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Abstract

A theoretical study of soft X-ray magnetic dichroism, which is a very recently
developed field, is carried out for rare earth and transition element ions in typ-
ical magnetic states, using an atomic model including intraatomic multiplet
interactions. The capability of the magnetic dichroism in probing the mag-
netic state is shown through clarifying the underlying mechanism and giving
interpretations to recently observed spectra.

We first present the calculation of magnetic dichroism in 3d — 4f and
4d — 4f X-ray absorption spectroscopies (XAS) of trivalent ions of all rare
earth elements under an infinitesimal molecular field on the total angular mo-
mentum. The relation between the magnetic dichroism and the 4f spin and
orbital moment states is clarified in terms of transition operator for photoexci-
tation by polarized photon, and intraatomic electrostatic and spin-orbit inter-
actions. We also explain the observed magnetic circular dichroism in 3d and 4d
XAS of Gd.

We next calculate the magnetic dichroism in 2p — 3d X AS of the transition
element under a crystalline field and molecular field on the spin, arﬁi clarify how
the variation in the magnetic state by the applied fields and the 3d spin-orbit
interaction affects the magnetic dichroism. The spectrum of Co?* ion is shown
to reflect the degree to which the 3d orbital moment contributes to the total
magnetic moment. Furthermore, we demonstrate that the formerly pointed out

uniaxial potential on Co?* ion in CoFe; Q4 affects the spectrum considerably,
3
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and interpret the observed magnetic circular dichroism.

Finally, magnetic circular dichroism (MCD) in core X-ray photoemission
spectroscopy (XPS), is discussed for both spin-dominant and orbital-moment-
dominant ferromagnets. As an example of the former , we choose the 2p XPS
of a transition element system and give an interpretation to the recent mea-
surement of MCD in 2p XPS of Fe. We next discuss, as an example of the
latter, the 3d XPS of a rare-earth system with 4f1 configuration, i. e., Ce®*.
Core XPS, especially spin-resolved omes, using circularly polarized beams are
furthermore shown to be a promising method to study atomic magnetic states

of ferromagnets.
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Charpter |

Introduction

In any spectroscopy using polarized light, the dependence of the spectrum on
the polarization of the incident photon can be called dichroism. There are two
types of dichroism: linear dichroism is the difference of the spectrum between
linearly polarized lights with different planes of polarization; circular dichroism
is the difference between two lights with different circular polarizations, namely
positive and negative helicities, or left and right circular polarizations. The in-
teraction between polarized light and magnetic substances has attracted much
attention since the Faraday effect was found. In the visible light region, dichro-
ism of magnetic materials, or magnetic dichroism, in absorption spectroscopy,
together with other magneto-optic effects, has been widely used to investigate
the electronic states of magnetic materials.

In this thesis, we focus on magnetic dichroism in core photoabsorption
and photoemission spectroscopies using soft X-rays. We aim to clarify from a
theoretical aspect the capability of using this phenomenon in probing the micro-
scopic magnetic states by investigating the mechanism by which the magnetic
states of rare earth 4f and transition element 3d orbits are reflected on the
magnetic dichroism, and also by giving interpretations to the recently obtained
experimental results.

High-energy spectroscopies, i. e., spectroscopies using synchrotron radia-

tion as a main source of photon in the wide energy-range from the visible light
3
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to X-ray, are recently studied intensively, yielding remarkable development in
our understandings of electronic, structural and other properties of matters.! ™%
X-ray absorption and X—fay photoemission spectroscopies are among them. In
X-ray absorption spectroscopy (XAS), the absorption intensity of X-ray is mea-
sured as a function of the photon-energy. In X-ray photoemission spectroscopy
(XPS), on the other hand, the intensity of the photoemitted electron is mea-
sured as a function of the binding energy, 1. e., the difference in energy between

the incident photon and the photoelectron.

In XAS, we focus on the spectrum near to the absorption edges in the
soft X-ray region, i. e., the photon-energy region from about 50 eV to a few
thousand eV, which covers the photoexcitation of electrons from the 2p and
3p (3d and 4d) core levels to a 3d (4f) valence orbit in transition (rare earth)
element atoms. In XPS, we focus on core XPS where core electrons are pho-
toemitted again by the soft X-ray. Both spectroscopies can be categorized as
core-level spectroscopies.5'7) The characteristics of core-level spectroscopies are
as follows. First of all, one can easily specify the element and its core which
is excited. Secondly, multiplet structures in spectra, which are determined by
the intraatomic interactions between the photoproduced core hole and the va-
lence electrons of the photoexcited atom, are prominent especially in soft X-ray
region. Hence, the spectrum can be a good probe for the state of the valence
electrons of the specific element. In solids, the effect of crystalline field or hy-
bridization between the valence orbit and surrounding atomic orbits is often
reflected on multiplet structures of spectra. Analyses of various spectra has in

;fact been carried out and much information about ‘solid state effect’ has been
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extracted.®—1%)

Synchrotron radiation is also making it possible to obtain both linearly
and circularly polarized lights in wide energy ranges from vacuum ultraviolet
to X-rays. Linearly polarized lights are already obtained in many storage rings.
Circularly polarized light has recently become available by using out-of-plane
radiation'®1%) or multipole wigglers as insertion devices.!®)

What happens when the incident soft X-ray is polarized? If we consider the
selection rule of dipole transition, which is most dominant in the present case,
the polarized light gives ‘a well-controlled’ photoexcitation of core electrons to
valence orbits or to the continuum. Magnetic dichroism is well known to arise
from the presence of orbital magnetic moment. In core-level spectroscopy, we
can fully utilize the strong spin-orbit intéraction of the core hole which makes
magnetic dichroism also sensitive to the spin moment and also use the multiplet
interaction between the core hole and valence electrons, which is sensitive to
the distribution of electrons in the 3d or 4f orbit.!”)

The characteristics of the information extracted from magnetic dichroism
of core XAS and XPS can be expected to be as follows:

e It is element-specific.

e The contribution of the spin and orbital moment to the total atomic mo-
ment is sensitively and directly reflected on the multiplet structures in
the difference spectrum of magnetic circular dichroism or magnetic linear
dichroism.

e Magnetic dichroism of various spectroscopies provide information about a

given system from various independent viewpoints which are complemen-

3



tary to each other. This makes the analysis reliable.

Thole et al. predicted in 1985 a magnetic linear dichroism (MLD) in 3d
XAS of rare-earth Dy3t ion.1®) This was followed by an experimental proof by
van der Laan et al. who measured MLD in 3d XAS of an rare-earth Tb in a
ferromagnetic TbIG.'®) Goedkoop et al. calculated MLD in 3d XAS of all rare
earth elements.2?) Recently, MLD in 3d XAS of Th?!) and Dy?? films on Ni and
of Dy film on Si?®) were experimentally observed, showing good agreement with
the calculations by Thole et al.® and Goedkoop et al.2?) Discussions'®2%) on
the relation between the magnetic dichroism and the electronic state has been in
terms of total angular momentum of the initial and final states. Although this
point of view is in accordance with the ordinary understandings of the magnetic
dichroism in the visible light, it does not seem to clarify the characteristics of
that in core-level spectroscopy. We should also note that, for systems with net
magnetizations as ferromagnets and ferrimagnets, circular dichroism is far more
appropriate than linear dichroism in the investigation of magnetic states.

Magnetic circular dichroism (MCD) in XAS was first obtained in the hard
X-ray region with photon-energy larger than 5000 eV by Schiitz et al. who
observed MCD in 1s XAS of Fe.? Since then, MCD in the hard X-ray re-
gion has been observed for Fe?®~2") and Ni?®) 1s XAS and Pt?® and rare
earths?5:26:29:30) 94 and 2s XAS in various systems. In these spectroscopies
except Pt 2p — 5d XAS, electric dipole transition(F1) from the core can reach
only extended orbits, and the localized d or f levels are reached only through
electric quadrupole transition(E2). Ebert et al. theoretically studied Schiitz’s

4results using fully relativistic electronic structure calculation and considering
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only F1 transition.28:31733) Carra et al. on the other hand studied MCD in this
region considering also E2 transition which should contribute to the dichroism
reflecting the large polarization in the localized levels.**3%) When direct infor-
mation about the magnetic state of 3d and 4f electrons is sought, MCD in the
X-ray region hence does not meet the need.

Recently, the first experiment on MCD in the soft X-ray region was carried
out by Chen et al. in 2p XAS of ferromagnetic Ni metal.'®) Sette et al. observed
MCD in 2p XAS of ferromagnetic transition metals and transition elements in
ferrites, and in 3d XAS of Gd in GdIG.?® Koide et al. observed MCD in Ni 3p
XAS and in 3p XAS of Fe in Fe30,4,'®) and Miyahara et al. in Ni 3p XAS??
and in Gd 4d XAS.38) For MCD in XPS, MCD in 2p XPS of ferromagnetic iron
was measured by Baumgarten et al. 3%

Until we calculated MCD in 3d and 4d XAS of rare earths,*=%3) no study
on MCD in XAS in the soft X-ray region, theoretic or experimental, had been
done except for studies by Erskine and Stern (1975) who discussed MCD in
3p XAS of Ni on the basis of a band model**) and by Goedkoop et al. who
pointed out the'possibility of application of the MCD to circularly polarization
line filters in 3d XAS region of some rare earths.*®) Since experimental studies
of MCD in soft X-ray region have just started, it seems most desirable for us
to systematically investigate the relation between the magnetic states and the
magnetic dichroism in core-level spectroscopy in the soft X-ray region, and to
clarify its usefulness through analyses of observed data.

