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Angle-resolved resonant inelastic x-ray scattering from transition-metal magnetic ions
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We present a study on the x-ray inelastic scattering at the 2p resonance of transition metals. The theoretical
results are discussed in the single-ion model with crystal-field corrections and the full description of multiplet
manifolds. The interference effects among the intermediate states are described as a function of the directions
and polarizations of the incoming and outcoming beams. We consider the special case where the emission is
due to inner-shell recombination. A variety of peculiar effects are discussed, with special reference to the
perpendicular geometry of the incoming beam. The simplest cases are analytically examined showing the
potential sensitivity of this technique to the electronic structure. Numerical results for the total and dichroic
signals for some elements of the 3d series are given.
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I. INTRODUCTION

Thanks to the technical progress of synchrotron-radia
sources in recent years resonant inelastic x-ray scatte1

~RIXS! has become a powerful technique of increasing in
est for the study of electronic and magnetic properties
solids. The higher selectivity with respect to x-ray absorpt
spectroscopy~XAS!, due to the possible choice of the dee
citation channel and the propagation direction of the out
ing photons, allows one to obtain information not access
in XAS. In fact, the study of the angular distribution of th
emitted photons allows one to recover:~i! information on the
core hole created in the absorption step;2 ~ii ! the multipole
moments~even of higher order! of the charge and magneti
densities of the partially filled shells in the atomic grou
state, through the use of sum rules that have been devel
theoretically in the last decade.3–6 A similar description can
be provided for the other resonant process, where the
excitation channel is given by the Auger effect.7

RIXS can be a tool of the investigation of the electron
and magnetic properties at the atomic scale for the un
standing of many hot topics in condensed-matter physic
recent years~giant magnetoresistance, magnetic anisotro
interlayer coupling, and so on!. To this aim, it is particularly
interesting to study the perpendicular geometry,8 where the
incident beam impinges orthogonally with respect to
magnetization. In this configuration XAS shows no magne
dichroism, while a dichroic signal can be detected
RIXS.9–12 Its origin is linked to the creation of a polarize
core hole in the absorption step and it is detectable only
presence of a nonvanishing projection of the emission di
tion along the sample magnetization.8,9 The perpendicular
geometry is convenient for a simpler and straightforward
plication of the sum rules13 as well as for bypassing som
experimental difficulties.14

For these reasons the study of the angle and polariza
dependence of the RIXS cross section has become of p
mount importance. A convenient formalism was develop
by Fukui et al.,11,12 in the case when the magnetization b
longs to the scattering plane, showing the crucial role of
interference among the states of the intermediate config
0163-1829/2004/69~10!/104433~13!/$22.50 69 1044
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tion of the process to account for dichroism in the perp
dicular geometry.

A recent demonstration by Braicovichet al.15 of the fea-
sibility of the quantitative recovery of the multipole mo
ments up to order 4~presented for cobalt ions in CoFe2O4),
adopting a particular geometry where the magnetization
the incident and emitted beam do not belong to the sa
plane, suggests the extension of the previous results to
clude such more general case.

We consider here the scattering process involv
the transitions 2p63dn→2p53dn11→2p63s13dn11. The
scattering is deeply inelastic, thus the feasible exp
ment can avoid self-absorption problems. Anyhow the sa
formalism can be applied to the case of quasi-elastic sca
ing 2p63dn→2p53dn11→2p63dn, involving the same
multiplets in the initial and final configurations.

In this paper the expression for the angle-dependent c
section in the dipole-dipole channel is given in the mo
general geometrical setup, both for the total value summ
on the two incoming beam polarization and for the circu
dichroism. It is written as an explicit function of the angle
defining the directions of the incoming and outgoing beam
so that it can be directly used for the comparison with e
periments. The case where the propagation direction of
emitted photon is out of the plane defined by the direction
the incident photon and the sample magnetization is inve
gated in detail, highlighting the importance of the interfe
ence among the intermediate states for the description of
angular dependence. In this case an asymmetry for emis
with respect to that plane is found. Its origin is linked to t
presence of the magnetization. Particular relevance is g
to the perpendicular geometry, where numerical calculati
performed for theL3 threshold of some 3d transition metal
~TM! systems are supplied. The pedagogical case of
Ni21 in cylindrical symmetry is discussed following step b
step the calculations.

The paper is organized as follows. In Sec. II the ang
resolved differential cross section is given; in Sec. III t
role of the interference between the states of the intermed
configuration is pointed out; the details of the numerical a
proach are given in Sec. IV, together with the discussion
©2004 The American Physical Society33-1
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crystal-field and finite-temperature effects; numerical cal
lations for Mn21, Co21, and Ni21 are shown and discusse
in Sec. V, after a presentation of the simple case of the N21

in SO2 symmetry which can be analytically examined; Se
VI is devoted to the conclusions.

II. ANGLE- AND POLARIZATION-RESOLVED
DIFFERENTIAL CROSS SECTION

The scattering cross section in resonant condition is gi
by16

d2s

dV8d~\v8!
5(

u f & U(un&

^ f uT(e)un&^nuT(a)u i &

Ei2En1\v1 i
Gn

2
U 2

3d„Ei2Ef1\~v2v8!…, ~1!

where we have omitted the multiplicative constants and
very slow varying factor (v8/v), unimportant at the 2p
threshold in TM’s. It represents the rate of emission of ph
tons of energy\v8 in the solid angledV8 centered in the
emission direction, after the excitation of the system w
photons of energy\v. u i &, un&, andu f & are the initial, inter-
mediate, and final states of the process with energiesEi , En ,
and Ef respectively; thed function accounts for the energ
conservation.T(a) andT(e) are the transition operators for th
incident and emitted photons, respectively.Gn , the intrinsic
linewidth connected with the finite lifetime of the intermed
ate stateun&, prevents the divergence of the cross section
resonance. The presence of a complex energyEn2 i (Gn/2) in
the denominator is equivalent to the inclusion of higher-or
terms of the interaction into the second-order perturba
expansion.17

