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Abstract 

Recent calculations have predicted magnetic ordering in low-dimensional systems of 
normally nonmagnetic materials. In both clusters of atoms and monolayer films, the re
duced coordination number and higher symmetry is expected to narrow the electronic 
bands, causing magnetization in nonmagnetic materials. 

Small rhodium clusters are stuclied by Magnetic Circular X-ray Dichroism (MCXD) 
calculations. MCXD is a spectroscopie method basedon X-ray absorption. MCXD makes 
it possible to measure the quantities which are responsible for the mangetic moment, the 
angular momenturn Lz and the spin Sz, separately. These quantities have been calculat
ed for various crystal symmetries. The calculations show, that the central a torn of the 
rhodium clusters has got a large angular momenturn Lz and spin Sz, whereby the values 
in icosahedral symmetry are much larger than in cubic symmetry. 

Furthermore will be shown that Lz decreases in cubic symmetry, when the crystal field, 
which depends on the surrounding atoms, becomes larger, while Sz remains constant. 
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Chapter 1 

Introd uction 

Magnetism has been an intruiging phenomenon for a long time. Some materials, like iron 
(Fe) and nickel (Ni), showed ferro-magnetic ordering, but most others, like rhodium (Rh), 
do not. James Ciarek Maxwell was the first who gave a macroscopie description of the 
relation between electricity and magnetism, the socalied Maxwell equations. Magnetism, 
that is obvious, is caused by electrons, and therefore a good understanding of the electronic 
structure of a material is important. 

Due to new developments it is possible to grow thin films and to make small particles. 
This new area, mesoscopic physics, has already leaded to exciting discoveries. Thin layers 
of cobalt (Co) and palladium (Pd), for example, show a ferro-magnetic ordering [1]. Some 
materials which are not ferro-magnetic in a bulk-structure, have a ferro-magnetic ordering 
in mesoscopic structures. Thin layer structures of ruthenium and rhodium are an example 
of this kind [2],[3]. 

Mesoscopic physics is an interesting area for physics, because it is in between atomie 
physics and solid state physics. This also accounts for magnetic behaviour and electronic 
properties: most atoms show magnetism, most solids do not, the electronic configuration of 
an atom is well-known, that of asolid not. Studying mesoscopic systems will thus also help 
to get a better understanding of magnetism and of the electronic structure of materials. 

In this report a theoretica! study has been made of the magnetic properties of a small 
rhodium cluster in various symmetries. Such a small cluster, when proven to he magnetic, 
can have a variety of applications, like magnetic storage, whereby it serves as a bit. Due to 
its small dimensions, less than 1 nm, the information density would increase dramatically. 

This study involves a simulation of a recently developed experimental technique, called 
Magnetic Circular X-ray Dichroism. This technique is basedon X-ray absorption, a process 
which is often used to study electronic structures. The advantage of this technique above 
other techniques used to study magnetism, like SQUID-measurements, is, that this method 
enables it to separate the two quantities, the angular orbital momenturn and the spin 
moment contributions, which are responsible for the magnetic moment. 

Various methods can he used to calculate the electronic structure of a cluster, e.g. 
band-stmeture calculation. Another approach is to calculate the electronic structure of a 
atom and then incorporate the effect of the other neighbouring atoms. The results of such 
a calculation are only valids when the valenee electrous of the cluster atoms are slightly 
localized. In this report the calculation are done using the Cowan's Code [14], a computer 
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program that uses the Hartree-Fock method, which also has the opportunity to do X-ray 
absorption calculations. 

The calculations are meant to he used next to experiments which probably will he clone 
in Brookhaven, November 1995. They will he used to analyze the experimental spectra, 
whereby they can give more insight and understanding of the electronic contiguration which 
causes the eventual magnetism. 



Chapter 2 

Experimental Techniques 

2.1 Introduetion 

In this chapter some experimental techniques will he discussed which are used to study 
solid state materials and which are simulated by a computer code. First insection 2.2 X
ray absorption Spectroscopy (XAS) will he discussed, afterwhich in section 2.3 Magnetic 
Circular X-ray Dichroism (MCXD), a recently developed technique which is basedon XAS. 

The theoretica! background of these techniques will he treated in the next chapter. 

2.2 X-ray Absorption Spectroscopy 

When an X-ray enters a solid it can he absorbed by an electron. When the energy is 
sufficiently large it is possible to excite a core electron to an empty state in the valenee 
band. If the energy of the X-ray is just enough to excite a core electron it will occupy 
the lowest available empty state. The probability for this transition process is large. If 
the energy is not large enough to reach an empty state no excitation can occur. The 
spectroscopie technique which is based on excitation of core electroos to the empty states 
in the valenee band using X-rays is called X-ray absorption spectroscopy (XAS). When 
scanning a sample with X-rays with an energy from just below an aborption edge to higher 
energies one can obtain spectra such as that are shown in figure 2.1. 

In the figures one sees that a steeply rising edge, indicating a high transition probability, 
is foliowed by a decaying structure. The intensity can he related to the density of empty 
states multiplied by its transition probability. The theory of XAS will he described in the 
next chapter. 

2.3 Magnetic Circular X-ray Dichroism 

This is a technique which is based on XAS and is used to study the magnetic properties of 
materials. When a material is placed in a magnetic field Bz, differences in its absorption of 
right- and left-circularly-polarized X-rays can occur. This effect is called Magnetic Circular 
X-ray Dichroism (MCXD). In figure 2.1 this effect has been illustrated. 
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Figme 2.1: 2p -+ 3d transitions of NïH for (a) left- and (b) right-circularly-polarized 

X-rays. 

Thole and Carra [4] have shown that the orbital momenturn Lz, the spin momenturn 
Sz and the magnetic anisotropic spin T= of the ground state can he determined using this 
effect. In the next chapter, in section (3.6) the so-called sum rules will he discussed with 
which it is possible to determine the momenta mentioned above using the difference in 
absorption between right- and left-circularly-polarized X-rays. 



Chapter 3 

Theory 

3.1 Introduetion 

In this chapter the theory of Magnetic Circular X-ray Dichroism (MCXD) fora central atom 
of a cluster is treated, which provides information a bout the quantities Lz and ( Sz + 7 /2Tz) 
separately. MCXD is a method which is based on differences in absorption of right- and 
left- circularly-polarized X-rays. Therefore a good understanding of the theory of X-ray 
Absorption Spectroscopy (XAS) is necessary to do understand MCXD. 

To do a XAS calculation for a central atom in a cluster one needs to know the ground
state of a system and all its excited states. Since it is still not possible to do an exact 
calculation of a cluster, approximation methods are used. The central atom of the cluster 
is treated within crystal field theory. This theory states that the effect of the surrounding 
atoms (ligands) on the central atom is described by an electrostatic field, the so-called crys
tal field. This field is treated as a perturbation on the electronic structure of the central 
atom. The method used to determine the electronic structure of the ground and excited 
statesof the central atom without ligands (free atom) is the Hartree-Fock method. 

In summary the theory of MCXD fora central atom of a cluster can he split up in the 
following parts: 
First we determine the electronic structure of the ground state and excited states of a 
central atom of a cluster. This is clone by first calculating a free atom using Hartree-Fock 
(2.2), after which the effect of its ligands is treated within crystal field theory (2.3). Then 
the theory of XAS is explained shortly in (2.4). Finally the special theory of MCXD is 
given in (2.5), which makes it possible to calculate Lz and Sz + 7 /2Tz separately. 

