimental spectra with muUiplet calculations can result
in guile accurate value* for physical u.uammc& such as the
spin-orbit, crystal field. Coulomb and exchange parameters
I Vamaguchi el at 1982 van der Laan 198?. Thole et at 1985b).
For irtsfancc. &Fe:O, and HO.F INO, : are both high spin Fe!

compounds. The irons in the sesiiuioxidc have octahedral
symmetry, whereas the irons in the garnet are located in
octahedral and telrahedraf lattice positions. As seen in figure S
their spectra are distinctly different, especially near the L> onset
which is almost entirely caused by the crystal field.

As a final example the Mn L , spectrum of MnSi. a weak
itinerant fcrromagnet. is shown in figure 6. This proves that also
near 600 eV data can be taken with good statistics.
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Figure 6, The Mn L:. < absorption spectrum of MnSi measured with
muliilajcrii.AP

6.2. XANES of (he fluorine K edge
In figure l{a\ is shown the F K absorption spectrum of CaFj.
an important insulating material, e.g. used 10 sandwich
integrated circuits. There is a good agreement wiih other
reported data, such as from Zimkina and Vmograd 1197It and
Himpsei el at 11486]. Recently Oiiumi el at (1985) obtained F
K spectra with very high resolution. Their data for CaF;

measured wilt) a 10 m grazing-incidence grating mono
chromaior is reproduced for comparison in figure 7(H

V

Fifuf* 7. The fluorme K ahsuipiion spectrum CaF:: (aI measured
with rnullilayer,K*P 4-lvpoinO: Ift) data reproduced from Oitumi vi ui
419«5> as measured with the 10 m GIM at (he Phman Factory (2400
hne. wm. JO,urn s)iu

7,
are various kinds of dispersive dements which can be

used v-uh 3 fixed-direction exit beam, such as reflection gratings
crystals, multilayers, tone plalcs and transmission gratings
(Saile and West !•)&?). The last two classes arc both fragile and
not commercially available and therefore not widely used, tn
order to make » comparison possible wilh multilayer /crystal
combinations we will discuss the performance or some

operational manochromaiors, based on gratings and crystals.
and di&cuss their capabilities and limitations.

7A. G rut ing monochromaton
Gratings arc normally used for energies below the C K edge.
However, strong efforts have been made to extend their use to
higher energies (Stohr er at 1980) and to improve their resolution
(Pctcrsen 1986. Maezawa tt ai 1986). Limiting factors are the
source size, the optical quality of the beam line dement** stray
light background, higher-order contributions from diffracting
elements, build-up of carbon contamination, heat toad (ram the
K ray flux and the high tmtaufaaunag costs.

fn the soft -x ray region the efficiency of a single grating is
roughly 10 ; . However, the throughput of the total device is
reduced by the slit size and, since lasses are associated with each
reflection, the number of mirrors employed to maintain the focal
point fixed in a large energy range (Suhnsan 1986V I> i* difficult
EO obtain higher resolving powers than 1000. although there are
a feu outstanding exceptions.

The SX700 plane grating morKKhromator at BESSY. Berlin.
covers the soft K ray spectral range up to 2 IteV (Pctcrsen 1982*
I <)S5. I486}. The source-we Hmiltd spectral resolution can only-
he obtained when the influence of the large tangent ;rror in the
present focusing mirror is eliminated by aperture reduction.
Changing the ellipsoidal mirror for a spherical mirror would also
reduce these slope errors, as is proposed in the design of the
monacbromaior for beam line I at (he SRS Darc&bury (Padmore
1986}. Using the full ellipsoidal mirror together with a 1200
line/mm holographic grating the $X 700 monochroinator gives
for LaAl, a U M . linewidth equal to 3 3 eV (FWHM|. Reducing
the aperture and using an rxil slit of lOjum, the La M< lincwidth
decreases to 1.3 eV and for the NeK edge a width et'tAeV has
been obtained fiablc 2>. The ultimate resolution is estimated lo
be 4meV at 13 eV increasing to 800 meV at 850 eV with a
functional dependence on photon energy thai varies as t" *.

Another high resolution grating device is the 10 m gra/tng
incidence monochromator (GIM? at the Photon Factory in Japan
(Maezawa et ai 1986). Using a 2400 line<mm grating and a
5 ftm slit size a Ne K line width of 0.5 eV has been obtained.
Spectra of the fluorine K. edge and the 3d transition melal L : ,
edges in the fluorides have been reported with a resolution trf
0.4eV(Nakaif/a/ 1985. 1Mb. thtumu't <J! 1985k

Finally, we mention the 10 m 172" toroidal grating

Table 2. t.ipcrimentall> obtained widths of the Ne K and
La M> Lints and theoretical resolution for grating, douhle crystal
and muhi layer/ AP monochromator^. Inirinsic line widths are
0.3 cV for Ne K and 0.8 for La M..

Monochramalor

SX700. BESSY
(1200 line/mm 10/inidii)
10 m GIH. Photon Kacmn
Doable beryl (10101
Mullilaver/KAP
MultilaycryitSAP

LincniJlh
FWHM (eVl

NcK LaM

1.0"' i.3'K"

0.5"1 -
0.5'f' O.")1"
1.0'"' 1.5""

Theoretical

at~8SOeV

0.8'"

0.4"'
O.JtO.1*1

0.6.T"
0.1IJ"

(a) Peterson < I'JKJ I: (hi Pclcrson (I48f>): (cl lull aperture gives
' J cV: WlMaezaua•'al119861;<e>Oifumi elali 19851;

(f) Eacva el aH 19831: <gl this udrt: <hl Thole t* alt IV85a»:
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mmiocfrromaior IIIAI> from IBM at ihe NSLS in Brookha\cn,
•\t ihe fluorine K edge ihe rtMJluiion is about O.K eV,

Although ilwrc are mam different i-mials known unh a large <i
spacing t • O.K nml. their potential use in bright h> nchroiron
radiation Vias iiL'\er been demonstrated (AlcxanifraptHilos and
Cohen l ^ - i . Benin 1975. Won*- w oC \W2. Hu*sam eV tv/
l\>Ki). The mam difficulties arc lieat load and chemical
Jeconipmjuon Beryl * |O10| is ihc onl\ uell established crystal
which can go do^n in \:r>crgv m 740 e\ leaving the other
triAjueniK ux-d crystals, a quart/ (lOllH ( • 147yeVi.
InSWIJlH * l6KJ*V>amlGeU11)l > I ̂ 22 eV|. far behind.

The resolution of OK dnubk* ber\l monoehromaior ai
K50 eV i> equal to W.3 T O.J eV. H.S climated from rocking curie
measurements i\an der Laan r/ ^/ ls»i>7x The No K width
obtained is equal io 0.5 eV tH\ie\a tff (W 1983> and the La M-
uidih obtained is equal to 0.4 e V I Thole t'f a/1 W5h).

Wide encrg> scans sucii a^ are necessary in KXAFS. tisr
insmnce. are complicated when iho cr>Mats have a poor lieai
LunJu^TiMtv; as iv ihe casv Vor VILTJ I and iju&ri/. The imposed
heal load makes ihe (/ spacing of the first m s i a l strongK
dependent on the Bragg angle. The racking, angle need* a
ct>nviani adjustment dunni; the scan in order to maintain tilt
Rr^gg ctmJiiiini for hoih cr> vtaK (Greav^ i'f«/1 ^83 >.

Like all crystals, beryl shows imense gliiches in its reflection
>peciTum. (TI the (00011 plane of incidence her>l f 1010) displays
a giuch ai 8VH*V i\*n der Laan and Thole 1987). Near
11)7̂  cV u lurgt ahriorpiKin is observed l>t>m Na. present as a
spurious element in natural herjJ. Mj*, Zn and Fc arc also
VrequertiK present as impurities.

7-.i- Comparixuit to mutiituYiV KAP
In table Z we summarised, the resolution data quoted for MHIIL*
ijrjDiii;. Mrvst;il und mulutawr cr>stal monochromatorv Ot
<:nur%e. abo^vc 740 eV ber\l offers the htki TesiMution. Htiue^er.
muliil;i>er KAP can be useful in encTg\ regions where ber\l
sufTcrs fruni .\puriuu!> reflection or absorption.

|[ !*• svtin from lablc 2 thin where cnergj resohjiKm is
koncertitd the mtiliilaver KAP iiifiiUKhroniitior is competitive
with the latest generation of^futtn^ nn>ot»chromatiws.

We have shown thai a multilayer KW cumhmation can be used
in the 550 1*HH) eV rcinyc lor spectroscopie purposes. It offers a
huth sptctral purity and a resolution of O.SiO.teV. Thi*
piTi'ojmanee is about a* jioud as can he Obtained with new l\ pen
o( L-ranng mooochiToniators. sueh as. ihc SX700 at fitSSY in
BcrJm. We know ot'onlv ooe praiinp device which t ' ^ « a much
teller -murce \i/c limjiw) re>oJuiiun. namely the 10 m GIM at the
Photon haeiori m Japiift.

Although muliibi er KAP ha.s inferior resolution when
compiired with ht*r>l. it tan be used to avoid the tedious
adjustments on the rocking an^lc and the spufMWj.v siruciures ni
ber\ I.

The desired photon Itux depends of cuursc on Tht* vpecifif
ypplicatioTi. In our examples of absorption spectra the count
rate was sufficient in ei*ver ihe complete dynamic range of the
proportional counter and the electron channeUron. More photon
flu* was not ntces^ary and m some cases even undesirable. Fof
the siuily of processes with a weak x Ta\ response the efficiencv
of the mon*)chromaior must be larger. At present, the cffiei'Tncy
is reduced by ihe multilayer's poor peak reflectivity ( - 10 *t.
mainh due (t? the mterfacial layer roughness. Reduction of ihn
roughness ta therefore of utmmt importance, and would be
feasible by using sputtering deposition techniques and b>
cooling the substrate.

A multilayer, crystal combination directly mounted in a
double crystal monochromator merits consideration if one
pursues a simple configuration. However, higher throughput and
resolution can be obtained in more complicated arrangements
which consLsl of at least three diffracttng elements. One
promising solution would be to use a laterally graded multilayer
in front of two organic crystals. At a fixed out angle the energy
variation is achieved with one linear movement of the graded
multilayer Operating, the multilayer at a small glancing angle
the refleciivity will be very high. The combination of this graded
multilayer with iwo KAP crystals rather than with one will give
an improvement of 1.5 in resoimionlDuMond |yJ7).

Moreover, other crystals which ba*e not been tested yet are
predicted to give even higher resolution than KAP. Theoretically,
the FWHM resolution of a double-crystal combination using
sodium or ammonium acid phtnalutc mu^i be about 0.3 eV at

f«/ 1982).
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in wder to facilitate the quantdtite omttalhwi <>f monnchromalnr instrument functions, «u present senes of X-rav absorption
spectra which have Keen broadened with different Gaussian and Lorenman functions. These permit assessment of ihe instrument]
broadening at - MO. - 71u jnd - S5I) eV, We illustrate the use of our curves wnh X-ra\ abMiiplion spectra from grating
mtiinvhrwrulors :ind also frum doiihli; cnMal monochromators. filled with bcr>l and muhila\er/KAP anil tlitiltil.ner
pairs us the dispersive elemenls.

I. Imriiductjon

The purpose of this work was ui investigate simple
empirical melrttxls to estimate the resolution of soft
X-ra\ monoL-hromators For synchrotron radiation. We
expect these methods tn be applitable in the soft X-rav
momKhromators uhich are tntreasingK finding use for
X+ra% absorption (XASl. extended \ -ra \ ahsorpiion
fine struc;iure> (t-XAFSl. X-ra\ photoemission spec-
troscope )XPS). etc. utilising synchrotron radiation.

In general XAS. MXAFS and XPS spectra are a fold
of the shape of the monochromator output, the
l.orent/ian hroadening due tn ihe core hole lifetime,
and ihe spectral functmn which contains the required
information. (In XPS there is also a contribution from
the electron energy anal>ser.) It is the first of these
quantities, the instrument function of the monoctaroma-
tor. which is of interest here. Various approaches are
used in Ihe literature to measure the monochromiitor
instrument function: for instance for douhle crystal
monochromators an upper limit for the resolution can
he determined from the measured rocking curves [1.2].
Another approach is to measure the full width at half
maximum IFWHM) of a known peak in the XAS
spectrum leg. the Ne Is or Lj 3d peaks) and subtract
•he intrinsic peak width. If the intrinsic lineshape is well
known this procedure should yield the I WHM of the
instrument function [3 5). Another criterion sometimes

* Postal address Lahoraloue pour l'i tiksalmn du Ravonne-
niL'iil HccuoniiigriL'liqui: i\\ RE-l. i--s>14tl̂  <lrsd\ t'edev.
r:riincc.

used is to consider the lO-OCt energy width of a
steplike feature.

