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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 fhee8onance 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 thel 3eries are given.
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[. INTRODUCTION tion of the process to account for dichroism in the perpen-
dicular geometry.

Thanks to the technical progress of synchrotron-radiation A recent demonstration by Braicovie all® of the fea-
sources in recent years resonant inelastic x-ray scatteringibility of the quantitative recovery of the multipole mo-
(RIXS) has become a powerful technique of increasing interments up to order 4presented for cobalt ions in Cofgy),
est for the study of electronic and magnetic properties ofidopting a particular geometry where the magnetization and
solids. The higher selectivity with respect to x-ray absorptiorthe incident and emitted beam do not belong to the same
spectroscopyXAS), due to the possible choice of the deex- plane, suggests the extension of the previous results to in-
citation channel and the propagation direction of the outgoclude such more general case.
ing photons, allows one to obtain information not accessible We consider here the scattering process involving
in XAS. In fact, the study of the angular distribution of the the transitions p°3d"—2p°3d"*1—2p®3s’3d"*1. The
emitted photons allows one to recovéi:information on the scattering is deeply inelastic, thus the feasible experi-
core hole created in the absorption sfefii) the multipole ~ ment can avoid self-absorption problems. Anyhow the same
moments(even of higher ordérof the charge and magnetic formalism can be applied to the case of quasi-elastic scatter-
densities of the partially filled shells in the atomic grounding 2p®3d"—2p®3d"*1—2p®3d", involving the same
state, through the use of sum rules that have been developeulltiplets in the initial and final configurations.

theoretically in the last decade® A similar description can In this paper the expression for the angle-dependent cross
be provided for the other resonant process, where the deection in the dipole-dipole channel is given in the most
excitation channel is given by the Auger efféct. general geometrical setup, both for the total value summed

RIXS can be a tool of the investigation of the electronicon the two incoming beam polarization and for the circular
and magnetic properties at the atomic scale for the undedichroism. It is written as an explicit function of the angles
standing of many hot topics in condensed-matter physics aflefining the directions of the incoming and outgoing beams,
recent yearggiant magnetoresistance, magnetic anisotropyso that it can be directly used for the comparison with ex-
interlayer coupling, and so onTo this aim, it is particularly periments. The case where the propagation direction of the
interesting to study the perpendicular geom&twhere the emitted photon is out of the plane defined by the direction of
incident beam impinges orthogonally with respect to thethe incident photon and the sample magnetization is investi-
magnetization. In this configuration XAS shows no magneticgated in detail, highlighting the importance of the interfer-
dichroism, while a dichroic signal can be detected inence among the intermediate states for the description of the
RIXS .22 Its origin is linked to the creation of a polarized angular dependence. In this case an asymmetry for emission
core hole in the absorption step and it is detectable only inwith respect to that plane is found. Its origin is linked to the
presence of a nonvanishing projection of the emission direcpresence of the magnetization. Particular relevance is given
tion along the sample magnetizatidh.The perpendicular to the perpendicular geometry, where numerical calculations
geometry is convenient for a simpler and straightforward apperformed for thel; threshold of some @ transition metal
plication of the sum rulés as well as for bypassing some (TM) systems are supplied. The pedagogical case of the
experimental difficulties? Ni?" in cylindrical symmetry is discussed following step by

For these reasons the study of the angle and polarizatiostep the calculations.
dependence of the RIXS cross section has become of para- The paper is organized as follows. In Sec. Il the angle-
mount importance. A convenient formalism was developedesolved differential cross section is given; in Sec. Il the
by Fukui et al,'**?in the case when the magnetization be-role of the interference between the states of the intermediate
longs to the scattering plane, showing the crucial role of theonfiguration is pointed out; the details of the numerical ap-
interference among the states of the intermediate configurgroach are given in Sec. IV, together with the discussion on

0163-1829/2004/690)/10443313)/$22.50 69 104433-1 ©2004 The American Physical Society



P. FERRIANI, C. M. BERTONI, AND G. FERRARI PHYSICAL REVIEW B9, 104433 (2004

crystal-field and finite-temperature effects; numerical calcu-

lations for Mrf ™, C&?*, and NF" are shown and discussed

in Sec. V, after a presentation of the simple case of tHé Ni

in SO, symmetry which can be analytically examined; Sec. Y
VI is devoted to the conclusions. X

Il. ANGLE- AND POLARIZATION-RESOLVED
DIFFERENTIAL CROSS SECTION

The scattering cross section in resonant condition is giver,
by'® 7y

FIG. 1. Three coordinate systems required to describe the ge-
ometry of the scattering process. Two are related to the incident

d?o <f|-|-(e)|n><n|-|-(a)|i> 2 (xy2 and emitted X'y’z’) photons; the otherx('y”z") is associ-
_ = ated with the sample and has parallel toM. x” andy” are sup-
dQ'd(hw’) 1) | In I posed to be parallel to the octahedron axes in the Gaserystal

Ei—En+ﬁw+|— field.
2
X 8(Ei~Eg+h(w—0")), &) d2oe’ ,
=2 |2 (D)% ()X
dQ'd(hw’) 1D |qq In)
where we have omitted the multiplicative constants and the (i |rCf}l)(F)|n><n|rC(l,)(F)|f}‘ 2
very slow varying factor ¢'/w), unimportant at the 2 d
threshold in TM’s. It represents the rate of emission of pho- Ei—Eqtho+il'y/2 ‘
tons of energyhw’ in the solid angled()’ centered in the
emission direction, after the excitation of the system with XO(E—Ett+fi(w—w')), ()
photons of energyi . li), [n), and|f) are the initial, inter-  \yhere  the  spherical  tensor  operators c®)
mediate, and final states of the process with enefgie&,, , = J47/(21+1)Y,,,, with the spherical harmonic¥,, are

and E; respectively; thes function accounts for the energy expressed in thex('y"z") coordinates. The matrix elements
conservationT® andT(® are the transition operators for the appearing in Eq(2) can be written in the representation of
incident and emitted photons, respectivdly,, the intrinsic  electron coordinatesi), |n), |f) are N-electron state func-
linewidth connected with thg finite lifetime of the |nterm.ed|— tions of ry,r5, ...y and rcgl)(i,‘) is the one-electron op-
ate statgn), prevents the divergence of the cross section at )= . .

