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Resonant inelastic x-ray scattering (RIXS) is a synchrotron-based spectroscopy that has seen growing interest
across a range of scientific disciplines beyond fundamental physics. The interpretation of experimental RIXS data
requires theoretical calculations based on the Kramers—Heisenberg formula. However, because of the dependence
of RIXS on both the incident and scattered photon properties, a tractable treatment of the angular dependence in
this formula has been lacking. In this work, within the electric-dipole approximation, we determine the number of
fundamental spectra contributing to the RIXS cross section for all crystallographic point groups. We then derive
a general expression for the RIXS cross section of isotropic samples such as untextured powders, homogeneous
glasses or liquids, explicitly accounting for the polarization and propagation directions of both the incident and
scattered photons. Simplified forms of the RIXS expressions are subsequently obtained for the most common
point groups. Finally, we demonstrate the applicability of our formalism through two cases: 2p3d RIXS of Ni"

and the study of uranium 3d4 f RIXS.
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I. INTRODUCTION

Resonant inelastic x-ray scattering (RIXS) has proven to
be extremely useful for investigating the properties of mate-
rials [1,2]. The richness of RIXS comes from the fact that it
depends on the energy of the incident and scattered beams,
as well as on the polarization and direction of the incident
and scattered beams with respect to the sample, which allows
access to additional spectral information [3-6]. To this end, in-
strumental capabilities have been implemented at synchrotron
beamlines, providing the ability to control the polarization
of the incident beam, vary the scattering angle, and perform
polarization analysis of the scattered radiation [7-9].

While most of these studies are performed on single crys-
tals, the number of studies on isotropic samples such as
powders has been growing thanks to the application of RIXS
by new scientific communities, e.g., chemistry [2,10], cataly-
sis [11], high pressure [12], and actinide science [13]. These
communities exploit RIXS to go beyond conventional x-ray
absorption spectroscopy (XAS) through the use of high energy
resolution fluorescence detection (HERFD). This approach,
which involves taking a constant-emission-energy (CEE) cut
in the RIXS plane, overcomes the limitations imposed by
core-hole lifetime broadening and reveals otherwise hidden
spectral features. A remarkable example is provided by the
actinide M-edges, where the application of HERFD-XAS has
reopened a very active field of investigation on these complex
compounds [14,15]. However, the interpretation of experi-
mental RIXS data often requires theoretical calculations. The
Kramers-Heisenberg formula [16,17] has been implemented
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in various computational methods, from semi-empirical lig-
and field multiplet calculations [18] to more advanced ab
initio calculations [19,20].

In a previous work [21], we investigated the dependence
of RIXS on the polarization and direction of the incident and
scattered beams of a sample without considering the effect of
sample symmetry. We also derived explicit formulas for the
polarization and angular dependence of an isotropic powder
sample. However, the remaining challenge is that computa-
tional methods do not use an isotropic sample as input but
the non-isotropic structural model of the system of interest
(e.g., the point-group symmetry of the absorbing atom for
semi-empirical multiplet calculations, a cluster around the
absorber or the unit cell of a crystal for ab initio methods).
In standard XAS computation, the spectra computed using
the model system can easily be related to the experimental
isotropic spectrum [22]. However, for RIXS, the coupling
between the incident photon and the scattered photon makes
this connection more challenging.

The purpose of this article is twofold. Firstly, we discuss
the effect of a sample (molecular or crystal) symmetry on the
angular and polarization dependencies, and secondly we de-
termine the minimal number of calculations (or single-crystal
measurements) required to compute these dependencies for
an isotropic powder sample in the electric-dipole approxima-
tion for the incident and scattered beams. These derivations
are performed in the impurity approximation, meaning that
we neglect the interferences between the scattering events of
different atoms. In the following, the coordinates (x, y, z) are
in the standard orthonormal reference frame for point-group
operations as defined by Altman and Herzig [23].

This paper is divided into six sections. In Sec. II, we
demonstrate the well-known fact that the RIXS cross section

©2026 American Physical Society
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for electric-dipole transitions is based on 81 spectra, and we
prove that this number can be reduced further down to ng <
81 fundamental spectra by taking symmetry into account. In
Sec. I1I, we use spherical tensors to understand ng and provide
specific considerations about circular dichroism and site sym-
metry. In Sec. IV, we determine ng and the relations between
RIXS matrix elements for most symmetry groups as well as
for the case of a spherically symmetric sample. In Sec. V, we
derive the RIXS cross-section formula for a powder sample
without taking the symmetry into account and then in Sec.
VI, we give the RIXS cross-section formula for an isotropic
sample knowing the symmetry of the absorber for most point
groups. Finally, in Sec. VII, we draw some predictions for
the experimental observations and we apply these formulas
to selected examples to highlight the impact on the computed
result for experiment predictions and theoretical similations.

II. RIXS CROSS SECTION AND SAMPLE SYMMETRY

The starting point of this analysis is the Kramers-
Heisenberg formula [16,17] for RIXS
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where m is the electron mass, r, is the classical electron radius,
re = €2 /(4mweomc?), |I), IN), |F) are the initial, intermediate,
and final (possibly many-body) states, respectively, y is the
total width of the intermediate state |N), p and r are the
momentum and position operators. The incident and scattered
photons are characterized by the pulsation, wave vector and
polarization vectors w, k, € and wy, Ky, €, respectively. Note
that € is the complex conjugate of ;.

In the present paper we limit ourselves to the RIXS cross
section in the electric-dipole approximation [21],
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where g = §(Er + hwy; — E; — hw).

A. Group action

It will be convenient to use the concept of an action of a
group on a set. Consider, for example, the group G = O(3)
of (linear) isometries, where an element g of G is represented
by an orthogonal matrix g;; (i.e., a rotation matrix possibly
multiplied by an inversion). With ¢ we can operate on: (i) a
vector r, (ii) a function f(r), (iii) a quantum state |¢), (iv) a
sample s, etc.

In general, the action of an operation g on a set X is a
transformation of any element x of X into an element y of X,
denoted by y = g>x. In our examples: (i) X is the space R?
of three-dimensional vectors r, (ii) X is the space of functions
f(r) on R3, (iii) X is the Hilbert space  of quantum states
|¢) of the system, (iv) X is the set S made of a sample s with

all its possible orientations (note that we can rotate an object
but we cannot mechanically invert it).

An action of a group G on a set X is a group action
if the successive action of two arbitrary group elements is
compatible with the group product, g'>(g>x) = (¢ - g)>x,
where ¢ - g is the product in G, and if all elements x of X
are stable under the action of the identity element e of G (i.e.,
el>x = x). In case (i), the action of an isometry g on a vector
r is g>r = gr (i.e., product of the matrix g;; by the vector r).
In case (ii), the action of a rotation on a function f(r) is [24]

(g>f)(r) = f(g '), 2)

where gi’j1 is the inverse matrix of g;;. For case (iii), we
consider the action of an isometry on a quantum state that is an
eigenstate of a Hamiltonian H with energy E. To take energy
degeneracy into account, consider a basis [), ..., |{,) of
the eigenstates of H with energy E. If G is a symmetry group
of H (i.e., gi-H = H for all g € G), we know that every
element g of G transforms a state of H into a state with the
same energy. More precisely, Wigner showed that there is a
unitary matrix U (g) such that [25]

gy = ) _U@)ilv). 3)

j=1

where U (g);; is required instead of U (g);; for gi>|;) to be a
(linear) group action,

g(g> i) = Y U();i(g>1y;))
j=1

= Z Z U(g)jiU(g/)kj|Wk>
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This action is a group action if and only if U (¢)U (g) = U (¢ -
g) [i.e., U is a unitary representation of G].

Consider now the projection onto the space of states of
energy E,

P(E) =Y |¥){yjl.
j=1

From the action of g on [/;) of Eq. (3) and the unitarity of
U (g), we deduce that P(E) is invariant under the action of g,

g>P(E) =Y _UQuI¥u)(wilU (@), = P(E).  (4)

Jikl

These preliminaries enable us to calculate various actions
of groups of isometries on the RIXS cross section.

B. Action of an isometry on the cross section

We calculate the action of isometries on the RIXS cross
section in two ways: by acting on the states seen as a function
of r as in Eq. (2) and then by acting on the states by a unitary
representation as in Eq. (3).
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We want to determine how the transition matrix element
(p|H ) = fdrq)*(r)e -1y (r) transforms under the action
of a general isometry g. We show that

g (SIH 1Y) = f ar" g 'De -ty . 6)

This statement is not as trivial as it looks because the electric
dipole form of H; comes from a commutation of the original
transition operator with the unperturbed Hamiltonian H, and
we must check that it is not modified by the rotation of the
sample in Hy.

First recall that the Hamiltonian of an electron in an elec-
tromagnetic field is H = (p — ea)?/2m + V + ev, where p =
—ihV, a is the vector potential and v the electric potential.
Time-dependent perturbation theory for an incident electro-
magnetic wave described by the vector potential a cos(wt)
leads to the calculation of matrix elements such as (¢|H;|v),
where H; = —ep -a/m and |¢) and |¢) are eigenstates of
Hy = p?/2m + V [22]. Within this model, acting with isom-
etry g on the sample amounts to transforming the potential
V(r) into the potential V'(r) = (g>>V)(r) = V(g 'r), as in
Eq. (2). The Hamiltonian of the transformed sample in the
original reference frame is H, = p*/2m + V' and we go from
the momentum transition operator —ep - a/m to the electric-
dipole one by using [r, Hy] = [r, H)] = (i /m)V . Therefore,
g does not act on the transition operator, which is still € - r.

To determine the eigenstates of Hj, we observe that a
change of coordinates r — r' = g~ 'r transforms Hj into
g>Hy = (p')?/2m + V ('), where p’ = g~'p. The orthogo-
nality of g implies that (p’)* = p* and g>H, = Hj. Thus,
the eigenstates of H are the eigenstates of g>>Hy, which are
¢(r') = ¢(g~'r). This completes the proof of Eq. (5).

Note that the result is still valid if Hy contains a two-body
Coulomb interaction and in the presence of thermal vibrations
if the experimental resolution is much larger than thermal
energies [26]. It is also valid if the nonrelativistic Hamiltonian
is replaced by a relativistic one, although the proof is more
subtle, as shown in the Supplemental Material [27].

Starting from Eq (5), we change variables r = gr’ and no-
tice that dr = dr’ (g being an orthogonal matrix, the Jacobian
of the transformation is |J| = | det g| = 1) to replace a trans-
formation of the sample by a transformation of the transition
operator and then a transformation of the polarization vector,

g>(Ble - xly) = (Ble - (gn)l¥) = (Bl(g™"€) - rly),

because g, as a linear isometry, conserves scalar products. The
physical interpretation of this result is that the action of an
isometry on a sample gives the same result as the action of
the inverse isometry on the measurement device (represented
by €).