The explicit forms of the transition operators, for the ca
of dipolar excitation and decay involved in theL2,3 thresh-
olds and the 3s→2p emission, are, respectively,e•r and
e8*•r , with e and e8 as polarization vectors. We adopt th
most general geometrical setup, as shown in Fig. 1, wh
three coordinate systems are introduced. Two are relate
the incident (xyz) and emitted (x8y8z8) photons, wherez
andz8 axes are parallel to the propagation directions, for
ing q andq8 angles (0<q,q8<p) with the magnetization
M . The other (x9y9z9) is associated with the sample and h
z9 parallel toM , which is the quantization direction of th
system. The anglesw and w8 (0<w,w8,2p) of the inci-
dence and the emission directions aroundM are taken with
respect tox9.

Writing the scalar products in spherical coordina
e•rÄr (q(21)qe2qCq

(1)( r̂ ) and considering that (e* )q

5eq* andeq5(21)qe2q , Eq. ~1! can be put in the form
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d2see8

dV8d~\v8!
5(

u f &
U(

qq8
~21!q8eq~e2q8

8 !* (
un&

3
^ i urCq

(1)~ r̂ !un&^nurCq8
(1)

~ r̂ !u f &

Ei2En1\v1 iGn/2 U2

3d„Ei2Ef1\~v2v8!…, ~2!

where the spherical tensor operators Cm
( l )

5A4p/(2l 11)Ylm , with the spherical harmonicsYlm , are
expressed in the (x9y9z9) coordinates. The matrix elemen
appearing in Eq.~2! can be written in the representation
electron coordinates:u i &, un&, u f & areN-electron state func-
tions of r 1 ,r 2 , . . . ,r N and rCq

(1)( r̂ ) is the one-electron op

erator( j r jCq
(1)(r ĵ ). We prefer an expression with the ord

of initial, intermediate, and final states from left to right
view of the following definitions of straightforward
interpretation.18 The expression of the polarization covaria
componentseq are obtained in terms of the Cartesian coo
dinates of different frames that are related through the ro
tion

S x9

y9

z9
D 5S cosq cosw 2sinw sinq cosw

cosq sinw cosw sinq sinw

2sinq 0 cosq
D S x

y

z
D .

For circular polarizations one has

~e1!q55
1

2
~12cosq!eiw, q51

2
1

A2
sinq, q50

1

2
~11cosq!e2 iw q521,

FIG. 1. Three coordinate systems required to describe the
ometry of the scattering process. Two are related to the incid
(xyz) and emitted (x8y8z8) photons; the other (x9y9z9) is associ-
ated with the sample and hasz9 parallel toM . x9 andy9 are sup-
posed to be parallel to the octahedron axes in the caseOh crystal
field.
3-2
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~e2!q55
2

1

2
~11cosq!eiw, q51

2
1

A2
sinq, q50

2
1

2
~12cosq!e2 iw, q521,

where the definitions of polarization vectors

e15eLe f t52e1 ,

e25eRight5e21

have been adopted.19 The same expressions hold also for t
outgoing photon, as functions ofq8 andw8.

For the case where the polarization of the emitted beam
not measured, we have

d2se

dV8d~\v8!
5(

u f &
Fe~\v!d„Ei2Ef1\~v2v8!…,

where the square modulus in Eq.~2! has been developed a

Fe~\v!5(
e8

(
q1q2q3q4

~21!q21q4eq1
~e2q2

8 !* ~eq3
!*

3e2q4
8 f q1q2

f q3q4
*

with

f qq85(
un&

^ i urCq
(1)~ r̂ !un&^nurCq8

(1)
~ r̂ !u f &

Ei2En1\v1 iGn/2
. ~3!

For a straightforward interpretation of the results we foc
on SO2 symmetry, that of an isolated ion in a magnetic fie
u i &, un&, u f & are atomicuaJM& states, whereJ is the total
angular momentum quantum number,M its component along
the quantization axis, anda includes all other quantum
numbers. The selection rules allow only the transitionsM 8
5M1q, so that only thef q1q2

f q3q4
* products withq11q2

5q31q4 survive. To make the notation simpler we will refe
to Fe(\v) hereafter; in order to have the cross section
further sum( u f &F

e(\v)d„Ei2Ef1\(v2v8)… is required.
The results forFsum5F11F2 andFdich5F12F2, the in-
tensity for the sum and the difference over the incident p
ton circular polarizations, are

Fsum~\v!5~11cos2q!~11cos2q8!S11~11cos2q!

3sin2q8S21sin2q~11cos2q8!S3

1sin2qsin2q8@S41Re$S5e2i (w2w8)%#

1sin 2qsin 2q8@Re$S6ei (w2w8)%#, ~4!

Fdich~\v!5cosq~11cos2q8!D11cosq sin2q8D2

1sinq sin 2q8@Re$D3ei (w2w8)%#, ~5!

where the terms
10443
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S15
1

4
~ u f 11u21u f 121u21u f 211u21u f 2121u2!,

S25
1

2
~ u f 10u21u f 210u2!,

S35
1

2
~ u f 01u21u f 021u2!,

S45u f 00u2,

S55
1

2
~ f 121f 211* !,

S65
1

4
~ f 10f 01* 2 f 121f 00* 2 f 00f 211* 1 f 021f 210* !,

D15
1

2
~2u f 11u22u f 121u21u f 211u21u f 2121u2!,

D252u f 10u21u f 210u2,

D35
1

2
~2 f 10f 01* 1 f 121f 00* 2 f 00f 211* 1 f 021f 210* !

depend on the incident photon energy\v through the func-
tions f qq8 . In Eqs. ~4! and ~5! the angular dependence
made explicit and the atomic structure is entirely included
Si and Di coefficients: they are linear combinations
f q1q2

f q3q4
* . For (q1 ,q2)5(q3 ,q4) we have u f q1q2

u2 terms,

which contain sums of both diagonal and off-diagonal ter
with respect to the intermediate states of the process.
diagonal terms involve the same intermediate stateun&. The
off-diagonal terms contain two different intermediate sta
un& and um& with the same symmetry properties: they a
both reached with the same component of the transition
erator, so that they have the sameM, or more generally
they belong to the same irreducible representation of
symmetry group of the system. The productsf q1q2

f q3q4
* with

(q1 ,q2)Þ(q3 ,q4) are composed only of off-diagonal term
with intermediate states of differentM. Usually the cross
terms are smaller in magnitude than the diagonal ones,
they are not negligible,20 especially in some particular geom
etries where they play an important role, as will be shown
Secs. III and V.