resonance. The presence of a complex enErgyi(I",/2) in erator;r;Cq(r;). We prefer an expression with the order
the denominator is equivalent to the inclusion of higher—ordeIQ.f initial, intermediate, and final states from left to right in

terms of the interaction into the second-order perturbatioﬁ’ lew of .theg following Qef|n|t|ons of ;trqlghtforwza_rd

expansion” interpretationt® The expression of the polarization govarlant
The explicit forms of the transition operators, for the casecomponentss, are obtained in terms of the Cartesian coor-

of dipolar excitation and decay involved in the 5 thresh- dinates of different frames that are related through the rota-

olds and the 8—2p emission, are, respectivelg-r and tion

€ *r, with € and € as polarization vectors. We adopt the X" cos¥Ccosp —sing sind cose X
most general geometrical setup, as shown in Fig. 1, where " . . .

three coordinate systems are introduced. Two are related to | Y | =| €0SUsing  cose  sindsing ||y
the incident ky2 and emitted X'y’z’) photons, where z —sind 0 cost z
andz’ axes are parallel to the propagation directions, form—F Ul larizati h
ing ¥ andd’ angles (G= 9,9’ <) with the magnetization or circular polarizations one has
M. The other ¥"y"Z") is associated with the sample and has (1
Z" parallel toM, which is the quantization direction of the —(1—cos®)e'?, gq=1
system. The angleg and ¢’ (0<¢,¢'<27) of the inci- 2
dence and the emission directions arowhdare taken with 1
respect tox”. (€")g={ — —=sin?, q=0

Writing the scalar products in spherical coordinates V2

er=r3q(—1)%_,C"(r) and considering that et)®
=¢; ande¥=(—1)%_g, Eq.(1) can be put in the form

1 )
5(1+cosﬁ)e"‘P g=-—1,
\

104433-2



ANGLE-RESOLVED RESONANT INELASTIC X-RAY . .. PHYSICAL REVIEW B9, 104433 (2004

(1 i _ 1 2 2 2 2
—§(1+cosﬂ)e“’, q=1 S1:Z(|f11| So L EEE S PP K o | PR L
i 1 3 _o 1
(€)q= _Esm ’ a= 32:§(|f10|2+|f710|2)1

1 .
—5(1—cosd)e ¢, q=-1, 1
(2 53:§(|f01|2+|f0—1|2),

where the definitions of polarization vectors

+— eft— _ S4:|foo|2v

€ 61!

€ = enght: €1

1
S5=§(f1,1ftll),
have been adoptéd.The same expressions hold also for the
outgoing photon, as functions a&f’ and¢’.
For the case where the polarization of the emitted beam is 56=Z(f10f31— f1-1f50— foof “ 12t fo-1f"10),
not measured, we have

1
d?o€ T2 2 2 2
—:; Fé(ﬁw)ﬁ(Ei—Ef-i-ﬁ(w—w’)), Dl 2( |f11| |f1—1| +|f—11| +|f—1—1| )v
dQ'd(hw’) T
where the square modulus in E@) has been developed as Do=—[f1d*+]f 10
1
Fho)=2, 2> (- 1) %ey (e o )* (€g,)* Ds=5(~ faof o1t F1-1f50— Foof T 11t fo-1f%10)
e’ d19203Y4
Xe o fqafe depend on the incident photon energy through the func-
a2 A5 tions fqq . In Egs. (4) and (5) the angular dependence is
with made explicit and the atomic structure is entirely included in

. . S and D; coefficients: they are linear combinations of
. (i|rCf]l)(r)|n>(n|rCé,)(r)|f) . faya, o, - FOF (01,02)=(da,0s) We have|fq q |? terms,
qq’—% E—E,tho+il /2 which contain sums of both diagonal and off-diagonal terms
) ) ) with respect to the intermediate states of the process. The
For a straightforward interpretation of the results we fOCUSdiagonaI terms involve the same intermediate stafe The
on SO, symmetry, that of an isolated ion in a magnetic field. off_diagonal terms contain two different intermediate states
i}, [n), [f) are atomic|aIM) states, wherd is the total |y and |m) with the same symmetry properties: they are
angular momentum quantum numbierjts component along  poth reached with the same component of the transition op-
the quantization axis, and includes all other quantum erator, so that they have the save or more generally
numbers. The selection rules allow only the transitidhS  they belong to the same irreducible representation of the

=M+q, so that only thef, q,f3 . products withdi+d2  symmetry group of the system. The produtys, & o, with

=03+t Q4 survive. To make the notation simpler we wiII_ refer (q,,9,) #(qs,q4) are composed only of off-diagonal terms
to F(hw) hereafter; in order to have the cross section theyjth intermediate states of differe. Usually the cross
further sum=,F*(w) S(E;—E¢+#i(w—w')) is required.  terms are smaller in magnitude than the diagonal ones, but
The results foF*'™=F " +F~ andFY*"=F*—F~, the in-  they are not negligibl&’ especially in some particular geom-
tensity for the sum and the difference over the incident phoetries where they play an important role, as will be shown in
ton circular polarizations, are Secs. Il and V.

