
Electronic correlations in Ni 2p and 3p magnetic X-ray dichroism and X-ray photoemission of

ferromagnetic nickel

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1992 J. Phys.: Condens. Matter 4 4181

(http://iopscience.iop.org/0953-8984/4/16/018)

Download details:

IP Address: 171.66.16.96

The article was downloaded on 11/05/2010 at 00:11

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/4/16
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter 4 (1992) 41814188. Printed in the UK 

Electronic correlations in Ni 2p and 3p magnetic x-ray 
dichroism and x-ray photoemission of ferromagnetic nickel 

G van der Laant and B T Tholet 
t SERC Daresbury Laboratoy, Warrington WA4 4AD. UK 
$ Materials Science Centre, Uniwrsity of Groningen, 9747 AG Groningen, Netherlands 

h i v e d  16 October 1991 

Abstract The magnetic x-ray dichroism (KO) in x-ray absorption together with the 
photoemission of lhe Ni Zp and 3p levels in ferromagnetic nickel have been analysed using 
an Anderson impuriq model laking into account multiplet splitting. 0 4  agreement 
with experimental results was obtained for a ground state of 18% ds, 49% d9 and 33% 
d" character. In the Ni Zp KO the branching ratio and total intensity are determined 
by the spin-arbit interaction and orbital momentum of the ground stale, and the satellite 
structure results from transitions to a pd9 final state. 

1. Introduction 

The electronic structure and magnetic properties of 3d transition metals have long 
been an intriguing subject in solid state physics. In particular, this is the case for 
metallic nickel which has been described by both itinerant and localized models [l]. 
In a band model, ferromagnetism is explained by a small exchange potential for spin 
up and spin down. In the Anderson impurity model the ferromagnetic properties 
can be explained by a small d8 weight in the ground state. The lowest state of this 
configuration, the 3F with parallel spins, imposes a spin alignment on adjacent Ni 
atoms which fluctuate between d9 + d3 and dl0 + ds. 

The recently developed technique of magnetic x-ray dichroism (MXD) provides 
us with a new probe to study tbe ground state of magnetic materials [Z]. In these 
measurements a core p electron is excited by a dipole transition into the magneti- 
cally polarized 3d states. This x-ray absorption process (XAS) is strongly polarization 
dependent and has recently been studied in detail for 36 transition metals 131. When 
the spin of a valence d-hole state is oriented in an exchange field, only core electrons 
with the same spin orientation can fill this hole. Because the electric vector interacts 
only with the orbital momentum there is no preference for the excitation of electrons 
of either spin up or spin down. However, in the presence of spin-orbit interaction, 
the orbital momentum is coupled to the spin momentum, resulting in a ditference in 
transition probability for up and down spin electrons depending on the polarization 
of the light In the absence of electrostatic interactions, a p electron with magnetic 
quantum number m = - %  can only be excited into a d state with m = -$ using 
right-circularly polarized light (Am = +I )  [4]. 
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The MXD can be calculated either by a one-particle or by a many-electron 
approach. Local density functional theory, such as a relativistic Korringa-Kohn- 
Rostoker Green's function method [5-111 as well as multiple scattering theory [12, 
131 give a good agreement for rare earth L edges and transition metal K edges. 
However, a many-body approach is required to explain the multiplet and satellite 
structures, which are observed in the rare earth M edges and the 34 transition metal 
L edges [2-4, 14-28]. 

The magnetic moment of transition metals is composed of a spin and orbital part. 
Although the orbital contribution is much smaller than the spin contribution, it is 
important because it determines the anisotropic magnetic properties of the material, 
such as the magneto-qstalline effect and the easy direction of magnetization [29- 
311. There are several experimental techniques which yield information about the 
orbital magnetic moment, such as neutron diffraction, magnetic x-ray scattering and 
Compton scattering [32-381. However, the results are often inconclusive, despite the 
large amount of effort which is put into these measurements. Recently, we showed 
that the orbital magnetic moment is equal to the MCD signal integrated over an x-ray 
absorption edge 1281. This important sum rule can be verified on nickel using the 2p 
MXD. 