Thus, the action of an isometry g on the sample transforms
the cross section into g>>o (¢, €) = o (g™ '€,, g~ '€) that it will
be more convenient to write

g '>o(es, €) = o(ge, ge), ©6)

where we recall that we only assume g to be an isometry [i.e.,
an arbitrary element of O(3)] and not necessarily a symmetry
of the sample. This property will be crucial in the following
derivations. Note that Eq. (6) has no equivalent for antiunitary
elements g of a magnetic group [28].

C. Action of a symmetry on the cross section

We consider now only isometries g, which are symmetries
of the sample. By this we mean the point-group of the space
group of a crystal or the point-group of a molecule. If the site
of the absorbing atom has a lower symmetry group, then this
subgroup must be used for the calculation of the spectrum,
but the average over the different sites recovers the full point
group [29].

For example, if the system is represented by the
Hamiltonian Hy = p?/2m + V, we assume that (gi>V )(r) =
V(g™ 'r) = V(r) and the action of g on the states of the system
is described by Eq. (3).

To compute the action of g on o (e, €), we expand the
modulus square in Eq. (1) for a given value of E;, Ey, Ey,
and Ep [the presence of Ey’ being due to the fact that the sum
over N is inside the modulus, as in Eq. (10)], and we replace
the sum over states of energy E by a projector P(E) to obtain
terms of the type

T = (I|€" - rP(Eyn)es - YP(EF)e) - YP(En)e - r|l).

For simplicity, we considered a nondegenerate initial state |/).
If it is degenerate, we must average over initial states (this
also is how we take temperature effects into account) and 7
becomes

1
—Tr(P(E[)e” - YP(En )€ - YP(EF)e! - YP(Ey)e - 1),
ny

where n; is the degeneracy of the initial state. By using the
invariance of P(E) under the action of a symmetry operation
g [see Eq. (4)], we see that g>T = T, so that

g0 (€5, €) = 0 (€5, €). @)
Equations (6) and (7) lead us to the invariance

o(€, €) = 0(gey, g€), ®)
for every symmetry operation g of the sample. These sym-
metry operations form a group G. In other words, for any
isometry of the absorbing atom point-group, the RIXS cross
section is the same when the incident and scattered polariza-
tions are rotated with this same operation.

D. Symmetry reduction of the cross section

To investigate the effect of symmetry on the RIXS cross
section we rewrite its definition Eq. (1) as

* *
o(e, €)= E €1:E€EmE, €5 jlim jn (&)
imjn
where ¢, and ¢, run over the three Cartesian coordinates of €
and the same for ¢, and

2 w; (E; — Ey)(Eny — EF)
Qim, jn = _ez_ E E — .
h° o NN E] EN+hw+l]/

(Er — Ex')(En' — EF)
EI—EN/—l—ha)—iy
X (Iry|[N")(N'|rj|F)8E, (10)

(FIrilN)(N{rmll)

where r;, 1, 7}, and 7, run over the Cartesian coordinates of
r. From this definition, we see that a;y, j, is Hermitian (i.e.,

a;"m’jn = Qjy,im), SO that a;,, ;, has 81 components.
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In the presence of nontrivial symmetry, relations exist be-
tween different a;,, j, and we call fundamental spectra a set of
real or imaginary parts of some @y, _j, from which all nonzero
Qjm, jn (and thus all RIXS spectra) can be computed. This is
similar to the fundamental spectra defined by Thole and van
der Laan for photoemission [30]. A specific a;y, j, provides
one fundamental spectrum if it is real or purely imaginary and
two fundamental spectra if it has nonzero real and imaginary
parts.

We shall see in Sec. VB that the invariance property of
Eq. (8) implies

Aim, jn = E ]vimjn,i’m’j’n’ai’m’,j’n’» (1 D
i
where
1
Nimjn,im' jw = Gl E i §mm' 8 &nn - (12)
geG

In Sec. VB we prove that, thanks to the average of G in
Eq. (12), the left-hand side of Eq. (11) has all the symmetries
of the group G even if ay,y jv has no symmetry. In other
words, the invariance under G is entirely dependent on the
properties of Niyju,im jim -

We give now the practical method to determine the symme-
tries of a;, j», which can easily be implemented with standard
symbolic computing packages.

(1) Compute ]Vimjn.i’m’j/n’ by Eq (12)

(ii) Transform Ny jn i jw into a 81 x 81 matrix denoted
by N€. For this, associate a number k between 1 and 81 to
each quadruple (i, m, j, n). For example k =n+3(j — 1) +
9(m — 1) 4+ 27(i — 1) and define NG, = Nipjn,im jin-

(iii) Compute the number ng of fundamental spectra of
Qim, jn» Which is the rank of N and also the trace of N¢ since
NE€ is a projection [i.e., (N°)? = N¢ and (N)" = NC].

(iv) Gather in the rectangular matrix L¢ the different
nonzero lines of N (i.e., if the same line appears several times
in N¢ it appears only once in LY). Let n; be the number of
lines of LC (note that n; > ng).

(v) Compute the null space of the transpose of LY, which
gives you n; — ng relations between lines by which you can
write these lines in terms of ng independent ones.

(vi) For each line L of LC, identify the index k of the lines
of N that are equal to L and transform back k into (i, m, j, n)
to express this equality of lines as an equality between some
Aim, jn-

In the Supplemental Material [27], we give N© for the
example of Dg, we show that the number of its nonzero lines
is 21, the number of different nonzero lines of NC is n;, = 11,
there is one relation between lines and the rank of NC is
ng = 10.

We can also determine the numbers ng. and ny, of nonzero
real and imaginary fundamental spectra by noticing that
the matrix P representing the permutation (imjn) — (jnim)
commutes with N and satisfies P> = 1. From Paiy jn =
fm, > Wesee that the number of independent real and
imaginary parts in the tensor a;y,, j, are nge = Tr((1 + P)N/2)
and ny, = Tr((1 — P)N/2), respectively, with nge + nm =
ng.

Ajn,im = a

TABLE I. Number of possibly nonzero matrix elements (i.e., that
do not vanish by symmetry), number 7, of different matrix elements,
number ng of fundamental spectra and number ny, of imaginary
components for all crystallographic point groups, SO(3) and O(3).
For an isotropic sample, ng is the number of spectra needed to
calculate the full angular dependence and ¢ is the number of spectra
needed to calculate the angular dependence when the polarization of
the scattered beam is not measured, as explained in Sec. VI. The
meaning of ~~ is explained at the end of Sec. II D.

Point groups #0 ny ng Nim ng ne
C~C; 81 81 81 36 21 15
C, >~ Cy =Gy 41 41 41 16 17 13
D, >~ Gy, >~ Dy, 21 21 21 6 15 12
Cy >~ 84~ Cy, 41 31 21 8 10 7
Dy >~ Cyy >~ Dyy >~ Dy, 21 11 11 2 9 7
C3 >~ Sg 73 47 27 12 11 7
D5 ~ D34, Cs, 37 19 14 4 8 6
Ce =~ C3, =~ Cg, 41 31 19 8 9 6
D6 ~ C6v >~ D3h >~ Dﬁh 21 11 10 2 8 6
T~T, 21 7 7 2 5 4
0~T;, ~0, 21 4 4 0 4 3
SO03)~0@03) 21 4 3 0 3 2

Table I gives for each crystallographic point-group, the
number of matrix elements @, j, that are not zero by sym-
metry, the number n;, of matrix elements that are different (in
the sense that any matrix element is equal to one of those),
and the number ns of fundamental spectra (in the sense that
any matrix element can be written as a linear combination of
those). The symbol =~ in Table I means that, if the standard
reference frame [23] is used (in particular the high symmetry
axis is along the z axis), then all the matrix elements a;,, j, of
these two groups enjoy the same relations. The only difficulty
comes from the case of C3,, which has two usual reference
frames [23]: the 1A parameters or the 1B parameters. With
1B parameters (where the mirror plane is perpendicular to the
x axis), the matrix elements a;,, j, have the same relations
as those of Cs3, and D3 (see Sec. IVF). With 1A parameters
(where the mirror plane is perpendicular to the y axis), the
matrix elements have different relations (see Sec. IV G).

Several other examples will be given below.

III. ALTERNATIVE WAY
TO THE FUNDAMENTAL SPECTRA

In this section we show that the number of fundamental
spectra can be understood and obtained by hand using spher-
ical tensors. We first define spherical parameters and then
use them to calculate circular dichroism and to compute the
average cross section over equivalent sites in a crystal or a
molecule.

A. Definition of spherical parameters

Instead of fundamental spectra, we can define the spherical
parameters S;bc, which were defined in [21] by

Sy =) Y (' lvlaa)(1ulv'[bp)(acbpley )
o, pop/v'
X Aiu’Avan;LAjv’ Aim, jn» (13)
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where (1u/1v|ax) are Clebsch-Gordan coefficients, A is the
following 3 x 3 matrix relating Cartesian and spherical basis
vectors,

1

1
€y ﬁ 0 — \/_2 e_1
al=|x 0 Wi e |, (14)
(44 0 1 0 €41

a and b take the values 0, 1, 2 and ¢ runs from |a — b| to a + b,
so that c takes values from 0 to 4. Coefficient S;ﬁb" is equal to
§§184 of Ref. [21].

For the example of a sample with symmetry O, T, or Oy,
the nonzero spherical parameters of this approach are

000
So = ai, i+ 2a1,2,

110
Sy = —«/g(alz,lz —anai),

1
= — Qa1 — 2a11,22 + 3aiz,12 + 3ai21),

"%

5224 — S3244 — /15_4 S(2)24

1
= E(all,ll —ari,22 — a2 — a12,21)-

The relation between the components of the spherical tensor

5224 is a well-known consequence of cubic symmetry [22]. It

illustrates the fact that several spherical parameters S;f”" canbe

proportional. Of course, the number of independent spherical

parameters is the same as the number of fundamental spectra.
The relation aj, ;, = a, ;, implies

im, jn

* c
(S;bc) — (_1)a+b+ +y S(ihyc,
which shows that Sgbc is real if a + b 4 c is even and purely
imaginary if a + b + c is odd.

To describe the action of an isometry g on the spherical
parameters S9°, we first note that any isometry can be written
g = (—1)%R, where R is a rotation matrix and n, = 0 or 1 if
detg =1 (g is said to be even) or —1 (g is said to be odd),
respectively. The rotation R will be called the rotation part
of g.