For this purpose, we discuss in this thesis, magnetic dichroism in 3d — 4f
_*and 4d — 4f XAS of rare earths,®® 2p — 3d XAS of transition element*®)

5



focussing on Co?% in an octahedral symmetry and in CoFe;Oy4 A7) 2p XPS of
transition-element d® configuration and 3d XPS of rare-earth Ce®* ion.%849 Asg
the 3d (4f) orbital of transition (rare earth) element atoms has a well localized
nature even in solids, in this thesis, in order to extract the essential feature of
magnetic dichroism, we consider a single magnetic ion. We assume that the
ion is in spherical symmetry and under an infinitesimal molecular field on the
total angular momentum for rare earths, and in crystalline field and under finite
molecular field on the spin for transition element systems.

We should mention that we have also discussed MCD in XAS for mixed-
valent Ce compounds, taking into account the hybridization between the 4f
and conduction band states neglected in this thesis.*°~42) We there showed

7 that an essential feature of MCD can be discussed without the hybridization if
the magnetic state is not drastically reformed.

Finally, we note some recent related works. Jo and Sawatzky®?) explained
the result obtained by Chen et al® taking into account the configuration
interaction for Ni 3d state. An analysis of MCD in Ni 2p XAS is also carried
out by Chen et al. .51 At almost the same time as our studies,*74% van der
Laan®?) discussed MCD in 2p and 3p XPS of Cu?t, and van der Laan and B.
T. Thole®®) discussed 2p XAS of transition elements.

This thesis is organized as follows: In Chapter II, formulations for the cal-
culations of core XAS and core XPS, and their MCD and MLD are given. The
mechanisms underlying the emergence of multiplet structures in the spectrum
and the reflection of the magnetic state on the magnetic dichroism are pre-
sented. In Chapter III, magnetic dichroism in 3d and 4d XAS of rare earths are

%
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calculated and it is shown that the magnetic state is in fact sensitively reflected
on the dichroism. Here, emphasis is placed on MCD. It is also shown that our
calculation explains the recently observed MCD in Gd 3d and 4d XAS very
well. In Chapter IV, we discuss the MCD in 2p XAS of Co*t whose magnetic
state is subject to the crystalline field, spin-orbit coupling and the exchange
field. The effect of the formerly pointed out uniaxial potential on the Co in
CoFe, 04 is studied, and an interpretation is given for the recently observed
MCD in 2p XAS of Co in this system. In Chapter V, MCD in rare-earth 3d
XPS and transition-element 2p XPS is calculated and discussed. We also point
out that magnetic dichroism of spin-polarized XPS should be useful for extract-
ing detailed information about the spin and orbital moment states. In Chapter

VI, summary is given.



Charpter II

Core-Level Spectra for Polarized X-Rays

In this chapter, we summarize the formulations that will be used in the following
chapters.!” In §1, we prepare the initial and final states of the photoexcitation
and the Hamiltonian, which is the source of the multiplet structure in spectra.
In §2, a transition operator describing the electron excitation by polarized X-
ray is given. We give expressions for dichroism in core XAS and XPS in §3 and

§4 respectively and clarify the essential effect of the polarized light.

§1. Initial and final states and Hamiltonian

The system we consider is a single ion in magnetic substances. The ion is in
some cases under a crystalline field and/or an molecular field. Its valence orbit
is denoted by v: v = 3d for transition elements, and v = 4f for rare earths. Let
N be the number of the valence electrons. Then, the configuration of the initial
state can be written as vV. |i,) with energy E, is assumed to represent the
ground state (o = 0) and the excited states (o > 1). The final states of core
XAS and core XPS are assumed to be cvV*! and cvV + e~ respectively, where
c and e~ stand for the photoproduced core hole and the photoemitted electron
respectively. We assume that |f3) denotes the Sth final state of the ion having
energy Eg, where for XPS, the photoemitted electron is excluded.

The initial and final states are subject to the Hamiltonian

H:Hee+Hso+Hcr+Hm7 (21)

8



where H,. is the electrostatic interaction between the electrons; Hy, is the spin-
orbit interaction of the valence and core electrons; H; is the crystal field which
is taken into account for transition elements; Hy, is the molecular field, namely
the exchange field on the spin or the infinitesimal molecular field on the total
angular momentum, applied in order to produce an atomic magnetic moment.

Since there is at most one core hole, Hee can be written as follows;

1 1
=S Y ata; 1 et
Hee = D2 g alones (ellen) -l 7))
1 1 (2.2)
+ 5 E alafaya, <1/)\ — 1/'/\’>

vr! AN
= CV(Fc,i';G(I:cvv)_i_HVV(F\{C)’

where H., (Hyy) denotes the interactions between core and valence electrons
(between valence electrons) and the definitions of F' and G are given later.  and
¢' run over one-electron states of the core orbit, and v, ', A and A’ over those of
the valence orbit. Thus, the first sum is the interaction between the core and
valence, and the second sum is that between the valence electrons. One-electron
state is specified by the principal quantum number n, the magnitude and z-
component of the orbital moment [ and m respectively, and the z-component

of the spin o:

|nlmo) = Rui(r)Yim(60)o. (2.3)

Then the coefficients in Hee is rewritten as

<a,3 ’)/6> = §(04,04)8(0p,06)0(ma + mg, my +mc)

1
1

X E ck(lama, 17m7)ck(lem5, lgmﬂ)Rk(nalanﬂlﬂ, nynynele),
k=1
(2.4)



where 6(z, ;) is one if ¢ = j, and zero otherwise. Here, c* is defined as

. [ 4m .
ck(lm, l'm’) = ok n 1 /dQ}/}mYk(m—m')K'm’- (25)

RF is Slater’s integral defined as

R¥(nglangls, nylynele)
i (2.6
- / drl dr2 _,,.k__anala(rl )R"ﬁ I (TZ)R"‘Y Iy (rl)Rnc le (7‘2),
>
where 7 (r5) denotes the smaller (larger) of ry and r;. The Slater’s integrals

we encounter are

Rk(nclcnvlv,nclcnvlv) = F*

cv?

(2.7)
Rk(nclcnvlv,nvlvnclc) = Gf\,,

and

Rf(nylynyly,nylynyly) = Fk, (2.8)

The values of the Slater’s integrals used in this thesis are, in general, obtained
by reducing the Hartree-Foch values by 20 to 30%.

The spin-orbit coupling is written as

Ho =Y afag(€lCcl-slg') + > afan (vl - sl'). (2.9)
&g’ vv!

" For the parameters (’s, Hartree-Foch values or experimentally obtained values
are used.

Finally, the explicit form of the crystalline field Hc, and the molecular field

H,, will be given later in the course of each calculation.
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§2. Polarized X-ray

In XAS of transition elements (rare earths) whose 2p or 3p (3d or 4d) core
electron is excited (hereafter abbreviated as 2p XAS or 3p XAS (3d XAS or
4d XAS) respectively), the electric dipole transition into the 3d (4f) orbit is
dominant to other processes such as electric quadrupole and magnetic dipole
transitions. In the case of XPS, it is natural to consider that the core electron is
photoemitted to a continuum state with the symmetry which is dipole-allowed,
i. e., states with d or s (p or f) symmetries for photoemission in which a 2p
or 3p (3d or 4d) core electron of transition elements (rare earthé) i.s excited
(abbreviated as 2p or 3p (3d or 4d) XPS).

Hence, the transition operator that we have to consider is the dipole mo-
ment operator E - r, where r is the position operator for the electron and E
represent the electric field of the X-ray. Variation of the electric field with time
and position is expressed as 'R{Eei(k'r —wi)}, where R means that the real part
is taken.

E for X-ray with an arbitrary polarization has the form
E=eDeW 4 e(2)5(2)ei6, (2.10)

where e and e(? are unit vectors that are perpendicular to each other and
are perpendicular to e®®) which is the unit vector along the wave vector of the
X-ray, and three unit vectors have a relation e®) = e x @), 5(1), £® and
6§ are real. The polarization of the X-ray is determined by §. The X-ray has a
circular polarization (CP) when § = +7 and £W = €@ and it is said to have

positive (negative) helicity when § = +7(—%). When § = 0, the X-ray has a

11



linear polarization (LP). Hence, the electric field for CP and LP are expressed

as
E(e™ £ ) (CP)

E-= (2.11)
Ee (LP)

where e is in the same plain as e(!) and e(?.
Now, when we calculate magnetic dichroism, we take the z-axis parallel to
the magnetic moment. Therefore it is convenient that the transition operator

is written in the form

1
4
Er=Y EM/%YM(GQO)T, | (2.12)

p=-1
where E, is defined by
z FE, +iE,
1= ="
vz oo (2.13)
Ey=FE,

For circular polarization, we take e(®) parallel to the z-axis so that E,’s have
the form
(0,0,&) (positive helicity)
(E._]_,EQ,El) - . (214)
(£,0,0) (negative helicity)

Hence positive (negative) helicity can be called ‘polarization with y = +1(—1).