The Ni 2p MXD has been measured by Chen er af (391 and the Ni 3p MXD by 
Koide et a1 [40]. The magneto-optical effect in the Ni 3p absorption edge was already 
predicted by Erskme and Stem [41] using an augmented plane-wave calculation for 
the 3d band, neglecting electron correlation and spin-orbit interaction. Chen et al 
1421 showed that the main peak in the 2p MXD can be explained using a tight-binding 
band-structure model with a 3d spin-orbit parameter Nice the atomic value. They 
ascribed the dichroic behaviour of the satellite peaks to many-body effects. The latter 
was confirmed by Jo and Sawatzky [43, 441 on the basis of an Anderson impurity 
model with a ground state of 18% dd, 65% d9 and 17% dl0. X-ray photoemission 
(ms) is a more sensitive method to determine the relative d-weights in the ground 
state [I]. Since the core electron is ejected, the influence of the core-hole potential 
is larger than in U s .  In this paper we present a combined analysis of the 2p and 3p 
MXD spectra, together with the XPS spectra, using an Anderson model. We find good 
agreement for all spectra for a ground state of 18% dd, 49% d9 and 33% d'O. 

2. Calculational details 

Consider a particular site in a bulk of Ni atoms with a basis set of states d*, d9y 
and dl0xz, where x denotes a combination of appropriate symmetry of orbitals on 
the adjacent sites. The energies of these basis states are 0, A - U and 2A - U, 
respectively, where A = E(d) - E(v) is the transfer energy and U is the d-d 
Coulomb interaction. The mixing between the basis states in the 0, symmetry of 
the face-centred-cubic metal is described by e and t, parameters [45]. The theory 
connecting the band and localized descriptions is still unknown and therefore a too 
great precision in the description of the holes is not justified. However, we feel that in 
some way we have to take into account that, at least in the initial state without a core 
hole, the holes are in a specilk region of the Brillouin zone. This is of importance for 
the quenching of orbital momentum and spin-orbit coupling. Because the holes are 
centred around the L point we describe them in Dad symmetry. The five d functions 
split into an a, and two e representations in D3,,. One of the e representations, which 
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we will call e, has e symmetry in Oh, the other one, called e2, branches from f2(Oh). 
These three representations have different hybridization parameters V(a,), V(e,) 
and V(e,). There is also a cross term V(e,,) for hopping of an e, ligand electron 
into an e, Ni d orbital. A magnetic exchange field along the trigonal axis lifts the 
Kramers’ degeneracy of the d states and reduces the symmetry further to C3>. We 
Wiu not treat the complication that in some way we have to average over the four L 
points. 

Considering only p to d transitions, the final state configurations ed9 and 
in x-ray absorption have relative energies 0 and A - Q, respectively, where Q is the 
p-d Coulomb interaction, and p denotes the core hole. The final state configurations 
- pds, pd9y and Ed10y2 in x-ray>hotoemission have relative energies 0 and A- U- Q 
and 2A - U - 29, respectively. The value of Q in XPS is larger than in XAS, because 
the effective nuclear charge is increased by one after electron emission. The mixing 
in the final state is described by the same parameters as in the ground state. The 
Hamiltonians for the ground and final state, where the exchange field is included 
by a term g j ~ ~ H . 5 ’  with g p B H  = -0.5 eV, are calculated with the Har t reehck  
values of the Slater integrals and the 36 spinarbit interaction (table 1) reduced to 
80% to account for relaxation effects. In principle, these effects can be included 
by configuration interaction with the low-energy excited configurations, such as in a 
multi-configurational Dirac-Fock calculation. However, such an approach has little 
practical advantage in a solid, since there are a large number of small admixtures to 
the dominant configuration, and a similar result can be obtained by using reduced 
(scaled) Slater integrals for a single configuration [GI. This scaling results in a 
reduced multiplet width and a slightly different b,3 branching ratio [47. 

The matrix elements were calculated using the chain of groups approach reported 
by Butler [45]. This approach starts with the calculation of the reduced matrix 
elements of the necessary operators in the spherical group using Cowan’s atomic 
multiplet program [48]. The Wigner-Eckart theorem is then applied to obtain the 
reduced matrix elemenls in the desired point group, where the required isoscalar 
factors are obtained from Butler’s point-group program [45]. The MxD spectrum was 
obtained as the absorption for right- minus leftcircularly-polarized x-rays. Further 
calculational details are given elsewhere [49]. 

