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‘We report strongly momentum-dependent short-ranged charge screening dynamics in CE-type charge, orbital,
and spin ordered LagysSr; sMnQOy, based on Mn K-edge resonant inelastic x-ray scattering data. Through a
comparison with theoretical calculations, we show that the observed momentum dependence reflects highly
localized, nearest-neighbor screening of the transient local charge perturbation in this compound with an
excitonlike screening cloud, rather than delocalized screening. The size of the screening cloud is estimated

to be about 0.4-0.5 interatomic distances.
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The response of a strongly correlated electron system
to a sizable, localized potential is highly nontrivial,"*> and
yet of fundamental importance. It lies at the heart of any
understanding of the role of dopant ions, the primary means
of controlling the phase behavior of many such systems.
Such dopants affect the material properties in complex ways,
in addition to introducing carriers, and have been directly
correlated with electronic inhomogeneities** and shown to
induce local spin polarization even when nonmagnetic.’
However, the understanding of dopant-induced phenomena
is poor, mainly because the full calculation of the electronic
response to such a perturbation remains a defining challenge in
many-body physics, even for the homogeneous electron gas,®
let alone for strongly correlated systems.

Among many theoretical attempts to model the dopant
problem,” " perhaps the most straightforward is to treat the
dopant simply as a localized potential. One may achieve a
similar situation experimentally by creating a deep core hole
on a given site. Such a core hole has a potential of a few eV,
similar in size to that from a dopant. The question is, can one
measure the response of the system to this perturbation, that is,
measure the associated screening dynamics of the core hole?

K-edge resonant inelastic x-ray scattering (RIXS)!":!?
offers the possibility of doing just this in 3d transition metal
compounds. This technique has been mostly discussed in the
limit of a strong or weak core-hole potential (Ugye) relative
to the bandwidth.!> In such cases, the intermediate states
screening the transient core hole can be integrated out and
the RIXS response is directly related to the dynamic structure
factor. However, when U is comparable to the bandwidth, as
is typical for 3d transition metal compounds, the screening is
more complicated because there is an asymmetry between the
electron and hole excitations. Rather than being integrated out,
the intermediate states then become important in determining
the RIXS response.!? This offers the intriguing possibility of
projecting the screening related to such a core hole onto the
valence band excitations. This in turn would allow the size
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and shape of the screening cloud to be determined, and its
relationship to the electronic structure to be explored.

In this Rapid Communication, we report K-edge RIXS
measurements of the momentum and energy dependence of
the screening dynamics for a transient local potential in the
half-doped manganite, Lay 5Sr; sMnQy, in its charge, orbital,
and spin ordered state. We find strong momentum dependence
of the intensity of the across-gap excitation, with a dramatic
increase on moving away from the two-dimensional (2D)
zone center. We show that this behavior reflects the size
and shape of the real-space screening cloud and demonstrate
that in LagsSr; sMnQOy the screening distance is very short,
with a screening cloud of about 0.4-0.5 interatomic distances
in size.

A single crystal of LagsSr;sMnO4 was grown by the
traveling solvent floating zone method. It has a tetragonal
structure at room temperature with 74/mmm symmetry and
undergoes a charge and orbital ordering transition around
230 K, accompanied by complex structural distortions.'* For
simplicity, we use here the /4 /mmm notation throughout. The
wave vectors of the charge and orbital ordering are then of the
form (%,%,L) and (%,A]—‘,L), respectively. In the low temper-
ature ordered state, Lag sSr; sMnQy is an insulator with a large
gap between the e, states.'” The behavior of the excitation
between these predominantly Mn 3d states, labeled as a d-d
transition, is the focus of this study. The Mn K-edge RIXS
experiments were performed at Advanced Photon Source
on beamlines 30-ID and 9-ID with an instrumental energy
resolution of about 270 meV [full width at half maximum
(FWHM)]. The polarization dependence of the RIXS process
is controlled by placing the [001] and [110] directions of the
crystal in the scattering plane. The incident beam polarization
is perpendicular to the scattering plane, i.e., parallel to the
[110] direction. Thus the incident polarization condition is
fixed for all the Q = (H, H, L) points surveyed. All the data
presented were collected at 7 = 20 K. Data are normalized by
incident beam intensity and corrected for footprint variations.
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FIG. 1. (a) RIXS spectra at three Q points. (b) The Q points
surveyed in the (H, H, L) plane. The radius of the dot is proportional to
the integrated intensity of the 2 eV peaks. 6 and 26 are the incident and
detector angles. (c) RIXS spectra for the Q points along the 20 = 68°
line, with the elastic intensity subtracted. The gray shaded region is
the energy window used in calculating the integrated intensity of the
feature.