3.2 Quanturn mechanics of the free atom 

In this section the free atom is treated without any perturbations from magnetic and electric 
fields. To find all possible atomie wave functions Wï with the corresponding eigenvalues Ei 
one needs to solve the Schrödinger equation: 

(3.1) 



3.2.1 The Hamiltonian 

The Hamiltonian for a free atom can he given by the next expression: 

H - Hkin + Helectron-nucleus + Helectron-electron + Hapin-orbit 

- t [-~\1:- Ze2 + L: e2 + Ç(ri)li. si] 
i=l 2m 47rêori i>i 47rêoTij 

(3.2) 

In this equation Ç(r) is the spin-orbit parameter which is will he treated at the end of this 
subsection. In this chapter all other magnetic - like li ·Ij, li · Sj and Si • Sj - and relativistic 
effects, hyperfine structure, etc., are neglected. The computer program, the Cowan's Code, 
however, includes relativistic effects. 

Equation (3.2) is too difficult to solve exactly; a very useful approach is perturbation 
theory: we separate a spherically symmetrie term Ho and treat the rest as a perturbation 
H'. Thus 

{3.3) 

The physical idea of the main part H0 is that we consider each electron i to move in 
a spherically symmetrie potential Ui(ri), which is obtained as a result of adding the po
tential of the nucleus as "screened" by other electrons. By the restricting U to spherical 
symmetry- U is only dependent of ri and not of Tij- seperation of variables is possible and 
each electron will have a well defined angular momenturn li, . The electron wave functions 
- the so-called one-electron wave functions - are then given by: 

{3.4) 

These one-electron functions obey the orthogonality relation. The radial part Rn;,l; 

involves two parameters ni and li which also can he found in the electron configuration of 
the atom: 

q 

(n1l1)w1 (n2l2)w2 
• • • (nqlq)w9 ,L:wi = N 

i=l 
(3.5) 

where Nis the number of electrans of the atom. The angular part Y,;,m; is given by the 
spherical harmonie, for which -li < mi < li. O"m•; ( Siz) represents the spin of the electron 
which can have two values: +!n (up) or -!li (down). All that remains to he solved is the 
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radial dependenee Rn,l of the individual electron. 

In the next section the Hartree-Fock method will he treated which is the most well
known method in atomie physics to approximate the radial factor Rni ,lö and is also used 
in the Cowan's Code. 

3.2.2 Hartree-Fock Metbod 

The Hartree-Fock Method is based on a variation method which minimizes the E -
I 'I!* H'ii!dr, to the constraint that the normalization integral I 'ii!*'ii!dr he held constant. 

The total wave function 'ii! of an atom is a combination of all electron wave functions. 
Hartree proposed a wave function which was just the product of all one-electron wave 
functions, this did not take into account the indistinguishability of the electroos which 
states that interchange of two electroos should give the same energy, implying that the total 
wave function should he symmetrie or anti-symmetrie. The Pauli principle states that no 
two electroos (fermions) can occupy the same orbital, resulting in an anti-symmetrie wave 
function. This wave function can he written as a determinantal function of the individual 
one-electron functions: 

W=-1-
../N 

"Pl ( 1) 
"Pl (2) (3.6) 

Our aim now is to determine this one-electron wave function under the restrietion that 
the expectation value Eis minimized. Formattersof convenience the Hartree-Fock method 
uses this single determinental wave function and variation theory. This leads to a set of 
coupled differential equations for the one-electron functions. These complicated equations 
are the so-called Hart ree-Fock equations: 

(3.7) 

This equation, of which a detailed deriviation can he found in [5] looks exactly like the 
Hr.pi = Ei"Pi· The first three terms on the left are exactly the sameasin the Hartree case, 
the only difference is given by the fourth term, the so-called exchange integral. Exchange 
integrals are the result of the anti-symmetrized wave function and do therefore not arise 
in the Hartree equations. 
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The first step in solving these set of coupled equations is guessing a set of functions 
c.p1 ..• c.pN. Then all one-electron functions are calculated, after which they are substituted 
and the whole proces starts again. This iteration proces will stop when selfconsistency 
in the one-electron functions within a small error has been reached. The resulting set of 
functions are then the electron wave functions belonging to a specific electron configuration. 

3.2.3 Calculation of energy levels by including perturbations 

In this subsection we will include perturbation terms which were not included in the 
Hartree-Fock equations. The wave functions are the solutions of the Hartree-Fock equations 
of the spherically symmetrie Hamilonian H0 • If the Hamiltonian would only exist of this 
term all possible determinental wave functions would have the same energy for a specific 
electron configuration, it would be degenerate, but because of these extra terms the de
generacy is lifted partly or completely and one can really determine a specific ground state. 

Degeneracy within a contiguration 

Consider for example the electron configuration of Ni2+: 1s22s22p63s23p63d8
• Except for 

the 3d-shell all shells are full, so we don 't need to consider them, since there is only one way 
to fill them completely. The 3d-shell however is not filled completely there are two holes 
left. Because of the equivalence between electrons and holes, we don't make a mistake if 
we take 3J2 instead of 3d8

• Since there are 10 possible wave functions for a d-electron and 

there are 2 electrons (holes) involved here, there are ( 
1
2
° ) = 45 possible determinantal 

functions. All these determinantal functions have the same energy in a purely central-field 
approximation. 

Perturbation terros ar1smg from electron-electron interaction and spin-orbit 
coupling 

Now we are going to introduce the perturbation terms for the free atom. First we will 
discuss the effect of the electron-electron perturbation, after which the spin-orbit coupling 
will be discussed. 

electron-electron interaction 

The first term in H' is due to the electron-electron repulsion. It can he split up into two 
parts: 
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N 

- 2: J(i,j)- J<(i,jJ3.8) 
i>i 

The direct electron-electron contribution J(ij), known as the Coulomb integral, can 
also he reduced to: 

00 

J(i,j) I: fk(lim/;, limlJPk(nili, nili) (3.9) 
k=O 

00 

I<(a, b) = Öm.;,m•j I: l(lim/;, ljm/JGk(nili, njlj) (3.10) 
k=O 

The factors Fk and Gk are deduced from the more general expression Rk. The definition 
of this quantity is given by: 

Rk(nahnbh, nclcndld) = e2 {oo {oo :t Rt(nala)R2(nbh)Rt(nclc)R2(ndld)drtdr2 
lo lo r> 

The factors Fk and Gk are then just defined as: 

Fk(lili, nili) 

Gk(nili, nili) 

Rk(nilinjlj, nilinili) 

Rk(nilinjlj, nilinili) 

(3.11) 

(3.12) 

(3.13) 

Remairring the two coëffiënts fk and gk. These are tabulated in various text hooks, e.g. 
Tinkham [5]. Luckily only a few of these coëffiënts are non-zero. In case of equivalent elec
trans all gk are zero and fk is non-zero for k = 0, 2, ... , 2 ·min( 1). In case of non-equivalent 
electrans the situation is different: here only Jk is non-zero for k = 0 and gk is non-zero 
for k = lli -Ijl, lli -li + 21, ... , lli +lil· This means that for example fora pd-interaction 
only P0 , P2 , G1 and G3 have to he considered, while for two equivalent d-electrons only 
P 0 , P 2 and P 4

• 

It is possible to express an electronic contiguration by two parameters L and S, both are 
obtained by succesfull addition of the angular and spin momenta of all electrons. The en
ergy shift resulting from electron-electron repulsion is in most cases the lowest for parallel 
angular momenta, what agrees with the Hund's rule: 

HUND'S RULE: 

The lowest-energy term of a configuration zw or of zw s is that term of maximum S which 
has the largest value of L. 
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spin-orbit coupling 

The last perturbation we are going to discuss is the spin-orbit coupling. Because the 
electron moves, it creates also a magnetic field. The interaction of the spin of the electron 
with this magnetic field gives rise to this energy shift: 

(3.14) 
i=l 

where the spin-orbit parameter is given by: 

Ç(ri) = 1 aui(ri) (3.15) 
87rêoTi 8ri 

The value of this spin-orbit coupling parameter is bigger when the derivative of the 
electro-static field U has a large value, which is the case for electron orbits which are close 
to the nucleus (small n-values). The difference can he really big, e.g. for Ni2+ the value 
of Ç fora 2p-electron is 11.507eV, fora 3d-electron it is 0.102eV . To distinguish between 
parallel and anti-parallel 1 and s, another symbol is used, namely j, which is defined as 
j =I+ s. 