Linear polarization with E || z-axis is expressed as
(E-—I;EO,EI) = (0,8,0), (215)

and corresponds to ‘polarization with 4 = 0.” That with E which is perpendic-

ular to the z-axis and makes an angle ¢ to the z-axis is expressed as

(E_1,Eo, Eq) = (—\j—i(coscp + ising), 0, \/ii(cosgo - isingo)) , (2.16)

,and is an ‘equal superposition of polarizations with g = +1.’

12



§3. Core XAS

We define the absorption intensity of X-ray with energy w by the absorption

cross section of an atom:

E

XAS e Fef 7w (85 |E - rlia)l”
*AS(wy=>" - Zﬂ:é(w+Eia—Efﬁ) S EE (2.17)

E.
where Z = ), e *8T is the partition function for the initial state, and ¢ and
€o are the light velocity and the permittivity of vacuum.

The oscillator strength is rewritten as

mwl(s 1B rliall” _ xasiy 1 L, poiy)

CS()E* -E
1 - :
—_— E, (f5|TX*5(lc — 1,)|ia)
1 z p\'B c v)ita )
Zp:—l |El‘|2 p=-1 g
(2.18)
where
W 2
CXAS(n l, — nyly) = — / drr®R} | Rl (2.19)
; C&o
and
TXAS(le — 1,) = Y M (lymy, lemg)af ag, (2.20)
where £ is determined by a rule
meg =My — [
; (2.21)

o¢ =0,
a photon with polarization u increases m of an electron by p at an excitation.
As the width of the range of w is far smaller than w itself, we omit the w
dependence (see eq. (2.19)). The square of the coefficient of ajf a¢ in Tj(AS (see
eq. (2.20)), 1. e., |ct(lyv,my, l(m, — u))|?, is the magnitude of the transition

13



|€) — |v) by the polarization p. The v- and p-dependence of this factor is
essentially the origin of the polarization dependence of core XAS; more details
will be given in the following chapters.

We can define the absorption intensity for the polarization y;

E:
6_ 1EB5

XA (w) = C**S(nle - nyly) Yy
o (2.22)

S 6(w + Bia — Eig) | (86 |[TX (e = 1)]3a)[*
B

The absorption of circularly polarized X-ray with positive (negative) helicity
is I{AS(w) (I*#5(w)), and circular dichroism is the difference between these
two. IXAS and IX£3 will be also denoted by I fAS and I*AS respectively. The
absorption for linear polarization with E || z-axis is I$*5(w), which shall also
be denoted I, ﬁ(AS (w). The average of the spectrum for E 1 z-axis with respect
to the direction of E reduces to 1(I{45(w) + IX#5(w)) = I¥A5(w). We define

linear dichroism by the difference between I ﬁ(AS and I j_(AS.

§4. Core XPS

Photoemission spectrum is defined as the intensity of the photoemitted electron
as a function of the binding energy Eg = w — ¢, where w and ¢ are the energy
of the photon and the photoelectron. Here, we consider a ‘spin resolved core
XPS’, 1. e., the spin of the photoelectron o is also observed.

Unless the photoemitted core is s level, there are two processes allowed
in electric dipole transition, :. e., that increases the magnitude of the orbital
moment and that decreases it. Hence, the spectrum I*FPS(Eg, o), defined by

14



cross section, can be written as

XPS(Bg,0)= Y I*PS(Bg,lo), (2.23)
{i=l.£1|I1>0}
with
— Big
e EBT
I*PS(Eg,lo) = > > 8(Es + Eio — Etp)
* g (2.24)

l
W . . . 2
—p O (Egietma [ - ria)

m=-—]

where ¢ should be defined by w—Eg. |fg;elmo) denotes the final state including
the photoelectron with energy ¢, the magnitude and the z-component of orbital

moment [ and m respectively and spin o, which is written as

lelmo) = Rei(r)Yim (0) 0, (2.25)
where the normalization of the radial wave function is given by

/ drr?ReRen = 6(e — €'). (2.26)

We rewrite the oscillator strength in the form

T etmo B )l = Ol
1 : 2
W Z E#Z&L(m_mé)&aagcl(lm, lcm£)<fﬂ|aflla)
p==117H# |p=—1 £
' (2.27)
The coefficient defined by

b3 ) N |2

CXP3(nel. — el) = % / drr°R:,(r)Rnclc(r)‘ (2.28)

depends on w, [ and . We assume that w and ¢ is far larger than the width
of the range of E which we consider, so that the coefficient depends only on [
sand it is denoted by CXFS(n.l. — ).

15



The photoemission intensity by X-ray with polarization x reduces to

E
B

&
Z

I,(Eg,lo) = C¥PS(ncle —1) Y > 8(Ep + Eia — Exp)
< a B

(2.29)

S o le (I(me + ), leme) 2 |(£5 lag] ia)
3

Circular and linear dichroism can be defined in the same manner as that in core
XAS: we just replace ‘XAS’ in the last paragraph of §3 by ‘XPS.’ Finally, as
known from eq. (2.29), a photon with polarization y creates a hole in |{) with
a probability proportional to |c!(I(m¢ + p),leme)|®. This is the origin of the

polarization dependence in core XPS; more details will be discussed later.
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Charpter III

Magnetic Dichroism in XAS of

Rare Earths

§1. Introduction

The 4f state, which induces the magnetic moment of rare earths, is known to
be very well localized even in metallic systems. Furthermore, as the crystalline
field of the surrounding atoms is weak compared to the 4 f spin-orbit interaction,
the total angular momentum J is a good quantum number. Hence, an atomic
calculation is expected to give a realistic prediction to the experiment.. In this
chapter, we calculate the magnetic dichroism in 3d and 4d XAS of all rare earth
elements, based on an atomic model in which a trivalent rare earth ion is placed
in an infinitesimal molecular field on the total angular momentum. We discuss
the mechanism of the magnetic dichroism focussing on MCD, and show that our
calculations can give interpretations of the recently observed magnetic circular
dichroism in 3d and 4d XAS of Gd.

3d and 4d XAS of rare earths correspond to d1%4fN — d°4 fN+1 transitions.
In the 3d XAS, the strong spin-orbit interaction of the core orbit makes the
spectrum split into two peaks corresponding to two values of j of the core hole.

s:Each peak has a multiplet structure of about 10 eV width. As the 4d spin-orbit
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interaction is weak, 4d XAS is not split into two peaks. It has instead a broad
and prominent peak called giant resonance above the threshold, and in the
prethreshold region, i. e., the photon-energy range bellow the edge of the giant
resonance, it has a multiplet structure which is consisted of weak but sharp
peaks. Final states corresponding to the peaks in the prethreshold region are
dipole forbidden but for the spin-orbit interaction of the core hole, and have a
long life-time of Auger decay. The multiplet structures in the 3d and 4d XAS,
which are determined by the electrostatic interactions of core-4f and 4f-4f,
play the roles of fingerprints to identify the 4 f state.

The characters in the magnetic dichroism depend on whether 3d or 4d
electron is photoexcited. We shall point out the characteristics and discuss the
underlying mechanism by considering the effects of transition operator for the
polarized X-ray, the spin-orbit interaction of the core hole and the electrostatic
interaction between core hole and 4f electrons.

The spin and orbital moment state in the initial state varies according to
N, the number of the 4f electrons. Therefore, calculation for all rare earths
is expected to bring us to a unified picture about what kind of magnetic state
causes what kind of dichroism. In our study on MCD of mixed valent Ce
compounds, we found that even when the atomic magnetic moment is reduced
by the valency mixing, the basic feature of the MCD is conserved unless the
property of the spin and orbital moment state is altered thoroughly. Thus,
our calculation is also expected to be a good starting point for mixed valent
systermns.

\ In §2, we present the calculated result and point out the basic features in
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MCD. In §3, we discuss the mechanism of the magnetic dichroism. In §4, we
compare the observed MCD in 3d and 4d XAS of Gd with our calculation and

give an interpretation to the experiment. 85 is devoted to conclusions.

§2. Calculated magnetic dichroism

Slater’s integrals needed for d — 4f XAS of rare earths are F7, Ff, F?, F},
ij, G}df, G‘:’lf and Ggf, where ‘d’ stands for 3d or 4d and ‘f’ for 4f. The
coefficients for spin-orbit interaction that we need are (4 and ;. We show in
Table I the adopted values of the Slater’s integrals and (’s. The values for 4V
and 3d°4 fN*! are taken from the paper by Thole et. al.?¥) Those for 4d°4fN+!
are taken from the paper by Sugar®® and for some rare earths, interpolated
values are adopted. As the crystalline field is weak compared to the spin-orbit
interaction, we assume that H; = 0 (see eq. (2.1)).

The magnetic state in the initial state is determined by assuming zero-
temperature and by applying an infinitesimal molecular field parallel to the

z-axis, to the total angular momentum of 4 f electrons:

Hn = ZajaV(_ﬁ‘BH)(Vuzl’/)v (3.1)

where H is positive and infinitesimal. Then the initial state |i) is the ground
state of 4fY with the lowest J,: J = —J,.