The total spectrunisU™ depends on a weighted sum of
diagonal products througls;, S,, S;, and S, and only

FSUAw)=(1+cog9)(1+cogd’)S; + (1+cogd)

X it S, + sitd(1+ cofd')S, throughSs andSg from off-diagonal processes. The dichroic
' , spectrum depends throud@h, andD, on the differences be-
+Sirt9sin? &' [ S, + Re{Sze? (¢~ ¢ 1] tween |f, 4 |* having differentmagnetic quantum numbers
. . . i(o—o") and also on the interference effects linked to the off-diagonal
+sin29sin 29'[Re{See 1, (4 terms present iD5. In general, the total and dichroic spectra

are the sum of many products composed of an angular factor
depending on9, ¢, 9, ¢’ and a spectral factor depending
+si ; / i(p—¢) Onw, w', so that a similar analytic form can be used fpr_the

sind sin 20" [Re{D e 1, ®) structure of the energy-resolved spectra and for their inte-
where the terms grals overiwy, hiwy , or both[giving J(9,¢,9",¢")].

FIN(7 w)=cosd(1+cogd’)D,+cosd sirf 9’ D,
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Ill. THE ROLE OF THE INTERFERENCE X"’

The development of the square modulus in E). in-
cludes interference effects between the intermediate states,
described by off-diagonal products, that are needed to obtain
the most general angular dependence of the RIXS cross sec-
tion. The ¢ and ¢’ dependence appears only if terms with
(d1,92) #(g3,04) are present, as can be seen from Eds.
and (5). The dependence oa— ¢’ and not ong and ¢’
separately comes from the symmetry of the magnetic ion.
These terms have the form

]

Re[Xe*(*~ ¢} =Re{X}cog k(¢ —¢")]

—Im{X}sink(¢—¢’)] FIG. 2. Scattering geometry: in S&ymmetry we can choose
the planex”z” as the k,M) plane. In the presence of magnetic
interactions the emission direction symmetry with respect to this
plane is broken. Thus the outgoing wave vectbféd',¢’) and
k'(9',—¢") are not equivalent.

with X=55 for k=2 andX=Sg4,D; for k=1. The presence
of an antisymmetric par{sink(¢—¢’')]), in addition to a
symmetric one(cogk(e—¢')]), results in a change in the
shape ofFSU™and Fc" for inversion of (e—¢’). This aspect is linked to the geometrical setup of the ex-
Thus the cross sections corresponding to specular comperiment and to the nature of the system: the antisymmetric
figurations of the emission direction, with respect to thepart vanishes if the outgoing radiation is detected in the
plane containing the magnetization and the incoming wavék,M) plane(sink(¢—¢')]=0) or if the electronic structure
vector, are different. Such plane, which will be referred to asof the sample is such that {8}, Im{Sg}, Im{D3} are zero.
the (k,M) plane, can be taken as théz” plane(see Fig. 2, We investigate the problem in detail, because in the literature
because in S® symmetry all the planes containilg are it has not been analyzed up to now, as most of the experi-
equivalent. It is the presence of the magnetic interactions iments were performed in thep(-¢’)=0 condition, i.e.,
the Hamiltonian of the system that breaks the mirror symmewith the magnetization in the scattering plahé?
try. As a consequence, the two half spacesyor-0 and To have a better insight, we look at the imaginary part of
y”<0 are not equivalent. fqlq2 a3 products

<'lrCé?<F>Im><m|rcg§><F>|f><i|rcg§><F>|n><n|rcg{3<;)|f>
qlq2 q3q4 2 |2> ( m— [(El_Em+h(1))2+F2/4][(E|_En+hw)2+F2/4]

Im{f

where the matrix eIemen(saer(l)(r)|b> can be chosen as dependence still holds. These properties have been numeri-

real for the magnetic ion and the lifetime has been fixed tgally checked using the approach exposed in Sec. IV. Further
details are given in Sec. V.

the same valug for all intermediate states. From E®) we . . . N
see that Irff } can be neglected with respect to Let us consider the two configurations shown in Fig. 3,
qlqz q g where the beam directions in the first céfsgl arrows) are in
Re{fq,q,fq,q,) if the multiplet structure of the intermediate gpecular positions with respect to théy” plane (perpen-
configuration is such that the only states that interfere, i.edicular to the magnetizationf compared to those in the
with energy distance smaller tth‘l are nea”y degenerate second OnédaShed arrOV\)SThe cross section for one of the
with respect td—(|Em_ En|<F)- This condition strictly de- two .geomet.rie_s with_ a _given gircular pola_rization of the in-
pends on the system in question and one camng@tiori coming rad|'at|on comudgs with .that' OEEani”ed fc()jriCLhe other
know if it is fulfiled or not: numerical calculations of the geometry with the opposite polarizatidi-™" andF are,

multiplet structure of the intermediate configuration are re-, ;@scziitlvely, symmetric and antisymmetric under such a re-
quired to make predictions on the possible observation of the The discussed properties f@ich [asymmetry for (

mentioned asymmetry. Hfiq o f q3q4} 0 well out of the —¢') ——(¢—¢') inversion and antisymmetry fof, 9’
resonance or, of course, in the nonmagnetic case: the mirror, (77— 8),(r— 9') operatior} imply that in the most gen-
symmetry of nonmagnetic crystals is thus recovered, as theral geometrical setup, whéq k’, M are not coplanar, re-
Hamiltonian does not contain nonsymmetric terms.versing the incident beam polarization is not equivalent to
Re{fqlqua‘s%} does not vanish in this case, so that the reversing the magnetization directigat variance with the
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X" mental data in order to prevent errors: the dichroism has to
be measured by changing the polarization of the incident
P beam, as it is from its definition, andot by reversing the
y magnetization with the detection direction fixed in the labo-
ratory frame.