Good agreement was obtained with experimental results for the parameters A = 
-0.75, U = 1.50, V(al) = 1.6, V(el) = 1.3, V(ez) = 0.8 and V(el2) = 0.6 ey 
which produces a 3A, ground state with 18% de, 49% d9 and 33% d10 character. 
The value of Q was 2.5 in  AS and 4.5 eV in xps. The spectra were not sensitive to 
the band width of the d9 and d’O states. 

3. b,3 absorption 

The experimental x ~ s  spectrum (figure 1, inset) shows and b peaks with a 
branching ratio I(Ls)/[I(L2) + I(L,)] of 0.72, and a satellite A (A‘) at an energy 
separation of 6.3 eV (391. The and L, Structurfs have opposite signs in the MXD 
spectrum where the intensity ratio is -1.61. The satellite A (A‘) is small in m, 
but a large satellite B (B’) is observed at 3.7 eV, which in the isotropic specuum is 
obscured by the tail of the main line. 

The calculated spectrum in figure 1 includes only transitions to the 3d shell, which 
is the reason for the difference with the experimental spectrum, where the high-energy 
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tail and the platform are due to excitations to the 4s and the continuum states. The 
and L2 structures consist of a main peak with predominantly pdl0 character, and 

a satellite peak of pd9 character. The multiplet structure of the satellite shows a 
doublet with maxima at the energy positions of peaks B and k In the experimental 
us, peak A and especially peak A', are larger than calculated. We assume that 
there may be extra intensity due to p to s transitions, which were not included in the 
calculation. The agreement with the experimental spectrum is better in UYD, where 
the nonmagnetic s states are absent. The A and B peaks have a strong dichroism of 
opposite sign, which is distorted by the tail of the main peak. 

The 2p XAS branching ratio depends on the spin-orbit interaction in the ground 
state. In the isotropic spectrum the branching ratio increases with C(3d) [SO], whereas 
it decreases in the right minus left spectrum. At C = 0 ,  the & and peaks 
in the MXD have equal intensity but opposite direction, thus the branching ratio 
goes to infinity. The calculated branching ratios BxAs and BMxo are 0.713 and 2.59, 
respectively, which are close to the experimental values of 0 . 7 2 i 0 . 0 1  and 2 . 6 7 i 0 . 3 .  
The orbital momentum per hole of the ground state can be obtained from the total 
intensities using the equation: (L,) = ? ( I , -  IL)/Iis,, [%I. The calculated spectrum 
has a value of 0.053, which is somewhat larger than the experimental spectrum (0.045 
assuming I,, = +( I, + IL)), but agrees well with the orbital momentum of 0.054 pg 
measured using neutron diffraction [51] and with the calculated results using a local 
spin density approximation (LSDA) [29-311. 

G van der Laan and B T Thole 

4. M2,3 absorption 

The experimental 3p XAS (figure 2, inset) shows a steeply rising edge with weak 
structures at higher energies [40]. The strongly asymmetric line shape is due to 
core-hole decay via an autoionization process 3p63d" -, 3pS3dn+' U 3p63dn-'cf, 
where cf is a continuum state [52]. The experimental MXD shows a large negative 
peak at the edge. At higher energies there is a small positive background with a dip 
at 5 eV. 

The calculated spectra are given in figure 2, where the core-hole decay has been 
simulated by a Fano line shape of r = 0.8 eV and q = 3 [52]. The XAS spectrum 
consists of a main l i e  with 80% pdl0 and 20% pd9 character, and a satellite at 
6 eV with mainly gd9 character. The splitting of t%e main l i e  is caused by the 3p 
spin-orbit interaction. 

The calculated MXD spectrum has a large negative peak at the edge and small 
oscillations at higher energies. For a pure d9 ground state, the MXD spectrum would 
only have a single oscillation with a breadth equal to the 3p spin-orbit splitting. 
However, the interference with the 9 d 9  final state changes the upper part of this 
oscillation. The influence of the spin-orbit interaction is clearly visible in the total in- 
tensity of the MXD spectrum; when C(3d) = 0 the total intensity is zero (figure 2(c)). 