The total spectrumFsum depends on a weighted sum o
diagonal products throughS1 , S2 , S3, and S4 and only
throughS5 andS6 from off-diagonal processes. The dichro
spectrum depends throughD1 andD2 on the differences be
tween u f q1q2

u2 having differentmagnetic quantum number

and also on the interference effects linked to the off-diago
terms present inD3. In general, the total and dichroic spect
are the sum of many products composed of an angular fa
depending onq, w, q8, w8 and a spectral factor dependin
on v, v8, so that a similar analytic form can be used for t
structure of the energy-resolved spectra and for their in
grals over\vk , \vk8 , or both@giving J(q,w,q8,w8)].
3-3
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III. THE ROLE OF THE INTERFERENCE

The development of the square modulus in Eq.~2! in-
cludes interference effects between the intermediate st
described by off-diagonal products, that are needed to ob
the most general angular dependence of the RIXS cross
tion. Thew and w8 dependence appears only if terms w
(q1 ,q2)Þ(q3 ,q4) are present, as can be seen from Eqs.~4!
and ~5!. The dependence onw2w8 and not onw and w8
separately comes from the symmetry of the magnetic
These terms have the form

Re$Xeik(w2w8)%5Re$X%cos@k~w2w8!#

2Im$X%sin@k~w2w8!#

with X5S5 for k52 andX5S6 ,D3 for k51. The presence
of an antisymmetric part„sin@k(w2w8)#…, in addition to a
symmetric one„cos@k(w2w8)#…, results in a change in th
shape ofFsum andFdich for inversion of (w2w8).

Thus the cross sections corresponding to specular
figurations of the emission direction, with respect to t
plane containing the magnetization and the incoming w
vector, are different. Such plane, which will be referred to
the (k,M ) plane, can be taken as thex9z9 plane~see Fig. 2!,
because in SO2 symmetry all the planes containingM are
equivalent. It is the presence of the magnetic interaction
the Hamiltonian of the system that breaks the mirror symm
try. As a consequence, the two half spaces fory9.0 and
y9,0 are not equivalent.
s
t

to
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e

e
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This aspect is linked to the geometrical setup of the
periment and to the nature of the system: the antisymme
part vanishes if the outgoing radiation is detected in
(k,M ) plane„sin@k(w2w8)#50… or if the electronic structure
of the sample is such that Im$S5%, Im$S6%, Im$D3% are zero.
We investigate the problem in detail, because in the literat
it has not been analyzed up to now, as most of the exp
ments were performed in the (w2w8)50 condition, i.e.,
with the magnetization in the scattering plane.11,12

To have a better insight, we look at the imaginary part
f q1q2

f q q* products

FIG. 2. Scattering geometry: in SO2 symmetry we can choose
the planex9z9 as the (k,M ) plane. In the presence of magnet
interactions the emission direction symmetry with respect to
plane is broken. Thus the outgoing wave vectorsk8(q8,w8) and
k8(q8,2w8) are not equivalent.
3 4
Im$ f q1q2
f q3q4
* %52

Ḡ

2 (
um&un&

~Em2En!
^ i urCq1

(1)~ r̂ !um&^murCq2

(1)~ r̂ !u f &^ i urCq3

(1)~ r̂ !un&^nurCq4

(1)~ r̂ !u f &

@~Ei2Em1\v!21Ḡ2/4#@~Ei2En1\v!21Ḡ2/4#
~6!
eri-
ther

3,

e
n-
er

re-

to
where the matrix elementŝaurCq
(1)( r̂ )ub& can be chosen a

real for the magnetic ion and the lifetime has been fixed

the same valueḠ for all intermediate states. From Eq.~6! we
see that Im$ f q1q2

f q3q4
* % can be neglected with respect

Re$ f q1q2
f q3q4
* % if the multiplet structure of the intermediat

configuration is such that the only states that interfere,

with energy distance smaller thanḠ, are nearly degenerat

with respect toḠ (uEm2Enu!Ḡ). This condition strictly de-
pends on the system in question and one cannota priori
know if it is fulfilled or not: numerical calculations of th
multiplet structure of the intermediate configuration are
quired to make predictions on the possible observation of
mentioned asymmetry. Im$ f q1q2

f q3q4
* %'0 well out of the

resonance or, of course, in the nonmagnetic case: the m
symmetry of nonmagnetic crystals is thus recovered, as
Hamiltonian does not contain nonsymmetric term
Re$ f q1q2

f q3q4
* % does not vanish in this case, so that thew
o

.,

-
e

or
he
.

dependence still holds. These properties have been num
cally checked using the approach exposed in Sec. IV. Fur
details are given in Sec. V.

Let us consider the two configurations shown in Fig.
where the beam directions in the first case~full arrows! are in
specular positions with respect to thex9y9 plane ~perpen-
dicular to the magnetization! if compared to those in the
second one~dashed arrows!. The cross section for one of th
two geometries with a given circular polarization of the i
coming radiation coincides with that obtained for the oth
geometry with the opposite polarization.Fsum andFdich are,
respectively, symmetric and antisymmetric under such a
flection.