We show the calculated 3d XAS(see Fig. 3.1), 4d XAS(see Fig. 3.2) and 4d
XAS in the prethreshold region (see Fig. 3.3). As functions of the photon energy
w are shown histograms and Lorentzian convolutions with 2I' = 1.0eV, 2.0eV
and 0.2eV for Figs. 3.1, 3.2 and 3.3, respectively. For each element, we show the

absorption for positive helicity (I;) at the top, that for negative helicity (I-)
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at the middle, and that for E || z-axis (I)|) at the bottom. We normalize the
spectra by the average of the integrated intensities for the three polarizations.
The scale for the histogram is shown at the left, and that for the convoluted
curve at the right.

In both 3d and 4d XAS, character of the MCD is different for N < 5,
N =T7and N > 8. As Ev3"(N = 6) takes J = 0 in the initial state, it shows
no dichroism.

In 3d XAS(Fig. 3.1), because the spin-orbit interaction of the core hole is
strong, the spectra is divided into two parts, corresponding to 3d3/, with higher
energy(right) and 3ds/, with lower energy(left). For N < 5, the intensity of
3d3 /2 peak for positive helicity is larger than that for negative helicity, while
the difference in 3ds/, peak is small. The integrated intensity is thus larger in
positive helicity than in negative helicity. For Gd** (N =7), the 3d5/, peak is
larger in positive helicity than in negative helicity, while the 3d;/, peak has the
opposite tendency. For N > 8, the intensity of the 3ds/, peak is larger than that
of 3ds/, in both polarization. The total intensity is larger in positive helicity
than in negative helicity, and this tendency is more conspicuous compared to
the N <5 case.

Next we turn to 4d XAS (see Figs. 3.2 and 3.3). For N # 7, the main peak
for positive helicity is in higher energy region than that for negative helicity, and
the prethreshold region is larger in negative helicity than in positive helicity.
In other words, the whole spectrum is shifted downward in negative helicity
compared to positive helicity. For N > 8, the total intensity is much larger
sin positive helicity than in negative helicity as in 3d XAS. For Gd** (N =T),
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the main peak is shifted about 3eV downward in positive helicity compared to
negative helicity.

In addition to the above-mentioned main features, a remarkable dichroism
is seen in the fine multiplet structures of 3ds/, and 3d3/, peaks in 3d XAS and
and in those of the prethreshold region in 4d XAS.

According to the discussion in the preceding chapter, absorption for linearly
polarized X-ray with E L z-axis is the average of those for X-rays with positive
and negative helicities. The figures show that although the difference of the total
intensity between the two linear polarizations (LP) is smaller than that between
two circularly polarized X-rays, linear dichroism is in many cases enhanced by
the multiplet interaction of the final state leading to shifts of peaks in different

polarization.18—2%)

§3. Discussion

The goal of this section is to explain how the symmetry breaking of the initial
state leads to the main features of MCD. A fundamental factor that connect the
symmetry breaking in the initial state and the MCD is of course the transition
operator of absorption for each polarization. In 3d XAS, we have to consider
an additional factor that the spin-orbit interaction is so strong that the total
angular momentum of the core hole is nearly a good quantum number. In 4d
XAS, on the other hand, the electrostatic interaction, particularly the exchange

interaction between the core hole and the 4f electron, is important.

3.1 Initial state
A According to Hund’s rule, the ground state is the LS multiplet with the
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largest total spin S, and the largest total orbital moment L allowed under the
S. By the spin-orbit interaction, this LS multiplet splits into J multiplets.

When N < 6, J takes the lowest value |L — S| so that L and S couple
antiparallel to each other. As we apply the infinitesimal molecular field along
the z-axis, J, of the initial state is —J. When N < 5, since L is larger than
S, the average value of L, is negative and that of S, is positive. Hence, the
occupied one-electron states are mainly of up spin and negative m.

When N =7 (Gd3t), L =0 and s = 7/2 so that in the initial state, S, is
—7/2 and all the down spin one-electron states are occupied.

When N > 8, L and S couple parallel to each other so that J = L + S.
In the initial state, J, takes —J and hence the average values of L, and S, are
both negative so that the vacant one-electron states are mainly of up spin and

positive m.

3. 2 Transition operator for polarized X-ray
In the present case, the transition operator given in §3, Chapter II is written

as

TXAS(d— f)=>) cl(3my,gm5)aja5, (3.2)

where ¢ is determined by v and pu:
! me =my, — i
. (3.3)
l 0’5 =0y
In Fig. 3.4, we show the v- and p-dependence of |c}(3m,, 2m¢)|?, the magni-

tude of the transition |{) — |v) by the polarization p. The figure shows that a

polarized X-ray creates a hole-electron pair with a well-defined polarization of
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the orbital moment: in absorption of positive helicity (negative helicity) X-ray,
dominant transitions are those into the 4f states with positive (negative) m of

larger absolute values.

This firstly explains the fact that the total absorption of positive helicity
is larger than négative helicity apart from Gd3*, for the 4 f states with positive
m are always likelier to be vacant than those with negative m in the initial
state for N # 7 as discussed in the preceding subsection. The differences of the
absorptions between the two polarizations are the largest in few elements with
the largest N’s, where only a few 4f states with the largest m’s are vacant. In
Tm (N = 12) there is no intensity for negative helicity(y = —1) because of more
rigorous conditions: the initial state has J = 6 and the final state configuration

can only take J < 6.

3.8 3d XAS: the core with strong spin-orbit interaction

3d XAS is one of the cases where the spin-orbit interaction of the core orbit
is so large that, in the final state |[f3), the total angular momentum of the core
hole j is nearly .a good quantum number and takes values ~ [, + % Final states
with j ~ lc — (I + %) correspond to the higher (lower) photon-energy peak
of the two separate peaks. Hence, we replace the (Im) one-electron state of
the core by (j7.) and define the corresponding annihilation operator b;;,. The
transition operator can be separated into two parts creating core holes with
different j;
TXAS(le = L) = Y ToAS(l — 1), (3.4)
; _ j=letd
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where

lc +1+4+ 20’577’&5
TZ(;::_?_}Z_(ZC — lv) = ch(lvmy,lcms)\/ 2lc n 1 ajb(lc‘i'%)(mg-{-of) (35)

14

and

lc —20em
XAS _ 1 < e+
T, lc—§(lc —ly) = g,, ¢ (lymy,leme)y/ oL ¥ 1 ay D1~ 1) (me+o¢)- (3.6)

Using T,;, the absorption intensity can be approximated as

XAS/, .\ ~ TXAS XAS
Ill' (W) NI“'IC_*-% +Iﬂlc+%’ (37)
where
e

Iz(l‘?:jsz% = CXAS(nclc — TLvlv) Z
[2 4

2
o)

(3.8)

> 6w+ B - Eig) | (16 |TXASs (1 — 1)
(Blintct})

In Fig. 3.5, we show the magnitudes of the transition to |v) in the operator Tz(jAs
corresponding to the peak d;. This shows that when the core level has a large
spin-orbit interaction, a polarized X-ray creates a hole-electron pair with well
defined polarization of spin and orbital moment: in photoabsorption creating
the 3d hole with j = 5/2 (8/2), dominant transitions are those into the 4f
states whose m and spin are of the same (opposite) sign. This readily shows
that 3d XAS can be a probe for the relation of the orientations of L and S in
the initial state.

We can qualitatively explain the main feature of MCD in 3d XAS discussed
in §2, by compéring the dominant transitions with the mainly vacant 4f state
in the initial state (see 3.1 and Fig. 3.5).
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For elements with N < 5, transitions with the largest weights are allowed
except in T_; 3/2, since in the initial state the 4f electrons are mainly in the
orbits with up spin and negative m. This explains the fact that the intensity of
3ds ;2 peak is about the same in positive helicity and negative helicity and that

of 3d3/, is smaller in negative helicity than in positive helicity.

For Gd®* (N = T), since all the up spin 4 f orbits are completely unoccupied
in the initial state (see 3.1), dominant transitions are allowed in T, 5/2 and in
T_4 3/2, which explains the fact that the 3ds (3ds3/2) peak is larger in positive

helicity (negative helicity).

For elements with N > 8, dominant transitions are allowed only in T 52,
since the 4f orbits vacant in the initial state are mainly those with up spin and
positive m. This explains the fact that only the 3ds/, peak in positive helicity
is strong. The magnitudes of other peaks also qualitatively agrees the total

weight of the allowed transitions.