In Fig. 1(a), we show RIXS spectra taken at three Q points.
In each case, there is a large elastic line centered at zero
energy loss. The d-d transition appears as a peak on the tail of
the elastic scattering at around 2 eV, consistent with optics,'®
electron-energy-loss spectroscopy (EELS),!” and other K-edge
RIXS observations.'®!” Remarkably, the RIXS spectra show
a strong momentum dependence of the intensity of this fea-
ture. At Q¢ = (—0.03,-0.03,7.20) with very small in-plane
momentum transfer, the 2 eV peak is almost unobservable.
This momentum dependence is confirmed with RIXS spectra
collected at a large number of Q points, as shown in Figs. 1(b)
and 1(c). To control the systematics resulting from polarization
factors, the data were taken either at fixed sample angle 6 or
fixed detector angle 26. In all cases, the incident polarization
is parallel to the [110] direction. With the detector position
26 fixed, polarization effects associated with the outgoing x
ray are eliminated. Figure 1(c) shows RIXS spectra with the
elastic line subtracted®® for the Q points with 20 = 68°. We
take the integrated intensity 7(Q) over the 1-3 eV range as
a measure of the strength of the 2 eV peak. The size of the
symbols in Fig. 1(b) is proportional to /(Q). A clear systematic
dependence on momentum transfer is observed.

The integrated intensities of the d-d excitation are plot-
ted as a function of the in-plane momentum transfer in
Fig. 2(b). In order to quantitatively compare the experimental
data with the theoretical calculations (discussed below), the
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FIG. 2. (Color online) (a) Contour plot of RIXS intensity calcu-
lated for the electron hopping parameter #, = 0.9 eV, after averaging
over twin domains. (b) The integrated RIXS intensity of the 2 eV
peak relative to the (—0.03,—0.03) point, plotted with respect to the
in-plane momentum transfer along the (H,H) direction. Symbols
represent experimental data. Lines represent theoretical results for
different values of 7. Both experimental data and theoretical results
are normalized for comparison.

integrated intensities are plotted relative to the intensity at
Qo = (—0.03,-0.03,7.20),”! ie., I1(Q)— I(Qp). This re-
moves the uncertainty in determining the common background
for all Q points. The strength of the 2 eV d-d excitation
exhibits a minimum at zero in-plane momentum transfer and
a maximum at (0.5,0.5,L). Interestingly, although there is
a large variation in the L values for the various Q points
[see Fig. 1(b)], all the measurements collapse onto a single
curve in Fig. 2(b). This demonstrates that there is negligible
L dependence to this behavior, consistent with the 2D nature
of this single layered manganite. Further, it implies that the
polarization factors are indeed constant for our experimental
geometry. From here on, the momentum transfer will be
denoted simply as Q,p = (H,H).

The experimental data in Figs. 1 and 2 show our main
experimental observations. The across-gap d-d excitation in
LagsSr; sMnQy4, as observed by RIXS, exhibits a strong
momentum dependence. While the position of the peak shows
no appreciable dispersion, the intensity increases rapidly as
the in-plane momentum transfer increases away from the
2D zone center. Near the zone center, the spectral weight
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of the 2 eV feature almost disappears. This is a surprising
result. The disappearance of this RIXS spectral weight cannot
be the result of the dynamic structure factor going to zero,
since this feature is observed in the optical response,'® which
probes the zero momentum transfer response function. This
demonstrates that K-edge RIXS in Laj 5Sr; sMnOQy is indeed in
the intermediate core-hole potential regime, discussed above.
In the following, we detail this momentum dependence and
show that it arises from the intermediate state screening
dynamics and in particular that it reflects the real-space extent
of the screening cloud.