The discussed properties forFdich @asymmetry for (w
2w8) →2(w2w8) inversion and antisymmetry forq,q8
→(p2q),(p2q8) operation# imply that in the most gen-
eral geometrical setup, whenk, k8, M are not coplanar, re-
versing the incident beam polarization is not equivalent
reversing the magnetization direction~at variance with the
3-4
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case with the magnetization in the scattering plane8!. This
can be easily understood in the case with the incoming b
normal to M . We notice in Fig. 4 that ap rotation of M
causes a change in the half space where the photons
detected: moving the detection direction from they9 positive
half space to the negative one, or vice versa, implies a va
tion in the scattering probability, as we have previously d
cussed. This fact has to be considered when handling ex

FIG. 3. Two configurations for the scattering geometry. The
coming and outgoing wave vectors for the second configuration
obtained by reflection with respect to thex9y9 plane. The reflection
also changes the polarizations.

FIG. 4. Perpendicular geometry~the incoming beam direction is
perpendicular to the magnetization!. The reverse of the magnetiza
tion can be obtained by a rotation ofp around thex9 axis, which
keeps the system of axis of the right type. In the new coordin
system the direction of the wave vectork8 varies from (q8,w8) to
(p2q8,2w8).
10443
m

are
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mental data in order to prevent errors: the dichroism has
be measured by changing the polarization of the incid
beam, as it is from its definition, andnot by reversing the
magnetization with the detection direction fixed in the lab
ratory frame.

IV. CALCULATION DETAILS

The numerical calculations have been done in the io
approximation, using a single configuration all-electron p
ture. The matrix elements and the energy levels in Eq.~1! are
calculated by the Hartree-Fock method with relativis
corrections.21 The Slater integrals are rescaled to 80%~value
commonly used in the literature! to take approximately into
account the part of the intra-atomic correlation not includ
in the Hartree-Fock treatment. The crystal-field approac22

has been adopted to simulate the solid-state environmen
the ion. Octahedral symmetry has been considered. Band
fects are not included, as in the ionic model they are assu
to be less important with respect to the multiplet structure
the calculation of the spectra in theL3 region. This analysis
corresponds to the case of a bulk atom in an ionic compo
with an Oh geometry~where x9,y9,z9 are the octahedron
axes and the crystal-field intensity is fixed to 10Dq
51.0 eV), with the addition of the magnetization parallel
z9.

The presence of a magnetization direction reduces
overall symmetry toC4h . The three spherical components
the dipole operator belong to different representations
C4h . Thus the expressions~4! and~5! obtained in SO2 basis
remain in the same form in the new crystal symmetry.22,23

The atomic statesuJM& redistribute into the irreducible rep
resentations ofC4h and the transition amplitudes betwee
these states considerably changes. This argument applies
to the case of a tetragonal crystal field (Td), provided theS4
group, in place ofC4h , is used. The interatomic exchang
interaction is simulated by applying a magnetic fieldHex
coupled to spin moment only. It has been conventionally
to mBHex50.01 eV: a quantitative description of the ma
netic splitting is not required, because its effects on the sp
tral shape are much smaller compared with those com
from the electronic structure. The importance of the inc
sion of the exchange interaction lies in the removal of
ground-state degeneracy and in the appropriate descriptio
the symmetry of the initial state. The ground-state le
(6S5/2 for Mn21, 4F9/2 for Co21, 3F4 for Ni21) is substi-
tuted by a manifold of equally spaced levels24,25 with inter-
level distanceDE5gSmBHex where the Lande´ factorgS is 1
for Mn21, 1/3 for Co21 and 1/4 for Ni21. The energy width
of the intermediate states~full width at half maximum! has
been set to 0.4 eV (Mn21), 0.45 eV (Co21), and 0.5 eV
(Ni21), in agreement with theL3 core-hole lifetime.26

The finite temperature implies that the initial statesu i & can
be not only the ground state, but also some low-energy
cited states populated atT.0. A weighted sum over the
states of the initial configuration 1/Z( u i &e

2(Ei2Eg)/kBT must
be included in Eq.~2!, whereEg is the ground-state energy,T
is the temperature, andkB the Boltzmann constant. At room
temperature some magnetically split states, coming from

-
re

te
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single spectral term, can be populated. In this way the ef
of the temperature will be taken into account introducing
temperature parameterTp5kBT/mBHex .

V. PERPENDICULAR GEOMETRY

In this section we specialize the previous results to
case of the perpendicular geometry~propagation of the inci-
dent radiation along2x9), whose importance has been ou
lined in recent years, Refs.~8–11!. Settingq5p/2 andw
5p, Eqs.~4! and ~5! become

Fsum~\vk!5@S11S2cos 2w81S3sin2w8#

1cos 2q8@S42S2cos 2w82S3sin2w8#,

~7!

Fdich~\vk!5sin 2q8@D1cosw81D2sinw8#, ~8!

where

S15
1

2
~3S11S213S31S4!,

S25
1

2
Re$S5%,

S35
1

2
Im$S5%,

S45
1

2
~S12S21S32S4!,

D152Re$D3%,

D252Im$D3%.

The main feature of the perpendicular geometry is that
dichroic signal is no more depending on differences am
terms of the typeu f q1q2

u2, asD1 andD2 terms are multiplied

by cosq50. The dichroism is only due to the interferen
between different excitation-emission paths described by
D3 term. Differently from absorption, which in perpendicul
geometry has no dichroism, in the scattering experiment
can observe a dichroic signal if we do not integrate on
emission angles.11

This geometry is compatible with the presence of an
tisymmetric contribution, with reference to thew8 depen-
dence, both inFsum and in Fdich, due to the presence o
sin2w8 and sinw8 in Eqs.~7! and~8!. The terms related to the
interference processes cannot be neglected when perfor
analytic or numerical calculations, even if they are suppo
to be smaller than the diagonal ones: there are experime
conditions where they play a crucial role. Two kinds of i
teresting geometrical setups will be considered and analy
in detail, after a discussion of a simple exemplar case wh
only an ingredient contributes to dichroism and anisotrop

In what follows we will present for RIXS in perpendicula
geometry the analysis of the angular dependence of the
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grated intensities, in the same spirit of the detailed work
Ref. 27 that was at the beginning of the quantitative analy
of x-ray absorption.