The fact that the columns of matrix A can be considered as
polarization vectors leads to the group action

Cc
—1 bc __ be
g ' >su = Z S9Ds, (R),
y'==c

where R is the rotation part of g and where D;,y (R) is the
Wigner rotation matrix whose arguments are the same Euler
angles as those of R. The part (—1)" of g disappears because
the group action involves a product of four g.

When the symmetry group G is only made of even isome-
tries, building group invariants from a;,, j, reduces to building
group invariants from spherical harmonics ¥” and the num-
ber ng(c) of such invariants is given by the number of fully
symmetric representations (denoted A, or A; or A) of G
indicated in the section “Subduction from O(3)” of Altmann
and Herzig’s tables [23]. These group invariants can also be

obtained explicitly by considering the group averages,

1 o
(ry) = el Zyg DS, (R).
geG

These averages for ¢ = 2 and 4 were constructed in Ref. [22].

Since a vector is also a spherical tensor of rank 1 (or a
spherical harmonics for £ = 1), we can represent the indices
imjn of aj, j, as the coupling of four spherical tensors of rank
1, that we denote 1®4. The spherical tensor decomposition
described by Eq. (13) can be obtained by the rules of angular
momentum coupling,

1®4 — (1®2)®2 — (0 D1 2)®2
=(Bx0)® (6x1) D (6x2)d 3x3)d4, (15

which means that a;,_j, can be seen as the sum of three spher-
ically symmetric tensors, six tensors of rank 1, six tensors of
rank 2, three tensors of rank 3, and one tensor of rank 4. The
total number of fundamental spectra is then the weighted sum
of the numbers ng(c),

ng = 3ng(0) + 6ng(1) + 6n5(2) + 3ng(3) + ng(4).

The procedure must be modified when some elements g
of G are odd, which is the case of the groups that are not in
the first position in a line of Table I. Indeed, Altmann and
Herzig’s tables are constructed such that an inversion cancels
all spherical tensors of odd rank, whereas it has no effect on
the RIXS tensor. Therefore, these tables must be used with a
group G’ derived from G as follows. Since G contains an odd
element, G can be written as the union of a set G of even
elements and a set G~ of odd elements. Since the inversion
I commutes with all rotations and satisfies 1> = 1, we see
that G is a subgroup of G and has the same number of
elements as G~. If I is an element of G~, then IG™ = G,
where /G is the set of —g;; with g € G™. In that case we
take G’ = G' [because the average Eq. (12) over G is the
same as the average over G']. If I is not an element of G~
then G’ = GT UIG™ is a group without odd elements, which
has the same number of elements as G and such that G* is a
subgroup of G’. The number ng of fundamental spectra of G
is then the weighted sum of ng (c). In Table I, the first group
of each line is the G’ for all groups of that line.

Conversely, if the spherical parameters are constructed as
linear combinations of ¥ for all ¢ such that ng(c) # 0,
they can be transformed into relations for a;,, j, by inverting
Eq. (13),

Gimn =Yy (' lvlaa)(1u1V'[bB)(aabBlcy)
aabBcy pvp'v'

x A% Ar Av AT SO (16)

in tmvt tapt t jv

B. Circular dichroism and permutation symmetry

Circular dichroism is the difference between the spectra
obtained from left- and right-polarized incident beams. This
is now a well-established technique [28,31-34].

Circular dichroism in RIXS measures the difference

Ao (g, €) = o (e, €) —o(e, €"). a7n
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By Eq. (9) we see that

Ao (e, €) = Z G:jeme;:esj(aim,jn - ain.jm)'

imjn

Circular dichroism is usually normalized with respect to
the average of o (ey, €) and o (€, €*), which is obtained by
(@im, jn + Gin, jm)/2. The basic remark of this section is to
notice that a;, j,, is obtained from a;, j, by the permutation
(imjn) — (injm).

We saw by Eq. (16) that

ab abc
Aim,jn = E Yimj”(c, v)S),
abcy

where

Yab (coy) =" > (1 vlae)(1u1v'|bB)(acbBlcy)
aff puvp/v'
X Af A An Ay
The determination of circular dichroism in RIXS by a;y, jn —
din,jm amounts to the calculation of Y2, (¢, y) — Y32 (c, y).
The quantity Y5 (c, y) is obtained from Y (c,y) by the
permutation (imjn) — (injm). Spherical tensor recoupling
techniques allow us to write this permutation in terms of
9j-symbols [35], p. 70]

1 1 a
Vb (coy) = Taed 1 1 byee (c.y).
d,e d e C

where

Mupge = v/ (2a + 1)(2b+ 1)(2d + 1)(2e + 1).

To describe the sum over d,e, recall that Eq. (15) de-
scribes the multiplicity of rank ¢ in the tensor decom-
position of 1®4. This multiplicity is T(c) =3,6,6,3,1
for ¢ =0, 1,2, 3,4, respectively, where T (c) is the num-
ber of pairs (a,b), a and b taking values in {0, 1,2},
such that the triangle rule |a —b| < c < a+b is satis-
fied. For example, for ¢ =2, the six pairs are (a,b) =
0,2),(1,1),(1,2),(2,0), (2,1),(2,2). The sum over d, e is
the sum over these T (c) pairs.

Other permutations have a physical meaning: The mea-
surement of the circular dichroism of the scattered beam
is obtained by the permutation (imjn) — (jmin), the inter-
change of the incident and scattered beam is described by
the permutation (imjn) — (njmi), which can be obtained by
combining the permutations

Yo (c.y) = (=D)YL (c.y).

Yt (e, y) = (=D, (c, y),
b by ab
Yilannj(c’ }/) = (_1) Yiz”‘n(ca )’)

In conclusion, every permutation of (imjn) in Y[%’jn(c, V)
can be expressed as a linear combination of Yii‘}n(c, y). In
group theoretical parlance, for each ¢ = 0, ..., 4, the spheri-
cal tensors Y[%’jn(c, y) form a T (c)-dimensional representation
of the symmetric group Ss of permutations of four elements.
The decomposition of these T (c) tensors into irreducible
representations of S4 allows us to pick up the permutation

symmetry required for the physical quantity of interest (cir-
cular dichroism of the incident or scattered beam, average
spectrum of the incident or scattered beam, etc.).

Recall that S4 is a group of order 24 with five irreducible
representations: two of them are one dimensional [the trivial
representation denoted by (4) and the sign representation de-
noted by (1,1,1,1)], one is two-dimensional [denoted by (2,2)]
and two are three-dimensional [the standard representation
denoted by (3,1) and the product of the sign and standard
representations denoted by (2,1,1)]. An explicit calculation
gives us the decomposition of 7 (c)-dimensional represen-
tation generated by Y“(c) into irreducible representations
of S4,

3x0 = (4) @ (2,2),
6x1=(3, D) ®2,1,1),
6x2=A DG, D (2,2),
3x3 =3, 1),

4=(4)

This combination of point-group and permutation symme-
tries was also found useful in the calculation of Coulomb
matrix elements [24].

The conclusion of this discussion is that all linear opera-
tions that are carried out on the 81 matrix elements of a;y, j,
can be encapsulated into equivalent linear operations on the
(generally) much less numerous spherical parameters S}“,bc.

A last useful relation is

Yab (e y) = (=D Y (. —y).

C. From site to point-group symmetry

In general, the point symmetry group G of a molecule or
crystal generates several equivalent sites. Consider a scatter-
ing atom at site A with coordinates Ry. Its local symmetry
group H is the set of elements g of G such that gR4 = Ry.
The number of fundamental spectra for the RIXS of this atom
is that of H. Since our formulation is independent of the
translation between atoms, the scattering cross section of the
full molecule or crystal is computed as the average of the cross
sections of the equivalent atoms.

Here again, the use of spherical parameters will be con-
venient. The transition from site symmetry to point-group
was discussed in detail for the case of x-ray absorption spec-
troscopy [29] and much of that discussion holds for RIXS.
If S)‘i”“(A) are the spherical parameters of site A, then the
spherical parameters S‘y’b"(B) corresponding to an equivalent
site B obtained from A by the transformation rz = grs (plus a
possible translation) where g is an element of G, which is not
in H, are [29], Eq. (24)]

c
SPeBy = SUADS,, (R,
y'=—c

where R™! is the inverse of the rotation part of g. And the
spherical parameters of the full molecule or crystal is

1 c
abc abc C -1
SV = —n E E Sy, (A)DV/V (R ), (18)

geK y'=—c
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where K is a set of representatives of the coset of H in G,
i.e., a set of elements of G that transform r, into all the
sites equivalent to A (up to possible translations), and » is the
number of elements of K.

To illustrate the difference between the fundamental spec-
tra and the spherical parameters approaches, consider a site
with symmetry D4 in a cubic crystal. We choose as coset
representatives the identity, the rotation of 277 /3 around the
(111) axis and the rotation of 27 /3 around the (111) axis, but
the result does not depend on the representatives. The relation
between the fundamental spectra of O and Dy is

o _ | D,
ann = 3“11 1+ 303353,

o —_

ajipn = 6’1122"‘ Re( 1133)

o _ 1.D 1, D4 1D,
app = 341510 T 3d33+ a31,317

o _ 1 _Dy
Af21 = 341501 T 3 Re( ays, 31)

So we need to determine nine components (among the 11 of
Dy) to build the four components of O. Only the imaginary
parts of the fundamental spectra of D, are not required.

The spherical parameters for D, are three parameters
S(“)“O(D4) with a = 0, 1, and 2, six parameters Sgb2(D4) with
(ab) = (02), (11), (12), (20), (21), (22) and two parameters
S34(Ds) and S74(Dy) = S (D).

The spherical parameters of the crystal with symmetry
O obtained from the average of Eq. (18) is then the three
parameters SS“O(O) = SS“O (Dy4), which are the same as those
of D4 because a spherical tensor of rank 0 is invariant under
rotation, the six parameters S"”2 vanish because no invariant
of O can be constructed from ¢ =2 and we do not have to
calculate them, and the nonzero spherical parameters are

5
5740) =57 0) =/ m 5524(0)

5 224 V70 224
R I

Therefore, we only have to calculate five spherical parameters
of D4 (instead of nine) to obtain the four spherical parameters
of O.

IV. RIXS CROSS SECTION FOR VARIOUS POINT GROUPS

We give now the full determination of the fundamental
spectra and of the relations between the a;, j,, defined in
Eq. (10), for most symmetry groups. Note that the nonzero
Qjm, jn for all symmetry groups and the relations between them
that do not involve a;, j, = a3, ;,, can be found in Table E.22
of [36] or in the Bilbao Crystallographic Server [37], sec-
tion Point-group symmetry/TENSOR, for Jahn’s symbol V4.
We give here additional information about their nature (real,
imaginary, or mixed) and additional relations related to the
Hermitian nature of a;, .