IV. CALCULATION DETAILS

The numerical calculations have been done in the ionic
approximation, using a single configuration all-electron pic-
ture. The matrix elements and the energy levels in(Egare
, calculated by the Hartree-Fock method with relativistic
" correctiong! The Slater integrals are rescaled to 80#lue

commonly used in the literaturéo take approximately into

FIG. 3. Two configurations for the scattering geometry. The in-&ccount the part of the intra-atomic correlation not included
coming and outgoing wave vectors for the second configuration arth the Hartree-Fock treatment. The crystal-field appréach
obtained by reflection with respect to tk&y"” plane. The reflection has been adopted to simulate the solid-state environment of
also changes the polarizations. the ion. Octahedral symmetry has been considered. Band ef-
fects are not included, as in the ionic model they are assumed

case with the magnetization in the scattering ptanghis  to be less important with respect to the multiplet structure in
can be easily understood in the case with the incoming beaifi€ calculation of the spectra in the region. This analysis
normal toM. We notice in Fig. 4 that ar rotation of M corresponds to the case of a bulk atom in an ionic compound
causes a change in the half space where the photons apdth an O, geometry(wherex”,y",z" are the octahedron
detected: moving the detection direction from jtepositive =~ @xes and the crystal-field intensity is fixed to Dif

half space to the negative one, or vice versa, implies a varia= 1.0 eV), with the addition of the magnetization parallel to
tion in the scattering probability, as we have previously dis-Z -

cussed. This fact has to be considered when handling experi- The presence of a magnetization direction reduces the
overall symmetry taC,;, . The three spherical components of

the dipole operator belong to different representations of
X Cap . Thus the expression@) and(5) obtained in S@ basis
remain in the same form in the new crystal symméts?

K The atomic statef)M) redistribute into the irreducible rep-
=z resentations ofC,, and the transition amplitudes between

y

¢

f K these states considerably changes. This argument applies also
to the case of a tetragonal crystal fieltyf, provided theS,
group, in place ofCy,;,, is used. The interatomic exchange
interaction is simulated by applying a magnetic figid,

z" coupled to spin moment only. It has been conventionally set
to ugHex=0.01 eV: a quantitative description of the mag-

" netic splitting is not required, because its effects on the spec-

tral shape are much smaller compared with those coming

from the electronic structure. The importance of the inclu-
sion of the exchange interaction lies in the removal of the
K ground-state degeneracy and in the appropriate description of
[ the symmetry of the initial state. The ground-state level
e 2 (°S5), for Mn?*, 4Fg, for Co?*, 3F, for Ni?") is substi-
an / ) tuted by a manifold of equally spaced le&& with inter-

-0/l level distance\ E=gsugH e, Where the Landéactorgs is 1

79 for Mn?*, 1/3 for CG* and 1/4 for Nf*. The energy width

of the intermediate state$ull width at half maximum has

z M been set to 0.4 eV (M), 0.45 eV (C8"), and 0.5 eV

(Ni?"), in agreement with thé; core-hole lifetime?®

The finite temperature implies that the initial staiéscan

FIG. 4. Perpendicular geomethe incoming beam direction is °€ Not only the ground state, but also some low-energy ex-
perpendicular to the magnetizatiohe reverse of the magnetiza- Cited states populated dt>0. A weighted sum over the
tion can be obtained by a rotation ef around thex” axis, which ~ States of the initial configuration ZE;e” (5~ Fo/’keT must
keeps the system of axis of the right type. In the new coordinaté€ included in Eq(2), whereEg is the ground-state energy,
system the direction of the wave vector varies from @',¢’) to is the temperature, arld; the Boltzmann constant. At room
(m—8',— ). temperature some magnetically split states, coming from a
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single spectral term, can be populated. In this way the effect

of the temperature will be taken into account introducing a E(eV)
temperature paramet@,=kgT/ugHey- 872.11 'F,——
V. PERPENDICULAR GEOMETRY
855.83 =

In this section we specialize the previous results to the
case of the perpendicular geomefpyropagation of the inci-
dent radiation along-x"), whose importance has been out-  853.94 -~

lined in recent years, Ref$8—11). Settingd=n/2 and ¢ 853.20 1
=, Egs.(4) and(5) become -,
FSUM A wy) =[21+2,C08 2" +23sin2¢’ | 1414 +
+c0s29'[2,—2,c08 2p' —33s8iN2¢" ], -,

(7
135 =

FYCN(7 ) = sin 20 [A,c0S@’ + Agsing’],  (8)

M=4 M=4 Mz=3 M=3

where
FIG. 5. Different absorption-emission paths contributing to
1 fo_1f* 1 term for NPT 3d®—2p°3d°—3s'3d® transitions(Ref.
21=§(351+ $+35+S,), 18) in SO, symmetry afT=0 K.

1 grated intensities, in the same spirit of the detailed work of
22=§Re{85}, Ref. 27 that was at the beginning of the quantitative analysis
of x-ray absorption.

1
23=§Im{55}, A. A simple case: Nf*

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

2425(81_32+%_S4)’ we report in detail the example of RIXS from a transition-
metal ion atT=0, in the limit of negligible crystal field
A,;=—ReDj}, (SO, symmetry, which can be almost calculated manually.
We discuss the case of Ni (3d®—2p°3d°—3s'3d?) in
A,=—1Im{Dg}. the perpendicular geometry. From numerical calculations it is

possible to estimate the relative weight of{qu2f§3q4} and

?m{fqlqugs%}, directly connected to the absence of the

g?k,M)-pIane mirror invariance discussed in Sec. lll.