A. A simple case: Ni2¿

In analogy with the literature of the early 1990s on t
study of absorption dichroism in term of ionic multiplets,25

we report in detail the example of RIXS from a transitio
metal ion atT50, in the limit of negligible crystal field
(SO2 symmetry!, which can be almost calculated manual
We discuss the case of Ni21 (3d8→2p53d9→3s13d9) in
the perpendicular geometry. From numerical calculations
possible to estimate the relative weight of Re$ f q1q2

f q3q4
* % and

Im$ f q1q2
f q3q4
* %, directly connected to the absence of t

(k,M )-plane mirror invariance discussed in Sec. III.
Let us have a look in Fig. 5 at the spectral terms of Ni21.

The ground-state level in SO3 symmetry is3F4. The lowest
level of this term after magnetic splitting hasMJ524. In
the intermediate configuration manifold, only a few of the
states can be reached in dipole approximation: the low
values ofMJ are 24 and 23, arising, respectively, from
3F4 and 3F3 , 3D3 , 1F3.

The final states can only haveMJ523 or MJ522 since
there are no states withMJ524. As a consequence, ifq1
50 we can consider only the terms withq2521; if q15
21 only those withq250 or q2521 in f q1q2

. Thus there

are no interference terms inFsum, while Fdich reduces to

Fdich52 1
2 sin 2q8@cosw8Re$ f 021f 210* %

1sinw8Im$ f 021f 210* %#.

Let us calculatef 210* and f 021 with u i &5u3d8,3F4 ,MJ5
24& as initial state andu f &5u3s13d9,3D3 ,MJ523& as fi-

FIG. 5. Different absorption-emission paths contributing
f 021f 210* term for Ni21 3d8→2p53d9→3s13d9 transitions~Ref.
18! in SO2 symmetry atT50 K.
3-6
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nal state. The intermediate states for the two functions
indicated in Fig. 5.

We can see that for this system, withG50.5 eV and the
energy spread of the intermediate configuration multiple
the order of 3 eV, Re$ f 021f 210* % strongly oscillates and the
peaks associated with different levels distant more thanG
can be distinguished in Im$ f 021f 210* % ~Fig. 6!. The imagi-
nary part has a strong contribution and the dichroic signa
dominated byw8 asymmetry. It is worth noticing that fa
from the resonance Im$ f 021f 210* %'0 while Re$ f 021f 210* % is
still finite. In the tail region the imaginary part is negligib
independently of the multiplet structure and no asymmetry
this low signal region can be found.28

B. Conical scan

Let us consider the geometrical arrangement shown
Fig. 7, where the emission is detected along a direction
can rotate around the incident one describing the surface
cone with half aperturea and axisk.

This geometry is particularly useful for two reasons.
~i! RIXS measurements, especially in the soft x-ray ran

are heavy influenced by self-absorption, which varies con
erably with the angle between the scattering direction and
sample surface.14 The self-absorption is constant along t
conical scan and this configuration is particularly convenie

~ii ! The application of RIXS sum rules: the anisotropy
the energy integrated intensityJ'

sum (' recalls the perpen
dicular geometry of incident light! is linked to a linear com-
bination of multipole moments of the system of second a
fourth order only. This implies that oncea has been fixed,
J'

sum is modulated as a function ofb and the amplitude of the
modulation can give information on the quadrupolar a
hexadecapolar moments of the charge and magnetic den
of the partially filled shells in the initial state.15,28

The angles for the description of the results are nowa
and b, functions of the anglesq8 and w8 that have been
used so far. We have

Fsum~\vk!5A~a!1B~a!cos 2b1I s~a!sinb, ~9!

FIG. 6. Re$ f 021f 210* % and Im$ f 021f 210* % for Ni21 in SO2 sym-
metry atT50 K, as a function of the incident photon energy. T
dependence on the emission energy is trivial, because there is
possible final state.
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Fdich~\vk!5Rd~a!cosb1I d~a!sin 2b, ~10!

where

A~a!5~S12S2!1~3S22S4!cos2a,

B~a!5~S21S4!sin2a,

I s~a!52S3sin 2a,

Rd~a!5D1sin 2a,

I d~a!5D2sin2a.

The coefficients depending only on the imaginary part
nondiagonal products Im$ f q1q2

f q3q4
* % have been calledI s,d .

Thus the deviation of theb plot of Fsum from the cos 2b
profile and that ofFdich from cosb shape reveals the impor
tance of these features.

All the symmetry properties and angular dependence
have been discussed in Sec. III are contained in Eqs.~9! and
~10!. The dichroism is reversed for a reflection of the em
sion direction with respect tox9y9 plane, which changesb
into 180°2b, while Fsum is left unaffected. An asymmetry
is found for reflections with respect to thex9z9 plane for
bothFsum andFdich. This effect is related to the presence
I s and I d , i.e., the imaginary part of the nondiagonal pro
ucts f q1q2

f q3q4
* . If no asymmetry is found experimentally

thenI s andI d are negligible compared withB(a) andRd(a)
and the results, as far as the angular dependence of the
grated cross section is concerned, are similar to the o
evaluated neglecting the differences between the interm
ate state eigenvalues in the energy denominators of
~3!.6,28

ne

FIG. 7. Geometry configuration of the calculation shown in t
present paragraph. A scan of the emission direction around the
with k axis and half aperturea545° has been performed. Th
relation between the angles in the various cases has been out

In the numerical calculations presented in this paperb̄545°. Each
line style ofk8 has a corresponding spectrum in Figs. 8, 9, and
3-7
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P. FERRIANI, C. M. BERTONI, AND G. FERRARI PHYSICAL REVIEW B69, 104433 ~2004!
The numerical calculations of the RIXS total signal a
dichroism for Mn21, Co21, and Ni21 are presented for the
casea545° ~the angle giving the maximum dichroism in
tensity!. The total signal is compared to the dichroic one
b5645° and the dichroism intensity is given atb50°,
645°, 6135°, 180° ~corresponding tob̄545° in Fig. 7!.
The spectra are integrated over the emitted photon energ~in
analogy to the integrated resonant Raman scattering ex
mental measurements of Ref. 15!.