A. Case C; or C;

If the symmetry group is C; or C;, no gy, j, is constrained
to be zero by symmetry and the only relation between them is
im, jn» SO that there are nine real fundamental spectra
@.e., Aim,im) and the other fundamental spectra can be grouped

a_]l’l im — a

into 36 complex terms. The number of fundamental spectra is
indeed

ng=3x14+46x3+6x5+3x7+9=_28I.

B. Case C;, C; or Cy;,

If the symmetry group is C; or Cy, then ay, j, is zero if
exactly one or exactly three of the indices im jn are equal to 3.
There are 16 terms where none of the indices im jn are equal
to 3, 24 terms where exactly two of the indices im jn are equal
to 3 and one term imjn = 3333. The only relation between

matrix elements iS @y im = a3y, ;-

ng=3x146x14+6x3+3x3+5=41.

C. Case D, or C,, or Dy,

If the symmetry group is D, or Cy, or Dy, the matrix
elements a;,, j», which are not zero by symmetry can be written
as nine fundamental spectra (ajp,im for i and m equal 1,2,3)
that are always real and 12 ones that can be grouped into six
complex parameters

* * *
ap = dy gy, 411,33 = dzz 41, A12,21 = Ay 125

* * *
a33 = d33 9y, (2332 = d3p 53, 413,31 = d3q 13-

ng=3x14+6x14+6x3+3x3+5=41.

D. Case C4 or S; or Cyy,
If the symmetry group is C4 or S4 or Cy;, we have seven
real fundamental spectra

ais 13 = dz33,  diz21 = d1,12,

aiz, 12 = azi21,  Adi1,22 = aii,

aiin = a2, 4131 =dans3z, d3333,
two imaginary fundamental spectra
a3, 13 = —dadiz23, ds231 = —d31,32,

and six complex fundamental spectra

* *

a1 = —di1,12 = Ay = —4yp 11>
_ — * — *

a 12 = —ai121 = Ay = —ay1 11>
* *

a21,33 = —a12,33 = d33 51 = —d33 12,
* *

a3 31 = —a1332 = A3y 3 = —d3p 13,

* *

ass, |1 = as3n = 4y 33 = dy) 33,

k k
as31,13 = a3223 = A3 3] = dp3 33-

ng=3x14+46x14+6x14+3x1+3=21.

E. Case D4 or Cy, or Dy, or Dy,

If the symmetry group is D4 or Cy, or Dy or Dy, there are
seven real fundamental spectra

a3 13 = ds323, A3 31 = 4332, 4121 = ai,2,

apg,12 = az121, 4dir22 =411, 4l = a2,

ass 33,
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and two complex parameters corresponding to four fundamen-
tal spectra

* *
a3zl = 43,32 = A3y 13 = d3p 23

* *
ai1,33 = a,33 = A3z 5 = d33 11+

ng=3x146x04+6x14+3x0+2=11.

F. Case D; or D3; or C;, with 1B reference frame

If the symmetry group is D3 or D3, or C3, with 1B refer-
ence frame, the fundamental spectra are six real parameters

ap3,13 = a3 23, d3131 = dadAs33, di221 = dzi,2,
ajp12 = a1 21, 411,22 =a.11, 43333,
and four complex parameters
a3 = dpz31 = az1,31 = —ad, 32
= a§1,12 = a§1,21 = a§2,11 = _a§2,22v
ap23 = dgz,13 = a1,13 = —az23
= aT3,12 = aTS,Zl = 923,11 = _a§3,227
a3z = an33 = a§3,11 = a§3,225

* *
ap33) = dzz 32 = dzp 13 = d3p 23,

with the remaining nonzero matrix elements
apn = ap2 = a2 +an +ano.

ng=3x14+46x0+6x1+3x1+2=14.

G. Case C;, with 1A reference frame

If the symmetry group is C3, with 1A reference frame, the
fundamental spectra are six real parameters
a3, 13 = a3

asi3lr = a3 diz2l = a2,

a2 = a21, 41122 =api1, 43333,
and four complex parameters
a2z = a21,23 = a2,13 = —a4i1,13
= aTz,zz = ‘1;3,12 = a§3,21 = _aT3,11v
a3 = a3 = ax31 = —ai1 31
= ‘1;1,22 = ‘1;2,12 = a§2,21 = _‘1;1,11’
assz |1 = asznn = aT1,33 = 032,33’

* *
asi,13 = as23 = A3 31 = A3 32,
with the remaining nonzero matrix elements
ain = axp =ain +aniz+ano.

ng=3x146x04+6x14+3x1+4+2=14.

H. Case C6, C3h and C6h

The nonzero gy, j, of this case are the same as the ones of
Cy, they satisfy the same relations as C4 to which two relations

are added

aj 1 = axp» = aye +ann +anoai,

a2 + a1 = ap +an -

The first one is a relation between real numbers. The second
one is equivalent to the fact that the real parts of a;; ;2 and
ajy.2 are identical,

ng=3x1+6x14+6x1+3x14+1=109.

I. Case D6, Cﬁv, D3h and D6h

If the symmetry group is Dg, Ce,, D3, or Dgj,, we see from
the decomposition of Eq. (15) that we have ten fundamental
spectra (three coming from tensors of rank 0, six from tensors
of rank 2 and 1 from the tensor of rank 4). The first six real
ones are

a2y = dni, 41212 = a1, 42l = azine,

a3 13 = az3 23, ds| 3l = ds332, A43333.

The other four are grouped into two complex parameters

* *
411,33 = A22,33 = d33 1] = 43322,
* *
413,31 = a3,32 = A3y 13 = A3y 23-
The remaining nonzero matrix elements ay,, j, are

a1 = axpp =ap +ap i +ant.

ng=3x14+6x0+6x14+3x0+1=10.

J. CaseT or Ty,

If the symmetry group G is T or Ty, the explicit calculation
of the matrix Nka, shows that there are 21 nonzero a;,, j, that
can be expressed in terms of seven fundamental spectra. Three
of them are real

ain, 11 = d 22 = ads33,33,

ai2,12 = d23,23 = 431,31,
ai3,13 = dz1,21 = d32,32,

and the remaining four can be grouped into two complex
numbers,

* * *
411,22 = A22,33 = 433,11 = dy; 33 = dpp 1] = 433 22>

*
= a3 73-
3x1+6x0+6x0+3x1+1=7.

% *
aiz21 = dz332 = 43113 = diz 3 = dhy 2

ng

K. Case O, or Oor T

If the symmetry group G is Oy or O or T, the explicit
calculation of the matrix N,f];(/ shows that there are 21 nonzero
Qim, jn that can be expressed in terms of four real fundamental
spectra,

apl, 11 = az 22 = dss 33,
ajl22 = 411,33 = dzz33 = d 11 = d33,11 = d33,22,
ajz,12 = aj3,13 = dz3 23 = dz1,21 = d3],31 = 432,32,

ai221 = d13,31 = dz3,32 = 21,12 = 431,13 = 432,23.
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They are real because, for instance, a

im, jn

= aj,;n implies
ajp o) = @21,12 = A1221-

ng=3x1+6x0+6x0+3x0+1=4.

An alternative mathematical approach to this question was
proposed by Perla Azzi and colleagues [38] for the elastic
tensor, which is also a fourth-rank tensor, but with a different
symmetry with respect to the interchange of indices. They also
define an interesting distance of a noncubic symmetry with
respect to cubic symmetry.

L. a;,j, for spherical samples

For a spherical sample (e.g., an atom), we cannot use
directly the average given by Eq. (12) because the number
|G| of rotations in infinite. However, since SO(3) is a compact
group, the average is obtained as a normalized integral over
Euler angles «, 8, and y [39],

IVimjn,i/m/j’n’ = (gii/gmm’gjj/gnn’>‘ (19)

To compute this spherical average, we write each rotation
matrix g in terms of the Wigner rotation matrix D/]m” for
which averages over angles are well known.

The relation giving the Cartesian basis (ey, ey, e;) in terms
of the spherical basis (e_1, eg, e4) is given by Eq. (14). Thus,
the rotation matrix g is related to the Wigner rotation matrix
D' by

gij =Y AiA3,D),. (20)
nu'
This way, the spherical average of Eq. (19) is reduced to
the angular average of a product of four Wigner matrices
(implicitly) expressed in terms of Euler angles,

N =(D) D) ,D. D) )

T e T 3 Iy
1 2w T 2
= da | sinpdp dyD!
87-[2 sy
0 0 0

1 1 1
x Duz,u’sz,M;Dm,M;'
To compute this, we write the product of two Wigner ma-
trices as a sum of Wigner matrices [35], p. 84] weighted by
Clebsch-Gordan coefficients, then we use the angular average
of a product of two Wigner matrices [35], p. 96] and obtain

2

v
N = Ty, Lo |bBY(A ), 1, |bB
£ W+ 1 (e, TpalbB)( 1231 Mz' B")

x (Lts, 1aalb — B)(Lpty, 1l — B,

where B8 = u; + u, = —pu3 — g and similarly for g’. By
multiplying with A and A* and summing over u;, we find
21 nonzero a;y j, that can be expressed in terms of three
fundamental spectra

ail,22 = di1,33 = dz,33 = Az, 11 = 433 11 = 43z,

ajz,12 = 13,13 = dz3 23 = dz121 = d31,31 = 432,32,

aiz,21 = d13,31 = d23,32 = A21,12 = 431,13 = d432,23.

The remaining nonzero matrix elements are

a1 = dan =daszsz =din +ap i + ano.

If we compare with a cubic sample, we see that the first
fundamental spectrum of a cubic sample becomes the sum of
the three other ones in the spherical case.

With these parameters, we recover the fact [21] that angu-
lar dependence of a RIXS spectrum of a powder is entirely
determined by coefficients of |e - €|* and |e - e;‘|2.

If we put these coefficients @, j, in the RIXS cross sec-
tion of Eq. (9), we find that for general (i.e., possibly non
normalized) € and €, the RIXS cross section of a powder is

o(€, €) = arnle - €1* + anaile - &

+a 12ll€l e 1)

This is a linear combination of the three possible spherically
symmetric polynomials of degree four that can be constructed
from two complex vectors € and €,. For normalized polar-
ization vectors, we recover the fact [21] that the angular
dependence of a RIXS spectrum of a powder is determined
by the coefficients of |e - €,|> and |e - 6;‘|2.

If the polarization of the scattered beam is not measured,
we can average over its normalized polarizations perpendicu-
lar to the unit vector k; along the scattered beam [21] to obtain

T 1 2
o (K, €) = 5(ai1.22 + 2a12.12 + a21)lle€l|

— a2 +ano)le K% (22)

V. RIXS MEASUREMENT OF A POWDER

In this section we deal in detail with the way RIXS mea-
surements of an isotropic sample depend on the polarizations
(and indirectly on the directions) of the incident and scattered
beams.

