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Charge excitations in stripe-ordered La5/3Sr1/3NiO4 and La15/8Ba1/8CuO4: Interpretation of the
anomalous momentum transfer dependence via fluorescence interferometry
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Fluorescence interferometry (FI) makes use of the temporal and spatial coherence of absorption and re-emission
process in resonant inelastic x-ray scattering (RIXS), which leads to interference terms in the RIXS cross section
of a group of identical, physically equivalent, and interacting atoms. These interferences contain structural
information and make RIXS site selective. The basics of FI are derived within the third-order perturbation
treatment of indirect RIXS. The final relations for the FI related RIXS cross section were used to interpret
the unique momentum-transfer dependence of the in-gap charge excitations observed for 214-type nickelates
(La5/3Sr1/3NiO4) and cuprates (La15/8Ba1/8CuO4). By using well-known stripe models, the momentum-transfer
dependence of the corresponding indirect RIXS features is traced back to interference terms in the RIXS cross
section based on the principles of FI. Thus analyzing the momentum-transfer dependence of the re-emitted
radiation yields information about details of the charge stripe structure.
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I. INTRODUCTION

Most recently charge excitations in stripe-ordered 214-
type compounds La5/3Sr1/3NiO4 and La15/8Ba1/8CuO4 were
studied using (indirect) resonant inelastic x-ray scattering
(RIXS) by Wakimoto et al.1 Excitations below and around
1-eV energy loss were observed with a momentum transfer
q corresponding to the charge stripe spatial period both for
the nickelates and cuprates. This prominent q dependence
of the RIXS spectra has been interpreted by the authors
as being due to collective stripe excitations or anomalous
softening of the charge excitonic modes of the in-gap states.
In what follows, we will offer a different interpretation of this
outstanding q dependence: The interference terms of the RIXS
cross section produce a distinct directional dependence of the
x-ray intensity re-emitted from a group of physically equiva-
lent Ni/Cu atoms residing within the stripes. More generally
speaking, the coherence of the absorption and re-emission
process in RIXS gives rise to this interference phenomenon,
which makes possible fluorescence interferometry (FI), as first
described by Ma2,3 and interpreted by Ma and Blume4 in terms
of the Young double slit experiment.

Applying the principles of FI to RIXS adds a further
element of selectivity to this spectroscopy, that is, in addition
to element and symmetry selectivity, the selectivity with
respect to the re-emission of those atoms of the same element,
which are interacting and physically equivalent due to their
position within the lattice. Such site selectivity considerably
enlarges the information content of RIXS. It will be shown
how the prominent q dependence of certain parts of the
RIXS spectra is produced by FI and yields additional insight
into the long-range order of their re-emitting centers via
a partial structure factor. The basic idea of applying FI
to RIXS is similar to that of diffraction anomalous fine
structure.5

The paper is organized as follows: In Sec. II we will
derive the basics of FI as arising from indirect RIXS, by
treating shakeup RIXS in the third-order perturbation scheme
for crystalline matter. We will end up with a relation for
the differential cross section, which describes the interference

of the RIXS radiation from a group of identical, equivalent,
and interacting atoms in the shakeup part of the resonance
scattering process. This expression is determined by the partial
structure factor of this group of atoms. In Sec. III we shortly
summarize the experimental results on charge excitations of
La5/3Sr1/3NiO4 (LSNO) obtained by Wakimoto et al.,1 as
far as they exhibit the stripe-related q dependence. Then we
present the FI based calculation of the q-dependent relative
intensities of the stripe-related charge excitations of LSNO,
utilizing two different models of the stripe structure. Here, FI is
used to find out the appropriate model for a proper description
of the charge stripe structure of LSNO. In Sec. IV we discuss
the results of Wakimoto et al.1 presented for La15/8Ba1/8CuO4

(LBCO) in a similar manner. In Sec. V we can conclude that the
prominent q dependence of the stripe related charge excitations
in the stripe ordered 214 compounds can be traced back to FI,
which enables the site selectivity in addition to the symmetry
and element selectivity of RIXS.