3. 4 4d XAS: the core with weak spin-orbit interaction

In order to interpret the characters found in MCD of 4d XAS, we have to
consider the electrostatic interaction between the core hole and the 4 f electrons.
This factor plays a dominant role in determining the energies of the main peaks
for each polarization of the X-ray. The spin-orbit interaction of the 4d hole is
weak so that it does not affect the spectrum very much, except in Gd** for
which the dichroism is entirely due to the spin-orbit interaction of the 4d core

shole because L = ( in the initial state.
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The energy of the main peak is expressed approximately as

{folH|fo)
Folfo) (3.9)

where |fo) = T,li). The most important term in H (see eq. (2.1)) is He,

particularly, the £ = 1 term in the exchange interaction in H.,, namely

- atataney (6| —|ve) (3.10)
¢ T12
g’ vy !
where
| | 1 N ! ! I !
(ev| | ver) =stocotppton,oppatme + me,m, +mi)
12 1 ’ (311)

ct(leme, lme)cl(lcm'E, lvm,,)G;f

We can explain the difference of the main peak energies between the two
polarizations except for Gd3t, keeping in mind the following three facts. a)
The exchange interaction between the core hole and the 4f electron lifts up
the energy of the final state. b) The exchange interaction between a core hole
and an excited 4f electron is proportional to the weight of the corresponding
transition(see Fig. 3.4) because they are both determined by the same c!’s (see
egs. (3.11) and (2.20)). c) A core hole has the exchange interaction only with a

4f electron with the same spin as the photoexcited electron(see eq. (3.11)).

3. 4.1 n<d.

The dominant excitations allowed by the positive helicity X-ray are those
into the 4 f states with the highest m’s and both spins, and for the negative he-
licity the 4f states with the lowest m’s and down spin, since the 4 f states with
mnegative m and. up spin are mainly occupied in the initial state. The fact b) is
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irrelevant to the present MCD, for the weights of the allowed dominant tran-
sitions are about the same for both polarizations. In positive helicity, because
electrons of both spins are excited, the core hole can have exchange interactions
not only with the excited electron but also with the preexisting 4f electrons.
On the other hand, in negative helicity, because electrons mainly of down spin
are excited, the core hole can have exchange interactions only with the excited
electron. The energy of the main peak in positive helicity is thus higher than

that in negative helicity because of the fact ¢), if we note the fact a).

.42 n>8.

Excitations allowed are those into the vacant 4 f states with mainly positive
m and up spin in both polarizations. The fact c) is irrelevant to the present
MCD, for the spin of an excited electron is the same in both polarizations.
The fact a) and b) tells us that the contribution of the exchange interaction
between the core hole and the excited electron is larger in positive helicity than
in negative helicity because the weights of the allowed transitions are larger in
positive helicity (see 3.2 and Fig. 3.4). This is the reason why the energy of the

main peak 1s higher in positive helicity than in negative helicity.

3. 4. 8 prethreshold region

Throughout 1 < n < 5 and 8 < n < 12, the spectral ihtensity of the
prethreshold region is weaker for positive helicity than for negative helicity.
This can be understood as follows. The lines in this region are induced from
those in the giant resonance through the spin-orbit interaction. Therefore,

sthey are stronger in negative helicity whose giant resonance is located at lower

27



photon-energy, i. e., nearer to the prethreshold region.

§4. Comparison with experiments

Sette et al.?®) and Miyahara et al.>®) have recently observed MCD in Gd 3d XAS
in FesGd30;2 (GAIG) and Gd 4d XAS in ferromagnetic Gd metal, respectively.
In this section, we give an interpretation to their spectra by comparing them
with our calculations.

GdIG is one of the rare-earth iron garnets (RIG), and is a ferrimagnet
with a garnet structure: Fe®¥ ions are distributed in two sites (a- and d-site)
and magnetic moments of a- and d-site couple antiferromagnetically; Gd** ion
couples antiparallel to Fe in the d-site.

In Figs. 3.6 and 3.7, we show the calculated spectra at the top and the
experimental result at the bottom for 3d XAS and prethreshold region of 4d
XAS.

The observed MCD (‘positive’ minus ‘negative’ helicity) of 3d XAS (see
Fig. 3.6) is positive in 3ds /; peak and is negative in 3d3/,, in agreement with our
calculation. This shows that, the magnetic moment of the Gd3® ion in GdIG is
completely arises from its spin(see 4.3). Furtherrhore, multiplet structure in the
calculated MCD is well reproduced in the experiment: structures labeled A-C
corresponds to a-c, and structures D and E leads to the asymmetry labeled d and
e. In 4d XAS, too, agreement between the calculated and experimental MCD is
excellent except for some discrepancies: structures labeled A-F corresponds to
a-f; structures G and H seems to be canceled out. Thus, we can conclude that

in our calculation are reproduced very well the atomic magnetic state and the
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excitation process of 3d and 4d XAS by polarized X-rays, in the actual systems.

The intensity of the MCD is smaller in the experiment than in the calcu-
lation. One cause for this is the imperfectness of the circularity of the X-ray:
(e. g. Sette et al; reported that their circularity was calculated to be 85%410%).
The other cause is expected to be that the sample is not saturated, i. e., there
are magnetic domains having different orientations of magnetic moment.

We finally compare the average of the observed spectra for ‘positive’ and
‘negative’ helicities with the calculation. Even if the circularity of the circularly
polarized X-ray is imperfect, when the sample is saturated, the sum of the
‘positive’ and ‘negative’ helicity must correspond perfectly to the calculated
(I+ +1-)/2, 1. e., I,. However, both in 3d and 4d XAS, the observed average
spectrum is reproduced better by the calculated absorption of unpolarized X-
rays ((I4+ 4+ I~ 4 I)/3) than by I,. This is explained by assuming that the

magnetization of the sample is very small because of domain-formation.

85. Conclusion

We calculated the MCD in 3d and 4d XAS of all rare earth elements assuming
trivalency, pointed out the features of the dichroism, and explained the origin
by an intuitive discussion. The observed MCD in 3d and 4d XAS of Gd was
interpreted by comparing them with the calculated result.

The main property of MCD in 3d XAS appeared in the magnitudes of
3d3/; and 3ds;, peaks. The magnitude of each peak was shown to reflect the
total weight of the corresponding transitions allowed by the spin and orbital

smoment occupation, 1. e., the contribution of the spin and orbital moment to
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4 f moment, in the initial state.

The character of 4d XAS was found in the imbalance of the whole intensity
between the polarizations, in the energy shift of the main peak, and as a con-
sequent of this, in the difference in the strength of the prethreshold structure.
The imbalance of the whole intensity was found to reflect the population of
the orbital moment. The energy shift was explained by the difference in the
exchange interaction between the core hole and 4f electrons in the final state
yielded by each polarization.

The symmetry breaking of the initial state is thus sensitively reflected to
the dichroism through the difference of the transition operator between polar-
izations, the spin-orbit interaction of the core hole (3d XAS) and the exchange
interaction (4d XAS) in the final state. 3d and 4d XAS are complementary to
each other in investigation of the symmetry breaking in rare earth magnetic
systems.

Circular dichroism of multiplet structures were seen in both 3d and 4d XAS.
This is very useful in studying the variation of mixed valency and symmetry
breaking of the inifial state caused by hybridization between valence electrons
and conduction or valence band and by a crystalline field. We note that the fine
structures in the prethreshold region of the 4d XAS must be especially sensitive
to the variation.

Finally, we applied our calculation for interpretation of the recently ob-
served MCD in 3d and 4d XAS of Gd in GdIG and Gd metal respectively. The
signs of 3ds/; and 3d;/; peaks in the observed MCD in 3d XAS of Gd was

interpreted as a typical character for atomic magnetic moment dominantly in-
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duced by spin. The MCD in the experimental 3d and 4d XAS showed multiplet
structures that reproduces the calculation very well except for some discrepan-
cies. The average of the observed XAS by circularly polarized X-rays showed
good agreement with the calculated XAS by unpolarized X-ray, which indicates
that the sample. is not magnetically saturated. Hence, we proved the validity of
our calculation and the usefulness of MCD as a tool to investigate the atomic

magnetic state.*3)
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Charpter IV

Magnetic Dichroism in XAS of

Transition Elements

§1. Introduction

The various electronic and magnetic states of 3d electrons in magnetic materials
have been and still are objects of researches. It is therefore necessary for us to
know what contribution the magnetic dichroism in XAS, the newly developed
tool, can make to the study of this field. In this chapter, we discuss particularly
what information about ionic magnetic materials the magnetic circular dichro-
ism in 2p — 3d XAS can reveal. A characteristic thing about this spectrum
is that, because 2p orbit has a strong spin-orbit interaction, the spectrum is
separated into two parts, namely 2p3/; and 2p, /3, corresponding to 3d — 4 f
XAS of rare earths. |

Recently, Chen et al.'¥) and Sette et al.’®) observed MCD in 2p XAS of
transition elements in ferromagnetic metals and ionic insulators. MCD for
metallic substances, in which the 3d electrons are itinerant, was shown to re-
flect the spin and orbital moment state of configuration-mixed 3d state.’%) In
ionic materials, magnetic states constructed of the localized 3d electrons are
diverse because the electrons are subject to a strong crystalline field, an ex-

schange field on the spin and a spin-orbit interaction. This is in quite contrast
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with 4 f magnetic state in rare earths. The aim of this chapter is to show that
the MCD in 2p XAS can be a good tool for specifying what magnetic state is
realized. We choose the MCD of 2p XAS of Co as an example. We show in §2,
that from the MCD, we can estimate the amount of the orbital moment, which,
because of the strong crystalline field, should be zero if spin-orbit interaction is
neglected. We then discuss in §3, how the MCD reflects the effect of the uniaxial
potential acting on Co?* ion in CoFe;Oy4, which was formerly pointed out to
be important,®®5”) and also give an interpretation to the observed MCD. This
discussion gives evidence that a detailed information can be extracted from the

MCPD. In §4 is given a concluding remark.

