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X-ray Magnetic Circular Dichroism (XM CD) : basic concepts and theory
for rare earthsand 3d metals

Stefania Pizzini — Laboratoire Louis Néal — Grenoble

- Introduction to X-ray absorption spectroscopy and History of XMCD
- XMCD of rare earth ions : atomic model

- XMCD of 3d metals : one electron approximation

- Examples and perspectives

1) Introduction

XMCD measures the dependence of X-ray Absorption on the helicity of the x-ray beam by a
magnetic material. It is the x-ray equivalent of Faraday or Kerr effects which occur in the
visible range. | will first describe the basic concepts of x-ray absorption.

X-ray absorption spectroscopy using synchrotron radiationis a well established technique
providing information on electronic, structural and magnetic properties of atoms, molecules,
surfaces, liquids and solids.

We will first introduce: - the interaction of x-rays with matter; - transitions from a core state
to an empty electronic state; - element selectivity; - the one electron approximation; -Fermi
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Golden Rule : transition probability from the initia state F to the final state F+:

In the dipole approximation the selection rulesare DI = £1; Ds=0. We will define K, L and M
edges.
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We will then describe some experimental aspects: - use of synchrotron radiation ; - detection
in transmission and fluorescence for hard x-rays; - fluorescence or electron yield for soft x-
rays, surface sengitivity.

I1) N-particle description of 3d ? 4f transitionsin rare earth ions

Mas edges of rare earths have been the first test case for the XMCD theory. Edges are domi-
nated by 3d? 4f transitions which have very large absorption cross sections and are fairly
independent on the local chemistry of the ion. The atomic description of 3d? 4f transitions
relies on the strong localisation of the 4f electrons with respect to 5d and 6s electrons. These
edges are calculated for atrivalent ion that has lost the outermost (5d6s)* electrons. Electronic
levels are determined by Coulomb interactions, then by spin-orbit (SO) coupling. Perturba-
tions given by magnetic field and crystal field induce energy level separations of a few meV
which can be treated as a weak perturbation with respect to Coulomb and SO interactions.

In the atomic model the electronic transition is viewed as taking place between the ground-
state and the excited state of the complete atom. Description of absorption spectra involves
calculation of all the energy levels of the initial and the final state N-particle wavefunctions
(multiplets). Each multiplet has an atomic angular momentum quantum number J. The dipole
selection rules are  DJ = 0, £1. The absorption spectrum is formed by the superposition of al
the selection-rule allowed transitions from the ground level to the final level multiplet.
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Almost perfect agreement between calculated and experimental spectra is obtained for absorp-
tion and XMCD spectra. XMCD is the difference between the DM = +1 (l&ft circular polari-
sation — LCP) and the DM=-1 (right circular polarisation — RCP) transitions.

Magnetic circular dichroism is the absorption counterpart of Zeeman effect. The most conven-
ient geometry for magnetic dichroism is that wherein a right or left circularly polarised x-ray
beam travels along the direction of the magnetic field.
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Let us consider the easiest example of a trivalent Yb ion. In the field-free ion the spin orbit
interaction leads to splitting of the initial state into *Fy, and *Fs and of the fina state into
’Ds, and *Dsp2. The ?Fy, multiplet is the Hund's rule ground state. The only allowed transition
is °Fy» to ?Dsj2 with DJ = -1, while the transition to 2D, which would constitute the My line,
is dipole forbidden. Top panel of the figure below: Ms (left) and M4 line (right).

Ms Mgy
Lo Taet ﬂ e tn‘asﬂa' ' _ When the sph_eric_al wmmetw is_broke_n_by a magnetic
i | field the DJ = -1 line is split into 18 lines divided over three
[ B groups with different DM : DM = O for parallel linearly polar-
| \I i ised light, DM = +1for left and right circular polarisation
57 458 S [T (figure above).
oD g0 000 At sufficiently high temperature all the levels remain

populated and the splitting has no effect on the spectrum.