Let us have a look in Fig. 5 at the spectral terms of'Ni
The ground-state level in SGymmetry is®F,. The lowest
fevel of this term after magnetic splitting h&s;=—4. In
the intermediate configuration manifold, only a few of the 60
States can be reached in dipole approximation: the lowest

terms of the typéfqlq2|2, asD; andD, terms are multiplied

by cosd=0. The dichroism is only due to the interference
between different excitation-emission paths described by th
D, term. Differently from absorption, which in perpendicular
geometry has no dichroism, in the scattering experiment wi
can opserve a dichroic signal if we do not integrate on th%/alues ofM, are —4 and —3, arising, respectively, from
emission angle&: 3 3’ 3 1
. : . . 2 and °F3, D3, “Fj.
This geometry is compatible with the presence of an an- ! _ B .
. . L . , The final states can only haw;=—3 orM ;= —2 since
tisymmetric contribution, with reference to the' depen- P .
sum . dich there are no states withl ;= —4. As a consequence, (f;

dence, both inF and in F““" due to the presence of ) o O s
N o, =0 we can consider only the terms with=—1; if q;=
sin2¢’ and sinp’ in Egs.(7) and(8). The terms related to the . - = .
) .—1 only those withq,=0 orqg,=—1 in f, 4. Thus there
interference processes cannot be neglected when performing ’ it ] di‘lltﬁz
analytic or numerical calculations, even if they are supposed’® no interference terms F°“™, while F7'“" reduces to
to be smaller than the diagonal ones: there are experimental

conditions where they play a crucial role. Two kinds of in- Fdich= — 1sin 29'[cose’ Re{fo_1f* 1o}
teresting geometrical setups will be considered and analyzed o .
in detail, after a discussion of a simple exemplar case where +sing'Im{fo_1f% ]

only an ingredient contributes to dichroism and anisotropy.
In what follows we will present for RIXS in perpendicular Let us calculatef* ;, and fo_; with |i)=[3d83F,,M ;=
geometry the analysis of the angular dependence of the inte-4) as initial state andf)=|3s'3d°D;,M;=—-3) as fi-
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FIG. 6. Rdfy_,f* ;o and In{fy_,f* ;o for Ni* in SO, sym-
metry atT=0 K, as a function of the incident photon energy. The
dependence on the emission energy is trivial, because there is one
possible final state.

nal state. The intermediate states for the two functions are FIG. 7. Geometry configuration of the calculation shown in the
indicated in Fig. 5. present paragraph. A scan of the emission direction around the cone
We can see that for this system, with=0.5 eV and the with k axis and half aperturee=45° has been performed. The
energy spread of the intermediate configuration multiplet ofelation between the angles in the various cases has been outlined.
the order of 3 eV, Rf,_,f* ;o strongly oscillates and the In the numerical calculations presented in this paper45°. Each
peaks associated with different levels distant more than line style ofk’ has a corresponding spectrum in Figs. 8, 9, and 10.
can be distinguished in Iffig_1f*,o} (Fig. 6). The imagi- .
nary part has a strong contribution and the dichroic signal is FUN( 7 w,) = Ry(a)cosB+ 1 4( a)sin 28, (10
dominated bye’ asymmetry. It is worth noticing that far

from the resonance Iffiy_;f* ;}~0 while Refq_;f* o} is where
still finite. In the tail region the imaginary part is negligible Ala)=(3,—3,)+(33,—3,)cofa
independently of the multiplet structure and no asymmetry in '
this low signal region can be fourfdl. B(a)=(3,+3,)sirfa
B. Conical scan ls(@)=223sin 2a,

Let us consider the geometrical arrangement shown in R —A.sin2
Fig. 7, where the emission is detected along a direction that a@)=4,8in 2a,
can rotate around the incident one describing the surface of a | (a)=A,sirPa
cone with half aperturer and axisk. d 2 '

This geometry is particularly useful for two reasons.  The coefficients depending only on the imaginary part of

(i) RIXS measurements, especially in the soft x-ray rangepondiagonal products |{1ﬁqlq2f; a } have been called 4.
are heavy influenced by self-absorption, which varies ConSidThus the deviation of the8 ploi gf FSUM from the cos B

erably with the imgle between thelscaFtering direction and thSrofiIe and that oE %M from cosg shape reveals the impor-
sample surfac& The self-absorption is constant along thetan ce of these features.

conical scan and this configuration is particularly convenient. Al the symmetry properties and angular dependence that
(ii) The apphcatlon (?f RIX.S Sul,lnm rules: the anisotropy of have been discussed in Sec. Il are contained in Ejsand
the energy mtegrate_d '_”tens'_@f i (.L recalls the PETPEN- " (10). The dichroism is reversed for a reflection of the emis-
dicular geometry of incident lightis linked to a linear com- ion direction with respect ta"y” plane, which changeg
bination of multipole moments of the system of second ang,; 180°— B, while FSUM s leff unaffecied An asymmetry
fourth order only. This implies that once has been fixed, is found for reflections with respect to théz" plane for
J$"™is modulated as a function ¢@f and the amplitude of the |, Fsum gndEdich This effect is related to the presence of
modulation can give information on the quadrupolar andlS andly, i.e., the imaginary part of the nondiagonal prod-
hexadecapolar moments of the charge and magnetic densitiﬁétsf fx If no asymmetry is found experimentally,

of the partially filled shells in the initial stafé:?® 12" G54 . :
The angles for the description of the results are new thenlsandl are negligible compared witB(a) andRy(a)

and B, functions of the anglesy’ and ¢’ that have been and the results, as far as the angular dependence of the inte-
used éo far. We have grated cross section is concerned, are similar to the ones

evaluated neglecting the differences between the intermedi-
ate state eigenvalues in the energy denominators of Eg.
FSU7w)=A(a)+B(a)cos 8+ 14 a)sing, (99  (3).5%8
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FIG. 8. RIXS total and dichroic spectra of Kih in the Ly FIG. 9. RIXS total and dichroic spectra of €ofor the scatter-

region as functions of the incident photon energy, after the integraing geometry depicted in Fig. 7. For further details see the caption
tion over the 3—2p decay channel. On the left panels the,SO of Fig. 8.