In our oun work on developing new monochroma-
tors and dispersive elements (see e g rds. |l.4.*.7|). and
in simply measuring XAS data, we have Frequentlv
found these methods unsatisfactory. The above methods
are either based on unreliable assumptions, or are com-
plicated to perform In practice, frequent changes of
beam position and siu; in synchrotron storage rings,
and the requirement to change spectral regions fre-
quent K preclude a complele \lud> of Ihe mnnochoina-
tor instrument function. Indeed it is often not even cost
effective to completely optimise the monochromalor
performance because of the short times available for
experimentation. There is thus a definite need for a
simple, reproducible method for da\-totiav use on syn>
chrotrony where the beam dimensions and position may
change quite frequentlv. or where one needs to measure
the performance of new optical elements at a variety of
energies.

In response to this need w-e have investigated meth-
ods hased on comparison of XAS spectra of Ihe L;S

edges of the 3d transition metals, measured in a simple
total yield mode, with standard spectra which have been
broadened to .simulated Ihe various Dossihlt instrument
functions. These measurements only require a chan-
neliron and a method for cleaning the sample surface
and can he easily performed in a standard I HV ap-
paratus. As references we use high resolution electron
energv loss (HRhlLSi spectra |S| because these seem to
be amongst the best and most reliable spectra at present
available tn the range of 5UU 1000 eV \% In the soft

); IN S(I.V5(l ' hlsener Science Publishers BV
(North-Holland Phvsics Publishing Division)
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\-ru> energy range. HRF.F.LS spectra give the same
information as XAS. as long as the conditions in
HRF.F.LS arc chosen to analyse only losses with low
momentum transfer so that the small angle approxima-
tion is valid 110.11). We will discuss here the influence
nf two different instrumental broadening functions, i.e.
lorcnl/ian and Gaussian, and present data in a form
suitable for use bv others.

2. Simulation of the instrumental broadening

CSaussian curve has the form

where / is the intensity and £„ is the energy of the
peak centroid. In the literature it is common to desig-
nate broademngs b> the FWHM which is 2J54n. When
iwo Gaussian curves are folded the values of a and
I WHM add uuadraticalK. i.e.

FWHM,.., <- | FWHMf ^ R'HM;)

The Lorcnuiun hneshape has the form

H t > - / , , ( / „ ) ' • , [ U - £ „ > ' - i f ] .
so that the FWHM is 21". in contrast to the Gaussian
tufii'y the widths of folded l.orent/ian curves add
arithniclicullv

There is no simple formula for folding together
(ijussLtn and I orenl/ian hn»adcning and thev must be
folded numcncallv in order to form the curves some-
times known as Voiat profiles |12|. In the following
account we restrict ourselves to consideration of pure
(iaussian or l.orenl/ian broadening,

* t 1u111n.11c.1lK broadened the HRKtl.S spectra,
winch acted as our standards, uitli (iaussian or
I orcnl/tan broadening functions. To test both our pro-
gram- and the tomputer simulations of the H R i l I S
instrument fundum »c tool wn HhLS speiira of Fe
l-or these spectra the resolution iFTVHMi »as de-
termined h\ Fink el al. to he lC cV |1?| and H.6 e\ |M].
I he 41.2 e\ resolutn^ spectrum nas convolutcil to net a
broadened F.F.l.S spectrum with a total restitution of t».f>
eV The match helnecn the broadened FF.LS spirctrum
and the recorded spectrum \Mlll the 0.f< eV restitution
«.is perfect, proving lhat the insirumenial function of
the 1-I.LS spectrometer indeed is a <iaussian. It is
important to know the instrumental contribution to the
standard spectra because it mil contribute to all our
simulated spectra.

For this paper, we selected the three transition metal
1 .. , \ A S spectra mih the sharpest features and which

gave the best results in determining the resolution. Figs.
1. 2 and .1 show the original EtLS spectra (bottom of
th«- drawing) and curves with different hroademngs
(solid lines) of V. Fe and Ni respectively The numbers
on the right in the drawings are the total (iaussian
broadening (FWHM in eV'i of the curves. The
vanudium F.F.LS spectrum (fig. I) consists of two peaks,
the L, and L ; absorption edges, the I., peak having a
shoulder on the low encrgv side. The onset of the
shoulder Marts at an energy of 511.7 eV. As the broad-
ening is increased (going up in fig. 11. the shoulder is no
longer noticeable in the spectrum. The appearance of
the shoulder is a good indication for the resolution in
the range of 0.2 1.(» cV (FWHM) and makes V our first
choice for characterizing high resolution nmntichroma-
lors. It is also clear lhat the relative heights of the two
peaks changes for different total (iaussian broadenings.
This is because the I , lifetime broadening is less than
for I : Thus it loses height more quickly when an extra,
instrumental, broadening is added. This change in rela-
tive height uould he a good guide for determining the
energy resolution between 1.(1 eV and approximate!* 4.H
e\'+ hut is extremely dependent on the background
slope This indication is thus unreliable. In this resolu-
tion range it is better to compare the overall shape of
the L., peak with the standard spectra in fig. I. We also
see that the apparent peak separation decreases al pttorcr
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Fig 2. Dolled curve: the Fe La EELS spectrum [13] with
instrumental broadening of 0.2 eV FWHM Solid line*: ihe
same spectrum with extra Gaussian broadening. The numbers

on the right give the total Gaussian broadening (FWHM).

Fig. 4. Dotted curve: the V [.,, EELS spectrum [ H | with
instrumental broadening of 0.2 eV FWHM. Solid lines: Ihe
same spectrum with extra Lorentzian broadening IFWHMI as

shown by the numbers on the right.

Fig. 3, Doited curve: the Ni I., EELS spectrum [13| with
instrumental broadening of 0.35 eV FWHM. Solid lines: Ihe
same spectrum with extra Gaussian broadening. The numbers

on the right give the total Gaussian broadening!FWHM>.

Fig. 5. Dolled c u m : ihe Fe I , III-S spectrum | I 3 | with
instrumental broadening of i)Z eV FWHM. Solid lines: the
same spectrum with eilra 1-orcnMian hnudemng ( F * H M | as

shown h> Ihe numhers on the nghl.

L
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energy resolutions. At a lotal Gaussian broadening of
approximately 8.0 eV only a single broad feature is
seen.

Because of the larger spin orbit splitting in the Fe
and Ni spectra (figs. 2 and 3). we show only the L_,
peaks. The Fermi level (or XAS threshold) is at 706.6
eV in the Fe EELS spectrum and at 851.9 eV in the Ni
spectrum. At the bottom both figures show the original
EELS spectrum of the L, absorption edge which con-
sists of an asymmetric peak with a sleep edge on the
low energy side. This edge shifts on broadening towards
higher energies, becomes less pronounced, and is a fine
indication of the resolution. In comparing the experi-
mental spectra with the reference spectra we also con-
sidered the total FWHM of the L, peak. These give a
good indication of the experimental resolution only up
to a total energy resolution of approximately 3.5 eV for
Fe and Ni, because at poorer resolutions there are some
scaling problems. As seen in figs. 2 and 3 at poor
resolutions the low energy end of the broadened spectra
are cut by the frame of the figure before they fall of to
zero intensity.

The effect* of applying a Loremzian broadening to
the L, , XAS spectra of V, Fe, Ni are shown in figs. 4. 5
and 6. where ihe numbers on the right hand side give
only Ihe FWHM of Ihe Lorenizian broadening applied
(exclusive core hole lifetime broadening). At first sight

Fig. 6. Dotted curve: the Mi L, EELS speccrum (U| with
instnunenial broadening of 0.35 eV FWHM Solid line* the
same spectrum with extra Lorcnizian broadening I FWHM I as

shown by the numbers on the right.

the observed trends are rather similar to those found for
Gaussian broadening. However, closer examination re-
veals some differences. In particular the long tail of the
Lorenizian function causes small details in the wings of
a peak to become less distinct with smaller broadening
than for Gaussian curves. This may be seen if. for
instance, the 511.7 eV shoulder at 0.4 eV Lorentzian
broadening is compared with that at 0.8 eV Gaussian
broadening. Also Lorenizian broadening is noticeable in
the relative heights of the L - and I , peaks sooner than
For Gaussian broadening. Note, for instance that the
two maxima have equal height at - 0.3 eV Lorentzian
broadening or 0.8 eV Gaussian broadening. However,
as we shall see below, it is not always easy to distinguish
experimentally a Lorenizian machine function from a
broader Gaussian function.

3. Experimental

The broadened EELS data were compared with XAS
data recorded with several monochromators. The SX700
grating monochromalor I ID-2000 eV) at BESSY in
Berlin was used for the L, edges of Sc to Ni. The
resolution of this monochromator depends critically on
the exit slit and the source beam stability. The spectra
were recorded with an exil slil of 10 pim and a 1200
lines/mm grating. Optical design, performance and op-
eration of this monochromator is discussed by Petersen
(14-16]. Very recently - and after the data discussed
here were taken - performance has been strongly fur-
ther improved by the replacement of Ihe old SX700
elliptical focussing mirror (tangent error 3 arcsec) by a
new one (tangent error 0.92 arcsec [17]).

We also used XAS dam recorded with the SOXAFS
monochromalor (Daresbury. UK), and with ihe K.MC
double crystal monochromalor (BESSY. Berlin.
Germany). Both monochromator!. were equiped with
either two beryl crystals (for use above - 800 eV) and a
multilayer/KAP (ML/KAP) combination (for use
above - 600 eV). In the latter configuration the second
order reflection of the multilayer was used as a hand-
pass filler for ihe KAP. as discussed in refs. |4.1H). The
matched multilayers consisted of 200 double layers of
W and Si (2</ = 53.2 A, Ovonics Synthetic Materials).
In Dareshury and BESSY experiments wiih a combina-
tion of two multilayers consisting of 1K1 layers of Ni
and C of 22 A thickness (supplied by FOM-lnsiitute for
Atomic and Molecular Physics. Amsterdam. The
Netherlands) were also performed. Mure information
i>n these experiments can he found in refs. \tO\.

4. Comparison with experiment

The XAS spectrum of vanadium, recorded with the
SX700 graling mnmxhrormiior. is shown in fig. 7, to-
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KIT; 7 V Hhl.S spectrum (hollom curve) and the V XAS
".pttlrum recurded with the SX700 grating monochronuuir
1 middle and upper il.Mli.-J tune) The tiilid lines through ihe
curves uft ihe hriKidt'ned t-.HLS spectra wilh respectively tiiius-
M M hmademng Imiddk tune, total FWHM 1.0 eV> and with
[.iirent/un hruddening (upper m a t Lorent/ umlrihulum of

( ) . :5eVF*HM)

clearly see thai the instrumental broadening function
should have more a tail charatter. In the top curve of
fig. 7 a Lorenlzian broadening function of 0.25 eV
(FWHM) was taken, which means that the total FWHM
of the resulting broadening function, including the V L,
lifetime broadening, is 0.35 eV. Although the match is
not entirely perfect, it is better at the shoulder of the L,
peak. This suggests that the instrumental function of the
moniK'hromator cannot be represented with a pure
Gaussian in this case. Note thai the FWHM found with
a Lorentzian broadening (toial FWHM 0.35 eV. of
which 0,25 eV is from the Lorentzian broadening) is
much smaller than the Gaussian FWHM (1.0 cV) needed
for the best simulation.

Fig. 8 shows the XAS data for Fe together with the
hroadencd F.ELS curves (solid lines). For the ML/KAP
and M L / M L data us well as for the SX700 data we do
gel a good match with just a Gaussian broadening. The
numbers on the right in the drawing show the FWHM
(in cV) of the total Gaussian broadening of the EELS
curves. The match between the broadened EHLS curve
and the M L / M L data fails at the end of the spectrum
(top curve in fig. S) because the contribution of the L •
edge has been neglected.

geiher with the EKLS spectrum The lines through ihe
SX7(HI spectra are ihe broadened KK1.S curves which
gi\e Ihe best maich (see also table 1). Onlv the Ls peak
of the vanadium spectrum is taken into consideration.
because ihe (small) uncertainty in Ihe background in
EELS spectra results in large uncertainties in the L.
r.inge.