The energy difference for one electron due to the spin-orbit interaction between j = 1 + s 
and j = 1- s is given by: 

~E = 21 + 1 e 
2 

(3.16) 

This can he checked with the aid of the relation 1 · s = (j2 - 12 - s2 )/2. This means 
fora p-electron (or hole), e.g. 2p5 , that the difference in energy is given by ~E = 3/2 · 6p· 

atomie multipiets 

To distinguish different electrooie configurations from each other often the spectroscopie 
notation is used. In this notation three symbols are used: L, S and J, whereby J is also 
obtained by succesful vectorial addition of the individual j's. A state, usually called atomie 
multiplet, is then denoted as 28+1 LJ. Now the picture of the atom is complete. In the next 
section the crystal field will he added. 

3.3 Crystal Field Theory 

Having finished the theory of the atom in the last section, the effect of the neighbour atoms 
(ligands) on this central atom will he discussed. The electric field of the ligands destroys 
the spherical symmetry of the free atom. The consequences of this are dealt with by crystal 
field theory. 

The crystal field theory treats an inorganic complex (e.g. a rhodium cluster) as if such 
a compound could he regarcled as an 'ionic' molecule. It is then evident that the central 
atom in the complex is subjected to an electric field originating from the ligands. The 
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Figure 3.1: Cluster structures: in (a) the cubic structure, also named octahedral structure 
(Oh), for which only the rotation symmetry elements are given, and in (b) the icosahedral 
structure (K). 

model considers a central atom or molecule and it handles thereby the electrous of the 
central atom as if they were subjected to an electric field originating from the surrounding 
ligands. 

The theory as described in this section states that the ligands are not allowed to overlap 
and mix with the electrans of the metal atom; as a result, the role played by the ligands 
is rather limited. Of course they can be polarized by the central atom, but their electrans 
are assumed to remain unaffected by such factors as whether the electrans of the central 
atom ion are in an excited state or not. Thus the ligands are only supposed to provide 
a constant electric potential possessing the symmetry of the arrangement of the ligand 
nuclei, in which the electrans of the central atom can move. An exception to this will 
be made when hybridization between configurations will be discussed in (3.4). Then it is 
allowed that the central atom 'receives' an extra electron of a ligand atom. 

3.3.1 Symmetries 

In figure 3.1 cluster structures are drawn. The narnes used to describe these structures, 
cubic or octahedral (Oh) and icosahedral (K) are called point groups. A point group in the 
context of quanturn mechanics covers all symmetry operations which leave the Hamiltonian 
invariant. For Oh symmetry there are two possibilities: a central atom with 6 ligand atoms 
at the axes or central atom with 8 ligand atoms at the vertices of the cube. In this report 
we will concentrate ourselves on the first kind. 

The rotational symmetry operations of the respective point groups are also drawn in 
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the figure. It should he noted, that in case of oh symmetry also inversion symmetry 
belongs to the set of symmetry operations. In this report the SchönflieBnotation has been 
used to describe symmetry operations; in this notation Cn means that the system remains 
invariant under a rotation of 211" /n around a certain axis. The mathematical properties of 
point groups and their respective symmetry operations are treated within group theory, 
e.g. Tinkham [5]. 

Addition of an external field reduces the symmetry of the Hamiltonian. For example 
when a magnetic field Bz is added in cubic symmetry, the point group reduces from Oh 
to C4h. This means that the Hamiltonian is only invariant for symmetry operations of the 
pointgroup C4h. Other symmetry operations, like inversion and mirroring in the xy-plane, 
which are true for Oh, are not valid anymore in C4h. In case of addition of an magnetic 
field to an icosahedral structure the symmetry is reduced to C3, C4h or C5 depending on 
the orientation of the icosahedral structure in respect to the magnetic field. 

The mathematical background of the crystal field will he treated in the next section. 

3.3.2 Mathematica! background of crystal field 

The total Hamiltonian 1l, of the central atom becomes: 

1{ = 'Hatom + V (3.17) 

Here 'Hatom is the Hamiltonian of the free atom and V the potential provided by its 
ligands. The crystal field V will he treated as a perturbation. It is always handy to know 
how V compares to the other perturbation terms. 

In general three cases can he compared: 

1. V< Ç(r)l· s 
2. Ç(r)l· s <V< e2/rij 
3. V> e2/rij 

complexesof the rare earths 
complexes of the first transition group 
'covalente' complexes 

It is customary to call the second case 'the weak crystalline field case' and the third 
case 'the strong crystalline field case'. The above scheme gives a rough indication. One 
can indeed say that rare earth belong to case 1 and therefore have a very small crystalline 
field, while the complexes of the first transition group are found somewhere between cases 
2 and 3. 

Because the same eigenfunctions as in the case of the free atom are still used, it is 
handy to expand V in a series of normalized spherical harmonies: 

V= L L L Yl,m(Oi, 'Pi)Rn,l(ri) (3.18) 
1 I m 

the first summation being over the i electrons of the central atom. It now becomes 
important to know the symmetry of the ligands around the central atom, because V must 
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transform as the totally symmetrie representation in the pointgroup. The total Hamilto
nian must namely remain invariant under all symmetry operations of the point group. 

The biggest term in the expansion of V if the spherically symmetrie term having l = 0: 

(3.19) 

The remaining terros in the expansion of V are called V0 • VR is responsible for the 
greater part of the lattice energy or heat of solution of a given atom. On the other 
hand, it has little effect on the electronic properties of the central atom since, to a first 
approximation, it will only give rise to a uniform shift of alllevels with the same number 
of electrons. 

The first approximation supposes that the radius of the free atom is the same in its 
ground and lower excited states; the effect of VR will then only be felt in the second 
approximation as a result of second-order interactions with highly excited configurations 
in which, say, a 3d electron is promoted to a 4d orbital. These second order effects are 
much smaller than the other perturbation terms, so that we neglect them from now on. 

The remaining terros V0 in the expansion of V depend on the symmetry of crystal struc
ture and determine the crystal field splitting of degenerate energy levels. The expansion 
of V0 for Oh consists of terros starting with l = 4, 6, ... , while for I< the first term in the 
expansion is given by l = 6. For lower symmetries of the crystal field, the expansion starts 
with lower 1-values. A detailed account for the calculation of the exact expansion as a 
function of the crystal field in terros of Yl,m can he found in literature, e.g. Ballhausen 
[6]. The radial terros Rn,1 are usually taken as constants, which act as the strengthof the 
crystal field. 

Not all the expansion coëfficiënts have to be calculated. The maximum 1-value of the 
expansion of Vo is determined by the 1-value of the electron: lmax = 2·lelectron· Higher order 
terros do not influence the orbitals. This can be understood, when we restriet ourselves 
to the angular part of the wave functions of the electrons and the expansion of the crystal 
field. The matrix element is then expressed in terros of spherical harmonies. A general 
rule for spherical harmonies states, that < kll'lk' > is zero for l' > k + k'. With k, k' and 
l' the I-indices of the spherical harmonices of respectively the electron wave functions and 
the crystal field contribution are given. This means that d-electrons in I< symmetry are 
not influenced by the crystal field, since the expansion of V0 for I< starts with l = 6 and 
two d-electrons can only couple tol= 4. For similar reasons a p-electron is not influenced 
in Oh and I< symmetry. The effect of the crystal field will be discussed in the next section. 