symmetry casetal K is presented; on the right panels aDi§

=1.0 eV octahedral crystal field and a finite temperature have been
introduced. In the top panels the total signal &+ 45° andgB=

—45° (almost indistinguishabjeare compared with the dichroic 60
signal, which is magnified in the other panels. The line styles of the
curves correspond to those of Fig. 7: dash-dofigakted for 8
=0° (180°); thick(thin) straight for3=45° (—45°); thick (thin)
dashed forB3=135° (—135°).
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The numerical calculations of the RIXS total signal and ¢
dichroism for Mrf*, Cc?™, and NF* are presented for the
casea=45° (the angle giving the maximum dichroism in-
tensity). The total signal is compared to the dichroic one at 1
B==*45° and the dichroism intensity is given gt=0°,
+45°, +135°, 180°(corresponding tg3=45° in Fig. 7.
The spectra are integrated over the emitted photon erfagrgy
analogy to the integrated resonant Raman scattering exper- _
mental measurements of Ref.)15

The spectra in the left part of Figs. 8, 9, and 10 are asso- -1
ciated to the ions in cylindrical symmetry @=0. In the
upper part we compare the total and dichroic signalg-at
+45 on the same scale. The excitation corresponds ththe
region only.L, shows no dichroism as pointed out also in
other works>°*® The properties of the dichroism are dis-
played in the other panels on a magnified scale: it change:
sign passing frong to =— 3, as can be seen comparing the
left and the right panels in Figs. 8, 9, and 10; the spectra for sso 852 854 86 8% 80 850 852 854 856 858 860
B and — S look quite different; the antisymmetric term in Eneray () Eneray (€¥)

Eqg. (8), linked to ImM{D3}, is not negligible. The inclusion of FIG. 10. RIXS total and dichroic spectra of Ni for the scat-
a cubic crystal field (1IDg=1.0 eV) and of the temperature tering geometry depicted in Fig. 7. For further details see the cap-
(Tp=1) considerably changes the shape of the spédtrt  tion of Fig. 8.
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panels of Figs. 8, 9, and 1@vith respect to the isolated ion 2500

in M=—J ground state. Both the effects have different 200 I '—-o--.-—w—----._J.ia*«-'
physical origins, but they are treated together in this analysisZ 1s0w —
as they have the same quenching effect on the asymmetr§ 1000 C, T
with respect to8— — B transformation. £ 500 Jien
This is not completely true in Mri, where the difference o ., —aet
w‘

between the3 and — B curves is still appreciable: the high  _se
value of gg results in a larger splitting among the levels 200
originated by the ground state than in the cases 6f Nind
Cc*"; thus the thermal energy is equal to the magnetic split-2 1es
ting and very few of the excited levels are populated. More- £
over, its excited configuration with four holes in the 8a- §m°
lence shell and a core hole in the Zhell results in a
multiplet structure with 1260 states, most of them being very
close in energy, producing considerable interference effects
giving rise to relevant contributions of the off-diagonal prod-
ucts. The effect of the crystal field is decreased or’Mn 100
ions, having no orbital moment: tHS;,, ground state is not
modified by the octahedral field. The spectra obtained by ©
summing the two incident beam polarizations, given in the=
upper panel, show a wegk dependence. In fact, only few
terms containy’ in the cross sectiofi7) and their weight is 200
overwhelmed by the other terms, composed by a much
greater number of process&s;, X,>3,, 23. In particular,
in SO, symmetryf,_,f* ;=0 for Ni?*, so thatFs!"is ¢’
independent. These effects @n dependence are transferred
to the B8 dependence.

The B dependence of the scattering cross section inte-
grated over the incident photon enelgfye L ; edge, as well
as the emitted one, has been also studied. This quantity the
results from the contribution of different spectral features has
not necessarily stronger angular dependence than the singie
structures, but is considered as an interesting experimental F|G. 11. Integrated scattering intensity for Rnas a function
output in view of the application of the RIXS sum rules. of g, for the caser=45°. The dots are the results of the numerical
Only one case is present in the literature analyzing'Co calculations and the straight lines are the fits.

integrated intensity of the dichroic signalOur calculation ) ) ) o
has been performed on the same systems and with the sarf§dM, increasing the number of maxima, minima, and nodes

calculation parameters as the previous one. A larger numb&f the dichroisgn. It is also responsible for the presence of the
. . ; ich
of B angles has been investigated. The resultant plots af@@ximum ofJ, ™" out of the &,M) plane. TheRy(a)cosp
reported in Figs. 11 and 12 for Mt and C3*. In the left ~ +la(a)sin 28 fit of the numerical data determines thg/Ry
column we give the results obtained in S&mmetry at rg’uo, Wmch is a measure of the asymmetry of the dICh!’OIC
T,=0. The sum and the difference of the intensities on theSignal with respect to thek(M) plane. The values used in
incident polarizations are given in the upper panel: the relathese fits are listed in Table I.
tive magnitude of the dichroism can be easily inferred. The In the absence of crystal field and far,=0, J7"" is
central panels with enlarged scale allow an easier view ohearly symmetric. This is not the case #{°", because it is
their shape. The dots represent the values coming from thentirely given from nondiagonal products, with imaginary
full numerical calculations and the lines are the fitting func-part comparable to the real part. The size of the asymmetry
tions given by Eqgs(9) and(10). The departure of the aniso- can be straightforwardly grasped from the bottom panel, con-
tropic part of J$U™ from the cos B shape gives the idea of taining the polar plot 085“™andJ?'*" (the latter multiplied
the weight of the imaginary part of the nondiagonal productsby a factor 10). It can be easily seen that the former is nearly
It is caused by a sip term, producing a raising and a low- symmetric at variance with the latter.
ering of the 90° and 270° minima, respectively, and resulting The right columns report the panels corresponding to the
in an asymmetry with respect to the 180° line, which dividescase ofC,, symmetry aff ;= 1. It is worth noticing that the
the plot in the same way as thk,M) plane does. The fit of introduction in the Hamiltonian of a term whey¢ andz”
the numerical data allows a quantitative determination of thisare equivalent directions maka'™ more isotropic. The am-
effect, given by the ratiés/B. Analogously, the importance plitude of its oscillations mainly given tB/A is reduced and
of a full description of the interference can be seen from thethe polar trend changes from ovoidal to nearly circuld="
deviation ofJ%'°" from the cog trend. It is due to the sin2  becomes more symmetric: it changes from a four-lobe but-