An EELS curve «ith a lolal Gaussian broadening of
1.0 eV (FWHM) gives a gnud match for Ihe overall
width of the line (middle curve in fig. 1). But as seen
from the figure ihc laiencc band structure at Ihe
shoulder of the I , peak is poorly reproduced. One can
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Fig ». Fe XAS -pei-ira I upper three dolled curves! recorded
»nh the SX700 monochromaior and ihe Daresbury SOXAFS
inniuxhromaior quipped with a ML/KAP and .1 ML/ML
combination. Ni XAS spectra (lower two dolled curves) re-
corded with the SXT0O monoctlTOmator and Ihe Daresbury
SOXAFS monochromaior eijuipped wilh two hervl crysials-
Ihe solid lines are the corresponding LufelM/kin broadened
I-FLS curves. The numbers on the right give Ihe Lnrenlzun
hto.idenings (FWHM) of lhcse carves an eV> added to the
original Gaussian instrumental FWHM of the standard F-tXS

spectra.

Because of the g<xnl results for Lorenuian broad-
ening fur the XAS data of V, we tried also Lorem/ian
broadening on ihe Fe KHLS spectra, bui n clearly
resulted in a poorer match, us shown in fig. 9 for some
data on Fe and Ni.

The XAS data for Ni recorded with the SX700 and
double beryl monochromators are shown in fig. 10.
Again [he match between the Gaussian broadened EtLS
curves and the XAS data is ver> good and again the
match with Lorentzian broadened rlF.LS curves (fig. 9'
is less perfect.

S. Discussion

As illustrated in figs. 7 10. a given measured spec-
trum can often Ke simulated rather well using standard
data and either Gaussian or Lorenl/ian approximations
l<> Ihe soft X-ra> mnnochroinaiiv in.slrumenl furiL'iJon.
As seen in table 1. the assumption of Lorent/ian hroad-
eninii gives much more aliraclive figures for the resolu-
tion than Gaussian broadening, particularly al good
resolution. For this reason alone we think that
Lorem/iiin figures are likelv to be more widely quoted.

0 2 4 6 8
ENERGY ABOVE Ep leV)

Fig. TO. Ni KKLS spectrum (hoiiom curvet with 0.35 eV
rcsulution (FWHMI and the Ni XAS sptvira (dolled curves)
recorded *ith the SX700 graling monochromaior. the SOXAFS
monrchromaior iRer.11) anil the KMC double crystal monii-
chrommor (Ber>l~) equipped with ^e^yl crystals. The bohd
lines through ihe XAS spectra are the Gaussian broadened Ni
FFLS spectra The numbers on the right in ihe drawing are the
muil Gaussian hroademngs (FWHM) of these spectra, in eV.

Whilst some theoretical arguments can he made in
favour of Guussian instrument functions, in practice
there is probably no good reason to assume either pure
Gaussian or pure Lorenizian forms and an infinite
numher of shapes are feasible. The results reported he, t-
show that it is not usually possible to determine unam-
biguously ihe instrument function of a soft X-ray
rrumochrtimator by comparing measured XAS spectra
with broadened, standard data. We do not believe thai
methods based on deconvolution would be superior.

We note that whilst our studies did not yield detailed
instrument functions, figs. 1 -6 were a basis for a relia-
ble and reproducible scale of resolution for several
different monochromators. We regard this as very use-
ful in view of the numerous inconsistencies in quoted
instrumenlal resolutions, revealed by even a short study
of the XAS and synchrotron PS literature. We were able
to show that the instrument function of a high energy
grating monnchromator in standard (not optimal) oper-
ation not only increases in width at higher energies, but
that it also changes shape from run to run. This is ihe
reason why the SX700 resolution given for 710 eV
appears anomalously bad (see table I). At - 500 eV the
Gaussian function had insufficient weight in the tail to
provide an ideal simulation.

il is interesting thai thj XAS spectra obtained with
artificial multilayers as the dispersive elements in ihe
monochromalor are so well fitted with Gaussian broad-

99



ening. There are arguments that the contribution of the
crystal rocking curve should give a Gaussian contribu-
tion to the instrument function. Clearly if this contribu-
tion is very large, then possible non-Gaussian contribu-
tions from aberrations in the optical system can be
neglected.
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Chapter 6

X-RAY DICHROISM OF Tb IRON
GARNET

6.1 Introduction

In this chapter we present x-ray absorption spectra of terbium iron garnet.
(TBIG), which form the first experimental verification of the magnetic di-
chroism described in Chapter 3.

Rare earth iron garnets (RIG), with structural formula R3Fe5012, form
one subfamily of the huge class of metal oxides with the garnet stucture.
Because of their interesting magnetic, magneto-elastic and magneto-optical
properties. RIG have been the subject, of continued study since the end of the
fifties, when it was realized that the rare earth 'ferrites' studied by Neel127

in fact had the garnet structure128. Interest, peaked in the seventies when
expectations were held high for the use of RIG films with perpendicular
anisotropy as magneto-optical storage media129 in so-called magnetic bubble
domain memories but since then they have been dropped in favour of amor-
phous R-Fe alloy films45. Currently iron garnets are still heavily investigated
because of their complicated magnetic behaviour, which shows anisotropic
exchange130 and magnetic phase transitions131' m .

Because of their high Neel temperatures(~ 545-560 K)133>134 and their
uniaxial anisotropy, RIG were selected as testmaterials for the experimental
verification of the magnetic x-ray dichroism according to the predictions by
Thole et al. 28. On the following pages we reprint a brief report135 on ex-
periments on TbIG that formed the first proof of the existence of the MXD
effect. It is followed by an addendum wherein improved data are shown and
wherein the discussion that is given in the article is extended.
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ion ; approximate
0-coordination

spacegroup
position

point group

R dodecahedron 24(c) D2—222
Fe I octahedron

' Fer ^ tetrahedron

Table 6.1: Structural data of iron garnets

Some structural and magnetic details of garnets

The crystal structure of garnets has cubic symmetry (space group Q™ Ia3d).
In the ferrimagnetic iron garnets the onset of magnetic order at the Curie
temperature induces a rhombohedrally distortion of the unit. cell136. The
laid space group contains two Fe sublattices, and more properly, the formula
unit of garnets is written as R3Fe2Fe/3O12, where R designates a rare earth
and the prime serves to distinguish two different Fe sublattices. Each metal
ion in the structure is completely surrounded by O atoms, with coordination,
spacegroup positions and site pointgroups as given in Table 6.1. More detail
can be found in the cited references.

Below the Curie temperature the two Fe sublattices order ferrimagneti-
cally along the [111] axis. Since the ratio of 16(a) sites to 24(d) sites is 2:3. the
net magnetic moment corresponds to one Fe moment (5 fiBohr) per formula
unit. The rare earth ions are coupled antiferromagneticaUy with the 24(d)
sites, a coupling constant one order of magnitude smaller than the coupling
coupling between the Fe (c) and (a) sites. The other coupling energies are
small enough to be neglected. The contribution of the rare earth ions to the
magnetic moment increases only slowly with decreasing temperature. Since
the saturation moments of the rare earth ions are nearly all larger than 5
tiBohT/atom, the magnetic moment vanishes at the compensation point were
the R moment and the Fe moment cancel. Below this temperature the R
moment dominates the magnetic moment (see e. g. Kittel13).
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we believe lo be the first experimental results have been obtained on strong magnetic x-
ray didiruism in the Mt.i absorption spectra of magnetically ordered rare-earth materials, in ac-
cordance with recent predictions.

The feasibility of using n-rays to determine the magnet-
it structure i>f magnetically ordered materials tay magnetic
diehroism has recently been predicted theoretically.1

Strong magnetic x-ray dichroism (MXD) is expected i:1.
iny Mt_s absorption edge structure of rare-earth-metal
compounds. Poluri/ed synchrotron radiation can therefore
he used to reveal information on ihe local rare-earth-metal
magnetic moments in solids, thin films, and surfaces. In
this Brief Report we will give what we believe is the first
experimental proof of this effect.

The \fi: absorption in rare-earth-metal compounds
shows good agreement with the atomic Hartree-Fock cal-
culations for the transitions from the 4/"(J) Hund's rule
ground slate to the manifold of 3rf*4/"+' (J') final
states.2"4 Although in x-ray absorption speeiroscopy
(X AS) hundreds of excited levels may be involved, one can
distinguish between three different types of excitations,
namely for J' — J =• — 1,0, and 1.

In the presence of a magnetic field the 2J + i degen-
erate ground state 4/"(7) splits into sublevels Mj ~ —J,

. + J. The relative population of these sublevels de-
pends on the temperature. That the polarization vector of
the x rays has a drastic effect on the spectrum can be seen
from the simple case where only M — -J is populated
(/"»0 K). With the polarization direction parallel to the
magnetization only the AAf — 0 transitions are allowed.
The transitions . / ' — / - - 1 will then vanish, because the
M'~-J sublevel is not present in the J'—J — 1 state.

Here, we will illustrate in more detail the use of MXD
on terbium iron garnet (TbIG), which has a rather compli-
cated magnetic structure. The rhombohedrai (or trigonal
distorted cubic) ceil of fcrnmagnctic rare-earth-metal iron
garnets (A]Fe5O i2) contains eight formula units.5 The
Fe1* ions occupy the 24 d (tetrahedron) and ihe 16 a (oc-

tahedron) positions. The larger R3 + ions occupy the 6 c
(dodecahedral) positions. Below the Neel temperature the
spins' of the 24 if and 16 a irons are ordered antiparatlel
along the [111] axis. The rarc-earth-metal moments cou-
ple antiferromagncticiilly to the nel iron moment.6 By
symmetry the 6 c sites can be divided into t i . f i . C j and
c\,c\,c'i, where c2 (cj) and C3 (<-j) are obtained from the
ij (<-;) by rotation around the trigonal [I111 axis. From
neutron diffraction at 4.2 K the Tb moments in TbIC are
known to form a double umbrella structure.7' JThe mag-
netic moments on c, and c\ are both in the (011) plane,
having angles p-30 .79° and p— - 28.07° with the trigo-
nal axis, and absolute values m ™8.l8(ig and m'~8.90^(,
respectively. Above 4.2 K the values of p\ ft, m and m' are
expected to decrease.7

In our experiment, a single crystal of TbIG was mount-
ed on a rotatable helium-flow cryostat in an ultrahigh vac-
uum of —10" l 0 Torr. The temperature at the surface of
the sample was 55 ± 5 K. A CojSm permanent magnet
provided a field of — 2 kG parallel to the [II11 surface
normal, which is the easy direction of magnetization.

Synchrotron radiation from the 540-MeV storage ring
ACO (Anneau de Collision d'Orsay) at the Laboraloire
pour ('Utilisation du Rayonncmc ,t Electromagnctique was
monochromatized with a constant-deviation double-crystal
monochromalor. Using beryl (1010) crystals (morganite)
the energy resolution at the Tb M% edge is 0.9 cV full
width at half maximum.1 In the spectral. sgion of interest
the x-ray flux is invariant with photon energy. The emit-
ted radiation in the equatorial plane of the storage ring is
linearly polarized. In the actual setup it is s polarized with
respect to the beryl crystals and p polarized with respect to
the sample.

XAS spectra were measured using the electron yield
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method,1 and were obtained at different angles (a) be-
tween the polarization vector of the incident radiation and
the (l 11J magnetization direction.

The experimental A/, spectra for various values of a are
given in Fig. 1. The solid lines are theoretical curves, as
discussed below. As seen, the intensities of the two major
peaks are strongly polarization dependent. Parallel polari-
zation with respect to the net magnetization enhances the
left-hand peak, whereas for perpendicular polarization the
right-hand peak increases in intensity.

Neglecting crystal field effects, the theoretical curves in
Fig. I can be calculated with the theory given in Ref. 1.
The Bollzmann-averaged sum of the absorption intensities
for transitions between the magnetic sublevels aJM in the
ground state (a labels different levels of equal J) and (he
excited levels a'J'M' is given by the line strength times a
factor

(Afy)«(/i;.,'W»+</lj!j'>sin2e , (1)

where 8 is the angle between the magnetic moment and
the electrical oolarization vector of the incident radiation.

1J35 1240
EXCITATION ENERGY [eV]

1215

FIG.n u . i. Experimental Ms absorption spectra of TWO at vari-
ous values of a, which is the angle between the polarization vec-
lor of the x rays and the t i l II magnetization direction. The
solid lines are fits using Eq. (5). The optimum values of C arc
indicated.

The temperature-dependent factors for parallel and per-
pendicular polarization (A") and U 1) are related as

iA},-n - (2)

There are only three different factors <-AJJ-}. viz.
7' — /™ — I.0.+ I. They are given as a function of the
temperature-dependent quantity <,W!> in Eq. (6) of Ref. 1.