To understand this strong in-plane momentum dependence,
we calculated the RIXS response from Laj sSr; sMnQO, for a
two-dimensional 16 x 16 Mn cluster with periodic boundary
conditions. The initial and final states of the unperturbed
system, and the intermediate states in the presence of the ls
core-hole on-site Coulomb potential, are solved numerically
with a tight-binding approach. The Hamiltonian employed is
similar to the one in Ref. 22, which includes the nearest-
neighbor electron hopping within the MnO, plane, the Jahn-
Teller and isotropic electron-lattice coupling, the Hund’s
coupling to the CE-type ordered t,, spins, and the Coulomb
interaction between e, electrons within the Hartree-Fock
approximation.?? The sizes of the distortions of the oxygen
octahedra are taken from Ref. 14. The RIXS spectra are then
calculated from the Kramers-Heisenberg formula,!!-12

2

(f1D'Tn) (n|Dg)
1
och: Z E, + hoy — E, + 1T,

8(E; — E, —hAw),

1)

where | f), |n), and |g) represent the final, intermediate, and
initial states, and Ey, E,, and E, their energies. I', is the
inverse of the intermediate state lifetime, and D" and D are the
RIXS dipole transition operators. iwg and i Aw are the incident
x-ray energy and the energy loss, respectively. The calculated
RIXS intensity is averaged over configurations in which the
zigzag chains of orbital order are along either the [110] or the
[110] directions, to take into account twining effects in real
crystals. Details of the calculation will be published elsewhere.

The calculated RIXS spectra were found to be most
sensitive to the e,-e, hybridization and the coupling of the
e, electrons to the distortions of oxygen octahedra. These
two effects are parametrized as #y and A in our Hamiltonian,
where £, is the hopping between 3x2-r? orbitals along the x
direction and A is proportional to the strength of the electron-
phonon coupling.?? With reasonable parameter values®® and
the combination of 7 =0.9 eV and A = 7.41 eV/A, the
calculated spectra shown in Fig. 2(a) and the thick (blue) line
in Fig. 2(b) closely resemble the experimental observations.
The calculated RIXS response peaks near 2 eV, and increases
rapidly as Q,p increases away from (0,0), towards (0.5,0.5),
as seen in the experiments. We note that the calculated spectra
in Fig. 2(a) suggest a slight dispersion of about 130 meV of
the 2 eV peak. Such a small dispersion is below the detection
limit of our experiment. We note however, that dispersion was
reported in the related compound LaSr,Mn,0,.1°

The sensitivity of the RIXS response to intersite hopping
and the electron-phonon coupling is shown in Fig. 2(b) by vary-
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ing #o and 1.23 For a given 1y, A is constrained such that the d-d
excitation in the RIXS response peaks near 2 eV. Henceforth,
only #; is mentioned for simplicity. The details of the combina-
tions of # and A can be found in the Supplemental Material.>*
As was done for the experimental data, the calculated response
is integrated over the same 1-3 eV window to generate the
curves in Fig. 2(b), and again the value at Qyp = (—0.03,—0.03)
is subtracted. The calculated results show the best agreement
with the experimental observations when #, = 0.9 eV. For
larger 1, values, the calculated RIXS response differs signif-
icantly from the experimental data. Thus our study sets the
upper limit of #,. The inability to precisely determine the pa-
rameter values is largely due to the difficulty in determining the
contributions from other inelastic scattering processes that give
rise to a smooth “background” in the low energy loss region.