§2. Magnetic dichroism in 2p XAS

3d electrons of transition element ion in ionic material are subject to a strong
crystalline field H.; produced by the surrounding ions. Although H., is weaker
than the intraatomic electrostatic interaction Hee, it is stronger than the spin-
orbit interaction H,, and the molecular field Hy. The molecular field 1s con-
sisted of exchange or superexchange interaction between the 3d electron and the
valence electrons of neighboring magnetic ions, and is assumed to be applied
on the spin. If we assume that Hg, = 0, in the magnetic state induced by Hy,,
the orbital moment is quenched and the magnetic moment is made only of spin
moment, ¢. e., (I) = 0. But if we consider Hy, # 0, except in the case where the
L determined by the Hund’s rule is zero, the orbital moment is not completely
quenched. The extent to which the strength of the orbital moment recovers is

determined by the interplay of all the terms in the Hamiltonian.
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In this section, we show that the MCD can be a good tool in estimating
the magnitude of the orbital moment. We take 2p — 3d XAS of Co?* as an
example and compare the MCD for some typical Hamiltonians. We assume

that the ion is placed in an octahedral crystalline field:

He = —

2rd

105Dq
5

ot 4yt 2t - §r4) =V.. (4.1)
The molecular field applied on the 3d spin is assumed as
Hn = E ata,2ppH(v|o|v). (4.2)

where upH is assumed to be 0.1€V in this section. Slater’s integrals in Hee
(see eq. (2.2)) and (’s in Hy, (see eq. (2.9)) are assumed as follows:*®) for the
initial state, F7 = 9.28, Fj = 5.77, and we vary the values of 10Dq and (;
for the final state, ng = 5.81, Gzl,d = 4.32, Gf,d =246, F? = 9.92, F} = 6.17,
¢4 = 0.083, and ¢, = 9.75.

In Fig. 4.1, we show the calculated 2p XAS of Co?* ion for circularly
polarized X-rays: total spectrum ((I4 +I-)/2) at the top, and the MCD ((I- —
I,)/2) at the bottom. In the left column, 10Dg = 1.2eV and (4 = 0 leading
(m) = 0 and (o) = —1.5. The MCD feature-in this case is explained as follows.
Because the 3d occupation is symmetric with respect to an operation m — —m,
the integrated absorption intensity is the same for both circular polarizations
(see Fig 4.2). Thus, the integrated MCD is zero. In 2p; — 3d absorption by
circular polarization, the weights of transitions to 3d states are distributed as
shown in Fig. 4.3. As the holes are only in the ¢ > 0 states, d3/; (d1/2) peak is

darger for positive (negative) helicity, which leads to the MCD pattern.
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In the center column, 10Dg = 1.2V and (4 = 0.066eV leading (m) = —1.59
and (o) = —1.48. As (m) < 0, i. e., holes are more likely to be found in
m > 0, I 3/2 is enhanced and I_;1/ is suppressed while effects on other peak
intensities are small, making the ds/; peak in MCD grow and d; /, peak shrink.

In the right column, 10Dg = 0 and {4 = 0.066eV leading (m) = —3.0 and
() = —1.5. Although this condition is not realistic for transition elements in
solids, we show the spectrum for comparison. As the 3d state is now similar
to the 4f state of the more-than-half-filled case (N > 8) in rare earths, the
spectra also show resemblance if we replace the 2ps/; and 2p,, by 3ds/, and

3ds/, respectively.

§3. MCD in 2p XAS of Co in CoFe,0,4

In the light of our discussion in the previous section, the MCD in 2p XAS of Coin
CoFe; Oy, which was recently observed by Sette et al.3%) shows that the orbital
moment of Co?* is rather large. Furthermore, Slonczewski and Tachiki pointed
out, in their studies on the magnetic anisotropy of CoFe; 04,%%%" that not only
the spin-orbit interaction but also a uniaxial potential plays an important role
in determining the 3d state of the Co. In this section, as a test of the capability
of the MCD, we examine how sensitively the MCD in 2p XAS reflects the
modification of the electronic state by the uniaxial potential.
3. 1. Trigonal potential on Co in CoFey0y

CoFe, 0y is a ferrimagnet with Curie temperature T'¢c = 520°C.59 It has
the inverse spinel structure, namely, Co?* ions are in the octahedral sites (B

ssites), where they are surrounded octahedrally by 0?7, half of the Fe*t ions
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are in B sites and the other half are in the tetrahedral sites (A sites). In the
ferrimagnetic state, magnetic moments of ions in the B(A) sites are parallel
(antiparallel) with the total magnetization. If we neglect the difference in the
species of cations, each B site lies on an axis of threefold symmetry which is
parallel to one of the body diagonals of the cubic crystal. This symmetry is
illustrated in Fig. 4.4. B sites may be classified into four kinds, each lying on
one of the four trigonal axes (111, 111, 111, 111). The easy axes are the
three axes equivalent with [001] axis

In the cubic crystalline field, the ground level of a free Co?™ ion (*F) splits
into three orbital levels, namely I'y, I's and I';, and the lowest is the triplet T'y.
This lowest level splits into a doublet and a singlet by the trigonal field due to
the averaged charge distribution of the ions in the B sites, Fe3t ions in the A
sites and the oxygen ions slightly distorted from the octahedral arrangement.
It is assumed that the doublet lies lower. When we take into account the spin-
orbit interaction and the molecular field on the spin, these doublet and singlet
are mixed again to yield the ground state. The cubic crystalline field is of
the order of ~ 1€V, and the trigonal field, the spin-orbit interaction and the
molecular field on spin are all of the same order, ~ 0.1eV. Although there is
a site-dependent crystalline field of a lower symmetry arising from a certain
arrangement of Fe3™ and Co?* around the center Co®™, this field is assumed
to be of a still smaller magnitude®®®?) (~ 0.01eV) and will be neglected in the
present discussion.
3. 2. Trigonal field and temperature-dependent MCD

A We assume that the additional uniaxial field, which along with the cubic
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field makes the whole field trigonal, is of the lowest order:
2p
Vi = ——_2(:cy+y2+2$). (4.3)
r

In Fig. 4.5(a)-(d), we show the calculated total XAS ((I; + I_-)/2) and MCD
((I- — I4)/2) in temperatures T' = 0 and 300K for a cubic field (10Dg =
1.2eV and p = 0) and for a trigonal field (10Dg = 1.2eV and p = 0.3eV: this
corresponds to the magnitude of the trigonal field assumed by Slonczewskiss)).
w here represents the relative photon energy. The 10Dgq of the cubic field was
determined so that the total XAS reproduces the observed one. Values for
Slater’s integral and the (’s are the same as in the previous section, except for
(s = 0.033¢V in the initial state, which is also assumed after Slonczewski.5%)
As the easy axes are the three axes equivalent with [001] axis, we apply the
molecular field along the z-axis (see eq. (4.2)). puH = 0.035eV is assumed
at T = 300K. At T = 0, although up™H should be larger to some extent, we
adopt the same value as at T' = 300K because the effect of the variation of ug™
around 0.035eV on the electronic state is negligible.

At the zero temperature (see Figs. 4.5 (a) and (b)), both the total XAS
and MCD are clearly affected by the trigonal crystalline field. The effect is
that peaks B and D decrease compared with peaks A and C respectively. The
difference comes from the change in the direction of the orbital moment in
the ground state: the trigonal crystalline field makes the orbital moment cant
along the direction of the trigonal axis. The integrated MCD, a quantity closely
related to the m state, are approximately —3/4 and —1/2 times the integrated

stotal XAS for p = 0 and 0.3, reflecting (m) = —1.46 and —0.98 respectively.
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At 300K (see Figs. 4.5 (c) and (d)), the effect of the trigonal crystalline field
on the spectral shape is smaller both in the total XAS and in the MCD. The
integrated MCD is approximately —3/8 and —1/4 times the integrated total
XAS for p =0 and 0.3 reflecting (m) = —0.78 and —0.54, respectively.

Our calculation predicts that the effect of the trigonal crystalline field, if
exists, will be reflected in the MCD spectrum at low temperatures. Temperature
dependence of not only the spectral shape of the MCD but also the integrated
MCD is expected to be useful in studying solid state effects on electronic state

. of magnetic ion.

In figs. 4.5 (e) and (f), we show the experimental result of 2p XAS and its
MCD obtained at the room temperature by Sette et. al.®). Our calculation for
T = 300K with both p = 0 and 0.3 agree with the experiment well. For p = 0
(0.3) the calculated spin and orbital moment contributions to the magnetic

moment of Co®T are 2.80(2.84)up and 0.78(0.54)up respectively.