For x-ray absorption spectra, it is well known that the spec-
trum (oxas)powder Of @ powder does not depend on polarization
and can be calculated as the average of three spectra oxas(€)
calculated for a single crystal with a polarization vector €
along x, y, and z [40],

oxas(€x) + oxas(€y) + oxas(e;)
3 )

Moreover, if the sample has cubic symmetry, then all three
spectra are identical and only one spectrum must be computed
to obtain <0XAS)powder = oxas(&).

For a magnetic powder, the calculation of an x-ray absorp-
tion spectra needed a 302-point Lebedev quadrature [41]. For
electron scattering spectra, the situation is more complex and
an average over orientations required a 590-point Lebedev
quadrature [42]. Moreover, a Lebedev quadrature averages a
function f(6, ¢) of the two angles 6 and ¢ whereas we need
to average spectra f(«, 8, y) depending on the three Euler
angles that describe the orientation of the sample.

In this section, we write the RIXS spectrum of a powder as
a weighted sum of RIXS spectra of a single crystal (or oriented
molecule) with different incident and scattered polarizations.
Since RIXS calculations can be computationally expensive,
we look for the minimum number of such spectra wich turns
out to be 21, and even of 15 spectra if the polarization state
of the scattered beam is not measured. In the next section, we
show that the symmetry of the sample further decreases this
number.

(GXAS)powder =
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A. Spherical tensor analysis

We know [21] that the polarization dependence of the
RIXS cross section of an isotropic (e.g., powder) sample could
entirely be described, in the electric-dipole approximation, by
three parameters denoted Sy, S|, and S,, defined in Eq. (26)
and related to S5 of Ref. [21] by S, = /2g + 1 5%,

The general formula for arbitrary polarization of the inci-
dent beam and polarization detection of the scattered beam is

S S S S
oleg €)= ——= + 2 4 (gl + 1—f)>|e &

So S 2
22 )e e 2
+<3 15)Ie €] (23)

We previously stressed [21] that the polarization € of the
scattered beam is characterized by the measurement device
and several experimental setups were devised to explicitly
measure the polarization of the scattered beam [43—47]. From
the theoretical point of view [3,44], the crystal analyzers with
(or without) explicit polarization detection can be considered
as a polarization filter and when we say that the polarization is
not measured, we mean that this filter gives the same weight
to all polarization directions.

So, if the polarization of the scattered beam is not mea-
sured, the cross section becomes

o (ks €) = Co+ Ci(le - k| = 1/3), (24)
where EX is the unit vector along the scattered beam and

S() S] Sz S(J Sl S2
Co=2_2142 ¢ =-20_2_ 22 s
=5 "9y : 6 12 6

The term —1/3 in Eq. (24) is used to isolate Cy, which is
the RIXS cross section when all scattered beams are collected
[21]. In other words, C is the RIXS cross section that would
be measured with a detector (emission spectrometer) that
would cover all directions in space.

The coefficients S, are defined by

Sp = ZXim,jn (b)aim,jn’ (26)
imjn
with
b
Ximjn(b) = Y (=1’ 3" (' 1v|bp)
B=—b puop'v'
X (1/,Lll),|b - ﬂ)Aip,’Avanp,Ajv” (27)
where the matrix elements of A, defined in Eq. (14), appear
because the original definition of S7** in [21] was in terms of

spherical components rl(}) and we work now with Cartesian
components r,,. X (b) is also related to the tensor of Sec. III B
by X (b) = /2b + 1Y"*(0, 0). We changed the normalization
to avoid the cluttering of square roots in formulas and tables,
but X (b) are no longer orthonormal for the Hilbert-Schmidt
scalar product,

> Xim jn (D)X () = (2b+ 1)y (28)
imjn

Because of the definition of X (b) as a coupling of spherical
tensors, the matrix elements X, j,(b) enjoy the same relations

as ajy, jn for a spherical sample (see Sec. IV L). In addition
to the permutation symmetries discussed in Sec. III B, we
note that each X (b) is real-valued and the three tensors X (b)
commute in three ways,

D Ximia D)Xt jn V) =D Ximsat ()Xt ju(b),

kl kl
> X in )X 1w B) =Y Xim1n (& Ximt 1 (b),
kl kl
Z Xik, j1(D) Xk, j1 (b)) = Z Xi, j1(0) Xk, j1 (D),
kl kl

and they are related to the spherical average of product of
rotation matrices in Eq. (19) by

2

1
]Vimjn,i’m’j’n’ = Z mxim,nj(b)xi’m’,n’j’ (b),
b=0

which means that X (b) are eigenstates of N for the eigenvalue
1, taking into account the normalization of Eq. (28).

We are now in a position to describe the problem at
hand. We want to compute S, for b =0, 1,2 and Eq. (26)
suggests that, in the absence of symmetry, we need to deter-
mine the 81 fundamental spectra of a;,, j,. Moreover, some
computer programs do not directly calculate a;y, j,, but cross-
sections o (¢, €) related to a;p,, j, by Eq. (9). Thus, we wish to
find a certain number L of pairs of polarization vectors (e, €;)
such that

L
Sp=)_ pb)o(ey, €r),

=1

where p;(b) is the weight of o (e, €;) for S, and we would
like to minimize the number L of calculations.

As proved in Eq. (30), a generalization of the polarization
identity requires 16 calculations of o (€;, €) to calculate each
Qim, jn- Therefore, a brute force approach would require L =
16 x 81 = 1296 calculations of cross sections to compute the
three parameters of the RIXS of a powder. We shall reduce
this number to L = 21.

B. Generalized polarization identity

The polarization identity is a relation between
f(ll, V) = Z u;knamnvnv
mn

where a,,, is a (finite dimensional) complex matrix, and
#(u) = f(u, u). Namely,

3
fu,v)= 41_‘ Z(—i)kq)(u + i*v).

k=0
Our case is more complicated because we must define
/. A * % ’o
fu,u’yv,v) = E U Uy i, jnl Uy (29)
imjn

and ¢(u,v) = f(u,u;v,v), so that o(es, €) = (e, €*). A
lengthy but straightforward calculation proves the generalized
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polarization identity that we need

303
fuusv,v) = % 33 iy

m=0 n=0
x ¢p(u+i"u';v 4+ i"V). 30)
An immediate consequence of this identity is that the invari-
ance of the cross section (and therefore of ¢) implies the
invariance of f. Indeed, Eq. (8) implies
p(gu+i"gu';gv' +i"gV)
= ¢(glu+i"u); g(v' +i"V))
=¢u+i"u;v + i),
and then, by the polarization identity,

flgu, gu'sgv, gv') = f(u,u’;v, V), (3D

for every g in the invariance group G of the sample. This
identity extends the invariance of the function o (g, €) of two
vectors €; and € to the invariance of a function f of four
vectors.

Similarly, Eq. (7) implies that, for any isometry g,

(g '>f)uu;v,v) = f(gu, gu’sgv,gv). (32

C. Symmetrization

We are now ready to prove that the left-hand side of
Eq. (11) has all the symmetries of the group G even if a;y_jiw
has no symmetry. More generally, we prove that, if f has no
invariance whatsoever, then the average f defined by

Zf(gu gu'; gv, gv'),

geG

f,u;v,v) =

is invariant under any operation g of the invariance group G
of the sample. This statement will be clear to the group theory
experts, because the right-hand side is just the projection onto
the fully symmetric representation of G, but let us show it. Let
h € G be an element of the symmetry group. By linearity of
the action,

(h™'>f)(gu, gu'; gv, gv')

s Hu v, v) = Z Gi

geG

Now we can use Eq. (32), which is valid even if 4 is not a
symmetry of f,

Z f(hgu, hgu'; hgv, hgv)

h~ =
(h'> ) u v, v) = Gl

geG

Any element g can be written in a unique way as g = h~'g
and g’ runs over G when g runs over G. Thus,

> f(g, (g/lllclgv gv)

(h™ Df)(u u;v,v) =
geG

= f(u,u’;v, V).

Since this is true for any & € G, f is invariant under G even
if f is not. Besides, if f is already invariant under G, then

f=r

D. Singular-value decomposition

To decrease the number of calculations, we write a sort of
singular-value decomposition of X (b),

Xim,jn(b) = Zx’%bwk (Vi) (33)

where it will turn out that the 3 x 3 matrices U* and V¥ do not
depend on b. If we can diagonalize U* and V* as

kr kr
Z z
_ ks, ks (. ks\*
= Z 1V Vi (vn )
s=1

we obtain by definition (26) of Sy,

Z )\k(b)u,kr ks¢((ukr)*’ Vks). (34)

k,r,s

Equation (34) is already an improvement because the sum
over k, r, s involves 81 cross sections ¢((u*’)*, v**) instead of
1296, but further progress is possible.

To implement this singular-value decomposition, we de-
fine three 9 x 9 matrices M(b) by M(D)3i—1)+j3(m—1)+n =
Xim,jn (b)»

M(O):%Idg,
0O 000 -1 0 0 0 -1
O 001 0 000 0
O 000 0 01 0 0
o 100 0 00 0 o0
Mh==-l-1 0 0 0 0 0 0 0 —1],
2o o000 0 0 0 1 0
O 01 0 0 000 0
O 000 0 1 00 0
1 0 00 -1 0 0 0 0
and
4 0 0 0 3 0 0 0 3
0O -2 0 3 0 0 0 0 0
0 0 -2 0 0 0 3 0 0
Jo 3 0o 20 0 0o o0 o0
MQ)=-{3 0o 0o 0o 4 0o o0 0 3
lo o 0o o0 0 —2 0 3 0
0O 0 3 0 0 0 -2 0 0
O 0 0 0 0 3 0 -2 0
30 0 0 3 0 0 0 4

These matrices commute and are real symmetric, so the
singular-value decomposition turns out to be a diagonalization
of M(b) (this would not be the case if quadrupole transitions
were taken into account) and a common set of real “eigenvec-
tors” U* and V¥ = U* can be chosen for the three X (b). Since
all U* are real, we can write

Z kk(b)uk’uk“ukruk* ( r)* (uﬁs)*

krs

Xim,jn (b)
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TABLE II. Eigenvalues A*(b) of M(b) for b=0,1,2 corre-
sponding to their common eigenvectors U*. The last line indicates
whether U* is symmetric (4) or antisymmetric (—).

b U U vl Ut Ut Ut U Ut U
1 1 1 1 1 1 1 1 1

0 3 3 3 3 503 3 3 3
T T S S T 1 1 1 1
2 2 2 2 2 2 2 2

> 5 5 5 s 11111
3 6 6 6 6 6 6 6 6
+ - - - 4+ 4+ 4+ o+ 4+

We further observe in Table II that each U* is either symmetric
or antisymmetric, so the eigenvalues p*” for a given k are
either all real or all purely imaginary and

Z)‘-k(b)u/kr k? r) ( kY)*M/](rukY. (35)

krs

Xim,jn (b)

Thus,

S, = Z)»k(b)ﬂkr ks¢(ukr S)

krs

The eigenvalues A*(b) are given in Table II and the nine
matrices U* are

L1 0 0 L0 0 0
vl=—0 1 0}, v’=—|0 0 -1},
V3lo o 1 V2o 1 o
L0 0 -1 L0 ~1 0
vi=—[0 0 o), Uu*=—|1 0o o],
V2\1 0 o V2o 0 o
L (-1 0 0 L (0 0 0
vl=—|0 o0 o], Ut=—|0 0 1},
V2lo o 1 V2o 1 o
L0 0 1 L (-1 0 0
U'=—1[0 0 o], vb=—0 2 0|,
V2\1 0 o ve\lo o -1

L0 10
U°=—[1 0 O
V2\o 0 o

Matrices U* fork = 1, 5, and 8 are already diagonal, so we
can take for eigenvectors u“" (for k = 1,5, and 8) the same
real unit vectors e,, e,, and e, along the x, y, and z axes,
respectively. This means that we can calculate k = 1, 5, and
& with the same nine values of ¢(e,, e,), where p and g take
the values x, y, and z, even if only four of them are useful for
k = 5 because of its zero eigenvalue.