0,

units)

=-100|
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atT,=0, andC,, symmetry afl ,=1. The sequence of the
panels in different rows is the same as in Figs. 11 and 12.
The butterfly shape foi?"°" of the free ion aff,=0 has the
same pattern of the signs of the four lobes with respect to the
previous cases, but the two lobes at hglvalues are more
pronounced. As a result the dichroic signaBat 0° is nega-
tive. One has to note that this characteristic is a consequence
of the integration on incoming energy; this is not true for all
the features oFf'Ch(hwk). The increase of the temperature
in the free ion case makek"™ plot evidently circular and
creates a two-lobe structure faf'®" with the maximum
aroundB=25°. If we consider the case where the tempera-
ture is still zero but the crystal field has been turned on we
can observe similar effects in the shape of both signals. The
maximum of the dichroism is in the same position but is
much larger. The combined effect of crystal field and finite
temperature is visible in the last column: the shape of the
dichroic signal is the same but with the maximum @t
~15°. The shift of the maxima of the lobes from high
values, for the case corresponding to,S§ymmetry atT,

=0, to low g values, for the cas&,=1, comes from the
contribution of the paths starting from the lowest excited
state. This shift is observed also with the inclusion of the
crystal field atT,=0. In fact, by increasing the octahedral
field, the states in thd® manifold of the type®S™1L,= 3F,
rearrange and a crossing between the ground state and the
lowest excited state occurs when the crystal and the ex-
change fields are of the same size.

The combined effect of the crystal field and of the finite
temperature gives rise to the replacement of the original but-
terfly shape with a distorted 8-like form that moves towards,
without reaching it, the perfect cgitrend forJc".

The only experimental result concernimgyplots of the
dichroic signal is that of Ref. 15 obtained for a cobalt com-
pound. In that paper there is no evidence of anygstype
asymmetry of the dichroic signal. We must mention two re-
marks. The data were collected assuming that the reversal of

terfly shape, with different size for adjacent lobes, to a twothe magnetization is equivalent to the reversal of the polar-

lobe structure more similar to a c@sshape. The dichroism

ization of the incoming beam. This implies-a8 and — 3

intensity is also reduced by the increase of the temperatureaverage of the outgoing radiation direction, which cancels
To make more evident the separate effects of the crystajut the possible antisymmetric terms in E¢8) and (10).

field and of the finite temperature we give more plots for theFurthermore, the nature of the Co ferrite sample used, com-

case of Nf", the simple case discussed before. In Fig. 13 orposed of a majority of octahedral and a minority of tetrahe-

the four columns there are, respectively, the results fos SOdral sites in antiferromagnetic couplifg,probably would

symmetry afl ,=0, SGQ, symmetry aff ,=1, C4p Symmetry

TABLE |. Values of the parameters appearing in E(®. and
(10) used for the fit of the numerical data of tigeplots.

Mn2* cot Ni2*
SO, Can SO, Can SO, Can

T,=0 T,=1 T,=0 T,=1 T,=0 T,=1
A 1913 1923 1202 1145 4271 3851
B 53 37 70 8 574 20
s 4 19 4 14 0 68
Ry 125 141 9 47 -85 203
Iy 70 26 51 5 260 20

have critically hidden any possible asymmetry.

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

C. Coplanar geometry

Most of the few experiments in perpendicular geometry
have been performed with the wave vectors of the incoming
and outgoing photons and the magnetization of the sample in
the same planeg’ =0). Then Eqs(7) and(8) assume sim-
pler forms:

FS'MfAw)=[2,+2,]+cos20'[2,—2,], (11

104433-10
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FIG. 13. Integrated scattering intensity for?Nias a function of8, for the casenw=45°. The dots are the results of the numerical
calculations and the straight lines are the fits.

FUN(fw,) = Aysin 29 (12) The anisotropy of}"™"is related to the ground-state prop-
. . erties of the scatterer atom, as outlined in Ref. 13: it gives an
The dependence on the emission an.gle.of the S|gngl SUMM&timation of the zeroth- and second-order moments. The
on the ingoing photon polarlz_atlo_ns IS given by an ISOtrOpICanisotropy does exist even in the absence of the quadrupole
part and a cosid' term, resulting in an elliptical shape. The moments and a perfectly circular trend implies the compen-

?;?Eml/zmalns dabzlirr]w 2 Zf:rrécg??]b?r?%v{;l(ng (t)r)]u:n?j rQ;éLr:farE;?_r sation of the two contributions. The effect of the temperature
-7 g - favors the backscattering emissiofi£90°) in J3“™and re-

ing (¥'=m/2) directions. Thisy’ dependence has been ob- : S . . : o

: uces the dichroism intensity. The sign of the dichroism in-
served on Co metal and Co ferrite systems for the RIX o A f o .
. L - . ensity is positive in the range<09%’' <90° also in the case
intensity integrated over the incident and emitted photon enéf NiZ* as in C3* and M. if the crvstal-field correc-
ergies, in thel ; peak and the 8—2p decay range¥’ The : ’ ' y