§4. Conclusion

The MCD in 2p XAS of transition elements was shown to depend sensitively on
the spin and orbital moment contribution to the magnetic state of 3d electrons, .
which is deformed by the interplay of the crystalline field, the molecular field
and the spin-orbit interaction, using transition element Co?" ion as an example.
To show that MCD can be used to determine the electronic and magnetic state
in detail, we predicted the effect of trigonal crystalline field expected on the
spectrum at low temperatures in CoFe;O4. The MCD can thus be used to

sobserve the strehgth of the trigonal field, which has not been done yet. We also

38



explained the observed MCD in Co 2p XAS.47)
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Charpter V

Magnetic Dichroism in Core XPS

§1. Introduction

The measurement of MCD in the 2p-core x-ray photoemiséion (2p XPS) has
been recently made by Baumgarten et al. in ferromagnetic Fe.?®) Although an
explanation with use of a phenomenologically introduced core-valence exchange
interaction is given to the observed feature of MCD in Fe 2p XPS,?9 discussions
seem to be still controversial and a unified picture to clarify the MCD feature
is absent for the 2p XPS in transition-element systems and the 3d XPS in
rare-earth systems. It should be noted that the phenomenological exchange
interaction canﬁot distinguish whether the atomic magnetic moment arises from
spin or orbital moment.

The purpose of this chapter is to discuss theoretically a basic MCD feature
in 2p XPS in ferromagnetic transition-element systems and 3d XPS in rare-
-earth systems. For core XAS spectra, it has been shown that an essential
feature of MCD calculated by using an atomic model is maintained even in
solids such as Ni®® and Ce, 2072 even if modified to some extent by ‘solid
state effect’ such as hybridization. The present approach for XPS neglecting
the hybridization between the 3d or 4f orbital of an atom in question and

ssurrounding ‘delocalized’ orbits is at least expected to be a starting point for
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our purpose. We first discuss the MCD in 2p XPS for an atom with 3d® under a
crystalline and a molecular field as an example of spin-dominant ferromagnets
such as Fe. Our calculation will show that the observed basic feature of MCD
in Fe 2p XPS is common to the case where the 2p — d transition is dominant
compared with the 2p — s and the 3d spin mainly contributes to an atomic
magnetic moment. Next we discuss the MCD in 3d XPS for an atom with 4 f1
under an infinitesimal molecular field on the total angular momentum as an
example of the orbital-moment-dominant ferromagnet seen in many rare-earth
systems. We will see that the MCD feature in XPS is basically determined by
the direction of spin moment in the valence electron system, the selection rule
of the photoexcitation and the exchange interactions between valence electrons

and a photo-produced core-hole in the final state of the photoemission.

§2. Spin-dominant magnetic state

We first give an intuitive discussion about the MCD in 2p XPS for 3d atoms
where the 3d spin contributes to an atomic magnetic moment (see Fig. 5.1) and
then present calculated results for the spin-polarized initial state with 3d® con-
figuration (see Fig. 5.2). We assume that, in the initial state, the 3d down-spin
states are filled and 3d holes exist in the up-spin state: we take the positive
z-axis as the direction of the magnetization. The 2p-core electron can be pho-
toexcited into the d or s symmetry state by the dipole transition.

We first consider the 2p — d transition. As the transition probability from
the 2p state |€) with the azimuthal quantum number m¢ to the d symmetry state
with the quantum number m = mg¢ + 1 is proportional to |c! (2 (mg + 1), 1 me)|?
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(see eq. (2.29)). The probability-ratio of both the 1 — 2,0 — 1 and -1 — 0
transitions by positive helicity X-ray and the -1 — -2, 0 - —1and 1 — 0
transitions by negative helicity is 6 : 3 : 1 (see Fig. 4.2, where now m, should
be replaced by m). In the final states corresponding to the 2p;,, peak of 2p
XPS, the 2p hole is mainly in the m¢ = 1 state with down-spin or in the
mg = —1 state with up-spin (see Fig. 5.1(a)). If we note the above-mentioned
transition-probability-ratio, the former (latter) state is mainly produced by pos-
itive (negative) helicity with emitting the down (up) spin photoelectrons and
rather contributes to the higher (lower) binding-energy region of the 2p, /, pe;k
due to the 2p-3d exchange part of the intraatomic electrostatic interactions;
the 3d and 2p holes have fhe opposite (same) spin to each other in the former
(latter). In the final states corresponding to the 2p3/, peak, on the other hand,
the 2p hole is mainly in the mg = 1 state with up-spin or in the m¢ = —1 state
with down-spin. The former (latter) state is mainly produced by the positive
(negative) helicity by emitting photoelectrons with up (down) spin and rather
contributes to the lower (higher) binding-energy region of the 2p3/, peak due
to the 2p-3d exchange interactions(Fig. 5.1(b)). The MCD in 2p XPS for the

present case is therefore schematically given as in Fig. 5.1(c).

Next we consider the 2p — s transition. The final state corresponding to
the 2p; /, peak with a 2p hole mainly in the m¢ =1 with down-spin (me=—-1
with up-spin) orbital, which rather contributes to the higher (lower) binding-
energy region of the peak, is in this case produced by negative (positive) he-
licity unlike the case of 2p — d transition. On the other hand, the final state

scorresponding to the 2p;/; peak with a 2p hole mainly in the mg =1 with up-
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spin (mg = —1 with down-spin) orbital, which rather contributes to the lower
(higher) binding-energy region of the 2p; peak is produced by negative (pos-
'~ itive) helicity. The MCD feature of 2p XPS for the 2p — s process therefore
becomes that where the roles of positive and negative helicities in the 2p — d

process are interchanged (see Fig. 5.1(d)).

Since the 2p — d process is usually dominant compared with the 2p — s,
the MCD feature expected in the former process (see Fig. 5.1(c)) is supposed to
emerge in the Fe 2p XPS experiment. In Fig. 5.2 we show atomic calculations
of 2p — d (a) and 2p — s (b) XPS spin-resolved spectra for both positive
and negative helicities and MCD of 2p XPS for ‘ferromagnetic’ 3d®. Slater’s
integrals F’s and G’s and spin-orbit interaction (’s are assumed as follows:
F? =9.79, F} = 6.08 and (4 = 0 for the initial state, and F; = 11.2, Fj = 7.01,
F;?d = 6.68, Gzl)d = 5.07, Gf,d = 2.88, (¢4 = 0.112 and ¢, = 11.51 for the final
state, all in units of eV. The crystalline field 10Dg = 1.0eV and the molecular
field up™ = 0.02eV on spin (see eq. (4.2)) are adopted. We see that the spin-
resolved XPS expected from the above-mentioned discussion and an essential
feature of MCD schematically shown in Fig. 5.1 are realized. Our calculation
seems to give a kind of justification for an analysis of MCD data with use of
the phenomenological valenée;core exchange. It is also worth mentioning that
the MCD spectrum for 2p — s is obtained exactly by interchanging the role of
positive and negative helicities in that for 2p — d, which can be easily shown
by using properties of the c!’s. We note that the essence of our discussion
also applies to the 3d-core XPS in rare-earths with a spin-dominant magnetic

smoment, such as Gd®T with the ground state 8S under an infinitesimal magnetic

43



field, if we replace the discussions for 2p,/, and 2ps; peaks in 2p — d (s)

transition by those for 3ds/; and 3ds/; peaks in 3d — f (p), respectively.

§3. Orbital-moment-dominant Magnetic state

Next we go into a discussion on the case where the orbital moment mainly
contributes to the atomic magnetic moment. Such cases are often seen in rare-
earth ferromagnets. In order to demonstrate that the MCD feature different
from that for spin-dominant system is realized, we consider, as an example,
the 3d XPS in Ce®t (4f') with the ground state ?Fj /2 under an infinitesimal
magnetic field: the 4f state |v) with the azimuthal quantum number m, = -3
and up-spin is dominantly éccupied.

We consider the 3d — f transition. The transition-probability from the 3d
state |€) with the azimuthal quantum number mg¢ to f symmetry state with the
quantum number m = m¢ + p is proportional to |¢!(3(mg + p),2m¢)|?. The
probability-ratio of both the 2 - 3,1 -2 0 —- 1, -1 - 0 and -2 — -1
transitions by positive helicity and the -2 - -3, -1 —- -2, 0 —- -1, 1 = 0
and 2 — 1 transitions by negative helicity is 15:10:6: 3 : 1 (see Fig. 3.4). In
the final state, the exchange interaction between a pre-existing 4 f electron and
a photo-produced 3d hole, if they have the same spin, lifts up the final-state-
energy by an amount mainly determined by the Slater integral G' multiplied
by |c'(3m,,2m¢)|®. The final state corresponding to the 3ds/; peak of 3d XPS
has a 3d hole mainly in the orbital .With either positive m, and down-spin or
negative m¢ and up-spin. The former (latter) is seen to be dominantly produced
by the positive (negative) helicity and rather contributes to the lower (higher)
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binding-energy region of the peak due to the 3d-4f exchange interaction. The
final state corresponding to the 3ds/; peak, on the other hand, has a 3d hole
mainly in the orbital with either positive m¢ and up-spin or negative m¢ and
down-spin. The former (latter) state with up-spin (down-spin) hole is seen to be
dominantly produced by the positive (negative) helicity. The magnitude of the
3d-4f exchange interaction between the pre-existing 4f electron mainly in the
m, = —3 and up-spin state and the core-hole is, however, small compared with
the 3d;/, case for both final states produced by positive and negative helicities,
because the G'!-exchange interaction is suppressed by the above-mentioned pref-
actor in the former case and by a ‘spin-mismatch’ in the latter case; both final
states do not ‘prefer’ either the higher or the lower binding-energy region of the
3ds )y peak. The feature of MCD in the 3ds/; region is therefore expected not
to be so simple and will be, if the lifetime-broadening of spectrum is taken into
account, less prominent compared with the 3ds/, case.