Fork =2,3,and 4,each U* isa real antisymmetric matrix,
its two nonzero eigenvalues are ut = 4 / \/— the corre-

kr
sponding eigenvectors are of the form u*" pq = (f1e, +

eq)/«/_(le Jti fork =2, n for k =3, n for k = 4) and
we have to calculate four d1fferent ou*", ’”) for each k.
Fork = 6,7, and 9, each U* is areal symmetric matrix, its
two nonzero eigenvalues are u*" = +1 / f 2, the correspond-
ing eigenvectors are of the form u*” = (Fe, +¢,)/ V2

(.e., eyz for k =6, ex, fork =17, exv for k = 9) and we have

again to calculate four different ¢(u*", u**) for each k.
Therefore, the total number of cross sections to calculate is
reduced from 81 to 9+ 3 x 4 4+ 3 x 4 = 33.

E. Further reduction
To proceed with the reduction, we define the fourth-rank
tensors (u, v) with components
(W, V)imjn = U VU jVy,

and we write Eq. (35) in a more general form,

Xim,in(b) =Y pr(B)Ws, V1 Yimjn (36)
!

where [ enumerates the krs indices, (u;, v;) is a fourth-rank
tensor and p;(b) € R is its weight. After reduction, Eq. (36)
will still be valid whereas Eq. (35) will not.

By examining the 33 fourth-rank tensors in Eq. (35), we
observe the following linear relations:

Y ne)= > (xh,.mh),

rse{p.q} n,n'e{+,—}
Z (erv ea) - Z (enq’ eZ(/)
r.s€{p.q} n.n'e{+,—}
where (p, q) = (3, 2), (x, 2), and (x,y). These six linear re-

lations would enable us to remove six fourth-rank tensors
(u;, v;). However, we can further reduce them by observing
that (u™, u™) and (u™, u™") always have the same weight in the
calculation of X (b) by Eq. (35) for any u = m,, and u = e,.

Therefore, we can use
Z (e, &) — Z( pq’nn )

Z( PQ’

n==+ r.se{p,q} n==+

Z € €, Z (e, €) — Z( €y €hy)-

n==% r,se{p,q} n==%

to remove 12 tensors (u;, v;) instead of six and we are finally
left with 21 fourth-rank tensors.
Our final result is

21 21

Sp=_ pB)pw,v)) =Y pi(b)o(u,v)),  (37)

=1 =1

for the tensors and the weights given in Table III.
We can also write Cy and C; in the angular dependence of
Eq. (24) directly in terms of 15 cross sections,

1

Co=752 0 e), (38)

rq
1 1

T Zo(ep, e;) — 0 Zo(ep, €e,)

rq P

1
— g € )t ). (39

p<q

=1

where p and ¢ run over {x, y, z} and p < g over {xy, yz, xz}.
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TABLE III. Value of the weight p;(b) of o (u;, v}) for the min-
imal 21 fourth-rank tensors (u;,v;) to calculate S”° by Eq. (37)
as well as Cy and C; in Eq. (24). The basis unit vectors e,, e,,
and e, are along the three axes of R3, mt = (Lie, +e,)/ /2 and

el = (e, +e,)/v2.

l (g, v;) £1(0) pi(1) p1(2) G C
1 (e,, €) 1/3 -1 —1/3  1/9 130
2 (e, ) 0 —1 0 1/9 1/12
3 (e, €,) 0 -1 0 1/9 /12
4 (e, &) 0 -1 0 1/9 1/12
5 (e, ) 1/3 -1 —1/3 19 1/30
6 (e, €.) 0 -1 0 1/9 /12
7 (e., e,) 0 -1 0 1/9 1/12
8 (e.,e,) 0 —1 0 1/9 1/12
9 (e..e.) 1/3 -1 -1/3 19 1/30
10 (zf,7)  —1/3 172 5/6 0 0
11 (r,m)  —1/3 1/2 5/6 0 0
12 (rh,my)  —1/3 1/2 5/6 0 0
13 (n* n+) —-1/3 1/2 5/6 0 0
14 (x, —-1/3 1/2 5/6 0 0
15 (nm,zﬁ) —-1/3 1/2 5/6 0 0
16 (S 1/3 1/2 1/6 0 -1/10
17 (e..¢€) 1/3 172 1/6 0 -1/10
18 (e, el) 1/3 172 1/6 0 -1/10
19 (e;.e) 1/3 1/2 1/6 0 -1/10
20 (e} €) 1/3 1/2 1/6 0 -1/10
21 (e, €,) 1/3 1/2 1/6 0 -1/10

VI. RIXS FOR A POWDER WITH SYMMETRY

We can now combine the discussion of the influence of the
symmetry of the sample and the number of ¢ (e, €) required
to calculate the spectrum of a powdered material when the
material itself has a symmetry.

The basic idea is quite simple. If G is the symmetry group
of the material, we compute ¢ (u;, v;), where

oy, v;) = Z M;kiv;kmaim,jnuljvlnv

imjn

for the 21 pairs of polarizations (u;, v;) of Table III in terms
of the ng fundamental spectra of a;, j,. This gives us a lin-
ear relation between ¢(u;, v;) and the fundamental spectra
described by a ng x 21 matrix whose null space represents
the relations between different ¢(uy, v;). For the example of a
cubic material, the expression of ¢(u;, v;) in terms of the four
fundamental spectra a;; 11, @11,22, @12,12 and aj2 7; is

(e, ;) = a2 + 8pg(arn — arz,12),
+ 4 !
P(my,, T,,) = 3(ann — anp + ana + ano),
ple,,. €)= 3

for p and ¢ equal to x,y, and z. The relations between
¢(u, v;) is then ¢(e,, e,) = (/)(ex, e,) for all p, and for all
q # p: d(ep, &) = (e, e)), d(n,,, T,,) = Pp(, 73, and
¢(epq, epq) = ¢(ex\, y) For a powder of a cubic sample
only four calculations are required to compute the full angular
dependence of RIXS. This number reduces to three when

s(ann +ann +ann +ann),

the polarization state of the scattered beam is not measured,
because ¢zt 0 Jt[ij) is not needed.

We list now the fundamental spectra required to calculate
the RIXS spectum of a powder of a sample with various
symmetry groups. For all crystallographic point groups, the
minimal number of spectra ng and n¢ needed to compute Sp,
and (Cy, C), respectively, is given in Table I.

A. For O, T;, and O;, symmetry groups

In the previous paragraph, we showed that ¢(u;, u,) can
take only four different values. Thus, Eq. (37) becomes

)—20(7t

xy?

So = o (e, ) +20(e]

s € Ty,
S| = —30(e,, e,) — 60(e,, e,)

+3a(e), ) +30(xf, 7)),
ef) + So(n},, 7).

For polarization vectors normalized to unity and when
the polarization of the scattered beam is not measured, three
calculations are enough,

Sy = —o(e, e,) +a(ex

o(ey, e)+20(e,,e))

C() = 3 )
c o (e, €) + 50 (e, e) — 60 (e}, e*
b= 10
B. ForT or T;,

For the groups T and 7j, the relations between ¢(u;, v;)
are

¢(ey"’ vz) (p(e)z’ yZ ¢(ex~’ xz) - ¢(ex7’ Xz
- ¢(ex}7 XV) - ¢(ex‘7 xy)
p(r,, m) = (), w)) = p(n, T) = ¢, 7))

= ¢(m, fr;_v) = ¢(n), ),
pler, e) = p(ey, e) = (e, ),
b(ey, &) = (e, e) = ¢(e;, ),
d(ey, e) = g(e;, e)) = (e, e;).
We need five calculations for the full spectrum
So = o(ey, &) +20(e}, €f) —
S1 = —3o(ey, ) —

+ 3U(e eh)+ 30(ery, ),

20 (%, m),

3U(exs ey) - 3G(e}'s ex)

xy? xy
S = —o(e &) +o(el, &)+ So(xl, ).

And we need four calculations if the polarization state of the
scattered beam is not measured,

o(er e)+o(e,e)+o(e,e,)

Co = 3 ,
o _OEne) olene)tole,e) 3ol e,
T 0 4 5

C. For D3, D3y, C3,, D¢, Cey, D31, and Dg;,

For the groups D3, D34, or Cs,, the relations between
¢(uy, v;) are not the same as those for D¢, Cg,, D3p, or Dgp,
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but the differences compensate each other and the same final
formulas for S, are obtained. Indeed, the relations between
¢(uy, v;) for D3 are

pel,el) = 5(g(e, . e )+ plef, e))),
ple e.) =p(e,e),
ple,.e) = ple, el) = (e, e) = ¢(e, e),
Pl ) = 3(p(n,, m) + (. wh)),
(., ) = ¢, mh),
Py, ) = P, ),
d(e, ey) = ¢le, e),
Bley, e) = Pley, €;),
d(ey, ) = d(ey, €y),
while for Dg they are
ple,.e) =) e ) =de . e )=, e),
o(x,, ) = p(nf, w)) = p(n, ) = p(xl, 7)),
ple,, e ) =o€, e))=gple,e)=gle,e),
Py, ) = $(T, ),
Ble;, ey) = Ple, ey),
Pley, ) = P(ex, e,),
Pley, e) = pley, ey).
When the polarization state of the scattered beam is not

measured we need six calculations,

2
Co = §(O’(€x, e) +o(e, ey) +o(ee)+ole,e))

(e, e;)
+ 9 b
c, - —ia(ex,ex)Jr o(ey, ey)+o(er, e)+o(e,e)
15 6
o(e,,e,) 2
a0 5o

For the full spectra, we need eight calculations,

4 1 2 -
SO = §J(ex1 ex) + §U(eZs eZ) - ga(n;, nxy)

—jo(nl.m,)+ 30l el),

S1 = —o(e, e)—20(e,e) —20(e,, e;)
—20(e;, e,) — (e, e)+o(m), )
+20 () + 20 (el el),

Sy = —3o (e, e) — jo (e, €) + 30 (n), wy))
+ Yol m)+ 3o(el. ).