II. BASICS OF FLUORESCENCE INTERFEROMETRY

Utilizing FI for interpreting the q dependence of indirect
RIXS spectra has to start with treating the double differential
scattering cross section for shakeup (indirect) RIXS in third-
order perturbation calculation as derived by Döring et al.6 As
schematically depicted in Fig. 1 for the case of nickelates the
intermediate state |n〉 with energy En of the RIXS process
is characterized by an electron-hole pair with a hole in the
Ni 1s-core level and an electron in a Ni 4p level. This pair,
which can be considered as a virtual exciton, takes up the
momentum of the incident photon and can Coulomb interact
with the valence electron system via the Hamiltonian HC.
Thus an additional scattering process, a so-called shakeup
process in the intermediate state, takes place, which leads to a
charge excitation of the Ni 3d system and promotes the whole
system into a different intermediate state |m〉 with energy
Em. If the virtual exciton recombines, the total energy loss
h̄ω = h̄(ω1 − ω2) of the RIXS process and the momentum
transfer h̄q = h̄(K1 − K2) is imparted to the excitation of
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the Ni 3d valence electron system. It is converted from its
ground state |i〉 with a hole in the conduction band, when
treated in one-electron approximation, to the final state |f 〉
with an electron in the conduction band. ω1, ω2 and K1,
K2 are the frequency and the wave vector of the incident

and scattered photon field, respectively. HC is treated as a
perturbing Hamiltonian. Thus one ends up with the following
expression for the double differential scattering cross section
in one-electron approximation describing the shakeup part of
the resonant scattering process:

(
d2σ

d�2dh̄ω2

)
shakeup

∼ r2
0
ω2

ω1

∑
i

∑
f

∣∣∣∣∣
∑
m,n

〈f |b2|m〉〈m|HC|n〉〈n|b1|i〉(
En − Ei − h̄ω1 − i �n

2

)(
Em − Ei − h̄ω1 − i �m

2

)
∣∣∣∣∣
2

× δ(Ef − Ei − h̄ω), (1)

where |i〉, |f 〉 are the initial and final single-particle states
of the scattering electron system with energies Ei and
Ef . r0 = e2/mc2 is the classical electron radius. For an
adequate handling of the resonance denominator of Eq. (1)
we have introduced �n and �m, which describe the energy
broadening of the resonance due to the finite lifetime of
the intermediate states. The scattering operators are defined
as b1 = e1 · p exp (iK1 · r) and b2 = e∗

2 · p exp (−iK2 · r) with
the corresponding polarization unit vectors e1/2, the momen-
tum operator p, and the position operator r of the electron
(dipole approximation).

If one wants to utilize FI as discussed in Ref. 3 in connection
with shakeup (indirect) RIXS on crystalline matter, one has
to follow up the interferences of the resonant inelastically
scattered radiation from those re-emitting atoms, which are
physically indistinguishable; see Ref. 4. This means that they
must be identical atoms on physically equivalent sites. There-
fore we will make the following Bloch-type single-particle
ansatz for the initial band state |i〉 with a hole in the 4p-type
conduction bands, going with unoccupied 3d conduction and
occupied 3d valence bands. Accordingly, the final band state
|f 〉 is represented by a hole in the 4p-type conduction bands

FIG. 1. (Color online) Scheme of an indirect RIXS process with
a shakeup excitation in the 3d electron system.

but going with an electron in the 3d conduction and a hole in
the 3d valence bands:

|i〉 = exp(iki · r)uni (r), (2)

|f 〉 = exp(ikf · r)unf (r), (3)

where ni,f is the band index, ki,f the Bloch wave vector, and
un(r) is a lattice periodic function. The intermediate states |n〉
and |m〉 exhibit a hole in the core state. Because the core wave
functions are localized, they can be written in tight-binding
approximation:

|n〉 = 1

N1/2

∑
R

exp
[
ikc · (

R + dα
s

)]
�nj,α

(
r − R − dα

s

)
, (4)

|m〉 = 1

N1/2

∑
R

exp
[
ikc · (

R + dα
s

)]
�mj,α

(
r − R − dα

s

)
.