The spectra in the left part of Figs. 8, 9, and 10 are as
ciated to the ions in cylindrical symmetry atT50. In the
upper part we compare the total and dichroic signals atb5
645 on the same scale. The excitation corresponds to thL3
region only.L2 shows no dichroism as pointed out also
other works.8,9,15 The properties of the dichroism are di
played in the other panels on a magnified scale: it chan
sign passing fromb̄ to p2b̄, as can be seen comparing th
left and the right panels in Figs. 8, 9, and 10; the spectra
b̄ and 2b̄ look quite different: the antisymmetric term i
Eq. ~8!, linked to Im$D3%, is not negligible. The inclusion o
a cubic crystal field (10Dq51.0 eV) and of the temperatur
(Tp51) considerably changes the shape of the spectra~right

FIG. 8. RIXS total and dichroic spectra of Mn21 in the L3

region as functions of the incident photon energy, after the inte
tion over the 3s→2p decay channel. On the left panels the S2

symmetry case at 0 K is presented; on the right panels a 10Dq
51.0 eV octahedral crystal field and a finite temperature have b
introduced. In the top panels the total signal forb545° andb5
245° ~almost indistinguishable! are compared with the dichroi
signal, which is magnified in the other panels. The line styles of
curves correspond to those of Fig. 7: dash-dotted~dotted! for b
50° (180°); thick~thin! straight forb545° (245°); thick ~thin!
dashed forb5135° (2135°).
10443
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FIG. 9. RIXS total and dichroic spectra of Co21 for the scatter-
ing geometry depicted in Fig. 7. For further details see the cap
of Fig. 8.

FIG. 10. RIXS total and dichroic spectra of Ni21 for the scat-
tering geometry depicted in Fig. 7. For further details see the c
tion of Fig. 8.
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panels of Figs. 8, 9, and 10! with respect to the isolated io
in M52J ground state. Both the effects have differe
physical origins, but they are treated together in this analy
as they have the same quenching effect on the asymm
with respect tob→2b transformation.

This is not completely true in Mn21, where the difference

between theb̄ and 2b̄ curves is still appreciable: the hig
value of gS results in a larger splitting among the leve
originated by the ground state than in the cases of Ni21 and
Co21; thus the thermal energy is equal to the magnetic sp
ting and very few of the excited levels are populated. Mo
over, its excited configuration with four holes in the 3d va-
lence shell and a core hole in the 2p shell results in a
multiplet structure with 1260 states, most of them being v
close in energy, producing considerable interference effe
giving rise to relevant contributions of the off-diagonal pro
ucts. The effect of the crystal field is decreased on Mn21

ions, having no orbital moment: the6S5/2 ground state is no
modified by the octahedral field. The spectra obtained
summing the two incident beam polarizations, given in
upper panel, show a weakb dependence. In fact, only few
terms containw8 in the cross section~7! and their weight is
overwhelmed by the other terms, composed by a m
greater number of processes:S1 , S4@S2 , S3. In particular,
in SO2 symmetryf 121f 211* 50 for Ni21, so thatFsum is w8
independent. These effects onw8 dependence are transferre
to theb dependence.

The b dependence of the scattering cross section in
grated over the incident photon energy~theL3 edge!, as well
as the emitted one, has been also studied. This quantity
results from the contribution of different spectral features
not necessarily stronger angular dependence than the s
structures, but is considered as an interesting experime
output in view of the application of the RIXS sum rule
Only one case is present in the literature analyzing Co21

integrated intensity of the dichroic signal.15 Our calculation
has been performed on the same systems and with the
calculation parameters as the previous one. A larger num
of b angles has been investigated. The resultant plots
reported in Figs. 11 and 12 for Mn21 and Co21. In the left
column we give the results obtained in SO2 symmetry at
Tp50. The sum and the difference of the intensities on
incident polarizations are given in the upper panel: the re
tive magnitude of the dichroism can be easily inferred. T
central panels with enlarged scale allow an easier view
their shape. The dots represent the values coming from
full numerical calculations and the lines are the fitting fun
tions given by Eqs.~9! and~10!. The departure of the aniso
tropic part ofJ'

sum from the cos 2b shape gives the idea o
the weight of the imaginary part of the nondiagonal produc
It is caused by a sinb term, producing a raising and a low
ering of the 90° and 270° minima, respectively, and result
in an asymmetry with respect to the 180° line, which divid
the plot in the same way as the (k,M ) plane does. The fit of
the numerical data allows a quantitative determination of
effect, given by the ratioI s /B. Analogously, the importance
of a full description of the interference can be seen from
deviation ofJ'

dich from the cosb trend. It is due to the sin 2b
10443
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term, increasing the number of maxima, minima, and no
of the dichroism. It is also responsible for the presence of
maximum ofJ'

dich out of the (k,M ) plane. TheRd(a)cosb
1Id(a)sin 2b fit of the numerical data determines theI d /Rd
ratio, which is a measure of the asymmetry of the dichr
signal with respect to the (k,M ) plane. The values used i
these fits are listed in Table I.