3.3.3 Effect of crystal field on electronic structure 

If we neglect the spin of the wavefunction, a single d-electron has 5 different possible 
wavefundions in spherical symmetry (S03 ), which are degenerate. The five degenerate 
wavefundions are split up by a cubic crystal field in two distinct sets (representations) 
Eg (double degenerate) and T2g (triple degenerate), which are separated in energy by 
lODq, as is illustrated in figure 3.2. Eg and T2g are representations in the Oh point 
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group. Only triades connecting two identical representations are non-zero. To describe 
a representation various notations are used, here we have used the SchönflieBnotation. 
In Butler [7] and other hooks about group theory tables can be found with the various 
notations of representations and their relation to eachother. 
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Figure 3.2: The splitting of the 5 degenerate d-orbitals into two other distinct sets, T29 

and E9 in a cubic crystal field. 

In general the effect of a crystal field is that it projects the spherical atomie symmetry 
of the multiplet, often denoted by J or L, toa point group, this is called branching. The 
Cowan's Code uses J to describe the spherical symmetry, so that's the notation we are 
going to use in the rest of this report. The 2J + 1 degenerate states are branched into 
different representations of the point group descrihing the symmetry. In table 3.1 the 
branching rules are given for spherical (S03 ) symmetry to Oh symmetry for integral valnes 
of J. A complete listwithall branchings for different point groups can he found in Butler 

Spherical 
s 
p 
D 
F 
G 
H 
I 

Cu bic 
A1 
T1 
E + T2 
A2 + T1 + T2 
A1 + T1 + T2 + E 
T1 + T1 + T2 + E 
A1 + A2 + T1 + T1 + T2 + E 

Table 3.1: Branching rules for spherical symmetry to cubic symmetry in the SchönflieB
notation. 

[7]. 
In the case of C4h symmetry, when for example a magnetic field is added to a cubic 

crystal field, we project so3 to c4h· 
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Figure 3.3: The effects of hybridization on 2p XAS. The satellite results from the anti
bonding combination of the two final states. 

3.4 Hybridization 

Until sofar only the situation has been considered fora purely atomie approach: the electron 
configuration of the eental atom of the cluster is the same as that of the free atom. In 
a cluster or metal however valenee electrans can jump from one atom site to another. A 
ligand atom can donate an electron to the central atom or accept one from it. Sametimes 
it is not restricted to a single electron, but more electrans are involved. 

For instanee consider a central atom with a 4dN ground state configuration with ligands 
around it. Then after dorration the electronic configuration becomes 4dN+I L, where L 
denotes the ligand-hole. The energy difference between the 4dN+I L-and the 4dN-state is 
usually called the charge transfer energy ~i· For the corresponding final states p4dN+2 L 
and p:tdN+I and the subscript i (initial) changes in f (final). -

The electronic configuration of the ground state of 'the compound' is given by a linear 
combination of 4dN + 4dN+I L. If necessary, other states, which are higher in energy, like 
4dN+2 LL', see figure 3.3 can also be included in the hybridization. Here U denotes the 
dd-electron repulsion energy. U sually this last state is too high in energy and can be 
neglected. 

The hybridization is dependent on the symmetry of the wave functions, on the energy 
difference ~i between them and on the hopping parameters. Group theoretically, only 
states with the same symmetry can hybridize. The hopping parameters are used in the 
hybridization calculation for the calculation of the hopping energy between two one-electron 
wave functions of the same symmetry. For each electron orbital with a specific symmetry 
a parameter is needed. Thus for instance, if we consider d-orbitals in Oh symmetry, we can 
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split up the electron orbitals into two types, E9 and T29 , section (3.3.3). For each of these 
types a hybridization parameter has to he given. The hopping parameter tE

9 
is then given 

by: tE
9 
= (e9 11iiL(e9 )). The value of the hopping parameter for T29 orbitals is smaller by 

a factor of two [8]. 
The hybridized ground (initia!) state 4dN + 4dN+1 L will have a lower ground state 

energy than the original ground state 4dN, see figure (3.3). 
For the final state the energy di:fference between the two states 1!_4dN+1 and J!.4dN+2 L 

can he expressed as: 

(3.20) 

In this equation Udd is the electron-electron interaction as mentioned above and Ucd, 

the electron-hole potential, with a minus in front, to indicate that it has a negative value. 
This relation can he understood as follows: 
When an core electron is excited to the valenee band, two counter-acting processes occur. 
First of all the excited p-electron will give rise to a stronger Coulomb repulsion in the 
d-band, which gives rise to an energy shift of on average Udd per d-electron. In case of 
p4dN+2 L, the energy shift, due to the Coulomb repulsion, will he about udd larger than in 
the case of p4dN+t. 
In the othe~ process an attractive Coulomb force of the core-hole works on the valenee 
d-electrons. This force gives rise to an energy lowering of Ucd per d-electron on average. 
Because the p4dN +2 L configuration has got more d-electrons the energy shift is larger. The 
difference in ~nergy between the J!.4dN+2 L and the p_4dN+1 is here uf.d• 

The two (or more) configurations which hybridize form an bonding and anti-bonding 
state. These states will he formed in both the ground (initial) and final state. For the 
ground state only the bonding state is important in this kind of situations, since only 
the lowest level is occupied. For the final state also the anti-bonding combination is is 
important, because in XAS both states can he reached. The bonding state will he lower 
in energy and have the highest intensity, giving rise to the 'main peak'. The anti-bonding 
state usually gives rise toa very small signal, the 'the satellite peak'. If the contribution of 
the mixing configuration is equal in the ground state as in the final state, then no satellite 
will he observed, De Groot [9]. 

3.5 X-ray absorption spectroscopy 

3.5.1 Introduetion 

In this chapter the theory about XAS, which was already introduced in chapter 2 of the 
experimental techniques, will he discussed. First in section 3.5.2 the notation for the 
various absorption edges will he introduced. In section 3.5.3 the transition probability for 
an excitation of a core electron to an empty state in the valenee band will he disribed. Here 
also the optical selection rules will given, which determine which transition is allowed. 
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3.5.2 N otation of XAS edges 

The narnes used to indicate an absorption edge, e.g. L3 and L2 in figure 3.4, are determined 
by the principal quanturn number n of the core electron which is excited. The principal 
quanturn number is not used but a capitalletter, because it was common to use letters for 
principal quanturn numbers in the past. Within this principal quanturn number the levels 
are numbered from high energy to low energy, so L2 is higher in energy than L3 • In table 
3.2 the relation between the different nomenclatures is given. 

1 

0.5 
A 

li~. ~ 
0 I ) \.-"'-' i I ; ·-i 

0 10 20 30 
RELATIVE PHOTON ENERGY (cV) 

Figure 3.4: XAS spectrum for N i2+. 

Core state 
1s 
2s, 2p 
3s,3p,3d 
4s,4p,4d,4f 

Spectroscopie name 
K 
Lt, L2,3 
M1, M2,3, M4,s 
N1, N2,3,N4,s,Ns,7 

Table 3.2: Relation between two notations for the description of absorption edges. 

The L2-edge is higher in energy than the L3 one, because the final state which causes 
the L2-edge has got a 2p-core hole with j = 3/2n (parallel/ and s ), while for the L3 edge 
the final state has got a 2p-hole with j = 1/2n. The energy difference between these two 
final states can he determined using (3.16), what results in an energy difference between 
L2 and L3 of 3/2 · 6p· 

3.5.3 Dipole transition probability and selection rules 

The dipole transition probability pq between an initial state, denoted by <pi, and the final 
state, denoted by <pJ is given by Fermi's Golden rule: 

81re2w3n 
f-lq = hc3 · I(1PJIPql<pï)l2 

• 8(EJ- Ei+ Ehv) (3.21) 
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In this equation pq is the momenturn operator, for which q denotes the polarization 
degrees of freedom. It can be replaced by the position operator rq as [r, H] = (ihjm) · 
p. This replacement is correct only if the same Hamiltonian is used in initia! and final 
states. Nevertheless we are going to use this approximation since the error it introduces 
is negligibly small. The <5-function in equation (3.21) refers to an excited state with an 
infinite lifetime. For finite lifetimes, what is much more realistic for XAS, the <5-function 
is replaced by a Lorentzian [10]. 