(5)

R is a lattice translation vector, kc is a Bloch wave vector,
dα

s designates a certain group α of identical and equivalent
atoms labeled s within the elementary cell determined by R.
nj and mj are the core-level indices. N is the number of unit
cells in the elementary volume. The sum over intermediate
states |n〉 and |m〉 in Eq. (1) includes both a sum over dα

s

and a sum over Bloch vectors kc. The energies En and Em

are essentially constants, independent of R and kc, so that the
sum over kc can be replaced by a sum over lattice sites R
using

∑
kc

exp[ikc · (R − R′)] = NδR,R′ . (6)

We insert Eqs. (2)–(5) into Eq. (1) to calculate the double
differential cross section for a shakeup process at identical and
equivalent atoms of group α. Here we (i) substitute r − R −
dα

s = r′, (ii) make use of the lattice periodicity of u(r), and
(iii) assume that the spatial extent of the core wave function is
small compared to the lattice spacing, so that exp (−iki · r′) ≈
1 and exp (ikf · r′) ≈ 1 in the expressions of the dipole matrix
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element of Eq. (1). Finally we end up with

(
d2σ

d�2dh̄ω2

)α

shakeup

∼ r2
0
ω2

ω1

1
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∑
ni,ki

∑
nf ,kf

∣∣∣∣∣∣
∑
nj,mj

M2(nf,mj,α)MC(nj,mj,α)M1(ni,nj,α)(
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�nj ,α

2

)(
Eni,ki − Emj,α − h̄ω1 − i

�mj ,α

2

)

×
∑
R,dα

s

exp
[ − iki · (

R + dα
s

)]
exp

[
ikf · (

R + dα
s

)]
exp

[
iq · (

R + dα
s

)]
∣∣∣∣∣∣
2

δ
(
Eni,ki − Enf ,kf − h̄ω

)
, (7)

where the dipole matrix elements are

M1(ni,nj,α) =
∫

dr′uni (r
′) exp(iK1 · r′)(e1 · p)�∗

nj,α
(r′), (8)

M2(nf,mj,α) =
∫

dr′unf (r
′) exp(−iK2 · r′)(e∗

2 · p)�mj,α(r′),

(9)

and

MC(nj,mj,α) ≡ 〈m|HC|n〉. (10)

Since M1, M2, MC, Enj,α , �nj,α , Emj,α , and �mj,α are
independent of R and dα

s , the sum over intermediate states
in Eq. (7) can be carried out. Moreover, we integrate Eq. (1)
with respect to ω obtaining the final expression for the
differential cross section of a shakeup resonant inelastic
scattering process (indirect RIXS), where the fluorescence
radiation from identical and equivalent atoms of group α

undergoes interferences:

(
dσ

d�2

)α

shakeup

∼ r2
0
ω2

ω1

1

N2

∑
ni,nf

∣∣∣∣∣∣
∑
nj,mj

M2(nf,mj,α)MC(nj,mj,α)M1(ni,nj,α)(
Enf − Enj,α − h̄ω2 − i

�nj ,α

2

)(
Enf − Emj,α − h̄ω2 − i

�mj ,α

2

)
∣∣∣∣∣∣

×
∑
ki,kf

Nδ(kf − ki + q,g) |Fα(kf − ki + q)|2 ≡ C(ni,nf,nj,mj,α)Irel, (11)

where g is an appropriate reciprocal-lattice vector. We have
replaced Enf ,kf in the denominators of Eq. (11) by Enf , the
average of Enf ,kf over kf , which is justified as long as �nj,mj

are comparable with the energy width of the nf bands. This is
the case for the nickelates and especially for the cuprates. In
Eq. (11) we have introduced

Fα(kf − ki + q) ≡
∑
dα

s

exp
[
i(kf − ki + q) · dα

s

]
, (12)

the partial structure factor related to the group α of identical
and equivalent atoms labeled s in the elementary cell, and we
have detached the relative intensity defined by

Irel ≡ N−1
∑
ki,kf

|Fα(kf − ki + g0 + q∗)|2

× δ(kf − ki + g0 + q∗,g) (13)

from the expression of the scattering cross section. For a
given structure of a group α of identical and equivalent atoms
within the elementary cell Irel is proportional to the integrated
intensity of the re-emitted radiation as a function of momentum
transfer q, here represented as q = g0 + q∗ (g0 reduces q
into the first Brillouin zone and q∗ is the reduced momentum
transfer vector).