If the magnetic moments are not collinear the angular
average of Eq. (1 > has to be taken. For a single umbrella
structure we obtain

(cos2e)-| + -f-(|cos!n-|)(-fcosI)3-|) . <3)

where a is the angle between the ( i l l ] magnetization
direction and the polarization vector, and p is the angle be-
tween the [111] direction and the magnetic moment For
the double umbrella the average of cos*/) has to be taken.
Combination of Eq. (6) of Ref. 1 with Eq% (I K <2), and
(3) of this work yields

i
3(27 + 1)

J(ZJ-I)
O + 1K27+3I

27-1
J + l '

(4)

3(27 + 1)
(1-C) .

where

Note that the factors (A) have axial symmetry around the
[111) axis.

In order to observe an anisotropic absorption ( C * 0 ) ,
three conditions must be mci: a and p have to be different
from the magic angle (54.7°), and <M2> must be unequal
to its isotropic value -jJU + i). Tms value is reached
when all sublcvels are equally populated The largest an-
isotropy is expected if ft is zero and 0—kT/g\f i t \H is
small.

Line strengths and energies were calculated with an
atomic Hartree-Kock program.9"10 The theoretical spectra
for values of C which gave the best fit to the experimental
data are displayed in Fig. I. As seen, there is a good
agreement between theory and experiment tor all inc
structures present in the spectrum.

The optimized values of C are shown in Fig. 2. The
solid lines give C as a function of a for various constant
values of C//Cti- The least-squares value for C^Cti is
equal to 0.312, with an error of —0.05 We can verify this
value of CyT« by results from magnetization measure-
ments. At T—S5 ± 5 K the Tb contribution to the mag-
netization in TbIG is equal to m •*(I8.O + O.8)JIB per for-
mula unit.* Using m ~-3(cosp)g(M>ji» and Eq. (S) in
Ref. I this gives CjCM -0 .30+0 .03 for 0 - 3 0 , or
C ^ « - 0 . 3 4 + 0.03 for fi-W. We obtain a reasonable
value for CJCM, which shows that the magnetic dichroism
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FIG. 2. The optimum values of C. obtained by filling the ex-
perimental spectra <O). C as a function of a for various constant
values of CICH is given by ihe solid lines.

effect is in agreement with other magnetic measurements.
It is also seen that, with the given error bars in the num-
bers, the experiment cannot accurately predict the value of
0, However, the large scatter in the values for CjCit can
be reduced by improving the statistics in the experimental
spectra and by regulating the temperature more precisely.

In order to obtain more detailed information about the
magnetic structure it is also important to measure at a
lower temperature. For Q-kTlg\na\H£0.1. only the
lowest magnetic sublevel is filled, then Cu goes to one, and
the temperature dependence disappears. We are planning
improvements on our experimental setup in order to
achieve this.

In summary, we conclude that the A/j absorption spec-
trum of TblG in the presence of a magnetic field shows
strong polarization-dependent effects. These effects are in
eccord with the magnetic structure, multiplet calculations,
and the predictions of Ref. 1.

MXD is complementary to other techniques, such as
neutron diffraction and Mossbauer, because it can be ap-
plied to magnetically ordered thin films and surfaces, and
because it is applicable for all magnetic rare-earth-mctal
compounds and probably can be extended to transition-
r,.tli] compounds. Because MXD yields information on
'•M1/ this technique can also be used for antiferromagnels
where < M ) - 0 .
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6.3 Addendum

Although the statistics of the data shown in the preceding publication135

(hereafter referenced as PRB) is poor, they convincingly show the existence
of the MXD effect. The bad statistics was caused by the experimental con-
figuration: in order to bring the sample in a single magnetic domain state,
it was located in front of one of the poles of a permanent magnet. The yield
electrons emitted by the sample follow the magnetic field lines that surround
the magnet, and impinge finally on the other pole of the magnet.

In the measurements for PRB. the detector was intercepting only a small
part of the magnetic flux lines. Since the appearance of this publication we
have remeasured the spectra, this time with a detector that could be moved
into the magnetic flux from the sample. In this Addendum we present these
now data. Also we elaborate the interpretation of the data given in PRB.

6.3.1 Experimental details

A flux grown single crystal of TbIG of ~8 mm'1 was cut and polished to
expose a (111) oriented back plane. This plane was used to mount mount
the sample in the way described in PRB. The front surface of the sample
was formed by the (110) and (211) facets that were formed during growth.
From XPS measurements performed on an YIG crystal it was found that
these as-grown surfaces are nearly clean after baking the UHV system, while
a very light argon ion sputtering was found to removes the < 1 monolayer of
carbon remaining on the surface after the bake.

Temperatures could be measured with a K-type thermocouple fixed on
the sample holder next to the sample. From the lag between the stabilization
times of the sample holder temperature and the MXD effects it was found
that thermal conductance between the sampleholder and the samples front
surface was poor, limiting the accuracy of the temperature temperamre could
be stabilized to ±5 K.

6.3.2 Results and Discussion

In Fig. 6.1 we present the new experimental data. The spectra were obtained
at temperatures of 55 ± 7 K and, as before, at various angles between the
magnetization and the polarization directions. We will concentrate here on
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Figure 6.1: Tb M5 XAS spectra of Tb iron garnet. The dashed lines are fits
to the experimental spectra using the C-values listed on the left.

the quality of the fit of the theoretical curves to the experimental data, from
which one seeks to obtain the linear dichroism parameter C.

The solid lines in Fig. 6.1 are the the best eye-fits of theoretical curves
to the experimental data based on the atomic model calculations described
in PRB and Section 3.5. The C-values pertinent to the theoretical curves
are given on the left of the figure. The Slater integrals used to obtain these
curves are the same as given in ref. 10 of PRB; they correspond to reductions
of 80%, 100% and 80% for Fj'"'6, Fjf and G^3'5 respectively. It should be
noted that these values give a substantially narrower line than the values
used in Fig. 3.2.

For spectroscopic standards, the correspondence of experimental and the-
oretical curves is very good. Close inspection shows however that the the-
oretical curves are too broad by a few 100 meV. Reducing the Gaussian
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(resolution) or Lorentzian (lifetime) broadening does improve this, but leads
to a too deep valley in between the main peaks and a too pronounced left
shoulder. We attempted to obtain better correspondence by varying system-
atically the the reduction factors of the Slater integrals. Doing so moves
around the three A J contributions with respect to each other. As a second
order effect, also their shape is affected. We did not find substantially better
results, while deviations of a few percent from the listed values severly deteri-
orate the match. Apparently we have reached the limitations of the multiple!
program used for the calculations. Although the precise cause is not clear
yet, we suspect the problem lies in the neglect of configuration interaction
and the separation of the wavefunction in a radial and an angular part.

We end this discussion of the fits with a rather subtle point related to the
reliability of the obtained dichroism parameter values. In Fig. 6.2 we present
the I = 0K spectra for perpendicular-, parallel-, and un-polarized x-rays for
the set of Slater parameters used here. It can be seen that in the two polarized
cases one peak dominates the spectra, while the complementary component
(the lesser peak) is visible at best as a weak shoulder. However since, as
mentioned above, the separation between the two peaks in the unpolarized
spectrum is too large, when |C| is increased from the unpolarized value, the
lesser peak remains remains visible longer. Since when fitting by eye one
uses by necessity mainly the ratio of the main peak to the lesser peak, one
will underestimate the true C-value. This point is returned to in Chapter 8,
when the measured angular dependence of C of thin Tb films on a Ni(llO)
crystal is discussed.

6.3.3 Conclusion

Although the correspondence between data and theoretical curves is excel-
lent, the agreement between the data and the atomic model is somewhat
fortuitious. Since the appearance of the article reprinted on the previous
pages, we have realized that the assumption that crystal fields can be ne-
glected, such as is made a few lines above equation PRB(l), is certainly not
warranted for the rare earth ions in garnets137' m ' 1 3 9

Due to the low symmetry D2 of the rare earth sites129'140, the exchange
field and the crystal field terms in the Hamiltonian are of the same order of
magnitude. Furthermore, due to the low symmetry of the rare earth sites,
both the crystal field potential and the anisotropic exchange tensor contain
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Figure 6.2: Calculated Tb M5 spectra for unpolarized (full curve), perpen-
dicular (dashed) and parallel (dotted) polarized x-ray. Note these curves are
considerably narrower than those in Chapter 3, due to the different values
used for the Slater integrals.

at least nine non-vanishing terms139. This has forbidden detailed analysis
of the energy level schemes except in a few particularly simple cases like
Eu, Gd and Yb iron garnets, for which total splittings of —500 cm"1 (700
K) have been found from infra-red absorption experiments. The situation
sketched above shows that in this case it is impossible to state wether the
splittings responsible for the dichroism effect, in the present data is produced
by magnetic or by crystal field splittings.

However, it is undoubtedly because of the magnetic ordering that the ef-
fect is seen in a crystal that has cubic symmetry above the Curie temperature129.
A combination of linear and circular dichroism techniques, combined with
lower temperature measurements would be a strong tool to separate mag-
netic and crystal field effects.
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Chapter 7

AN XAS STUDY OF Tb—Ni
INTERMETALLIC COMPOUNDS AND
THE Tb/Ni(110) OVERLAYER SYSTEM

7.1 Introduction

In this chapter we present results of a systematic study of the Ni L3 and Tb
Mr, edges of Th Ni intermetallic compounds and Tb/Ni overlayers. This
study was performed to give a background for the interpretation of the MXD
measurements described in the Chapter 8 of this thesis. Also, it forms a
part in a broader study of the electronic and magnetic structure of RE-—TM
compounds currently performed by our group. The band structure effects
present in the data will be integrated with XPS/BIS measurements and spin-
resolved bandstructure calculations141 in a later stage.

The rare earth-transition metal (RE TM) intermetallic compounds are
interesting both from a technological and from a scientific point of view. First
of all. the important progress made in the development of hard magnetic
materials (c. g. Co5Sm. Nd2Fei5B) concerns these materials142. Also, the
combination of out-of-plane magnetic anisotropy. high remanence and large
Kerr rotation found in co-evaporated TbFe(Co) amorphous films is likely to
find widespread application in magnetic storage technology4". Scientifically,
these materials are of interest because of the anomalies in the magnetic be-
haviour, which are still not understood. For instance, in the Ni—R,E series
the Ni moment vanishes in the 1:5 compound, reappears in the 2:7 and 1:3
compounds and disappears again for still higher RE concentrations14'' m .

For a proper understanding of electron yield measurements it is essential
to know the probing depth profile. Information on the probing depth can h°
obtained from experiments on overlayer systems by measuring the overlayer
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thickness dependence of the edge-jumps, i. e. the step in the absorption
coefficient at the absorption edge, of both the substrate material and the
overlayer.

Recently Erbil et al. gave a detailed analysis of the probing depth of
total electron yield for K edge EXAFS at photon energies above 5 keV124.
These authors used a simple two-step model for the yield produced at the
surface per absorbed photon. In the first step the numbers and energies
of the primary Auger electrons produced by the decay cascade in the core
ionized atom are determined, using the known relative probabilities of Auger
decay versus fluorescence decay16'125. The second step consists of modelling
the number of yield electrons produced at the surface by each primary Auger
electron in the. collision cascade wherein it loses its energy.

As was shown by Erbil et al. (see Figures 7.1124 and 7.2144) their analytical
expressions for the yield-current as a function of thickness predict satisfac-
torily the scarce available data on overlayer systems. The authors conclude
that the probing depth of the yield method is determined by the range of the
most energetic primary (KLL) Auger electron, while lower energy (LMM)
Augers can lead to an enhanced surface sensitivity (e. g. the peak in the Ge
signal of Fig. 7.1.

In the soft x-ray range up to know only few results on poorly character-
ized samples are known145. In part, this is due to the problems arising from
the shorter penetration depth of soft x-rays, necessitating the use of thin-
ner layers and hence better vacuum conditions- However, knowledge of the
probing depth is necessary for the interpretation of electron yield spectra.
For instance, as was suggested by Thole et al. 29, in some cases the maxi-
mum absorption in the white lines of concentrated systems may lead to an
x-ray attenuation length that, might be comparable to the range of the Auger
electrons, which would lead to a saturation of the strongest peaks in white
line spectra. An indication of the occurence of such effects was obtained by
van der Laan and Thole146 from the angular dependence of the La M5 line.
The piirpose of the overlayer experiment was to obtain information on this
problem.