In the case of the central atom the cluster the wavefundions of the initia! and final 
state can be characterized by J M and J' M' respectively. The matrix element of (3.21) can 
then be separated in an angular and radial part according to the Wigner-Eekart theorem 
[5]: 

(cp(JM)Irqlcp(J'M')) = (-1)J-M ( -~ ~ ~:) (cp(J)IIrqllcp(J')) (3.22) 

The second symbol on the right with the 6 symbols in it, is called a 3-j symbol [11] and 
gives directly the selection rules for X-ray absorption: ~J = +1, 0 or 1, with J + J' 2:: 1. 
In termsof angular momenturn these rules can be understood from the following: because 
the X-ray has an angular momenturn of 1 = 1, conservation of angular momenturn gives 
~~i= +1 or -1, 0 is not allowed because of conservation of parity. As X-rays do not carry 
spin, conservation of spin gives ~si = 0. Combination of these restrictions implies that 
the total momenturn J cannot be changed by more than 1; thus ~J = -1,0 or +1, with 
J + J' 2:: 1. The magnetic quanturn number M is changed according to the polarization of 
the X-ray, i.e. ~M = -qn. 

The polarization of the X-rays can have three orientations, namely q = +1, what can be 
identified as left-circularly-polarized, q = -1 for right-circularly-polarized and finally q = 0 
for linearly- or equivalently z-polarized. In all cases the X-rays incident normally onto the 
surface. Fora magnetic groundstate a difference is found in the 3-j symbol for respectively 
q = +1 and q = -1, for non-magnetic groundstates there is no difference between these 
polarizations. In the next section this effect - difference in probability between q = -1 and 
q = + 1 - will be discussed. 

3.6 Magnetic Circular X-ray Dichroism 

After having introduced MCXD in the previous chapter of experimental techniques we will 
now treat the theory which enables us to calculate the quantities Lz and Sz + 7 /2Tz for a 
2p-core electron excitation. As mentioned MCXD is basedon the difference in absorption 
for left- and right-circularly-polarized X-rays for systems with a magnetic ground state. 
The sample is thereby placed in a magnetic field. 

Thole and Carra et al. [4] have shown that the ground state expectation values of Lz 
and of Sz + 7 /2Tz can be obtained when using sum rules. The basic ingredients for these 
sum rules are the integrated core absorption edge intensities for the different polarizations. 
Usually two core edges are considered, one core electron with 1 and sparalleland one with 
1 and s anti-parallel, denoted by respectively j+ and j_. In case of a 2p-electron there are 



3.6 Magnetic Circular X-ray Dichroism 21 

two possibilities, namely 2p1f 2, which is named L2 and 2p3/ 2 or L3 • In this report we will 
restriet ourselves to p to d transitions, namely the 2p to 3d transition for nickel and both 
2p and 3p transitions to 4d for rhodium. 

Forthese transitions the sum rules are given by the following expressions: 

(3.23) 

and 
(Sz + 1 /2Tz) = 15/2 . (k

3 

dE(p+~ - p-1
) - 2 jL-J dE(p+l - p-1

)) (3.24) 

The quantity Tz, the so-called magnetic dipole moment. is defined as follows: 

r. = [t.••- ar(r. ••>J. (3.25) 

It provides a measure of the anisotropy of the field of the spins when the atomie cloud 
is distorted, either by the spin-orbit interactionor by crystalfield effects [12]. 

The number of holes in the valenee band can he determined by using the isotropie spec
trum, which consist of equal contributions of spectra for all three polarization directions: 

(3.26) 

To get a better idea of the theory of MCXD, the p--+ d transition has been visualised 
in figure 3.5. 

In figure 3.5a the transition probabilities are given for p--+ d-transitions. A p- electron 
can only have m = -1,0 or 1 n, thus when applying the selection rules when can understand 
that for example for left-circularly-polarized X-rays (q = +1,~m = -11i) only the final 
states with m = 0, 1 and 2 n can he reached. In figure 3.5b equations (3.26) and (3.23) 
have been visualized respectively. In the first picture the number of holescan he related to 
the total summation of the intensity. In the last picture the difference between the spectra 
for q = 1 and q = -1 has been taken and shown as a fundion of m1. Lz now is proportional 
to the addition of the intensities of the respective contributions from m 1• 
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Chapter 4 

Results 

4.1 Introduetion 

XAS calculations were performed on rhodium cluster in cubic symmetry, using left-circularly 
(q=1), right-circularly (q=-1) and linearly (q=O) polarized X-rays. A magnetic exchange 
field of gp,BH = 0.5eV was directed along the z-axis, which reduces the total symmetry to 
C4h. The value of the magnetic field was taken from recent band-structure calculations on 
rhodium clusters, performed by O'Mahony et al. [13]. 

The program used for the calculations presented in this report, the Cowan's Code [14] 
does not include thermal effects (T = 0), but for magnetic fields of this strength the 
calculations are also valid for room temperature (T = 298K). For all calculations the 
crystal field parameter 10Dq, see section (3.3.3), was varried from O.OeV until 2.5eV. The 
ground state configuration of atomie Rh is 4t:f85s1

. In this report XAS experiments are 
simulated in which a 2p-core electron is excitated. Only transitions to the 4d-valence band 
have been considered, since the other possible excitations to s, states like 5s or to other 
d-states have a probability which can be neglected. 

In section ( 4.2) the XAS and MCXD calculation results are given for a rhodium 4t:f8 
ground state. But because in a rhodium cluster the energy difference 4t:f8 and 4cf9 L is very 
small, also the rhodium 4cf9 L configuration has been calculated, section( 4.3). Together 
with the 4t:f8 state this state can hybridize. The hybridized state is denoted as 4t:f8 + 4cf9 L 
and gives the most realistic approach for this cluster. The results for the hybridization 
approach are presented in section ( 4.4). 

4.2 Rh 4d8 configuration 

For the ground state configuration 4t:f8 the 2p-core excitations, namely 2p64t:f8 -+ 2p54cf9 
have been calculated for all three polarization directions. For the ground state the calculat
ed atomie parameters are given by: F 2 = 8.044eV, F 4 = 5.21leV and Ç4d = 0.143eVj1ï2

• 

For the excited state they are given by F 2 = 1.936eV, G1 = 1.597eV, G3 = 0.931eV, 
Ç2p = 97.032eVj1ï 2 and Ç4d = 0.171eVj1ï2

• The effect of the large spin-orbit parameter 6P 
is clearly visible in figure 4.1: the two peaks L 2 and L3 are namely separated by about 3/2 
6P as explained in (2.1.3). The respective XAS for all polarization directionscan be found 
in Appendix A. 



24 Results 

Then Lz and Sz + 7 /2Tz are determined as a function of lODq by using the integrated 
peak intensities for the three polarizations in the sumrules (3.6). The results are tabulated 
in table 4.1. The corresponding spectra for Lz and Sz + 7 /2Sz as a function of lODq can 
he found in figure 4.5. 

From the calculations we can conclude that Lz has got the largest value for a rhodium 
cluster which describes icosahedral symmetry, namely Lz = -3.001i. This is also true for 
the quantity Bz + 7 /2Tz. This general effect will he explained using two specific cases, 
namely for lODq = O.OeV and for lODq > O.OeV. 
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Figure 4.1: Calculated isotropie (a) and MCXD (b) spectra for both lODq = O.OeV and 
lODq = l.Oe V for the transition 2p64d8 -+ 2p54lf9, the spectra are fit by a lorentzian 
r = 0.15eV and a gaussian u= 0.25. 