In each case a certain range of ki’s within the g0 Brillouin
zone defines an appropriate reciprocal-lattice vector g′, so that
one has to sum over these g′ when calculating Irel according to

Irel ≡ Icalc =
∑

g′
G(g′,q)|Fα(g′)|2, (14)

with weight factors

G(g′,q) = 1

N

∑
ki,kf

δ(kf − ki + g0 + q∗,g′). (15)

III. CHARGE EXCITATIONS IN La5/3Sr1/3NiO4

In their studies on LSNO Wakimoto et al.1 have found
that the integrated intensity Iexp of the indirect RIXS spectra
between 0.35- and 0.65-eV energy loss is strongly q dependent
(see Table I and Fig. 2 showing RIXS spectra exemplarily
for two extreme cases) with a distinct maximum at qab =
qs = (1/a)(4π/3,2π/3), a momentum transfer corresponding
to the diagonal charge stripe spatial period of (3a/2,3a/2),7 as
depicted in Fig. 3.

This q dependence has been interpreted in Ref. 1 to be due
to collective stripe excitations or anomalous softening of the
charge excitonic modes of the in-gap states.

In what follows, we want to demonstrate that the application
of the principles of FI as given in Eqs. (11)–(15) will lead
to an alternative interpretation: Here, this q dependence is
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TABLE I. Experimental relative integral intensity of RIXS struc-
tures between 0.35- and 0.65-eV energy loss of La5/3Sr1/3NiO4

compared to calculated values for two different stripe models S1
and S2. (1) indicates units of (1/a,1/b) (2D elementary cell); (2)
indicates units of (2π/3a,2π/3b,2π/2c) (supercell). Intensities are
given in arbitrary units (see text).

q(1)
ab




2 [◦] q(2) g(2)
0 Iexp I S1

calc I S2
calc

(2π ,0) 44.72 (3,0,23.1) (3,0,24) 16.5 ± 2 11.8 11.76(
3π

2 ,0
)

45.15 (2.25,0,23.68) (2,0,24) 20.1 ± 2 3.13 0.79
(π ,0) 45.41 (1.5,0,24.08) (1,0,24) 16.9 ± 2 3.2 3.2(
π, π

2

)
45.07 (1.5,0.75,23.9) (1,1,24) 15.1 ± 2 19.28 19.28

(π ,π ) 45.02 (1.5,1.5,23.7) (1,2,24) 12.3 ± 2 25.29 25.29(
4π

3 , 2π

3

)
44.67 (2,1,23.5) (2,1,24) 35.2 ± 2 35.2 13.86(

3π

2 , π

2

)
44.81 (2.25,0.75,23.5) (2,1,24) 24.4 ± 2 23.93 7.11

a direct consequence of interferences in the fluorescence
radiation emitted within the RIXS process by Ni3+ ions, which
constitute, according to a stripe model of Yamamoto et al.,8

the centers of the hole stripes, shown in Fig. 3.
Within the limits of this stripe model, the d-d charge

excitations of these Ni3+ ions in an energy-loss range of
1 eV should be different from those of the Ni2+ ions. The
projected density of states calculated in Ref. 8 shows clearly
that, contrary to the Ni2+ site, the position of x2 − y2 orbitals
on the Ni3+ site shifts to the energy region just above the
Fermi energy thus opening a gap. Across this gap d-d charge
excitations can occur that are not present at the Ni2+ site, where
the position of the x2 − y2 orbitals remains below the Fermi
energy. This way the Ni3+ ions play the role of identical and
equivalent centers of FI related RIXS, as introduced in Sec. II.
We will treat at first a stripe model in which the position of
the Ni3+ ions are defined within a 3a × 3b × 2c supercell
shown for the corresponding four NiO2 layers in Fig. 3 as
follows in units of a = b = 3.814 95 Å, c = 12.6849 Å:9 first
layer (0,0,0), (1,1,0), and (2,2,0); second layer (0.5,2.5,0.5),
(1.5,0.5,0.5), and (2.5,1.5,0.5); third layer (stripe rotation by
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FIG. 2. (Color online) Indirect RIXS spectra of La5/3Sr1/3NiO4

for momentum transfer with qab = (2π,0) and qab = qs =
(4π/3,2π/3). The corresponding fits of the quasielastic line are
shown as solid lines and the integration range of experimental data is
shaded (see text for details). Data by courtesy of Wakimoto et al.1

FIG. 3. (Color online) Diagonal charge stripes of La5/3Sr1/3NiO4

in the basal (ab) NiO2 plane (first layer), in the second, third, and
fourth NiO2 plane at a distance from the basal plane of c/2, c,
and 3c/2, respectively. The third and fourth layers show orthogonal
stripe orientation. Only Ni atoms are represented. Charge stripes are
marked as shaded belts. The filled circles indicate the hole carrying
Ni (Ni3+). The black arrow shows the spatial period of the stripes.
The broken lines are the boundaries of the 3a × 3b × 2c supercell.
This representation corresponds to the stripe model 1 with staggered
position of the stripes between the first and second as well as third
and fourth layers.