In the absence of crystal field and forTp50, J'
sum is

nearly symmetric. This is not the case forJ'
dich , because it is

entirely given from nondiagonal products, with imagina
part comparable to the real part. The size of the asymm
can be straightforwardly grasped from the bottom panel, c
taining the polar plot ofJ'

sum andJ'
dich ~the latter multiplied

by a factor 10). It can be easily seen that the former is ne
symmetric at variance with the latter.

The right columns report the panels corresponding to
case ofC4h symmetry atTp51. It is worth noticing that the
introduction in the Hamiltonian of a term wherey9 and z9
are equivalent directions makesJ'

summore isotropic. The am-
plitude of its oscillations mainly given toB/A is reduced and
the polar trend changes from ovoidal to nearly circular.J'

dich

becomes more symmetric: it changes from a four-lobe b

FIG. 11. Integrated scattering intensity for Mn21 as a function
of b, for the casea545°. The dots are the results of the numeric
calculations and the straight lines are the fits.
3-9
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P. FERRIANI, C. M. BERTONI, AND G. FERRARI PHYSICAL REVIEW B69, 104433 ~2004!
terfly shape, with different size for adjacent lobes, to a tw
lobe structure more similar to a cosb shape. The dichroism
intensity is also reduced by the increase of the temperat

To make more evident the separate effects of the cry
field and of the finite temperature we give more plots for
case of Ni21, the simple case discussed before. In Fig. 13
the four columns there are, respectively, the results for S2
symmetry atTp50, SO2 symmetry atTp51, C4h symmetry

FIG. 12. Integrated scattering intensity for Co21 as a function of
b, for the casea545°. The dots are the results of the numeric
calculations and the straight lines are the fits.

TABLE I. Values of the parameters appearing in Eqs.~9! and
~10! used for the fit of the numerical data of theb plots.

Mn21 Co21 Ni21

SO2 C4h SO2 C4h SO2 C4h

Tp50 Tp51 Tp50 Tp51 Tp50 Tp51

A 1913 1923 1202 1145 4271 3851
B 53 37 70 8 574 20
I s 4 19 4 14 0 68
Rd 125 141 9 47 285 203
I d 70 26 51 5 260 20
10443
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at Tp50, andC4h symmetry atTp51. The sequence of the
panels in different rows is the same as in Figs. 11 and
The butterfly shape forJ'

dich of the free ion atTp50 has the
same pattern of the signs of the four lobes with respect to
previous cases, but the two lobes at highb values are more
pronounced. As a result the dichroic signal atb50° is nega-
tive. One has to note that this characteristic is a conseque
of the integration on incoming energy; this is not true for
the features ofF'

dich(\vk). The increase of the temperatu
in the free ion case makesJ'

sum plot evidently circular and
creates a two-lobe structure forJ'

dich with the maximum
aroundb525°. If we consider the case where the tempe
ture is still zero but the crystal field has been turned on
can observe similar effects in the shape of both signals.
maximum of the dichroism is in the same position but
much larger. The combined effect of crystal field and fin
temperature is visible in the last column: the shape of
dichroic signal is the same but with the maximum atb
'15°. The shift of the maxima of the lobes from highb
values, for the case corresponding to SO2 symmetry atTp
50, to low b values, for the caseTp51, comes from the
contribution of the paths starting from the lowest excit
state. This shift is observed also with the inclusion of t
crystal field atTp50. In fact, by increasing the octahedr
field, the states in thed8 manifold of the type2S11LJ5 3F4
rearrange and a crossing between the ground state and
lowest excited state occurs when the crystal and the
change fields are of the same size.

The combined effect of the crystal field and of the fin
temperature gives rise to the replacement of the original b
terfly shape with a distorted 8-like form that moves towar
without reaching it, the perfect cosb trend forJ'

dich .
The only experimental result concerningb plots of the

dichroic signal is that of Ref. 15 obtained for a cobalt co
pound. In that paper there is no evidence of any sinb type
asymmetry of the dichroic signal. We must mention two
marks. The data were collected assuming that the revers
the magnetization is equivalent to the reversal of the po
ization of the incoming beam. This implies a1b and 2b
average of the outgoing radiation direction, which canc
out the possible antisymmetric terms in Eqs.~9! and ~10!.
Furthermore, the nature of the Co ferrite sample used, c
posed of a majority of octahedral and a minority of tetrah
dral sites in antiferromagnetic coupling,29 probably would
have critically hidden any possible asymmetry.

A direct check of detectable asymmetric contributions in
low-temperature experiment and using a system with l
crystal-field effects would be of interest for future expe
mental work.

C. Coplanar geometry

Most of the few experiments in perpendicular geome
have been performed with the wave vectors of the incom
and outgoing photons and the magnetization of the samp
the same plane (w850). Then Eqs.~7! and~8! assume sim-
pler forms:

Fsum~\vk!5@S11S2#1cos 2q8@S42S2#, ~11!

l

3-10
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FIG. 13. Integrated scattering intensity for Ni21 as a function ofb, for the casea545°. The dots are the results of the numeric
calculations and the straight lines are the fits.
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Fdich~\vk!5D1sin 2q8. ~12!

The dependence on the emission angle of the signal sum
on the ingoing photon polarizations is given by an isotro
part and a cos 2q8 term, resulting in an elliptical shape. Th
dichroism is a sin 2q8 function, showing thus a maximum fo
q85p/4 and being zero at normal (q850) and backscatter
ing (q85p/2) directions. Thisq8 dependence has been o
served on Co metal and Co ferrite systems for the RI
intensity integrated over the incident and emitted photon
ergies, in theL3 peak and the 3s→2p decay ranges.13 The
strong difference observed in such itinerant and locali
samples forJ'

sum highlights the role of RIXS as a probe o
the atomic properties.