In Fig. 5.3, we show the calculated spin-resolved 3d — f (a) and 3d — p
(b) XPS and MCD in the present case with use of the Slater integrals and spin-
orbit interactions given by Thole et al.>%) In the 3d3 /3 region for 3d — f, a clear
MCD is in fact seen, which is opposite to that in 2p, /5 region for 2p — d shown
in Fig. 5.3 reflecting the spin-moment being antiparallel to the magnetization-
direction. In the 3ds/; region, on the other hand, the MCD pattern is seen
to be not so simple. For 3d — p transition, we again have MCD obtained by

replacing positive and negative helicities in 3d — f.
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§4. Conclusion

We have given basic features of MCD in 2p XPS and 3d XPS for the two
types of ferromagnet where mainly the spin and orbital moment respectively
contribute to the magnetic moment, with use of an atomic model including
multiplet effect, and without use of a phenomenological core-valence exchange
model. The MCD feature, which depends on whether spin or orbital moment
mainly contributes to magnetic moment, is expected to be a powerful charac-
teristic to probe the atomic magnetic state in ferromagnets. We furthermore
showed that the usefulness of the characteristic is increased by carrying out
spin-resolved photoemission. Qur calculation preassume the dipole-transition
probability being independent of the photoelectron energy w. This is justified
for the experimental condition®®) with w ~ 100eV. We have concentrated our
discussion not on the absolute values but on patterns of MCD, the former of

which will need considerations about various origins to reduce MCD. *

* The content of this chapter was presented on March 25 in 199149) After
p
preparin th)licati011,48) we found a paper by van der Laan discussing a similar
‘,subject.sz)
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Charpter VI

Summary

We calculated the magnetic dichroism in 3d — 4f and 4d — 4f XAS and 3d
XPS of rare earth ions under an infinitesimal molecular field on the total angular
momentum, and that in 2p — 3d XAS and 2p XPS of transition element ions
under a crystalline field and a molecular field on the spin.

Through the calculations, magnetic dichroism in core XAS and core XPS
was found to reflect the spin and orbital moment states of the magnetic orbit
very well, in such ways that XAS and XPS, and spectroscopies exciting different
core orbits, give complementary information. The effect of rather weak field as
the uniaxial field that works on Co%* in CoFe,Q4 was found to be considerably
large. We also succeeded in interpreting the observed MCD in 2p XAS of Co
in CoFeyOy, that in 3d and 4d XAS of Gd, and in 2p XPS of iron.

The relation between the main features in the magnetic dichroism and the
character of the symmetry breaking in the spin and orbital-moment state of
the initial state was explained in a common scheme. The important factors
were found to be the transition operators of the photoexcitation by the polar-
ized photon, the spin-orbit interaction of the photoproduced core hole, and the
electrostatic interaction between the core hole and the valence electrons.

Through our calculations and discussions, we have shown the capability
of the magnetic dichroism in the soft X-ray region as a good tool in investi-

gating the magnetic states. The characteristics of the information that can be
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yielded were shown to be as follows: it can be directly connected with the spin
and orbital-moment state; information from various aspects are provided by
changing the core whose electron is photoexcited and by measuring photoemis-
sion and phtoabsorption; multiplet structures in the spectra is sensitive to the

detailed magnetic state.
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Fig. 3.1.  The calculated 3d XAS of rare earth ions in an infinitesimal molec-
ular field on the total angular momentum, by positive helicity (top), negative
helicity (middle), and linear polarization with E || z-axis (bottom). 3ds/, peak
is shown at the left and 3d3/; at the right. In each section, the histogram of
the absorption lines is shown at the bottom, and the curve of the Lorentzian
convolution with 2T = 1.0eV at the top. Normalization is taken by the aver-
age of the integrated intensities for the three polarizations. The scale for the
histogram is shown at the left and that for the convoluted curve at the right.

Zero-point of the photon-energy is taken arbitrary.
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Fig. 3.1 (continued)
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Fig. 3.2.  The calculated 4d XAS of rare earth ions in an infinitesimal molec-
ular field on the total angular momentum, by positive helicity (top), negative
helicity (middle), and linear polarization with E || z-axis (bottom). In each
section, the histogram of the absorption lines is shown at the bottom, and the
curve of the Lorentzian convolution with 2I' = 2.0eV at the top. The condi-
tions for normalization and scale are the same as Fig. 3.1. Zero-point of the

photon-energy is taken arbitrary.
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Fig. 3.3.  The calculated prethreshold region of 4d XAS of rare earth ions
in an infinitesimal molecular field on the total angular momentum, by positive
helicity (top), negative helicity (middle), and linear polarization with E || z-axis
(bottom). In each section, the histogram of the absorption lines is shown at
the bottom, and the curve of the Lorentzian convolution with 2I' = 0.2eV at
the top. Normalization is taken as in Fig. 3.1 with integration over the whole
energy range including the giant resonance peaks. The condition for the scale
is the same as Fig. 3.1. Zero-point of the photon-energy is taken the same as
in Fig. 3.2. '
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Fig. 3.4.  The distribution of |c'(3m,,2m, —u)|?, the weights of the transition
to the f states |v) in d — f photoabsorption by positive helicity(u = +1) and
negative helicity(u = —1). ’
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Fig. 3.5.  The distribution of the weights of the transition to the f states
lv) in d — f photoabsorption by the light with the polarization u, when the
spin-orbit interaction of the core d hole is strong enough for J of the core hole

to be a nearly good quantum number.
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Fig. 3.6. 3d XAS of Gd. Top: Calculated spectrum for X-rays without

polarization (Iy + I~ + Ij)/3 (upper row), and MCD (I} — I_)/2 (lower row).
Zero-point of the photon-energy is taken arbitrary. Bottom: Observed total
spectrum (‘I ’+‘I_")/2 (upper row) and difference spectrum (‘I.'—I_")/2 x 14
(lower row) by circularly polarized light of Gd in GdIG.3%) 3dj /2 peaks are shown

at the left and 3d3/; at the right.
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Fig. 3.7.  The prethreshold region of 4d XAS of Gd. Top: Calculated spec-
trum for X-rays without polarization (I + I_ + I;)/3 (upper row), and MCD
(I+ — I_)/2 (lower row). Zero-point of the photon-energy is taken arbitrary.
Bottom: Observed total spectrum (‘I.’+‘I_")/2 (upper row) and difference
spectrum (‘I.’—I_")/2 x 4 (lower row) by circularly polarized light of ferro-
magnetic Gd.3®)
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Fig. 4.2. The distribution of |c'(2m,,1m, —u)|?, the weight of the transition
to the d state |v) in p — d photoabsorption by positive helicity(s = +1) and
negative helicity(u = —1).
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Fig. 4.3.  The distribution of the weight of the transition to the d state |v) in
p — d photoabsorption by the light with the polarization p, when the spin-orbit
interaction of the core p hole is strong enough for j of the core hole, which is

shown as ‘p;’, to be nearly good quantum number.
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Fig. 44. The trigonal symmetry at the B site of the spinel structure.
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Fig. 45 (a)-(d): Calculated total intensity(top) and difference intensity(or
MCD: bottom) of 2p XAS of magnetic Co?* with X-ray of negative and positive
helicity at T = 0 and 300 X in octahedral (p = 0) and trigonal (p = 0.3eV)
symmetry(see eq. (4.3)). The effect of the trigonal crystalline field is much
more clear in zero-temperature than in room-temperature. Zero-point of the
photon-energy is taken arbitrary. (e), (f): Observed total intensity (e) and
MCD (f) of 2p XAS of Co in a ferrimagnet CoFe; O4 obtained by Sette at room
temperature.?®) These agree well with spectra (c) and (d).
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Fig. 5.1 (a), (b): Schematic illustrations of 2p- and 3d-hole-distributions (un-
shaded area) among orbitals specified by azimuthal and spin quantum numbers
in the final state of 2p XPS for 2p;; (a) and 2p3/; (b). ‘+’ and ‘=’ stand for
positive and negative helicities respectively. (c), (d): MCD features for 2p — d
(c) and 2p — s (d) transitions.
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Fig. 5.2 The calculated spectra of 2p — d (a) and 2p — s (b) XPS for positive
helicity (+) and negative helicity (—) emitting T and | spin photoelectrons and
MCD (Ip = (I4+1 + 14y —I-3 —I_1)/2). The ground state of 3d® configuration
under octahedral cystalline field 10Dg = 1.0eV and magnetic field acting on

3d spin upH = 0.02 eV with no 3d spin-orbit coupling (no orbital moment) is

assumed as the initial state.
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Fig. 5.3 Same as Fig. 5.2 except for 3d — f (a) and 3d — p (b) XPS and
MCD. The ground state of 4f1 configuration under infinitesimal molecular field

on the total angular momentum is assumed as the initial state.
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