However when the magnetic field splitting gnH is large rela-
i tive to thermal energy kT the upper levels are less occupied,

— |:;,T|;?.z’ f according to Boltzman statistics, and this has an effect on the
L

observed cross section. In the limit of 0 K only the lowest
level is occupied and the transition will occur only if the light
is left circularly polarised. The second panel shows the 0 K

spectrum for parallel (dash) and perpendicular (dots) linear
Coter  foer polarisation; the third pand the difference between Ieft
L (dash) and right (dots) circular polarisation ; the fourth panel
L gives the linear dichroism (XMLD - dash) and the circular
S magnetic dichroism (XMCD - dots).
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More complicated absorption and XMCD spectra are obtained for the other rare earths
whose outer shell has more than one f electron or hole and where more transitions are a-
lowed; some examples will be given in the course.
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[11) XMCD in 3d metal systems

Magnetic properties of transition metals are mostly due to their d electrons. We are therefore
interested in exciting p core electronsi.e. to use p ? d dipole transitions (L3 absorption
edges). Band structure effects play an important role in the shape of the absorption spectra of

3d transition metals. A one electron approach is generally used to treat the excitations: the
electron is excited from the spin-orbit split 2ps, and 2py/, levelsto empty d valence states.

The two-step model :
The two-step model proposed by Stéhr and Wu will be introduced to illustrate the origin of
circular x-ray dichroism at the L,3 edges of 3d transition metals. Spin-orbit interaction is
taken into account in the initial p-state; the 3d band is exchange split into spin-up and spin-
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down bands. In the first step, the interaction of circularly polarised x-rays with the p shell
leads to the excitation of spin-polarised electrons. The core shell can therefore be viewed as
an atom-specific, localised “source” of spin-polarised electrons. The spin-polarisation de-
pends on the edge and on the polarisation of the light. It will be demonstrated that at the L,
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edge left circular polarisation (LCP) excites 25% spin up and 75% spin down electrons.
Right circular polarised light does the opposite. At the L3 edge, 62.5% (37.5%) spin up and
37.5% (62.5%) spin down electrons are excited by LCP (RCP) light. In a non magnetic mate-
ria the total (spin-up plus spin-down ) transition intensities are the same for LCP and RCP
light; as soon as there is an unbalance in the number of available empty spin up and down
states (ferro-, para- or ferrimagnetic material) the absorption of the two polarisations will be
different, with a difference which is opposite at the L, and L3 edges. We can then visualize a
second step in which the spin-polarised electrons are analysed by a spin-resolving detector
consisting of the exchange split d final state.

For a complete relativistic description of x-ray dichroism in the one-electron model, spin-orbit
coupling has to be included also in the d-band. The results on the XMCD signal will be
shown. Many body effects are also important and some examples will be illustrated.

The sum rules of XMCD :

Sum rules developed by Theo Thole et a. at the beginning of the 1990's allow the experimen-
tal integrated intensities of XAS and XMCD spectra to be related to the ground-state expecta-
tion values of the orbital <Lz> and spin <Sz> magnetic moments of the absorbing atom. The
sum rules have been at the origin of a strong development of XMCD, which has become a
reference technique for the study of magnetic properties of thin metallic films and multilay-
ers.

These equations, their validity and applicability will be discussed in the lesson.
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1'V) Some examples of applications of XMCD

In the second part of the course | will give some examples of the application of XMCD to the
study of element selective magnetic properties of thin films. Some of the examples are taken
from the work of the group « dichroism » at the Laboratoire Louis Néel in Grenoble.

| will also talk about the future perspectives of XMCD and X-PEEM, and in particular of the
use of the time structure of synchrotron radiation for the use for magnetisation dynamics at
sub-nanosecond timescales.

S. Pizzini, A. Fontaine et al. ' Evidence of the spin-polarisation of copper in Co/Cu and Fe/Cu multilayers', Phys
Rev. Lett. 74 (1995) 1470

C. Bordel, S. Pizzini et a. ‘Microscopic origin of the macroscopic magnetic properties of TbFeCoN amorphous
thin films' Phys. Rev. B 56 (1997) 8149

D. Wédller, J. Stohr, et a. ‘Microscopic origin of magnetic anisotropy in Au/Co/Au probed with x-ray magnetic
circular dichroism’ Phys. Rev. Lett. 75 (1995) 3752

M. Bonfim et al. ‘ Element selective nanosecond magnetisation dynamics in magnetic heterostructures', Phys.
Rev. Lett. 86 (2001) 3646

P. Gambardella, et al. * Giant magnetic anisotropy of single cobalt atoms and nanoparticles Science 300 (2003)
5622.

JVogd et d., “ Structure and magnetism of Pd in Pd/Fe multilayers studied by XMCD at the Pd L, 3 edges’,
Phys.Rev.B 55, 3663 (1997).

S.S.Dhesi et a., “Anisotropic spin-orbit coupling and magnetocrystalline anisotropy in vicina Co films’,
Phys.Rev.Lett. 87, 067201 (2001).

XMCD V5-5 Sefania Pizzini