Some calculations of the angular dependence of the i
grated scattering cross sectionJ'(q8) are presented here
The angular dependence is displayed in the polar p
shown in Fig. 14, relative to Mn21, Co21, and Ni21 in a
cubic crystal field of 10Dq51.0 eV, for different values of
Tp . The calculated integrated intensitiesJ'

sum and J'
dich

~dots! follow the trend of the functions~11! and ~12! ~solid
lines!, whose fit to the calculations gives the paramet
shown in Table II.
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The anisotropy ofJ'
sum is related to the ground-state prop

erties of the scatterer atom, as outlined in Ref. 13: it gives
estimation of the zeroth- and second-order moments.
anisotropy does exist even in the absence of the quadru
moments and a perfectly circular trend implies the comp
sation of the two contributions. The effect of the temperat
favors the backscattering emission (q590°) in J'

sum and re-
duces the dichroism intensity. The sign of the dichroism
tensity is positive in the range 0,q8,90° also in the case
of Ni21, as in Co21 and Mn21, if the crystal-field correc-
tions are present.

VI. CONCLUSIONS

We have presented a study of the angle and polariza
dependent RIXS cross section for magnetic materials w
circular polarization of the incident light and assuming th
the emitted radiation is collected without control of the p
larization but as a function of the outgoing direction, varyi
in the full range of half solid angle. The formalism~in anal-
ogy with the theoretical work on absorption25,27 that allowed
us to study the dichroism inL2,3 edges, the line shape
3-11
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FIG. 14. Integrated scattering
intensity J'

sum and J'
dich , calcu-

lated for Mn21, Co21, and Ni21

in perpendicular geometry with
the emission direction in the
(k,M ) plane. J'

sum presents an
ovoidal shape;J'

dich , which has
been amplified by a factor 10, fol
lows a sin 2q8 trend. The intensi-
ties are given in arbitrary units
comparable along each column
The curves for various values o
Tp are given. The dots are the re
sults of the numerical calculation
and the straight lines are the fits.
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in XAS spectra and the branching ratio! is based on ionic
model, calculating the electron level multiplets and the tr
sition matrix elements. We have obtained the full express
of the cross section, the sum and the difference of the i
dent photon polarizations as a function of the energies of
incoming and outgoing beams and their angles (q,w) and
(q8,w8) with respect to the magnetization axis, pointing o
the effect of the interference due to nondiagonal product
partial amplitudesf q1q2

f q3q4
* , i.e., the interferences betwee

different excitation-decay paths. The choice of the perp
dicular geometry (q5p/2,w5p) of incoming beam9,11 is
particularly interesting as the dichroic signal is depend
exclusively on these nondiagonal interference terms. The
shapes as well as the integrated signals are particularly
sitive to the detailed description of the intermediate sta
containing a core hole and a valence electron more than

TABLE II. Values of the parameters appearing in Eqs.~11! and
~12! used for the fit of the numerical data of theq8 plots. The
calculations are given in the same arbitrary units, so that the c
parison among columns for the same element is significant. H
ever, quantities in this table and Fig. 14 are not on the same sca
those in Table I and Figs. 11, 12, and 13.

Mn21 Co21 Ni21

Tp→ 0 1 2 0 1 2 0 1 2

S11S2 143.1 142.0 141.3 55.7 54.1 53.3 100.0 99.3 99
S42S2 7.1 2.1 20.9 20.3 20.2 20.7 22.7 24.9 25.4
D1 8.9 7.2 4.7 3.1 2.5 1.5 8.3 4.7 2.6
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ground state, as they are critically dependent on the inter
ence terms. Additionally the final state effects associa
with the 3s→2p inner shell decay contribute to the scatte
ing cross section through the pattern of the available tra
tion to the final multiplet.

We have studied the total and dichroic signals in perp
dicular geometry with a conical scan of the emission dir
tion around the incidence one that has been rece
proposed15 in a novel experimental work. If the system
fully polarized~low temperature! and the effects of the crys
tal field are low~in the limit of SO2 geometry!, asymmetric
patterns can be found~butterfly shape! for dichroism and
also the total signal can have antisymmetric contribut
with respect to the (k,M ) plane. These effects are drama
cally quenched by the rise of temperature and also by
contribution of crystal field, which is used to describe t
crystalline environment in the ionic model. This particul
shape should, however, be observable at low tempera
The polar scan with the emission directionk8 in the (k,M )
plane is also discussed. Here some experiments already
and the shape of the dichroic signal as a function ofq8 can
be a careful test of the theory and strongly depends on
crystalline environment and temperature.

Finally we must point out that this work is based on a f
calculation of the cross section~2! and the partial amplitudes
f q1q2

given by Eq.~3!, without using any approximation hid
ing and averaging the structure of energy multiplets as w
as thev dependence of the spectra. Any approximation
this type would deeply affect the calculation of the nondiag
nal products, missing the appropriate value of interfere

-
-
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ANGLE-RESOLVED RESONANT INELASTIC X-RAY . . . PHYSICAL REVIEW B69, 104433 ~2004!
effects between different absorption-emission paths wh
are responsible for the dichroism in perpendicular geome

The dichroic signal in a conical scan as well as in t
planar geometry have been detected9,15 in recent experimen-
tal work on angle-resolved RIXS at the 2p resonance and
with the 3s→2p deexcitation channel. If the angular depe
dence of the integrated dichroic signal will be available
even better, the dependence of the shape of the spectru
v as a function of the angle will be obtained, it would b
possible to give a quantitative description of these effect
terms of the ground- and excited-state properties. The e
tence of dichroic signal in perpendicular geometry is a c
sequence of the interference between absorption-emis
paths that, going from the same initial and final states,
passing through intermediate states of different magn
numbers. The angular dependence of the dichroism in
geometry can also check the phases of this second-order
tial amplitudes given by Eq.~3! and, in particular~if inter-
mediate states with appropriate magnetic numbers exist!, can
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