90◦) (0,3,1), (1,2,1), and (2,1,1); fourth layer (0.5,1.5,1.5),
(1.5,0.5,1.5), and (2.5,2.5,1.5). This way we have chosen,
as proposed by Tranquada,7 a staggered configuration of the
stripes between the first and second layers, as also between
the third and fourth layers. In addition we have introduced
domains with mutually perpendicular stripe orientation (due
to tetragonal symmetry), which might have long-range order
within the ab plane (correlation lengths are up to 400 Å; see
Ref. 9). In contrast, according to Ref. 9, the correlation length
in the c direction is about 15 Å, which is close to the value of
the c lattice parameter. Therefore to simplify matters, we have
chosen the domain size in the c direction to be uniform equal
to c. A real distribution of domain sizes in the c direction will
not affect qualitatively the results of our calculation provided
that the average domain size is not far above the value of
15 Å. This stripe model guarantees an equal population of both
types of stripe domains. A second stripe model we have treated
is based on a nonstaggered configuration with the following
Ni3+ positions: first layer (0,0,0), (1,1,0), and (2,2,0); sec-
ond layer (0.5,0.5,0.5), (1.5,1.5,0.5), and (2.5,2.5,0.5); third
layer (0,3,1), (1,2,1), and (2,1,1); fourth layer (0.5,2.5,1.5),
(1.5,1.5,1.5), and (2.5,0.5,1.5). These Ni3+ coordinates were

085143-4



CHARGE EXCITATIONS IN STRIPE-ORDERED La . . . PHYSICAL REVIEW B 84, 085143 (2011)

introduced into Eqs. (14) and (15) using the momenta of
the measurements (see Table I). The momentum components
in the ab plane are given by the authors of Ref.̧ 1, the
component with respect to the c plane can be calculated from
the experimental scattering angles.10 The reciprocal-lattice
vectors are related to the 3a × 3b × 2c supercell. Both the
relative sample orientation in the experiment (estimated from
the anisotropy of the q resolution in Ref. 1) and the solid angle
of the scattered beam accepted by the analyzer (0.0064 sr)
have been taken into account. The relative intensities Irel of
radiation re-emitted from the Ni3+ ions as calculated are scaled
to the arbitrary units of the intensity Iexp of the RIXS spectra
integrated between 0.35 and 0.65 eV taken from Ref. 1 in such
a way that they agree at qs = (1/a)(4π/3,2π/3) for the first
stripe model. The contribution of the quasielastic line, which
was determined by a fit to the experimental data between −2.2
and 0.2 eV using a Pearson function, was subtracted to give a
proper estimate for Iexp.

The comparison between calculation and experiment is
summarized in Table I and depicted in Fig. 4. The calculations
on the basis of the first stripe model (staggered) are in
qualitative agreement with the experiment. In particular it
is the distinct peak of the integrated intensity for qs =
qab = (1/a)(4π/3,2π/3), which is well reproduced by the
calculations. Thus it is demonstrated that FI offers an ex-
planation of the unique q dependence of the 0.35–0.65-eV
charge excitations seen in the indirect RIXS spectra of LSNO.
Remaining differences between experimental and calculated
intensities, larger than the statistical errors, may be attributed to
deficiencies of the stripe model used. We would like to note that
the calculation using the second stripe model (nonstaggered)
does not agree with the experimental data. Therefore FI allows
us to distinguish between different structural models and
provides a proof for the validity of the staggered stripe model.
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FIG. 4. (Color online) Momentum transfer dependence of the ex-
perimental RIXS intensity Iexp of La5/3Sr1/3NiO4 integrated between
0.35- and 0.65-eV energy loss (circles) compared to the calculated
FI-based intensity Irel both for the stripe model 1 (staggered, triangles)
and for stripe model 2 (nonstaggered, squares). The experimental
intensity is scaled to agree with the calculated intensity of stripe
model 1 at qs (marked by an arrow).