7.2 Experimental

X-ray absorption spectra were taken at the newly constructed windowless
UHV double crystal beamline SA21 at the Super-AGO storage ring at LURE.
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Figure 7.1: (a) Definition of the edge jump for the Ge K edge, (b) Si-
coverage dependence of the Ge K edge-jump of the system Si/Ge(l(H)A)/Si.
From Erbil et at. I24
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The monochromatiziug crystal were two natural beryl crystals. Low energy
radiation from the ring was rejected with a self-supporting C foil of 1 ftm
thickness placed in front of the monochroinator. Because of the high flux it
was always possible to reduce the beam dimension to less than 1 mm2. The
resolution is estimated to be 400 nieV at the Xi L3 edge147-148 (851.9 eV)
and 450 ineV at the Tb Ms edge (1238.4 eV)29.

The polyerystalline Tb- Xi alloys were prepared by fusing stoichiometric
proportions of high purity base material in an arc furnace, followed by an-
nealing for different periods of time under an inert atmosphere. The phase of
the samples was checked by standard x-ray diffraction. The 3:1 compounds
were found to be sensitive to air and were kept under vacuum prior to mea-
surement. Immediately prior to measurement the samples were scraped with
an AI2O3 file to remove surface contaminants. During measurement the pres-
sure was better than 5x10 10 Torr: total acquisition time was < 30 min. The
spectra were recorded at normal incidence in the total electron yield mode,
with the detector at 45 from the light direction.

The single crystal Xi sample was cleaned in vacuum by the usual cycles
of sputtering and annealing. Good lxl LEED surfaces were obtained. C
contamination was less than 10f7f as judged from Auger spectra, and no
other contaminants were observed. Tb overlayers were deposited from a
Knudsen cell furnace. The temperature of the substrate during deposition
was ~300 K as measured with a K-type thermocouple spotwelded on the back
of the sample. Layer thicknesses were determined with an oscillating quartz
monitor with an estimated systematical error of 40%. During annealing and
evaporation the base pressure of 2x10 l0 Torr rose to 10x10 !0 Torr. The
overlayers were found to contain ~10% C contamination.

All total yield spectra were obtained at normal incidence. The detector
consisted of an unbiased chauneltron (Philips X919BL) with an opening cone
diameter of 10 mm. Except for the cone aperture, the channeltron was cov-
ered by a grounded stainless steel hood. All overlayer spectra were collected
during a single run under constant operating conditions of the channeltron.
Maximum counting rates were always kept below 80 kHz to avoid saturating
the channeltron. which is important for analysis of these very sharp 'white
line' spectra.
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Figure 7.2: Coverage dependence of the signal strength of the Cu K egde of
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Figure 7.3: Peak-normalized Ni L2<3 edges of Ni and 6 Tb—Ni intermetallic
compounds, (a) L2,3 edges, (b) L3 edges in detail.
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7.3 Results and Discussion

7.3.1 Bulk compounds

In Fig. 7.3 we show the Ni L2,3 edges of Ni metal, Tb2Nii7, TbNi5, Tb2Ni7,
TbNi3. TbNi and Tb3Ni intennetallic compounds. The spectra were peak
normalized after division by a linear background, which was obtained from
the slope of a 20 eV interval in front of the edge (not shown). The slope of
this background is assumed to be representative of the change in throughput
of the nionochromator.

It is immediateley evident from the spectra that the intensity ratio of the
main peak to the plateau following it does not change much over the series.
Also the L2 to L3 intensity ratio does not appear to change much, compatible
with the metallic nature of these compouds I8. Since the lifetime broadening
of the L2 is much larger than that of th? L3 we focus our attention on the
L:j spectra. In Fig. 7.3.b we show the Ni L3 edges in more detail. The main
feature in all spectra is the peak at 2 4 eV above the edge. On surveying the
series, a prominent general trend is the shift of intensity away from the Fermi
level, with a change of the main peaks' shape from right-angled triangular
to semi-elliptical in the 1:1 and 3:1 systems. Although we will not discuss
bandstructure effects in detail here, we draw attention to the near-constancy
or even increase in the area of the main peak with respect the plateau. In
pure Ni the main peak is thought to con.si.sr of unoccupied Ni d states. If
we assume this is true also for the compound spectra, then it follows that
the number of 3d holes on the Ni site stays roughly constant. This is in
contradiction to what has been observed in a large number of other Ni binary
alloys studied with XAS149 and XPS/BIS150. wln.re invariably the main peak
decreased strongly with respect to the plateau upon increasing dilution by
the partner element.

The spectra in Fig. 7.3.b are aligned on the Fermi level, which was es-
timated from comparisons to broadenings of model density of states. The
amount by which the spectra were shifted is plotted in Fig. 7.4. It is seen that
both the edge and the peak positions increase continuously with increasing
Tb concentration to higher photon energies, with the maximum shifts of 0.45
eV for the edge and 1.0 eV for the peak occuring in Tb3Ni. We ascribe the
shift of the edge position to a core level shift due to the changing chemical
coordination of the Ni atoms upon increasing dilution with rare earth atoms.
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as was suggested by Johansson et al. lM. An interpretation involving core ex-
citons can be rejected on the ground that the Ni L3 edge energy corresponds
to closely with the XPS binding energy of the 2p3/2 level152. The extra shift
of the peak position, is clearly related to bandstructural changes.

The M5 spectrum of Tb (not shown) consists of a structured sharp peak
reflecting the final state multiplet structure of the atomic-like transition
3ii—*4f2d. Due to the atomic nature of the edge it is unaffected by the chem-
istry of its surroundings. For the present purpose the important information
of the Tb M5 spectra lies in the trend of the background-normalized peak
height, or signal strength, as is discussed below.

7.3.2 Concentration dependence of signal strength

The present series of compounds offers a good opportunity to quantify the
sensitivity of XAS in total electron yield mode. In Fig. 7.5 we plot the
concentration dependence of the signal strength S, defined here as

C _ *edge ~

*pre - edge

where Yedge and YpTe edge <LTe t n e count-rates in the maximum of the edge and
in front of the edge respectively. The practical value of this definition is that
? low 5 (< 0.2) means one has to accumulate very long to obtain sufficient
statistics in the background-substracted spectrum. The signal strength used
here differs from the edge-jump as used by Erbil et al. 124, which is the ratio
of the step in the absorption at the edge to the absolute x-ray intensity,
measured with an Io monitor. However, the results from Martens et al. given
in Fig. 7.2144 give the signal strength as defined here.

From the figure the Tb signal is seen to increase linearly with the Tb
concentration x. as on first sight one would expect it to, since the shape of
the Tb M5 is known to be unaffected by the electronic structure of the alloy
28>m. With the exception of Tb2Ni7 (x=22%) the points can be fitted very
well by the straight solid line. Unfortunately we lacked a pure Tb sample,
but by extrapolation we obtain a value of 19.0 for the signal strength at x=l.

The Ni L3 results at first sight are somewhat surprising. Again with the
exception of Tb2Ni7 the Ni signal strength is found to decrease monotonically
with Tb concentration. However, these seemingly contradictory curves can be
reconciled if one looks closer at expression 7.1. For an edge of component A of

117



£
in

CO

£

9

111

a.

0.0 0.2 0.4 0.6 0.8
0

1.0

Tb CONCENTRATION
Figure 7.4: Shift of the edge and peak energy position relative to the Ni L3

edge position, as a function of Tb concentration.

DC

CO

(J
CO

d

0.0 0.2 0.4 0.6 0.8 1.0

Tb CONCENTRATION

Figure 7.5: Concentration dependence of the signal strength of the Tb M5

edge and the Ni L3 edge of the intermetallic compound series TbxNii-x. The
solid lines are fits to the data as explained in the text. The value for the
Tb M5 edge for x=l is obtained by extrapolation of the points at lower
concentrations.
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a binary system J4I_XBX , the pre-edge and edge count-rates are proportional
to:

Yedge{A) oc {1 - x){ar,Ye + *OYO) + xaBYB (7.2)

Ypre-edge{A) OC (1 - l)(ToYo + XOBYB (7.3)

where oe is the partial absorption cross-section of the core level of the edge of
element A, and ao and aB are the total pre-edge cross-sections of components
A and B respectively. The Y's indicate the corresponding yield of electrons
at the surface per absorbed photon for the three absorption channels.

Upon substitution of these equations in (7.1) we obtain

5 = r ^ - 7 T ^ T V (7.4)
1 + x(b- 1)

where a = aeYejaoY0 and b = (TBYB/^OYO- For b = 1 we obtain a linear
dependence, as was found experimentally for the Tb signal. From tabulations
of calculated partial cross-sections15 we obtain a Tb—pre-edge cross-section
ratio (TM/aTb = 1-6, giving YNi = 0.6yr6 at a photon energy of 1230 eV.
Since the absolute cross section of the edge is not know, it is not possible
to obtain the ratio between the pre-edge to edge yield ratios from the value
obtained for a=19.

For the Ni data points in Fig. 7.5 we obtained a good fit for 6 = 9. Again
using the tabulated cross-sections we have (Trb/^Ni — 4.5, giving Yjv; = 0.5V"r6
at 850 eV.

7.3.3 Tb/Ni overlayers

In Fig. 7.6.a we present the peak-normalized raw Ni L3 total yield spectra of
clean Ni(110) and Ni with different coverages of Tb up to 60 A, obtained by
succesively adding extra layers. The series was taken during one injection of
the storage ring. We find the only effect of the overlayer is an increase of the
high energy tail of the spectrum, which is caused by an increase of the slope
of the absorption background.

From a number of studies153 'X54 '155 ' l56 '15T of rare earth overlayer growth
on Ni and Cu it is known such layers form in a layer-by-layer mode when the
substrate is at room temperature. Although conclusions about the growth
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Figure 7.6: a. Normalized Ni L3 XAS spectra of clean Ni(llO) and Ni covered
by Tb overlayers of increasing thickness, deposited at room temperature.
The total thickness was obtained by adding new layers to the ones already
deposited.
b. Ni L3 edge of 170 A Tb film after annealing for 5 min. at 550 K. The
clean Ni spectrum is given for comparison.
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121



mode can not be drawn from our measurements alone, evidence against im-
portant alloying at the deposition temperature (room temperature) is ob-
tained from Fig. 7.6.b, where we compare the clean Ni spectrum with the
spectrum of the 60 A overlayer after annealling for 5 minutes at 550 K. The
double edge structure is a clear signs that a reaction takes place only at these
elevated temperatures, in good agreement with what is observed in the cited
references. From the tendency of the Ni L3 edge to shift to heigher energies
found for the bulk system we are able to interpret the double structure as
being a superposition oi the edge of the pure bulk Ni spectrum and the spec-
trum of Ni dissolved in Tb. The peak position of the latter contribution is
shifted by 1.9 eV relative to the pure Ni edge, which is much more than the
shift of 1.0 eV found for Tb3, indicating a stronger dilution of Ni in Tb in
the annealed layer.

The coverage dependences of the signal strength of the M5 edge of Tb,
and of the L3 edge of the Ni substrate, are given in Fig. 7.7. The curves
are remarkably similar to the corresponding curves of the compound series
(Fig. 7.5). Apparently, the morphology of the sample is not of primary
importance. Since we were able to explain the curves in Fig. 7.5 from the
concentration dependence alone, the correspondence between the two graphs
indicates that in the overlayer experiment we are sampling a surface layer of
constant thickness, in which Ni is gradually replaced by Tb. In other words,
it follows that the probing depth profile is roughly rectangular. Since even in
the thickest layer the Tb signal is not yet saturated, we estimate the probing
depth to be slightly over 60 A.

7.4 Conclusion

We have presented a systematic study of the Ni L2,3 and Tb M5 edges of the
Tb—Ni inter metallic compound system. It was found the Ni L3 peak shifts
by up to 1 eV to higher photon energy upon increase of the Tb concentra-
tion. The peak to post-edge plateau ratio stays roughly constant, in marked
contrast, to what was found in a great many of other Ni alloys.

The measured concentration dependence of the signal strength could be
explained very well. We have shown this ratio can give useful extra informa-
tion from XAS measurements, especially in the soft x-ray range where reli-
able beam intensity monitors are not yet available, so that the edge-jump124,
which is the more informative quatity, can not be measured.
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Furthermore, the signal strength analysis allows the sensitivity of XAS in
total electron yield to be quantified. The present study shows measurements
of Tb impurities in Ni are much more feasible than the inverse case.