4.2.1 lODq = O.OeV 

In case lODq = O.OeV we can simulate an icosahedral symmetry, sirree in icosahedral sym
metry there is no contribution from the crystal field on p- and d-electrons, as explained in 
(3.3.2). There is only one restriction: because we still use the basis octahedral symmetry 
with a magnetic field along the z-axis, the symmetry is C4h- An icosahedral symmetry can 
have C3h C4h or Cs~~symmetry depending on the orientation of the magnetic field. Compar
ison of initialand final state energies for C3h C4h and Cshsymmetry with each other give 
very small differences. The situation is almost comparable with an atomie configuration, 
except that the wavefundion should now have C4h symmetry, while in the atomie case it 
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10Dq q = +1 q=O q = -1 Lz Sz + 7/2Tz 
(eV) L3 L2 L3 L2 L3 L2 (1i) (1i) 
0.0 0.000 0.000 0.099 0.000 0.270 0.025 -3.00 -1.70 
0.2 0.042 0.012 0.102 0.029 0.198 0.015 -1.66 -1.10 
0.5 0.055 0.031 0.101 0.032 0.164 0.025 -0.95 -1.04 
1.0 0.063 0.047 0.099 0.040 0.142 0.026 -0.53 -0.99 
1.5 0.065 0.053 0.097 0.041 0.133 0.026 -0.36 -0.98 
2.0 0.066 0.057 0.096 0.043 0.128 0.026 -0.27 -0.97 
2.5 0.067 0.059 0.095 0.043 0.125 0.027 -0.22 -0.97 

Table 4.1: Calculated peak intensities of L3 and L2 of 2p6 4c[S --+ 2p54c? for various po
larizations and crystal field strengths, denoted by 10Dq. In the last two columns Lz and 
Sz + 7 /2Tz are given. 

has so3 symmetry (spherically symmetrie). 

The calculations give a ground state with J = 41i and A-symmetry (SchönflieB-notation). 
Thus we obtain the same result as in the case of a free atom. The most likely ground state 
is one with S = 11i and L = 31i, both Land S are then directed along the z-axis, resulting 
in J = 41i. The spin is directed by the magnetic field and the orbital momenturn is coupled 
in the same direction by the spin-orbit coupling, because the 4d-shell is more than half
full, resulting in a ground state of 3 F4 corresponding exactly with predictions made by the 
the Hund's rules, section (3.2.3). The state with L = 41i is not allowed due to the Pauli 
exclusion principle. Because the magnetic field for which 9J.LBH = 0.5eV is large compared 
to the thermal energy kT = 0.030e V, only the lowest level mJ = -41i is occupied, what 
implies that Lz = -3.001i. This agrees exactly with the calculation, as shown in table 4.1. 

As also can be seen in table 4.1 there is no peak intensity for both peaks of q = +1 
and for the L2 peak of q = 0. This can be explained by applying the selection rules to the 
ground state: the ground state is given by a pure J = 41i state with mJ = -41i. It is not 
possible to have an excitation for q = +1(~m = -11i), because the largest possible J-value 
for a 2p54cJ9 configuration is J = 41i (1.51i of 2p5 and 2.51i of 4cJ9), implying a minimum 
value of mJ = -41i. It is obvious that in case q = 0 the L2 peak has zero intensity because 
the largest possible J-value is J = 31i (0.51i from the 2p5-shell and 2.51i from the 4c? shell), 
which gives rise toa minimum value of mJ = -31i, which can only be reached with q = -1 
(~m = 11i). 

4.2.2 lODq > O.OeV 

For larger values of the crystal field, Lz decreases very quickly from -31i for 10Dq = O.Oe V 
to -0.531i for 10Dq = l.Oe V. Also Sz + 7 /2Tz decreases quickly from -1. 701i to -0.991i 
for 10Dq = l.OeV, after which it stabilizes. From figure 4.1 it can beseen that the strong 
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dichroic behaviour, also becomes smaller. The peaks are separated by about roughly 
3/2 times the spin-orbit parameter of the 2p-shell, which has a value of Ç = 97.0eV. 
Also remarkable is that the spectrum for lODq = l.Oe V has shifted to the right (higher 
energy) by about 0.638eV. This 0.638eV is the result of a shift to lower energy for the 
groundstate of 1.02eV, while the excited state shifted only 0.364eV to lower energy. A 
possible explaination can be given by noting that the crystal field only has an effect on d
electrons, and not on p-electrons. In the excited state there is one extra 4d-electron present, 
which obviously has shifted more to higher energies than the ground state, resulting in a 
peak shift to higher energies. So when the resolution of the X-rays is high, it is possible 
to determine the crystal field strength when an XAS spectrum is made of the isotropie 
spectrum. Also the peak shape gives information about the crystal field. 

The groundstate in case of lODq = l.Oe V is not purely J = 41i anymore, but also 
consists of contributions of J = 31i and J = 21i. What implies that transitions to both L2 

and L 3 could be made for all polarizations. The overall symmetry of the groundstate for 
lODq > Oe V is E in all cases, instead of A, what is the case for lODq = O.Oe V. So the 
effect of the crystal field is, that the state with E-symmetry, which has a higher energy at 
lODq = O.OeV than the state with A- symmetry, shifts to the lowest energy level. 

4.3 Rh 4JJ L contiguration 

Also the situation in which a ligand atom 'gives' an electron to the central atom has been 
calculated. In this section the transition 2p6 4cfJ L -+ 2p54d10 L has been calculated. The 
calculated atomie spin-orbit parameter for the groundstate is given by Ç4d = 0.128eV/1i 2

• 

For the excited state the value of the spin-orbit parameter of the 2p-shell is given by 
6P = 97.033eV/1i 2

• 

In figure 4.2 the isotropie (a) and MCXD (b) spectra are given for both lODq = O.OeV 
and lODq = l.OeV. As can be seen the spectra are shifted to the left by about 1.4eV 
compared to the 4tf! case. This can be explained by the following: 
The energy difference D..E between the the peaks of the XAS spectra of the 4d8 and 4cfJ 
initial state can be explained by using equation (3.20) from section (3.4), which describes 
the energy difference between two final states l!.dN+l and l!.dN+2 L, which hybridize: 

(4.1) 

In this case the difference between the ground state D..i is zero, because in an XAS 
experiment the ground state is set at Oe V, which is valid for both situations. This gives for 
the difference for the peak positions in XAS spectra an energy difference D..E = Udd - U5:_d· 

In this case the value of the core hole-4d-electron interaction Uf.d is about 1.4e V larger than 
the 4d electron-electron interaction Udd· This agrees with other calculations, which state, 
that in most cases Ucd is a little bit larger than Udd, De Groot [9]. 

In Appendix A The calculated XAS spectra can be found for the Rh 4f1Jl configuration 
for various polarizations at different values of lODq. The respective integrated peak inten-
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Figure 4.2: Calculated isoptropic (a) and MCXD (h) spectra for hoth lODq = O.OeV and 
10Dq = l.Oe V for the transition 2p6 4lf9 -+ 2p54d10; the spectra are fitted hy a lorentzian 
r = 0.15eV and a gaussian u= 0.25. 

sities of L2 and L3 together with the quantities Lz and Sz + 7 /2Tz, determined using sum 
rules, are tahulated in tahle 4.2, the respective spectra can he found in figure 4.5. Also for 
this situation two cases will he discussed, namely the calculations for 10Dq = O.Oe V and 
for lODq > O.OeV. 