D. For Cg, C5;,, and Cg,

For the groups Cs, Cs;,, and Cg;,, when the polarization of
the scattered beam is not measured, Cy and C; are the same
as for D5 in Sec. VIC and, when it is measured, the values of

S;, are obtained by replacing o (7} er‘y) with o (nxy, nx‘y) /2 +

xy?
o(r 7t;§,)/ 2 in the expressions for S, given in Sec. VIC.

xy?

E. For Dy, Cyy, D34, and Dy,

For the groups D4 or Cs, or Dyy, or Dy, the relations
between ¢ (u;, v;) are

ple.e,) =gle), er) = e, e.)=g(e), e)),
Py, ) = ¢, m)) = ¢, w) = p(x), m)),
ple,,e) =o(e;, e)),
P, m) = Gy, ),
Pler, er) = p(ey, e)),
Plez, ey) = Ple, ep),
p(ey, e) = P(ey, e),
Pley, e) = pley, ey).
When the polarization state of the scattered beam is not
measured we need seven calculations,
Cy = g(a(ex, e)+o(e,e)+o(e,e)+o(e,e))

(e, e;)
9 b

C = io(ex, e)+ o(ex, €)+olee)+o(e,e)
15 6
o(e,e) 1 + 2 + ot
+ 30 ga(ex ,exy) — go(exz, e).
For the full spectra we need nine calculations,

2 1 2 —
SO = §O'(CX, ex) + §G(eza ez) - §O'(7t;rys JITX},)

4 — 2 4
— S0, m) +5o(el, e)) + Jo(el, el),
S1 = —20(e,, e;) — 20 (e,, ey) — 20 (e, e;)

—20(e;. &) —o(e,. &)+ o), m)

+20(n), w) +o(ef, )+ 20 (el ef),

2 1 -
Sy = —30(e, &) — jo (e, e)+ Jo(n), )

10 ] 2
+ o, w) + j0(el, e)) + 30, el).

F. For Cy4, S4, and Cyy,

For the groups Cy, S4 and Cy;,, when the polarization of the
scattered beam is not measured, Cy and C; are the same as
for D4 in Sec. VIE and, when it is measured, the values of S},
are obtained by replacing o (%}, ) with o (), w,)/2 +

xy? xy*
o(mr nx*y)/Z in the expressions for S given in Sec. VIE.

xy?

VII. APPLICATIONS
A. General experiment considerations

In a RIXS experiment, depending on the energy range of
the scattered photon, detection is achieved using an emis-
sion spectrometer that can either utilize grazing incidence
diffraction gratings for soft x-rays or crystal analyzers for hard
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l

g +—O— y

kl z x

FIG. 1. Schematic showing an overview of experiment configu-
ration. Parallel and perpendicular polarization vectors are denoted as
7 and o, respectively. The incident and scattered photon momentum
are denoted as i(\,- and R, respectively. The angle of scattered photon
detection is given by ¢.

x-rays. The sample, crystal analyzer, and detector sit within a
Rowland circle.

With reference to Fig. 1, the incoming incident beam is
denoted by k; and the emitted fluorescence photons (k) that
are scattered by the sample are energy discriminated using
crystal analyzers, before detection, at an angle ¢ with respect
to k;. The crystal analyzer is usually positioned at 90°, with
respect to the incoming incident beam (k;), and serves as the
reference point from which additional crystal analyzers can be
positioned either side.

The derivations for powder samples from the present paper
lead to several general experimental conclusions:

(i) The RIXS cross section measured with incident ver-
tical polarization and standard ¢ = 90° horizontal scattering
geometry is identical to the RIXS cross-section measured with
incident horizontal polarization and back-scattering horizon-
tal geometry.

(i1) Inhard x-ray RIXS, the use of multiple crystal analyz-
ers leads to the summation of different RIXS spectra unless
each of their intensity is detected individually using a 2D
detector.

(iii)) Theoretical modeling should then be performed ac-
cordingly using the provided formulas. For cubic samples,
four spectra need to be computed to obtain the correct RIXS
cross section of a powder, contrary to standard XAS where
only one spectrum is needed.

B. Example of application: Ni"! 2p3d RIXS

Ni'l in an octahedral crystal field is the archetypal example
to illustrate how to apply the formulae provided in the present
paper, which would correlate to the case of NiO [48]. A crystal
field, 10Dgq, value of 1 eV was used as a typical value for Nill
in oxides [48-50]. The Slater integrals were reduced by 80%
from the Hartree-Fock values and spin-orbit coupling is fully
considered. More information can be found in Appendix. In
order to calculate the 2p3d RIXS of a powder sample, we use
Eq. (23) and Sec. VI A and thus calculate the four fundamental

spectra: o (ey, €), o (ey, €,), 0 (e;“y, ej[y), and o (njy, n,). Fig-

ure 2 shows these four RIXS maps around the Ni Ls-edge. If
the polarization of the emitted x-rays is not measured, then we
calculate the RIXS cross section defined in Eq. (24) using the
expressions of Cy and C; written in terms of the fundamental
spectra (Sec. VI A). The Cy and C; are represented in Fig. 3. Cy
is the RIXS spectrum that would be measured with a detector
covering all directions in space.

Then, using Eq. (24), one can compute the RIXS spectra
in different experimental conditions. For example, assuming
horizontal incident linear polarization of the x-rays, Fig. 4(a)
shows the 2p3d RIXS map for ¢ = 90° scattering angle
(e || ky) and Fig. 4(b) shows the 2p3d RIXS map for ¢
= 0°(e L k). Figure 4(c) shows selected constant-incident-
energy (CIE) cuts through the RIXS spectrum corresponding
the maximum of the L3 edge and additional satellite peaks,
the residuals between both polarization cases are shown in
Fig. 4(d). The difference agrees with previous observations
[51]. From these results, we observe that the angular depen-
dence of 2p3d RIXS of Ni'l in an octahedral crystal field is
weak. We move on to actinides to explore stronger effects.

C. Case study: Actinide 3d4f RIXS

The formulas derived within Sec. VI have been applied to
a selection of actinide compounds, previously published and
measured using 3d4f RIXS. It is to be emphasized though,
that the derivations are applicable to all RIXS measurements,
regardless of which absorption and emission lines are probed.

With respect to actinide x-ray spectroscopy, 3d4f RIXS is
a photon-in photon-out inelastic scattering process of which a
3d core electron is resonantly excited into the unoccupied va-
lence 5f states, while simultaneously detecting fluorescence
photons emitted from a 4f — 3d decay. From herein, when
discussing 3d4f RIXS simulations, these will correspond to
the actinide My-edge absorption as a function of the Ng (Mp)
emission line. The complete 3d4f RIXS process is shown in
Fig. 5.

Actinide 3d4 f RIXS falls within the tender x-ray region.
As such, performing these measurements does not require ul-
trahigh vacuum environments but are yet capable of providing
high resolution spectra, exposing spectral features that are
otherwise hidden by the large core-hole lifetime broadening
if measuring hard x-ray spectroscopy or conventional XAS.
This balance of experiment conditions and spectral resolution
lends itself as a quintessential technique for probing actinides.
Because of this reasoning, 3d4f RIXS is increasingly being
utilized as the technique to probe the valence actinide 5f
orbitals to investigate and gain insights into actinide electronic
structure, local coordination, redox, and their subsequent role
in covalency [52-64].

However, owing to the relative short divergence of ¢
from the reference crystal analyzers positioned at ¢ = 90°,
we show in Figs. 6-8 that 3d4f RIXS measurements
performed using these emission spectrometer orientations
miss the wealth of information that could otherwise be re-
vealed if the crystal analyzers are positioned towards more
extreme back-scattering geometries, (¢ : 90° — 0°).

To emphasize the contrast of additional information that
can be extracted by 3d4f RIXS, a systematic selection
of three uranium compounds, previously published and
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FIG. 2. Fundamental spectra of Nil' 2p3d RIXS, around the L; absorption edge. (a) o (e, €,), (b) o (e, e,), (c) o(

xt

o(nf,.

)

measured, with common U oxidation states and varying
local point-group symmetry have been chosen as case stud-
ies, namely, UYI0,CIZ~ (Dg;) [55], Sr3UY'06 (Op) [551,
and UVO, (0;) [65], where UY! and U have 5f° and
5f? ground-state electronic structures, respectively. We will
consider as typical instrument a five-crystal analyzer spec-
trometer, as has been developed on several beamlines [66—70].

Intensity (a.u.)
6 8

Energy Transfer (eV)

856

Incident Energy (eV)

858

+ ot
exy ? exy

), and (d)

In Figs. 6(c) and 6(d), the simulated RIXS maps corre-
spond to crystal analyzers positioned at ¢ = 90° and 90° +
30°; this is representative of most divergent positions of typ-
ical five-analyzers emission spectrometers, which typically
have crystal analyzers at these positions and ¢ = 90° & 15°,
which we do not account for. In order to further highlight the
contrast in the possible spectra obtainable, Fig. 6(e) correlates

Intensity (a.u.)
2 a1 0

o

852 854 856

FIG. 3. (a) Cy and (b) C; components of Ni'" 2p3d RIXS spectra as defined by Eq. (24).
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FIG. 4. Ni" calculated 2p3d RIXS maps at (a) ¢ = 90° and (b) ¢ = 0° (backscattering). (c) Selected CIE cuts through RIXS maps (a) and
(b), represented by colored vertical lines (dot-dash). (d) Residual intensity of CIE cuts comparing (a) and (b) intensity.

to ¢ = 0° and reflects when an emission spectrometer would
be orientated in a backscattering geometry.