From the results of a parallel study of the Tb/Ni overlayer system we con-
clude no important interface reaction takes place during room temperature
deposition, in accordance with other studies153'154> 155'156'157. By comparing
the dependencies of the signal strength on the Tb concentration of the bulk
system and the Tb thickness of the overlayer system we conclude the probing
depth is > 60 A. We note that an experiment on the Ni L3 edge alone would
have lead one to conclude that the probing depth is only ~ 10 A.
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Chapter 8

X-RAY DICHROISM AS A PROBE OF
THE SYMMETRY OF ULTRA-THIN

RARE EARTH OVERLAYERS

Abstract

Strong x-ray dichroism is observed in the 3d XAS spectra of ultra-thin over-
layers of rare earth elements on Ni( 110) surfaces. The dichroism is present al-
ready at room temperature in the as-deposited films, and increases markedly
upon annealing and upon cooling. The results are thought to be due mainly
to exchange splitting of the ground-state, but as discussed crystal fields may
be important for the observed effects.

8.1 Introduction

Strong polarization dependence (or dichroism) is known to occur in the
atomic-like 3d x-ray absorption spectra of the rare earth elements, as we
have described earlier both theoretically2' 10° as experimentally135. In this
paper we present the first application of x-ray dichroism to a practical prob-
lem, in casu the magnetization of rare earth overlayers on the ferromagnetic
Ni(110) surface.

Rare earth overlayers on magnetic transition metal surfaces are currently
under investigation because they present an excellent opportunity to study
the interaction of localized magnetic moments with an itinerant substrate.
Several interesting scientific questions can be raised, such as

• what is the magnetic anisotropy of the overlayer?
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• does the overlayer change the anisotropy of the substrate near the sur-
face?

• What is the spatial extent of the exchange coupling of the substrate
into the overlayer. and how does the magnetic order of the substrate
affect that of the overlayer?

• How does the surface structure influence the magnetic properties, such
as ordering temperatures, moments and anisotropies?

• If present, what is the influence of the rare earth orbital moment on
the above questions?

From an applied viewpoint these questions are also relevant, since com-
pounds of rare earths with more delocalized magnetic elements are key ma-
terials for the development of stronger permanent magnets111'l43> 142 and
magneto-optical storage media'10" '"5.

Several groups are carrying out systematic research of the structural and
electronic properties of RE overlayers on single crystals of Nilo8- la9- Iofii lD<- lh0"lfil

and Cu lfi2-153- l54-155. motivated by the effectivity of RE/TM systems as
catalysts for the production of ethanol. Especially Yb overlayers has been
studied15*-15°-lo& 16°- I61 because this element in addition shows mixed-valence
behaviour on surfaces163.

The magnetic properties of RE overlayers on single crystals of magnetic
transition metals have already been studied by Landolt ct al. 1<i4"lG;>"16f>. Us-
ing spin-polarized Auger spectroscopy these authors found the first monolayer
of Gd deposited on Fe(100) orders anti-parallel to the Fe magnetization. The
ordering temperature of this system was found to be 800 K. which is inter-
mediate between the Gd Curie temperature (293 K) and that of Fe (1043
K). Increase of the layer thickness leads to a decrease of the observed spin-
asymmetry, which at 360 K vanishes at 8 A. Still, these thick films are found
to order antiparallel to the Fe substrate magnetization at the Curie tem-
perature of bulk Gd. The authors conclude the Gd-Fe exchange interaction
across the interface is responsible for the high ordering temperatures of the
thin overlayers, and that it is sufficiently strong to orient the magnetization
of thicker Gd films.

Ultra-thin layers of exactly the same system were studied with spin-
polarized photoemission (SPPES) by Carbone et al. 107. They observed an
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electron spin polarization of the Gd 4f signal of 70% at 100 K, accompanied
by a partial depolarization of the Fe valence band signal. Also strong order-
ing of rare earth overlayers on Fe single crystals at 300 K has been reported
/Rochow. private communication/

The above work, as well as nearly all the work on the magnetism of
free RE surfaces168 «»•17°-17!- •»• m - 1 7 4 . was performed on Gd. which is the
only rare earth element that has no orbital contribution to the magnetic
moment. This has as two important consequences: firstly crystal field ef-
fects are not important, resulting in low magneto-crystalline anisotropy. and
secondly the absence of angular correlation terms makes it the only RE ele-
ment in which the 4f levels can be treated with success in the single-particle
approximation1 >a'1|6 to obtain ground state properties.

At present, the only published experimental study of the surface mag-
netic properties of L ^ 0 RE elements seems to be that of Rau et al. l~~.
Using electron capture spectroscopy (ECS) they found that a 3 monolayer
film of bcc Fe(100). grown epitaxially on a Ag(100) surface, posseses an
in-plane zero-field magnetic anisotropy. which is converted to perpendicular
anisotropy on covering with a 2 monolayer Tb film.

The RE/TM system and RE surfaces have been investigated theoretically
also, in part inspired by the above experiments1"8"1T9-18°"I8K l82- 1S3- Pesehel
and Fulde178 and Hsieh and Pink179 studied the effect of the lower surface
coordination on the magnetization of rare earth compounds. They predict an
enhancement of the surface magnetization, in particular for materials with
a non-magnetic singlet crystal field ground-state. Camley181 gives a phase
diagram for the magnetic structure of a RE overlayer on Fe as a function
of thickness and temperature, using a simple mean field model with Fe-Fe.
Fe-RE and RE-RE coupling constants as input. Blugel184-I85 performed non-
relativistic density-functional calculations for Gd adsorbed on Fe(100) and
Ni(100) surfaces. He reported an antiferromagnetic ground-state in the case
of iron while for Xi the ferromagnetic and antiferromagnetic calculatations
differed little in energy. Due again to the L = 0 ground-state. Gd is the only
RE for which such calculations can be performed with reasonable accuracy.

In this chapter we present initial results on the use of magnetic x-ray
dichroism (MXD) as a probe for the magnetism of ultra-thin overlayers. Such
dichroism has been predicted2 and proven to exist135 in the 3d-+4f x-ray
absorption spectra of ordered rare earth materials. MXD can be thought to
arise from the deformation of the spherical symmetry of the 4f levels as a
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result of the lifting of the degeneracy of the atomic substates by a magnetic
Eeld100.

MXD effects in Gd are expected to be small when using linearly polarized
x-rays. The Tb/Ni(110) system was selected because Tb has next to Gd the
highest magnetic ordering temperatures in the pure metal and in RE- Ni
compounds. Also the most important absorption edges of this system, /. c.
the Tb M5 edge and the Xi L3 edge, are both accessible to a double beryl
crystal monochromator. allowing both substrate and overlayer to be studied
together. A study of the chemical information contained in the spectra and
those of the Tb Ni intermetallic compounds is presented elsewhere11*6.

The paper is organized as follows. After discussing some experimental
details in the next section we present the observed thermal- and angular
dependences of the absorption spectra in section 3: first for the as-deposited
layers and then for annealed layers. These results are discussed in section 4
using a model in which the 4f ions are treated atomically. This interpretation
is compared with one in terms of crystal field splittings. Section 5 rounds off
the paper with conclusions.

8.2 Experimental

The Xi(llO) crystal of 10x5x1 mm was cut from the boule by spark erosion
with an easy direction of magnetization [111] along the longest dimension.
Both (110) faces were given a rough polish with fine grained sandpaper.
The front surface was polished mechanically using successively finer grains of
diamond paste (15-0.25 //m). After polishing the sample was annealed for 24
hours at 650 C under a hydrogen flow at a pressure of 10 ' Torr to remove
sulfur impurities from the sample.

Mounting of the sample was achieved by spotwelding it on two VV/Rli
wires (diameter 0.45 mm) protruding 5 mm from two Cu blocks which were
sandwiched between two saphire platelets. This sandwich was pressed with
one side against the main copper sample block of a helium cold finger using
a pair of M3 bolts. The saphire supplied the necessary electrical ami thermal
insulation when the sample was heated, and the good thermal contact at
low temperatures. The minimum temperature of the sample block was 50 K.
while the lowest temperature achieved on the sample was 70 K. Temperatures
were measured with a Jf-type thermocouple which was also spotwelded on the
back of the sample. Also, the sample could be heated to 1300 K by electron
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bombardment on the back surface while the cryostat was kept cold. The
cryosrat could be rotated around its vertical axis without breaking vacuum
by means of a differentially pumped rotary feedthrough. Further details of
the experimental set up are described elsewhere187.

After insertion in the vacuum the sample was further cleaned in vacuum
by the usual cycles of sputtering and annealing, lxl LEED surfaces were
obtained with C contamination less than 10% of a monolayer as judged from
Auger spectra. No sulfur contamination was found.

The sample could be magnetized along the [111] direction by a small
c-shaped electromagnet with a gap of 11 mm that embraced the sample,
leaving a vacuum gap of 0.5 mm between both sides of the sample and the
magnets* poles (see Fig. 8.1). The magnet could be pulsed to a maximum
Held strength of 5 KGauss which is more than sufficient to saturate the sam-
ple. Ex-situ magneto-optical Kerr effect (MOKE) measurements performed
after completion of the absorption experiments showed the sample could be
saturated easily. However, the reinanent magnetization was found to be only
~- 70 % of the saturation value . The apparent failure to arrive at a single
domain state in remanence is ascribed to the size of the vacuum gap between
the poles and the sample, and to crystal defects induced by the spotwelding
method of mounting the crystal.

Tb overlayers were deposited on the Ni sample from a Knudsen cell fur-
nace with a rate of ~ 1 A/min. During deposition the sample temperature
stayed at 300 K. Layer thicknesses were determined with an oscillating quartz
crystal monitor with an estimated systematical error of 40%. During anneal-
ing and evaporation the base pressure of 2xl0~'° Torr rose to 1x10 9 Torr.
When speaking of a Tb monolayer below we mean a single layer of the hep
lattice of Tb metal, which has a thickness of 2.85 A.

The experiments were carried out in the conimisioning phase of a newly
constructed windowless UHV double crystal lnonochroinator at Super-ACO.
LURE, Orsay188. The x-ray absorption spectra were accumulated at angles
between — 45C and +7(T degree off-normal-incidence using the total electron
yield method. Thanks to the high flux from this presently unfocussed beam-
line the beam dimensions could be reduced to 0.1x0.1 mm for the grazing-
incidence experiments without appreciable increase of the data acquisition
times.
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Figure 8.1: Layout of sample holder and magnet. The magnet windings are
not shown. The complete assembly could be rotated in the horizontal plane
(plane of drawing).

8.3 Results

8.3.1 Interface structure and kinetics

A number of detailed studies has been performed on the kinetics of rare earth
overlayers on different Ni158<l59'156>157'I90'I61 and Cu162 'm-154 '155 crystal
faces. The behaviour has been found to be quite complex, but some traits
common to all systems can be discerned. At room temperature the rare earth
overlayer has been found to grow in a disordered layer-by-layer mode158'162- !57,
although some intermixing of the interface layers may occur157. At higher
deposition temperatures or after annealing, thin layers are found to form
ordered structures, with a wide variety of complex LEED patterns occur-
ing for different choices of thicknesses, deposition temperatures and crystal
faces153'15T. Also, by annealing at higher temperatures the amount of over-
layer material decreases155, although it is unclear at present whether the
material diffuses into the bulk or evaporates from the surface. The results
for annealed surfaces have been interpreted as indicating the formation of a
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surface compound with a thickness in the range of 1 monolayer157-155. The
same marked tendency to passivate the substrate with the formation of sharp
reacted interfaces is generally observed in RE/semiconductor systems'89. The
structure of this surface compound appears in most cases to be unlike that
of any of the known bulk RE TM inter metallic compounds162-l5T-155.

Unfortunately, the surface kinetics of rare earths on the Ni(llO) face has
been studied in least detail. Chorkendorff et al. I58 in a study of Yb on
Xi(llO) report a behaviour as described above. In particular, the ordered
Yb Xi surface compound formed after prolonged annealing is found to con-
sist of - 3 0 ^ Yb lw.

This picture is corroborated by the results of a study comparing the Ni
2p x-ray absorption spectra of the Tb/Ni(110) interface with those of the
NiTb intermetallic compounds, which is published elsewhere180. There we
found that upon annealing thick overlayers for some minutes at 500 K. the
L;1 edge of the Xi substrate shifts about 0.9 eV to higher binding energy,
indicating an interface reaction takes place above room temperature. At the
same time the signal strength (defined here as the peak signal divided by the
pre-edge intensity) of the Tb signal is found to decrease and that of the Ni
peak to increase, indicating a decrease of the amount of Tb on the surface.
However, after a sharp initial decrease the signal strengths change only very
slowly if at all. Also after prolonged annealing Tb remains clearly visible
in the Auger spectrum. Finally, upon annealing of 1-3 monolayer films,
sharp LEED patterns showing second and third order spots were found to
reappear, including (lxl). (2x1), and (3x1) patterns. No systematical study
correlating LEED patterns with deposition times and annealing conditions
could be made yet.