10Dq q = +1 q=O q = -1 Lz Sz + 1/2Tz 
(eV) L3 L2 L3 L2 L3 L2 (1i) (1i) 
0.0 0.000 0.000 0.000 0.000 0.200 0.000 -2.00 -1.50 
0.2 0.011 0.013 0.000 0.000 0.177 0.000 -1.51 -1.43 
0.5 0.024 0.032 0.000 0.000 0.140 0.000 -0.86 -1.38 
1.0 0.030 0.047 0.000 0.000 0.125 0.000 -0.48 -1.40 
1.5 0.031 0.052 0.000 0.000 0.114 0.000 -0.31 -1.42 
2.0 0.033 0.055 0.000 0.000 0.114 0.000 -0.26 -1.42 
2.5 0.032 0.057 0.000 0.000 0.107 0.000 -0.18 -1.45 

Tahle 4.2: Calculated peak intensities of L3 and L2 of the transition 2p64lf9-+ 2p54d10 for 
various polarizations and crystal field strengths, denoted hy lODq. Inthelast two columns 
Lz and Sz + 7 /2Tz are given. 
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Figure 4.3: J = 5/21i and J = 3/21i transition probabilities for different polarizations of a 
lP configuration. 

4.3.1 lODq = O.OeV 

In case 10Dq = O.OeV, which describes the icosahedral symmetry of the central atom, 
again the values of the quantities ILzl and ISz + 7 /2Tzl are larger than for 10Dq > O.OeV, 
respectively 2.001i and 1.501i. The ground state has got a pure J = 2.51i-value, what means 
that L and S are directed parallel. Due to the strong magnetic field only the lowest mJ

level, mJ = -2.51i is occupied. This means that Lz = -21i, what is in exact agreement 
with the calculation. 

The ground state allows only one transition, namely to L3 for q = -1 ( ~m = + 11i ), 
as can beseen from table 4.2. The excited state 2p54d10 has namely got alowest mJ-level 
of mJ = -3/21i, which is obtained for J = 3/21i. In figure 4.3 all transitions for a lf'J
configuration have been given. From this figure only the transition in (a) mJ = -5/21i -+ 

-3/21i is allowed here. 
It can he noted that the contri bution of 7/2 Tz is large, namely -1.001i, because here 

SZ= -1/21i. 

4.3.2 lODq > O.Oe V 

Similar as in the 4<f8 case ILzl and ISz + 7/2Tzl decrease for largervalues of 10Dq. As 
can heseen from table 4.2 alsoother transitions are possible for 10Dq > O.OeV, thereby 
reducing the dichroism. 

In this case the wavefundions of the ground state of 2p6 4lf'J in E2 symmetry are known, 
namely 15/2,-5/2 >, 15/2,3/2 > and 13/2,3/2 > (Van der Laan et. al. [15]). The ground 
state consistsof a mixture of these wavefunctions. For lODq = O.Oe V only the 15/2, -5/2 > 
wavefundion is present, as shown above, but for highervalues of 10Dq the contributions 
of the other wavefundions increase despite of 15/2,-5/2 >. Thus the ground state is now 
formed by two different mJ-values, namely -5/21i and +3/21i, what obviously results in 

J 
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a higher mJ-value, and thereby also a higher (less negative) Lz-value, which in absolute 
value (ILzl) becomes smaller. 

Remarkable is that for q = 0 and q = -1 there is no signal for L2• This can he explained 
by noting that the L2 peak is due to an excitation of a 2p1; 2-electron, what results in an 
excited state with J = 1/2n, with two possible mJ-values, namely + 1/2n and -1/2n. It 
is obvious that for ~m = 0 (q = 0) and for ~m = +1n (q = -1) these states never can he 
reached by a ground state with solely mJ = -5/2n and mJ = 3/2'h character. This can 
also he seen in figure 4.3. 

Another remarkable fact is that the signal for the L3 transition (2p3; 2) for q = 0 is 
smaller than 0.001. According to Van der Laan et al. [15] the total integrated transition 

probability (peak area of L2 + L3 ) for q = 0 is given by about 1/20 · c~~q) 2 • With 
Ç4d = 0.1eV and lODq = l.OeV one obtaines 1/2000, what agrees with the calculated 
val u es. 

4.4 Rh hybridization between 4d8 and 4if9 L 

This is the most realistic approach for the rhodium cluster. Hybridization between two 
configurations occurs when the two configuration have energies which are close to each 
other (section 3.4). Recent bandstructure calculations of the rhodium cluster in octahedral 
symmetry showed, that the difference in ground state energy between the 4lP L and 4cJS 
configurations ~i = E( 4d8

) - E( 4cL9 L) is only 0.2e V. 
For the calculation of the XAS spectra for the hybridized configuration, denoted by 

4cJS + 4lP L, the following parameters have been chosen: ~i = 0.2eV, ~f = 0.2eV (final 
states), tE

9 
= 2.0eV and tr

29 
= -l.OeV. Here ~i and ~, denote the difference in energy 

E( 4lP L) - E( 4cJS) for the ground state and excited state respectively; tE
9 

and tr29 are the 
hopping parameters for respectively E9 and T29 orbitals. Since the values of tE

9 
and tr29 are 

not known, they are are approximated by comparing it to other transition metals, Kotani 
et al. [16]. The value of ~i has been taken from recent band-stmeture calculations of the 
rhodium cluster performed by O'Mahony et al. [13]. We have taken~,= ~i+Udd -Uf.d = 
~i, because usually Uf.d ~ Udd [9]. But from section(4.3) it is clear that Udd-Uf.d = -1.4eV, 
what implies that ~, = -1.2eV. This would give rise to different bonding and anti-bonding 
hybridized final states. The result of this would he that the in the XAS spectra the intensity 
ratio between the satellite and the main peaks changes. However this would not influence 
the MCXD results for the quantities Lz and Sz + 7 /2Tz , since they give the values for 
the ground configuration, for which not Ij." but /j.i is needed to determine the hybridized 
ground state. 

The results of the calculations can he found in table 4.3 where the integrated peak 
intensities L2 and L3 together with the calculated quantities Lz and Sz + 7 /2Tz can he 
found. The spectra of the quantities Lz and Sz + 7 /2Tz as a function of 10Dq are given in 
figure 4.5. The quantities Lz, Sz + 7 /2Tz and the 4cJS-weight n( 4cJS) of the ground state are 
also tabulated. The number of holes is given by nh = 2 * n(4cJS) + n(4cL9 L) = 1 + n(4cJS), 
what agrees exactly with applying equation (3.26) to the calculated values. The respective 
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XAS for the various polarizations can he found in Appendix I. 
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Figure 4.4: lsotropie (a) and MCXD (b) spectra for a 2p-core electron excitation for a 
hybridized ground state 4lf! + 4d? L; the spectra were fit by a lorentzian r = 0.15eV and 
gaussian u = 0.25. 

10Dq q = +1 q=O q = -1 Lz Sz + 1/2Tz n(4tfS) 
(eV) L3 L2 L3 L2 L3 L2 (!i) (li) 
0.0 0.046 0.029 0.080 0.026 0.126 0.013 -0.64 -0.85 0.612 
0.2 0.049 0.034 0.080 0.027 0.119 0.014 -0.50 -0.83 0.621 
0.3 0.050 0.036 0.080 0.028 0.117 0.014 -0.45 -0.83 0.625 
0.4 0.050 0.037 0.080 0.028 0.115 0.014 -0.43 -0.83 0.630 
0.5 0.051 0.038 0.080 0.029 0.113 0.015 -0.39 -0.83 0.635 
1.0 0.053 0.043 0.079 0.031 0.109 0.015 -0.29 -0.84 0.657 
1.5 0.055 0.046 0.079 0.032 0.106 0.016 -0.21 -0.83 0.679 
2.0 0.056 0.048 0.080 0.033 0.105 0.017 -0.17 -0.84 0.700 
2.5 0.057 0.050 0.080 0.034 0.105 0.017 -0.15 -0.85 0.719 

Table 4.3: Calculated peak intensities of L3 and L2 of the transition 2p6
( 4lf! + 4d? L) -+ 

2p5
( 4d? + 4d10 L) for various polarizations and crystal field strengths, denoted by 10Dq. In 

the last three columns Lz, Sz + 7 /2Tz and the number of holes are given. 
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Figure 4.5: Calculated quantities Lz (a) and Bz + 7 /2Tz (b) as a funtion of 10Dq for the 
rhodium ground states 4Jl, 4dd L and hybridized 4Jl + 4J9 L. 