From these simulated 3d4f RIXS maps, constant-
emission-energy (CEE) cuts can be taken [Fig. 6(a)], which
are representative of experimentally obtained HERFD-XAS
spectra, and correspond to the diagonal red-dash cuts through
the 3d4 f RIXS maps at the maximum of the Ng (Mg) emis-

3d95fn+1
— | )

|F)
w — wS 4f135fn+1
D —m—

3d105fn

FIG. 5. Schematic of 3d4f RIXS, depicting the correlation be-
tween incident (w), emitted (wy), and transferred (w - w;) energies,
and the corresponding electronic configurations of the initial |/},
intermediate |N), and final |F') states.

sion line. Characteristic spectral features of the CEE cut,
peaks C-E, G, are associated to the main whiteline transition
and the large 5f Dy, ligand field splitting, carrying sensitivity
to the incoming incident energy. It is observed that when ¢
is varied from 90° — 0°, the intensity of these peaks are
seemingly not perturbed, with the exception to the whiteline,
peak C, which readily decreases in intensity when approach-
ing backscattering geometries.

Similarly, constant-incident-energy (CIE) cuts, Fig. 6(b),
represented as vertical blue-dash cuts through the simu-
lated 3d4f RIXS maps are representative of resonant x-ray
emission spectroscopy (RXES) measurements, carrying sen-
sitivity to the final state of the 3d4f RIXS process. As
the example presented concerns UV!, the remaining non-
characterized intensity present in the simulated RIXS maps
and prominently extracted in the CIE cuts, peaks A-B,
F, H, arise from intershell 4f135f! spin-exchange interac-
tions, and commonly referred to as satellites. The intensity
of these peaks increases drastically as a function of ¢
(90 °— 0°). It is also noted that the current most diver-
gent crystal analyzer positions (¢ = 90° 4= 30°) of typical
five-analyzer spectrometer would be potentially adequate
to capture partial intensity of these features in experiment
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conditions, depending on signal-noise and other experiment
considerations.

Upon comparing simulations presented here using the
derivations of Sec. VI with the simulations previously
published [55], some key points are made. The authors pre-
viously modeled their experimental HERFD-XAS spectra of
UVIOZCIi’ using an x-ray absorption ligand field multiplet
model that considers the 5f-ligand field splitting, 3d°5f!
repulsion and spin-exchange interactions, and spin-orbit cou-
pling. Their best simulation of the UY'0,CI3~ HERFD data
most noticeably required a scaling the 3d-5f Slater integrals
to 50% of their atomic values. Conversely, what we present
is that by employing a ligand field multiplet model that en-
compasses the entire 3d4 f RIXS process, implying additional
consideration in the simulations to include the 4f'35f! re-
pulsion and spin-exchange interactions and their respective
spin-orbit coupling constants, and that of which employs the
equations for Dy, in Sec. VI, we are able to come close to
reproducing the fine structure in their spectra. The key fac-
tor though is that in the simulations we present, the Slater
integrals were solely scaled, conventionally, to 80% of their
atomic value [71], with no other scaling required. Solely
by accounting for the position of the crystal analyzers with
respect to ¢ and the inclusion of our derivations when calcu-
lating the 3d4f RIXS spectra, we are, in general, able to now

provide a method that more accurately simulates experimental
data.

Maintaining a uranium 5f° electronic configuration but
changing the symmetry from UYI0,CI2~ Dy, to Sr;UY'0g
O}, the results are similar in nature. Figures 7(a) and 7(b)
show simulated 3d4f RIXS maps of Sr3UY!O¢ in both ex-
treme, perpendicular (¢ = 90°) and backscattering (¢ = 0°),
geometries. It is clear that the experiment orientation has a
limited sensitivity to peaks B-D, and can be attributed to
the 5f ligand field splitting. Contrarily, peaks A and E carry
significant sensitivity to the 4f-5f intershell spin-exchange
interactions in the final state of 3d4f RIXS. Another per-
spective of analyzing the sensitivity of peak intensity, peaks
A-E, as a function of ¢ is shown in Fig. 7(c). The intensity
of the peaks is shown on the radial axis of the polar plot,
while the angular axis shows ¢, typical five-crystal analyzer
@ positions are shown as a reference emission spectrometer
configuration. When measuring perpendicular to the incident
beam (¢ = 90°), the intensity of peaks A and E approach 0
and would not be observed experimentally, whilst all other
features are at their maxima. Conversely, at ¢ = 0°, this
relation is inverted such that the satellite intensities are at their
respective maxima and peaks B-D are at their lowest.

Maintaining O, symmetry but diverging from UY! 570
(Sr;UY06) to UY 5f2 (UVO,) ground-state electronic
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configuration subsequently results in Fig. 8. Prior to charac-
terizing the features present in the simulations, starting from a
5f2 ground-state electronic structure, this subsequently leads
to an intermediate |N) 3d°5f and final |F)4f'35f3 state
electronic configuration during the RIXS process. With par-
ticular emphasis to the final state electronic configuration, it
consequently leads to necessity to consider 4 f-5f and 5f-5f
intershell spin-exchange and repulsion interactions. Compar-
ing Figs. 7(c) and 8(c), where the experiment geometry is
perpendicular to the incoming beam (¢ = 90°), peaks A and
E would each now have observable intensity in U'Y exper-
imental 3d4f RIXS measurements. The same observations
as before, with reference to Fig. 8(c), are observed when the
crystal analyzers are orientated perpendicular to the incoming
beam (¢ = 90°), the main whiteline intensity and features
B-D arising from the 5f-ligand field splitting are most in-
tense. Additionally secluded within these peaks, however, is
intensity that originates from 5f-5f repulsion interactions,
although it is proposed that ¢ carries minor influence on
the intensity of these features. Although, when approaching
backscattering geometry (¢ = 90° — 0°), the satellites cor-
responding to intershell 4f-5f spin-exchange interaction are
most prominent, following the same trends as UV!.

As previous authors have used the energy position and
intensities of the satellites to gain information into the effec-
tive value of Slater integrals to further derive insights into
chemical bonding, we show, however, that the implication
from these examples, such satellites present in 3d4f RIXS,
and others, can serve as an anchor for determining the correct
scaling of Slater integrals, as solely the intensity of these
features are perturbed as function of ¢, not their energetic
positioning, which only changes as a consequence of scaling.

To further elaborate on the sensitivity of 3d4f RIXS to
intershell 5f-5f repulsion and 4f-5f spin-exchange inter-
actions, a series of An'YO, (An = Th, Np, Pu) in cubic
symmetry (O;) as previously published [65] have been sim-
ulated as example cases where the ground state 5f electron
occupancy changes from 5f° to 5f3 to 5f* respectively. Ad-
ditionally, an example of angular dependency for uranium
M;sNg.7 (MsMa ») 3d4 f RIXS is presented for U™ O,. These
can be found in the Supplemental Material [27].

VIII. CONCLUSIONS AND PROSPECTS

In this work, we provide a general method—applicable to
all point-group symmetries—to express a RIXS spectrum in
terms of its fundamental spectra. In other words, we deter-
mined the minimal number of spectra that must be measured
or calculated in order to fully access all the spectral informa-
tion contained in a sample. The analysis was carried out within
the electric-dipole approximation for both the incoming and
outgoing photons.

A direct application of this approach is the derivation of
simple and practical expressions for the RIXS spectrum of
isotropic samples with the most common sample symme-
tries (cubic, tetrahedral, hexagonal, trigonal, and tetragonal).
We expect that these easy-to-use formulas will stimulate
experimental measurements, in particular by exploring the
dependence on the scattering angle and the polarization of the
outgoing beam, which, for example, could help to enhance

elusive spectral features by choosing more appropriate exper-
imental configurations. Accounting for this dependence may
also lead to a reexamination, and possibly a reinterpretation,
of existing data in the literature.

To illustrate the derivations, we first take the example of
the typical Ni'! 2p3d RIXS. Then, we show that there is
a significant angular dependence in actinide 3d4f RIXS by
simulating previously reported literature data. In each of these
examples, we show that final-state RIXS satellite intensities
are significantly perturbed as a function of the spectrometer
geometry. As actinide x-ray measurements are performed on
isotropic powder samples, we show that it is crucial to use
the formulas presented in the present paper to correctly sim-
ulate satellite intensities and subsequently obtain the correct
effective scaling for Slater integrals. Furthermore, from an
experimental perspective, we highlight that ideal experiment
conditions should use a 2D detector for RIXS measurements.
This would facilitate spectrometer designs with a large di-
vergence with respect to k;, and allow for the individual
analysis of the scattered photon intensity from each crystal
analyzer.

The present work can also be used to determine the
minimum number of experimental spectra that must be mea-
sured to extract all the information available from RIXS
spectroscopy. In other words, from the finite number of fun-
damental spectra, we can generate the RIXS spectrum for
arbitrary values of € and «;.

A natural extension of this work, which is currently in
progress, concerns the case of an electric-quadrupole ap-
proximation for the incoming photon combined with an
electric-dipole approximation for the outgoing photon. This
situation is relevant to many experiments on transition met-
als. Another perspective is to include the dipole—quadrupole
interference term for the incoming photon, which gives rise to
the XNCD effect in RIXS. For both cases, the simplification
owing to symmetry is important because, in the absence of
symmetry, 180 terms are involved in the dipole—quadrupole
interference and 225 in the case of electric-quadrupole transi-
tions. Another natural extension of this work would be to deal
with magnetic groups [28,72].

Note added. Recently, Tagliavini and colleagues [72] sub-
mitted an article on similar subjects.
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APPENDIX: LIGAND FIELD MULTIPLET SIMULATIONS

Multiplet simulations of the 3d4 f RIXS planes were car-
ried out using Quanty Version 0.7 beta [74]. To emphasize the
features, a slightly narrower broadening was used than that
previously published for all simulations presented. Regarding
Nil calculations, a 0-eV Gaussian broadening associated to
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the experimental resolution was applied in addition to a 0.1-
eV Lorentzian contribution. For all actinide simulations, a
Lorentzian broadening of 3 eV and 0.5 eV for the 3d° and
4 '3 core-hole lifetimes, and a Gaussian broadening of 0.5 eV
was implemented. As Quanty is semi-empirical, a modular
Hamiltonian can be constructed consisting of a ligand field
splitting (Ni: 3d orbitals/An: 5f orbitals), electron-electron
interactions, and spin-orbit coupling in the initial, interme-
diate, and final electronic configurations of the respective
RIXS processes, 2p3d RIXS for Ni'' and 3d4f RIXS for

the actinides. A small magnetic field was applied on the
z axis. The on-site energy of the 3d ligand field splitting
for Nil [50] calculations and 5 f ligand splitting [55,65]
for all actinide calculations were the same as previously re-
ported. All electron-electron interactions, associated to the
Coulomb intershell repulsion and spin-exchange interactions,
were scaled at 80% of the Hartree-Fock value. Spin-orbit
coupling constants were kept at a scaling of 100%. No scaling
has been applied regarding the intensity of the simulated RIXS
maps.
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