. : » .__tions are present.
strong difference observed in such itinerant and Iocahzeé
samples forJ$"™ highlights the role of RIXS as a probe of
the atomic properties.
X . VI. CONCLUSION
Some calculations of the angular dependence of the inte- CONCLUSIONS

grated scattering cross sectidn(9') are presented here. We have presented a study of the angle and polarization
The angular dependence is displayed in the polar plotdependent RIXS cross section for magnetic materials with
shown in Fig. 14, relative to MiT, C&*", and N¥" in a  circular polarization of the incident light and assuming that
cubic crystal field of 1Dg=1.0 eV, for different values of the emitted radiation is collected without control of the po-
T,. The calculated integrated intensitigs"™ and Ji":h larization but as a function of the outgoing direction, varying
(dotg follow the trend of the function$11) and (12) (solid in the full range of half solid angle. The formalistim anal-
lines), whose fit to the calculations gives the parametersgy with the theoretical work on absorptfarf’ that allowed
shown in Table II. us to study the dichroism ih, 3 edges, the line shapes
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FIG. 14. Integrated scattering
intensity J5'™ and 39", calcu-
lated for Mrt™, C?™, and NF™
in perpendicular geometry with
the emission direction in the
(k,M) plane. J5'™ presents an
ovoidal shape;J9'°", which has
been amplified by a factor 10, fol-
lows a sin 2% trend. The intensi-
ties are given in arbitrary units,
comparable along each column.
The curves for various values of
T, are given. The dots are the re-
sults of the numerical calculations
and the straight lines are the fits.
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in XAS spectra and the branching ratis based on ionic ground state, as they are critically dependent on the interfer-
model, calculating the electron level multiplets and the tranence terms. Additionally the final state effects associated
sition matrix elements. We have obtained the full expressionith the 3s— 2p inner shell decay contribute to the scatter-
of the cross section, the sum and the difference of the inciing cross section through the pattern of the available transi-
dent photon polarizations as a function of the energies of th@on to the final multiplet.
incoming and outgoing beams and their anglés¢) and We have studied the total and dichroic signals in perpen-
(97,¢") with respect to the magnetization axis, pointing outdicular geometry with a conical scan of the emission direc-
the effect of the interference due to nondiagonal products ofion around the incidence one that has been recently
partial amplitudesq ¢ f3 . . i.e., the interferences between proposed in a novel experimental work. If the system is
different excitation-decay paths. The choice of the perpenfully polarized(low temperaturpand the effects of the crys-
dicular geometry 0= /2,p=) of incoming beam!! is  tal field are low(in the limit of SO, geometry, asymmetric
particularly interesting as the dichroic signal is dependenpatterns can be founcbutterfly shapg for dichroism and
exclusively on these nondiagonal interference terms. The linglso the total signal can have antisymmetric contribution
shapes as well as the integrated signals are particularly sewith respect to thek,M) plane. These effects are dramati-
sitive to the detailed description of the intermediate statesgally quenched by the rise of temperature and also by the
containing a core hole and a valence electron more than thgontribution of crystal field, which is used to describe the
crystalline environment in the ionic model. This particular
TABLE Il. Values of the parameters appearing in E¢s) and  shape should, however, be observable at low temperature.
(12) used for the fit of the numerical data of th¥ plots. The  The polar scan with the emission directikhin the (k,M)
calculations are given in the same arbitrary units, so that the complane is also discussed. Here some experiments already exist
parison among columns for the same element is significant. Howand the shape of the dichroic signal as a functiorbfcan
ever, quantities in this table and Fig. 14 are not on the same scale @& g careful test of the theory and strongly depends on the
those in Table | and Figs. 11, 12, and 13. crystalline environment and temperature.
ot n o Finally we must point out that this work is based on a full
Mn co? Ni calculation of the cross secti@f) and the partial amplitudes
Tp— 0 1 2 0 1 2 0 1 2 fqlq2 given by Eq.(3), without using any approximation hid-
S,+3, 143.1 142.0 141.3 55.7 54.1 53.3 100.0 99.3 99.1ing and averaging the structure of energy multiplets as well
S,~%, 71 21 —-09 -0.3-02 -0.7 —2.7 -49 -5.4  as thew dependence of the spectra. Any approximation of
Aq 890 72 47 31 25 15 83 4.7 26 thistypewould deeply affectthe calculation of the nondiago-
nal products, missing the appropriate value of interference
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effects between different absorption-emission paths whiclnduce an asymmetry with respect to thell) plane both in
are responsible for the dichroism in perpendicular geometrythe dichroic and in the total signal.

The dichroic signal in a conical scan as well as in the e have seen that the simple and illuminating case of
planar geometry have been deteét€dn recent experimen- N2+ in cylindrical symmetry can be analytically discussed
tal work on angle-resolved RIXS at thepZesonance and in g calculation that can be performed almost manually, once
with the 3s—2p deexcitation channel. If the angular depen-the appropriate energy structure and matrix elements have
dence of the integratEd dichroic Signal will be available Ol been Computed_ We think that this approach’ avoiding ap-
even better, the dependence of the shape of the spectrum jpoximations in the evaluation of the cross section, is the

» as a function of the angle will be obtained, it would be way to interpret accurately the outcome of the promising
possible to give a quantitative description of these effects ithew experimental works.

terms of the ground- and excited-state properties. The exis-
tence of dichroic signal in perpendicular geometry is a con-
sequence of the interference between absorption-emission
paths that, going from the same initial and final states, are
passing through intermediate states of different magnetic The authors are indebted to L. Braicovich, G. Ghiring-
numbers. The angular dependence of the dichroism in thikelli, C.R. Natoli, and A. Tagliaferri for fruitful discussions.
geometry can also check the phases of this second-order pdrhis work was funded by INFM, within the research pro-
tial amplitudes given by Eq.3) and, in particular(if inter- gram for the theoretical and computational support to the use
mediate states with appropriate magnetic numbers)eget  of synchrotron radiation.
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