A schematical diagram of the Ni(llO) surface is given in Fig. 8.2. The
fee (110) surface consists of rows of atoms along the [110] direction, with the
tops of the atoms of the second layer forming the bottom of the holes formed
by the atoms of the rectangular surface-unit-cell. Also depicted axe three Tb
atoms absorbed on such sites. Assuming the radius of the free Tb atom, it
is evident that Tb atoms fit very nicely in two adjacent rectangular sites in
the [110] direction but not in the [001] direction. The symmetry of these
rectangular absorption sites is C2r.
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Figure 8.2: Schematical diagram of the fee Ni(llO) surface. The top layer Ni
atoms with radius a/2 are indicated by the small circles (a = 3.52 A is the
lattice parameter). Heavy dots represent the position of the second atomic
layer. The square represents one surface unit cell. The three large circles
indicate Tb overlayer atoms, with radius 1.8 A appropropriate for the neutral
atom.

8.3.2 Dichroism of as-deposited layers

In describing the dichroism spectra below we will use the polarization angle
a defined as the angle between the horizontal polarization vector and the
in-plane [ill] direction. At normal incidence a = 0°; at the smallest, grazing
incidence used here a = 80°.

As is well known(see e. g. Thole et id. 29 and references therein) the 3d
absorption spectrum of rare earth materials is given by the part of the final
state multiplet that is allowed by the selection rules. These multiplets are
divided in 3d5/2 and 3d3/2 parts by the 3d core hole spin-orbit interaction.
We will consider here only the Tb 3d5/2 spectrum; the 3d3/2 was found to
display only very small dichroism effects, as expected theoretically also100.

The Tb 3d5/2-XAS spectrum of polycrystalline Tb materials consists of
two peaks separated by a shallow minimum and flanked by shoulders of ca.
one third of the main peak-height (see e. g. Fig.8.7.) In Fig. 8.3(a) we show
room temperature spectra of a 1 monolayer (2.85 A) Tb film taken respec-
tively at a = 0° and 70°. As for all spectra discussed here, the spectra were
peak-normalized, possibly after subtraction of a sloping linear background190.
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The spectra are clearly seen to be dichroic: at a = 0 the high energy peak is
lower in intensity than the low energy peak and the shoulders, while at 70c

the situation is reversed. Such dichroism has earlier been found in Tb iron
garnet13a-im, and arises from the thermal dependence of the occupancy of
the ground-state Zeeman levels3. The observation of the effect at room tem-
perature indicates a total splitting of the atomic ground-state of the order of
some hundreds of Kelvin, indicating a very large exchange interaction.

The displayed dichroism is small in comparison to theoretical predictions
for magnetically saturated ions (T = 0 K), wherein in both cases one of the
peaks is expected to disappear completely100. Also the effect shown in Fig.
8.3(n) is slightly smaller than what was found earlier138 for Tb iron garnets
at 55 K. Cooling these as-deposited overlayers to 70 K led to a slight increase
of the effect, as evidenced by the slight decrease of the high energy peak of
the o = 0 spectra shown in Fig. 8.3(i).

The dichroism was found to be strongly dependent on the thickness of
the overlayer. This is illustrated in Fig. 8.4 where we reproduce room-
temperature normal-incidence spectra of overlayers with increasing thick-
nesses obtained by successive additions of new material to previously de-
posited layers. The effect is clearly strongest for the 1/4 monolayer film, and
decreases already before completion of the first monolayer. J

From the dependence of the signal strengths of the Tb M5 and Ni L3 edge [
intensities as a function of thickness we found the sampling depth of XAS
in total electron yield mode, denned as the thickness of the surface layer .
from which 90% of the signal originates, to be ~60 A186. The spectra of
Fig. 8.4 thus represent the layer-integrated signal. Therefore the decrease in
the dichroism asymmetry is likely to be due to a dilution of the signal from
the interface Tb layer by that of the following, and apparently already the
second layer is very much less ordered.

8.3.3 Dichroism of annealed layers

Fig. 8.5 shows the strong increase in the peak asymmetry of the room tem-
perature normal-incidence spectrum of a 2 ML film upon annealing. A rep-
resentative pair of measurements of annealed layers comparable with Fig. 8.3
is given in Fig. 8.6. Paradoxially, changes in the LEED pattern did not seem
to affect the dichroism asymmetry.

The spectra of the annealed layers were found to depend more strongly
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Figure 8.3: (a) Room temperature terbium M5 XAS spectra of 1 monolayer
Tb as-deposited on Ni(llO) surface. The angle between the polarization
vector E and the surface [111] direction is 0° and 70° respectively. The
hatched area indicates the difference between the curves. The spectra were
peak normalized after subtraction of a linear background.
(b) Normal incidence spectra showing the slight increase of the dichroism on
cooling to 70 K-

133



Tb/Ni(110)
TbH 5

AS DEPOSITED
•3OOK

2 ML

4ML

KML.

1228 1232 1236 1240

XRAV ENERGY <*V)

T2M

Figure 8.4: Tb M5 XAS spectra of Tb overlayers of increasing thickness.
The total thickness was obtained by evaporating new material on top of the
previous layer. The spectra were taken at room temperature and at normal
incidence.

on temperature, as exemplified by the lowest curve in Fig. 8.5. As in the
as-deposited layers, the dichroism was strongest for the thinnest films. For
reference, in Fig. 8.7 we reproduce the spectrum of an annealed film of 1/4
ML at 70 K, which displayed the strongest dichroism found for Tb up to
now. Total measurement time of this spectrum was 2 hour, with a signal-
to-background ratio of 0.3. During this time the spectrum asymmetry did
not change appreciably. The acquisition of grazing incidence (a = 70°) at
low temperatures was impossible because the cryostat was unstable at low
temperatures because of varying thermal stresses.
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Figure 8.5: Evolution of the normal incidence Tb M5 spectrum of a 2 ML film
on Ni(110). Arrows indicate the height of the right shoulder after deposition
(C = 0.04), after annealing(C = 0.08), and after cooling to 70 K (C = 0.16).
The first two spectra were acquired at room temperature. The values for C
are arrived at as discussed in section 8.4.
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Figure 8.6: Room temperature Tb M5 spectra of a 2 ML Tb film as in Fig.
8.3 but after annealing. Note the dispersion of the low left shoulder.

8.4 Atomic model analysis

We will analyse the data presented above in terms of a magnetized free-ion
model86. It can be shown theoretically that, within the free-ion model and
with linearly polarized light, for any combination of temperature, magnetic
field, or polarization angle a the dichroic spectrum is an element of a contin-
uous set of spectra, with each member of the set determined by the value of
the so-called linear dichroism parameter C. This linear dichroism parameter
is the product of an angular dependent term Ca and a magnetization term
CM135- For a free ion the angular term Ca has the form

C - 3 c o s 2 « - -oQ — cos a , (8.1)

where a is the polarization angle, and ranges between —1/2 and 1. CM
ranges between 0 and 1, so that C = CMCa also has values between -1 /2
and 1. From 3.19 of Chapter 3 we find for Tb

(M2) - 14
22

(8.2)
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Figure 8.7: Dots: Normal incidence spectrum of 0.25 ML Tb after anealing,
measured at 70 K {C - 0.25 ± 0.05). For comparison the spectrum of a
poly crystalline film is also drawn (solid line).

where (Af2) is the thermal average of the square of the magnetic quantum
number M of the atomic ground-state levels \JM). Since (A/2} in the free-
ion model is a (Brillouin-like) function of the reduced temperature 0 =
kT/gfiH only, the CM term completely describes the temperature- and field-
dependence of the linear magnetic dichroism135.

By fitting the measured spectra with the atomic predictions it is possible
to obtain experimental values for C. This is demonstrated in Fig. 8.8 where
we compare the experimental spectra of Fig. 8.6 with the best theoretical
simulations, obtaining C values of 0.18 and —0.25 respectively.

The C values obtained in the same way for a number of normal incidence
spectra of annealed overlayers of different thicknesses are plotted in Fig. 8.9
as a function of temperature. From this graph the above observed increase
of the dichroism effect with decreasing thickness is apparent. Also seen that
the variation with temperature is stronger for the thinner layers. Postponing
a full discussion of this graph until later, we remark here that even for the
thinnest layer, 0.25 ML, the increase of C upon cooling is about 3 times
smaller that expected for a free-ion in a constant magnetic field. Since the
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Figure 8.8: Dots: spectra as in Fig. 8.6. Solid line: theoretical fits with
dichroism parameters C = 0.18 (0 ) and C = -0.25 (70 ).

Ni svibstrate magnetization is nearly constant13, increasing from 95% of the
saturation magnetization to 97% at 70 K. this indicates a deviation from a
free-ion-like behaviour.

The spectra shown in Fig. 8.8 represent the extrema of the dichroism
effect found in an angular scan in which the polarization angle a was varied
from -40° to 80°. The C values obtained from fits to these spectra are
plotted in Fig. 8.10. The angular dependence is seen to be symmetric around
normal incidence, while the extreme values are comparable in absolute value.
For comparison the free-ion behaviour is also drawn, with CM choosen to
normalize the Ca curve at a = 0 (see eq. (8.1))- The second curve gives the
expected behaviour on the basis of a two-domain model discussed in section
8.5.1.
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Figure 8.9: Temperature dependence of the linear dichroism parameter C for
annealed overlayers of different thicknesses. The right-hand scale is arrived
at as explained in the discussion.

8.5 Discussion

8.5.1 Free-ion Interpretation: Two-domain Model

In a ferromagnetic material the deformation of the 4f-electron cloud giving
rise to the observation of dichroism can be due to magnetic (exchange) or
crystal field interactions. In rare earth materials the two can be of comparable
magnitude. We will first analyze the data under the assumption crystal fields
can be neglected; in the uexv section we will discuss the possibility of a crystal
field origin for the dichroism effects. We will concentrate the discussion on
annealed layers, since there the largest effects were observed.

Angular dependence

From the comparison of the measured angular dependence of C with that
expected for free magnetized ions (Fig. 8.10), it is evident that the overlayer
magnetization is not simply parallel to the direction of the applied magnetic
field. This is compatible with the a-posteriori MOKE experiments, which
showed the remanence signal of the Ni substrate was near 70% of the sat-
urated value. This indicates that next to the [111] direction other domains
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Figure 8.10: Angular dependence of the linear dichroism parameter for an
annealed 2 ML Tb film, taken at room temperature. Also shown are the
expected behaviour of a ferromagnetic surface layer (dashed line) and a two-
domain model discussed in the text {full curve).

are occupied. Since domains pointing out of the surface are energetically
unfavorable, we make the assumption that the surface magnetization con-
sisted of domains parallel to the [111] and [111] directions192 (see Fig. 8.2).
with equal amounts of the surface occupied by the equivalent directions of
magnetization (two-domain model).

The angular dependence of the spectrum is then the average of that of
the two domains. Using simple trigoniometry we obtain Ca = | cos2 a — \
for the two-domain model. This angular dependence is also plotted in Fig.
8.10, again normalized on the measured normal-incidence value. This curve
is seen to fit the data quite well, especially taking into consideration that
the largest experimentally found \C\ values may be underestimated because
of problems with the fitting procedure191. Special importance has the fact
that this model predicts correctly the angle at which the effect disappears
(37.4°), since this point can be determined by direct comparison to unpolar-
ized spectra, independently from fitting to theoretical curves.
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T ( K ) CM 9 _ ' tf (Tesla)
70 ''~^7b±O.i5''l'.i2±'O.i5~'' 50
300 "(UO"± 0.06" 130 ± 0.60 " 80

Table 8.1: CM values and derived effective temperature 0 and exchange field
H of 1/4 ML film assuming a two-domain model, see text.