To further understand the implications of the observed mo-
mentum dependence of the RIXS spectrum for the screening
dynamics, we calculate the real-space screening configurations
from the lowest energy intermediate eigenstates. These are
shown in the top panels of Fig. 3. Figures 3(a) and 3(b) compare
the charge redistributions for fp = 0.9 and 1.5 eV, respectively,
with the core hole at either a Mn** or a Mn** site. The volumes
of the red and blue spheres scale with the screening electron
and hole densities on the individual sites. For {5 = 0.9 eV, the
screening hole is tightly bound to the excited electron with
more than 90% of the excited charge located on the three
nearest-neighbor sites along the zigzag chain. For the large
hopping parameter, ) = 1.5 eV, the screening pattern in real
space changes drastically. The majority of the hole distribution
in Fig. 3(b) is now beyond the nearest-neighbor sites, and is
spread throughout the zigzag chains.
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FIG. 3. (Color online) (a) and (b): Screening configuration in
real space for 7o = 0.9 and 1.5 eV, respectively. The top left half
corresponds to the case with the core hole at a Mn* site, while the
bottom right it is at a Mn** site. The volumes of the red and blue
spheres are proportional to the electron and hole numbers. The large
red spheres at Mn** core-hole sites represent about 0.9 electrons.
(c) and (d): Integrated RIXS intensity plotted in the (H, K,0) plane of
reciprocal space for #, = 0.9 and 1.5 eV, respectively. Red and blue
represent the maximum and minimum intensities, respectively.
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FIG. 4. (Color online) The excited hole number normalized
by the excited electron number at the core-hole site, plotted in
semilogarithmic scale with respect to the distance from the core-hole
site along the zigzag chain.

This difference in screening dynamics is directly reflected in
the RIXS response. Figures 3(c) and 3(d) show the calculated
RIXS intensities for the two screening patterns over half of a
Brillouin zone. When the screening hole is tightly bound to the
excited electron for 7y = 0.9 eV, the predominant wave vector
for these electron and hole distributions is (0.5,0.5), coincident
with the location of the RIXS peak intensity maximum in
reciprocal space in Fig. 3(c) and in agreement with our
experimental results. While for the much delocalized screening
when fp = 1.5 eV, the maximum of the RIXS response is
shifted to lower Q, as shown in Figs. 2(b) and 3(d). This RIXS
response is completely at odds with the experiment results.

The charge redistribution for these two screening patterns
is shown more clearly in Fig. 4, where the relative hole
number at a given site is plotted as a function of the distance
from the core-hole site, as measured along the zigzag chain.
The semilogarithmic plot reveals an exponential decay of the
hole density, confirming the presence of excitonlike screening
clouds. The size of the screening cloud, which characterizes
the screening dynamics and determines the RIXS response,
depends strongly on the hopping strength #y. Taking the
to = 0.9 eV case, which best describes the RIXS data, we
fit the excited hole distributions to an exponential function
and find that the sizes of the screening clouds are 0.4 and 0.5
atomic spacings for the Mn®* and Mn** sites, respectively.

LaysSr; sMnO,4 was chosen for this study in part to take
advantage of its particular one-dimensional (1D) nature in
the low temperature ordered state, which helps to enhance
the momentum dependence along the (H,H) direction and
simplifies the analysis. However, we note that K-edge RIXS
should be sensitive to the screening dynamics for all transition
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metal oxides for which the bands near the Fermi energy are
several electron volts in width. Indeed, momentum-dependent
intensities were also observed in LaSr,Mn,O; which showed
significant variation as a function of temperature across dif-
ferent phases.!” Most of the current studies on understanding
dopant effects are still at the modeling and simulation stage in
large part because of the lack of good experimental probes. In
this study, we have shown that K-edge RIXS is a promising
probe of the screening dynamics created in response to a
localized potential. Importantly, the lifetime of a core hole
is very short, typically on the order of femtoseconds. Thus
the screening dynamics for this transient state is dominated by
the electronic response since the ionic screening occurs on a
much slower time scale (typically picoseconds). This allows
the separation of the intrinsic electronic screening from that
due to lattice distortions, the relative importance of which
has been debated for years in the context of understanding
nanoscale inhomogeneities in cuprates.>>+?

In summary, we observe a highly momentum-dependent
K-edge resonant inelastic x-ray scattering intensity in the
orbital ordered, layered manganite LagsSr; sMnO4. We in-
terpret this through a comparison with calculations based on
a tight-binding approach, and show that these observations
imply a highly localized, nearest-neighbor screening of the
local charge perturbation. We further find that the momentum
dependence of the RIXS spectrum reflects the pattern and
range of the screening in real space, and thus are able to
measure the size and shape of the screening cloud. We find
that the screening cloud is localized to a few Mn sites in
the Mn-O plane, emphasizing the short-range nature of the
Coulomb interactions in the manganites.
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