The isotropie and MCXD spectra of 4Jl + 4ddL for 10Dq = O.OeV and 10Dq = l.OeV 
are given in figure 4.4. Note that both L2 and L3 peaks have srnall satellite peaks. These 
satellites occur when the ratio of the two configurations involved in the hybridization in 
the bonding final state is different frorn the ratio of these in the initial state. For exarnple 
in case of 10Dq = O.OeV the ground state is given by 0.6124Jl+0.3884J9 L. The final state 
will certainly not be given by 0.612 2p54J9 L + 0.388 2p5 4d10 L, since then no peak would be 
present (section 3.4). The peak intensities L3 and L 2 are obtained by integrating both the 
rnain and satellite peak intensities in each case. 

Table 4.3 shows that in this case L3 and L2 peak intensities are observed. for all 
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polarization directions L3 and L2 are observed. This is true for all crystal field strengths, 
so even for lODq = O.OeV. It is remarkable that for q = 0 the L3 peak has a constant value 
(0.08), which means that the transition probability for a 2p3; 2-electron using z-polarized 
light (~m = 0) does not change. Thus this transition is not dependent on n(4tf8) and 
n( 4lf9 L) in the hybridized ground state. 

It is remarkable that the quantity ILz I is much smaller for the hybridized ground state 
state than for the 4tf8 and 4lf9 L ground states separately. So in this case one can not simply 
add n( 4tf8) · Lz( 4tf8) and n( 4lf9 L) · Lz( 4lf9 L) to obtain Lz for the hybridized state. Just like 
in the case of 4tf8 and 4lf9 L decreases ILzl rapidly as a function of lODq. At lODq = O.OeV 
its value is -0.641i, while at lODq = l.OeV Lz decreases to -0.291i. 

Also the quantity Sz + 7 /2Tz has got a smaller value than both the contributing con
figurations separately, for all values of lODq. Thus also in this case it is not allowed to 
add the respective contributions of the mixing configurations proportionally. Remarkable 
is however, that this quantity does hardly change as a function of lODq: its value remains 
0.84 ± 0.01, despite the fact that the ratio of the two hybridizing configurations changes. 
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Conclusions 

From the calculated results in the previous chapter some conclusions can be drawn. First 
the rhodium 4t:f8 and 4d? L configurations will be compared to each other. The MCXD 
calculation showed that for both configurations, the value of the angular orbital momen
turn Lz and the spin momenturn Sz + 7 /2Tz are the largest for an icosahedral structure 
of the cluster. The influence of the crystal field can then be neglected. For these two 
configurations of rhodium the results of the icosahedral structure can be compared to the 
situation of a free atom. The values for Lz resembiethen exactly with those of a free atom, 
Lz = -31i and Lz = - 21i respectively. 

For an octahedral structure of the rhodium cluster Lz decreases very quickly for an 
increasing crystal field lODq. For lODq = l.OeV both configuration have a value of about 
0.51i for Lz. The spin part Sz + 7 j2Tz has a constant value for both configurations for 
lODq > 0.2eV; its value is then about -l.On and -1.41i for 4d8 and 4d? L, respectively. 

The most realistic approach for the rhodium cluster is formed by a hybridized state 
of the 4t:f8 and 4d? L configurations. Also here the largest values of Lz were found for 
the icosahedral structure. In case of an octahedral structure Lz again decreases very 
quickly for an increasing crystal field, e.g. Lz = -0.291i for lODq = l.OeV, compared to 
Lz = -0.641i for lODq = O.OeV (icosahedral structure). Obviously the value of ILzl for 
the hybridized state is for all values of lODq smaller than for the the two contributing 
configurations separately. A similar behaviour was found for Sz + 7 /2Tz, only this quantity 
is not dependent of lODq: for all values of lODq its value is about -0.841i. This is a 
surprising result, since the amount of 4d8 character in the ground-state is not constant as 
a function of lODq. 

In general can be concluded that the quantities Lz and Sz + 7 /2Tz have got large values, 
what indicates that the central atom of the cluster has got a large magnetic moment. These 
quantities have the largest value for an icosahedral structure. This structure is however 
very rare; most rhodium clusters will have a cubic structure in reality, but even for this 
structure the magnetic moment is relatively large. 

To achieve better calculated XAS spectra for the hybridized configuration, the calcu
lations should he repeated with a different value for t:l.j, namely -1.2eV insteadof 0.2eV. 
Probably the satellite would increase in intensity despite of the main peak. But as men
tioned before in section (3.4) this would not influence the quantities Lz and Sz + 7 /2Tz, 
but only the shape of the spectra. 



34 Conclusions 

Alsoother lorentzian's should he used for the L2 and L3 peak. The lorentzian gives a 
broadening which is determined by the half-life time of the core hole. The correct values 
would give rise to slightly broader peaks. The peak area however would remain the same 
and thus would it not influence the results. 



References 

[1) D. Welier et al., Phys. Rev. B 49, 12888 (1994). 

[2] R. Pfandzelter et al., Phys. Rev. Lett. 74, 3467 (1995). 

[3] T. Kachel et al., Phys. Rev. B 46 12088 (1992). 

[4) B.T. Thole, P. Carra et al., Phys. Rev. Lett. 68, 1943 (1993). 

[5) M. Tinkham, Group Theory and Quanturn Mechanics (McGraw-Hill, New York, 1964). 

[6) C.J. Ballhausen, Introduetion to Ligand Field Theory (McGraw-Hill, New York, 1962). 

[7) P.H. Butler, Point Group Symmetry Applications, Methods and Tables (Plenum Press, 
New York, 1981). 

[8) L.F. Mattheiss, Phys. Rev. B 5, 290 (1972) 

[9) F.M.F. de Groot, Ph.D. thesis: X-ray absorption of transition metal oxides, (Catholic 
University of Nijmegen, 1991 ). 

[10) M. Weissbluth, Atoms and Molecules (Academie Press, San Diego, 1978). 

[11] E.U. Condon and G.H. Shortley, The Theory of Atomie Spectra ( Cambridge University 
Press, New York, 1959). 

[12) J. Kanamori, in Anisotropy and Magnetostriction of Ferromagnetic and Anti/errornag
netic Materials, Magnetism Vol. I, edited by G.T. Rado and H. Suhl (Academie Press, 
New York, 1963). 

[13) J.D. O'Mahony et al., unpublished results. 

[14) R.D. Cowan, The Teory of Atomie Structure and Spectra (University of California 
Press, Berkeley, 1981); J. Opt. Soc. of Am. 58, 808 (1968). 

[15) G. van der Laan and B.T. Thole, Phys. Rev. B 42, 6670 (1990). 

[16) K. Okada and A. Kotani, J. Phys. Soc. Jpn. 61, 4619 (1992). 



Appendix A 

XAS spectra of rhodium cluster 
calculations 

The XAS spectra of the calculations for rhodium clusters with an octahedral structure are 
given here for respectively left-circularly- (q=+l), right-circularly- (q=-1) and z-polarized 
(q=O) X-rays. In all cases a magnetic field 9JlbH = 0.5eV was directed along the z-axis, 
what reduced the symmetry to C4h. First the 4f1S configuration is given, then the 4tJ9 L 
configuration and finally the hybridized 4f1S + 4tf L configuration. All spectra are fit by a 
lorentzian r = 0.15eV and a gaussian a= 0.25. 



A .1 Rh 4d8 configuration 
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A.2 Rh 4~ L configuration 
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The XAS spectrum for q = 0 is not given, since the peak intensity is negligibly small. The 
integrated intensity of L 3 and L2 together is less than 0.001. 
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