TABLE II. Experimental relative integral intensity of RIXS
structures between 0.9- and 1.3-eV energy loss of La15/8Ba1/8CuO4

compared to calculated values of the stripe and the kink model.
(1) indicates units of (1/a,1/b) (2D elementary cell); (2) indicates
units of (2π/8a,2π/8b,2π/2c) (supercell). Intensities are given in
arbitrary units (see text).

q(1)
ab




2 [◦] q(2) g(2)
0 Iexp I S

calc I kink
calc

(π ,π ) 45.64 (4,4,27) (4,4,27) 0.20 ± 0.01 0.27 0.18(
π, π

2

)
45.28 (4,2,27) (4,2,27) 0.25 ± 0.01 0.17 0.19

(π ,0) 45.16 (4,0,27) (4,0,27) 0.35 ± 0.01 0.30 0.27(
π

2 ,0
)

44.80 (2,0,27) (2,0,27) 0.46 ± 0.01 0.99 0.46
(0,0) 44.68 (0,0,27) (0,0,27) 0.33 ± 0.01 0.26 0.27(

π

2 , π

2

)
44.92 (2,2,27) (2,2,27) 0.35 ± 0.01 0.00 0.15

This is a unique application of FI yielding interesting structural
information by making RIXS site selective.

IV. CHARGE EXCITATIONS IN La15/8Ba1/8CuO4

Similarly to LSNO, for LBCO the integral intensity Iexp of
the indirect RIXS spectra between 0.9- and 1.3-eV energy loss
is strongly q dependent,1 which is summarized in Table II and
shown in Fig. 5.

Iexp has a distinct maximum at qab = qs = (1/a)(π/2,0),
a momentum transfer corresponding to the parallel charge
stripe spatial period of (4a,0), as depicted in Fig. 6. This q
dependence has been interpreted to be due to collective stripe
excitations.1 However, as discussed for LSNO, the LBCO q
dependence can be interpreted also as a direct consequence of
interferences in the fluorescence radiation emitted within the
RIXS process. Here the interferences are due to fluorescence
emission from Cu atoms at the nonmagnetic domain walls,
which separate the antiferromagnetic domains according to
the stripe model treated by Fleck et al.11 (see Fig. 6).

These authors have shown, within the limits of their
calculations using dynamical mean-field theory (see Fig. 8
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FIG. 5. (Color online) Indirect RIXS spectra of La15/8Ba1/8CuO4

for qab = qs = (π/2,0) (symbols) and qab = (0,0) (symbols). The
contribution of the quasielastic lines obtained by a fit are shown as
solid lines and the integration range of experimental data is shaded
(see text). Data by courtesy of Wakimoto et al.1
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FIG. 6. (Color online) Parallel charge stripes of La15/8Ba1/8CuO4

in the basal (ab) CuO2 plane (first layer) and next three CuO2 planes
at a distance of c/2 from each other. Only Cu atoms are represented.
Charge stripes are marked as shaded belts. The filled circles indicate
the hole carrying Cu atoms. The black arrow shows the spatial period
of the stripes. The broken lines are the boundaries of the 8a × 8b × 2c

supercell.

in Ref. 11), that there are distinct differences between the
imaginary part of the local self-energy for atoms at the domain
wall and for the first and second neighbors of the domain
wall. Especially in the vicinity of the chemical potential a
pseudogap is opened (see Fig. 12 in Ref. 11). Its width is
smaller for the domain-wall atoms than for the domain-wall
neighbors. Thus the d-d charge excitations across this gap
should be of the order of 1 eV or less for the domain-wall
atoms, and of the order of 2 eV or more for the domain-wall
neighbors. This way the Cu atoms at the domain wall play
the role of identical and equivalent centers for FI related
RIXS re-emission. We will treat FI for indirect RIXS spectra
of LBCO using the stripe model depicted in Fig. 6 for the
supercell in the four CuO2 layers. The position of the stripes
in the first two layers has been proposed by Traquada et al.7