5. Photoemission 

The Ni 2p and 3p XPS spectra are shown in figures 3 and 4. They consist of a main 
peak with primarily pd10 and a satellite structure with primarily gd9 character. The 
satellite intensity, which is 38% in figure 3, is strongly dependent on the difference in 
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Figmm 1. Calculated Ni 2p absorption spectrum of 
ferromagnetic nickel for: (a) isotropic; (b) right- 
minus left4rcularly-polarized x-rays. A (A') and 
B (B') give the positions of the satellite peak ob- 
served in the experimenIal specmm ( b e t ,  [39]). 
Convolution by a lorent ian r' = 0.24 eV and 
Gaussian lineshape s = 0.32 eY 

Figore 7.. Calculated Ni 3p absorption specmm 
of fmmagnetic nickel for: (a) isotropic; right- 
minus left.circularly-polarkd x-ray&; (b) with and 
(c) without 3d spin-orbit interaction. Convolution 
by a Fano lineshape r = 0.8 eV and q = 3. The 
inset shows the experimental right and left spectrum 
(upper) and the asymmetly (lower panel) from [40]. 

hybridization between the initial and final state [53]. Since the final states have rather 
pure characters, the satellite intensity increases with the amount of d9 character 
in the ground state. In the experimental spectra [54] the satellite structures are 
broadened compared with the main peaks due to additional decay channels. In the 
3p spectrum (figure 4) the electrostatic interactions are larger than the core-hole spin- 
orbit interaction (table 1). The 3pd9 state is split into three clearly distinguishable 
structures, 3F1D, 3P3D and 'P'E 

6. Conclusions 

We have shown that the observed Ni 2p and 3p MXD can be explained using an 
Anderson impurity model with a ground state of 18% dd, 49% d9 and 33% dl0. 
These d-weights have been verified using XPs spectra. Although the qualitative spec- 
tral shape remains the same over a relatively large range of d-weights, the relative 
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F)ym 3. Calculated Ni 2p xps of fermmag- Figure 4. Calculated Ni 3p xps of renomagnetic 
netic nickel. Convoluted by a Lorentzian lineshape nickel. Convolution by a Lorrntzian lineshape I? = 
r = 0.5 (Brst pcak), 1 eV. The inset show the 0.8 eV The inset show the experimental spectrum 
experimental spectrum [54]. Wl. 

Table 1. The ab hiti0 v a l n s  (ev) of the parameters in ihe Hanree-Fock calculation for 
the initial- and final-state mnfigurations in XAS and xps as obtained by Cowan's code 
[MI. ?be actual valus of these parameters, except the core-hole spin-orbil interaction, 
have been scaled to 80% in the calculation. 

Configuration F*(d.d) F'(d,d) C(p) C(3d) F*(p,d) GI( p,d) G3(p,d) 

Ni 3da 12234 7597 - 0.083 - 
Ni 3ds - 0.074 - - .  
Ni 2pS3d8 14.023 8.761 11.506 0.112 8.349 6.332 3.603 
Ni 2p53d9 - - 11507 0.102 7.721 5.787 3.291 
Ni 2p53dI0 - - 11509 - 
Ni 3p53d8 13.317 8.319 1.397 0.092 14.333 17.717 10,798 

- - - 

- - - 
Ni 3p53d9 - - ~~~ ~ -1.366 0.053 13.633 16.900 io.zn 
N i 3 ~ ~ 3 d ' ~  - ~- - ... - - 1.345 - 

intensities and energy positions change considerably. We found that a ground state 
with more d9 character also gives a good agreement for MXD, but a worse agreement 
for xPS. A ground state such as that proposed by Jo and Sawat* [43] with 65% d9 
results in XPS spectra with much larger satellite intensity. The analysis of the MXD 
spectra confirms the earlier predictions from the 2p XAS branching ratio [SO] about 
the presence of spin-orbit interaction in the ground state. The orbital momentum 
was obtained from the total intensity of the MXD spectrum. 
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