Thermal dependence

From the angular dependence of the two-domain model we obtain C(o =
0) = 1/3. so that at normal-incidence C = C.u/3. Assuming the above
mode! is correct, independent of the overlayer thickness, we apply it to the
temperature dependence of the normal-incidence spectra of annealed layers,
obtaining the CM scale on the right of Fig. 8.9. Taking the 1/4 ML data as
being representative for the interfaie layer, and using the atomic expression
eq. (8.2) for CM- we obtain values for 0 and the exchange field H as listed
in Table 8.1. At 70 K we find CM = 0.75 ± 0.15. giving (M2) = 30.5. Since
the saturation value of (M~) is 36. this would mean the ions on the interface
are highly ordered at this temperature. The ratio 0(70 )/B(300 ) = 0.23
(see Table 8.1). while for a free-ion in a const ant field we would expect
(-)(70 )/0(3OO ) = 70/300 = 0.33. Apparently 9 decreases more slowly than
expected from the free ion temperature dependence. We interpret this as a
deviation of the free ion behaviour due to crystal field effects, although in
part it may be due to experimental problems like the uncertainties in the
fitting procedure for large C 19i. a wrong choice of C(n = 0) or the presence
of disordered islands in the surface.

The order of magnitude of the exchange fields obtained from the 0 val-
ues (assuming a free-ion g = 3/2) is correct for a ferromagnetic system.
The decrease with temperature is unlikely to be realistic and underlines the
problems mentioned above. Since all Tb-Ni intermetallic compounds have
ordering temperatures below 180 K, it is unlikely this exchange field is gen-
erated by the ferromagnetism of the surface compound. It is more likely that
the exchange field originates from the Ni substrate magnetization.
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8.5.2 Crystal field interpretation

Ions on surfaces have highly anisotropic surroundings, which are known to
lead to dichroic effects in XAS and EXAFS spectra of adsorbat.es72-73. As
an alternative to the exchange splitting interpretation discussed above, we
will discuss shortly surface crystalline field effects. For rare earths materials
surface effects have been studied theoretically by Peschel and Fukle178-183

and Hsieh and Pink170. These studies concentrate on the lower coordination
at the surface, which for some symmetries can lead to a reduction of the
crystal field splitting. The concommitant partial restoration of the orbital
momentum may lead to higher moments and higher ordering temperatures
at the surface.

These studies also stress that the crystal field potential on the surface
will contain axial terms which even may dominate the potential. Such terms,
which with the use of Stevens66"67 operator-equivalent notation are written as
Of. I = 2 • • • 6, split the atomic ground-state of Tb in a series of doublets | ±
6)' • • • | ± 1)' and a singlet |0)'. (The primes are used to distinguish the crystal
field wavefunctions. which are quantized relative to the surface normal, from
the exchange-split functions, which were quantized along the in-planar [ill]
axes.) Such axial terms are certainly present for Tb ions absorbed in the
rectangular hollows of the Ni(llO) surface. From the symmetry of the crystal
field alone it is impossible to tell whe'.her the | ±6)' doublet or the ]0)' level is
the ground-state. However, by comparison of simulations of the spectra for
each of these two cases we find the singlet ground-state is compatible with
the observed peak asymmetry, as will be shown in the next section.

8.6 Comparison

A qualitative comparison of the two-domain model and the |0}' crystal field
model is given in Fig. 8.11. Here the experimental room-temperature spectra
for Q = 0° and 70" incidence are plotted together with the simulated curves
for the two-domain model and the crystal field singlet ground-state |0)'. Both
simulations were necessarily done for T = 0 K, since the strength of the
exchange and crystal fields is not known. The fact that both models have
the main intensity on the same side reflects the similarity of the deformation
from spherical symmetry of the wavefunctions in both cases: |0)' is elongated
along the surface normal, while | — 6) is flattened in the direction of the [111]
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Figure 8.11: Comparison between T = 0 K theoretical curves based on the
two-domain model (dashed) and the |0)' crystal field (solid curve) ground-
state models. Experimental data are the same as in Fig. 8.6.

direction. Thus both have more electron density along the surface normal
than along the [111] direction.

From the figure it is seen that, compared to the | - 6) exchange-split
ground-state spectrum, the crystal field JO)' ground-state spectrum fits the
experiment better at 0\ but worse at 70c degree. We wish to stress the point
that the |0)' ground-state spectrum is unlike in shape from any spectrum that
can be generated with the linear dichroism parameter C. indicating that in
principle it is possible to tell the importance of crystal field splitting from
the spectral shape alone.

In both cases the fits are clearly not realistic since they represent T =
0 K models, and one has to include contributions to the spectrum from
the excited levels in the splitted J manifold. Because these contributions
will tend to restore the spherical symmetry of the ion, in general they will
decrease the dichroism. Also, the crystal field potential contains other terms

Such terms will mix the \M)' doublets, which has the same effect
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as thermal averaging, with the extra feature that it may lead to different
angular dependences of the dichroism.

Finally we will discuss some structural aspects. From the dependence
of the dichroism on the coverage and the annealing method it is clear the
structure of the overlayer system is important. The fact that the dichroism is
smaller in the as-deposited layers can be understood from the disordered na-
ture of these layers, which will wash out any macroscopic effects. If the effect
were indeed mainly of magnetic origin then the strong magneto-crystalline
anisotropy forces of the rare earth would prevent the magnetic alignment of
the overlayer moments. In case of a crystal field origin the disordered nature
itself would be responsible for the decrease.

8.7 Conclusion

In this study of the Tb/Ni(110) system we show that x-ray dichroism mea-
surements on subnxonolayer coverages of rare earth metals on ferromagnetic
substances provides very useful information on the splitting of the ground
state by magnetic and crystal field effects. We found linear dichroic effects
exist even at room temperature, indicating the splittings are of the order of
several hundred Kelvin. The effects are found to be strongly temperature and
thickness dependent and are found to increase upon annealing the overlayers.

The data are analyzed in terms of the thermally dependent population
of the exchange-split free-ion ground-state, assuming a two-magnetic-domain
model. An alternative interpretation in which the ground-state splitting is
due to axial crystalline fields found at the surface is discussed. With the
present data no definite choice is possible between the models, although it is
felt the necessary lifting of the atomic degeneracy of the substates \M) by
axial crystal field components to an extend which gives dichroism at room
temperature is unlikely to occur.

Of course, in a ferromagnetic material the splitting may actually be
caused by a mixture of crystal field and exchange field interactions. This
could be the reason for the observed deviation of the temperature dependence
of the dichroism parameter from the free-ion model Brilluoin-like behaviour.

The present results have clearly to be augmented by further measure-
ments. However, these first data on multilayers show the potential of the
x-ray dichroism method.
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Abstract

Synchrotron radiation research is a rapidly growing branche of science. This
is the result of the unique properties of synchrotron radiation, specifically its
high degree of collimation. intensity and degree of polarization. The growth
in the availability of synchrotron radiation has caused a breakthrough in x-
ray spectroscopy that is comparable to the impact of the laser in the visible
range.

The polarization characteristics of synchrotron radiation have up to know
not been used extensively. Indeed, no clear idea of the magnitude of polariza-
tion effects in solids existed. Recently a number of pilot studies have proved
that also in the x-ray range a whole scala of polarization effects exists that
offer a spate of new spectroscopical, but also crystalographical experimental
techniques.

The theme of this thesis is the investigation of the strong polarization
dependende. or dichroism, that occur in the x-ray absorption spectra of rare
earth materials. The rare earth elements distingiush themselves from the
other elements through the behaviour of the 4f electrons which form the
valence shell. This shell lies deep inside the atom, with the result that influ-
ences from the surrounding solid are well screened off by the outer electrons,
so that even in the solid the 4f shell behaves very much like a in free atom
or ion. and is almost completely spherically symmetric.

Perturbations from the solid environment however always disturb this
symmetry to some extend, with the result that the absorption spectrum
becomes dependent on the mutual orientation of the polarization vector of
the radiation and the ion.

Earlier the existence of a strong magnetic x-ray dichroism (MXD) in the
3d—>4f transitions of rare earths. In this thesis this work is extended, to a
small degree theoretically but mainly experimentally.

Polarization dependent experiments with x-rays have some advantages
over their visible range counterparts. The greater penetration length of x-
rays allow one to investigate non-transparent materials. Also one can use



the electrons excited from the investigated material. The so-called electron
yield methods for x-ray absorption measurements are to some extend surface
sensitive. In combination with x-ray dichroism it is therefore possible to
investigate magnetic and crystal field effects of submonolayer films.

In this thesis MXD is used in experiments on a bulk sample, terbium iron
garnet, and on rare earth overlayers on a ferromagnetic surface, Ni(llO).
The results of the latter study show unequivocally the potential of the MXD
technique.

The second theme of the thesis concerns experimental developments in
soft x-ray spectroscopy. A description is given of a double crystal monochro-
mator beamline that was constructed by our group at LURE, France. Results
of the use of an organic crystal — multilayer combination in such a monochro-
mator is described. Also a method is described for the characterization of
the resolution of soft x-ray monochromators.

Finally a contribution to the characterization of the electron yield tech-
nique in the soft x-ray range is given.



Samenvatting

Synchrotronstraling onderzoek is een sterk groeiende tak van de natuur-
kunde. Dit. is het gevolg van de unieke eigenschappen van synchrotronstral-
ing, met name de gerichtheid van de bundel, die vergelijkbaar is met die van
een laser, de intensiteit, en de hoge polarizatie graad. Het beschikbaar komen
van een röntgen stralings bron met deze eigenschappen heeft, een doorbraak
teweeg gebracht in de röntgen spectroscopy die vergelijkbaar is met de komst
van lasers in het zichtbare deel van het spectrum.

De polarizatie karakteristieken van synchrotron straling zijn echter tot nu
toe nauwlijks benut, en er bestond weinig inzicht in de grootte van polarizatie
effecten in het röntgen gebied. Inmiddels heeft een reeks van explorerende
studies aangetoond dat ook in in dit gebied een scala van polarizatie effecten
bestaat, die tal van nieuwe spectroscopische en ook kristallografische moge-
lijkheden bieden.

Het thema van dit proefschrift betreft het onderzoek van de sterke po-
larizatie afhankelijkheid, ofwel dichroisme, die optreedt in de röntgen ab-
sorptielijnen van zeldzame aard materialen. De zeldzame aard elementen
onderscheiden zich van de overige elementen doordat de 4f electronen die de
valentie schil vormen diep in het atoom liggen. Als gevolg daarvan worden de
4f electronen vrijwel geheel afgeschermd van de invloed van de omringende
atomen, zodat, ze zich zelfs in een vaste stof nagenoeg gedragen als de elec-
tronen in een vrij atoom, en een vrijwel bolsymmetrische ladingsverdeling
hebben.

Verstoringen van buiten het atoom kunnen die bolsymmetry vervormen.
Dit heeft tot resultaat dat het absorptie spectrum afhankelijk wordt van de
onderlinge oriëntatie van het vervormde atoom en de polarizatie vector van
dr straling.

Eerder werd het bestaan voorspeld van een sterk magnetisch röntgen
dichroisme (MXD) in de 3d—>4f overgangen van zeldzame aarden. In dit
proefschrift wordt gedeeltelijk theoretisch maar vooral experimenteel voort-
gebouwd op deze voorspellingen.



Polarizatie afhankelijke experimenten met röntgen straling hebben een
aantal voordelen ten opzichte van zichtbaar licht experimenten. De grote
penetratie van röntgen straling maakt het mogelijk niet-tr anspar ante mate-
rialen te onderzoeken. Ook kan gebruik gemaakt worden van de electronen
die door de röntgen straling uit het onderzochte materiaal worden vrijge-
maakt. De electron yield methoden voor röntgen spectroscopie zijn in zekere
mate oppervlakte gevoelig. In combinatie met röntgen dichroisme is het
daardoor mogelijk magnetische en kristalveld effecten te onderzoeken van
sub-monolaag dikte films.

In dit proefschrift wordt MXD gebruikt in experimenten aan een buik-
materiaal, terbium ijzer granaat, en aan zeldzame aard overlagen op een
ferromagnetisch oppervlak, Ni(llO). De resultaten van het laatste experi-
ment tonen duidelijk de mogelijkheden die de MXD techniek biedt voor de
karakterizatie van de vaste stof effecten in zulke systemen.

Het tweede thema van het proefschrift behelst experimentele ontwikkelin-
gen op het gebied van zachte röntgen monochromatoren. Er word een beschri-
jving gegeven van een dubbel-kristal monochromator die door onze groep
werd opgebouwd in LURE, FVankrijk, en er worden resultaten beschreven
over het gebruik van een nieuw type monochromator, waarbij een stralings-
gevoelig organisch kristal wordt beschermd door een metallische multilaag
spiegel. Verder wordt een methode beschreven voor de karakterisering van
de resolutie van dergelijke monochromatoren.

Tenslotte wordt een bijdrage geleverd tot de kwantificatie de electron
yield techniek in het zachte röntgen gebied.
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