In this model the stripes are rotated by 90◦ from layer to layer
in order to follow the structural modulation associated with
the tilting of the CuO6 octahedra. Holes are located at the
antiphase domain boundaries. A filled circle denotes the
presence of one hole, centered on a metal site. For our
calculations we have assumed ordering of the holes. Only
metal sites with a hole are considered as identical and
equivalent centers of FI related RIXS emission. The offset
of the charge order by 2a between successive unit cells, which
appears in the third and fourth layers of this stripe model,
has been claimed by Abbamonte et al.12 on account of their

resonant soft x-ray scattering studies on LBCO. We will refer
to this model, in what follows, as the stripe model. We have
extended our FI calculation to a modification of this stripe
model by introducing kinks along the domain wall within the
8a × 8b × 2c supercell, as discussed by Fleck et al.11 Such
a structure is shown exemplarily for one layer in Fig. 7. The
kinks were assumed to be randomly distributed with 1.5 kinks
along a domain-wall section of length 8a. We will refer, in
what follows, to this modified model as the kink model.

The coordinates of the hole carrying Cu atoms were
introduced into Eqs. (14) and (15) using the experimental
momentum transfers (see Table II). Their components in the ab

plane are given in Ref. 1, the c component is calculated from
the experimental scattering angles as discussed before.10 The
reciprocal-lattice vectors used are related to the 8a × 8b × 2c

supercell, as depicted in Fig. 6, with a = b = 3.788 Å and
c = 13.23 Å taken from Ref. 12. Both the relative sample
orientation of the experiment,1 estimated from the anisotropy
of the q resolution, and the solid angle of the scattered beam
accepted by the analyzer (0.0040 sr) have been taken into ac-
count. The relative intensities Irel of radiation emitted from the
hole carrying Cu atoms as calculated are scaled to the arbitrary
units of the experimental intensity Iexp of the RIXS spectra
integrated between 0.9- and 1.3-eV energy loss in such a way
that they agree at qs = (1/a)(π/2,0) with results from the kink
model. Here the quasielastic line was fitted in the energy-loss
range between −2.2 and 0.4 eV and subtracted from the
experimental data before integration. The well pronounced
peak of the intensity curve as a function of q as well as its
width provides information on how the distribution of the hole
carrying Cu atoms, i.e., the charge stripe structure, is reflected
by the FI result. The obtained intensity values of calculation
and experiment are summarized in Table II and depicted in
Fig. 8. The calculations on the basis of the first stripe model
exhibit the most important feature of the experiment, i.e.,
the strong peak of the integrated intensity at qs. Already
this observation demonstrates that FI offers an explanation
of the q dependence of the charge excitations between 0.9 and
1.3 eV seen in the indirect RIXS spectra of LBCO. Even better
agreement between calculations and experiment is found for
the kink model. Not only the peak position of the calculated
intensity curve as a function of q but also its width agrees with

FIG. 7. (Color online) Parallel charge stripes of La15/8Ba1/8CuO4

in the basal (ab) CuO2 plane, here plotted exemplarily for the kink
model. Symbols as for Fig. 6.
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FIG. 8. (Color online) Momentum transfer dependence of the
experimental RIXS intensity Iexp of La15/8Ba1/8CuO4 integrated
between 0.9- and 1.3-eV energy loss (circles, error bars are within
the point size) compared to the calculated FI-based intensity Irel both
for the stripe model (squares) and for the kink model (triangles). The
experimental intensity is scaled to agree with the calculated intensity
of the kink model at qs (marked by an arrow).

the experimental results. This can be regarded as a hint that
kinks along the domain walls, with a density as assumed in
these calculations, must be considered as intrinsic features of
the stripe structure of the 214-type cuprates.

V. CONCLUSIONS

It has been shown that applying the principles of FI
to the interpret indirect RIXS spectral structures in stripe
ordered 214-type nickelates and cuprates can explain their
unique q dependence. It is the interference of fluorescence
radiation emitted in the RIXS process by hole carrying Ni/Cu
atoms residing in the charge stripes, which leads to a strong
enhancement of emitted intensity for momentum transfers q
corresponding to the charge stripe spatial periods. Moreover,
a careful analysis of the q dependence of the integrated
RIXS intensity from the group of hole carrying Ni/Cu atoms
enables information about details of the charge stripe structure.
These applications of FI were founded on the derivation
of the interference pattern in terms of the fundamentals of
indirect RIXS. In particluar, using the principles of FI for
interpretation of RIXS spectra the site selectivity of RIXS can
be employed, which yields interesting information supplemen-
tary to the well-known element and symmetry selectivity of
RIXS.
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