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The dynamics of doped charge in an antiferromagnetic lattice is central to the description of the
insulator-metal transition that occurs on doping the parent high 7. compounds. In this work we use high
resolution resonant inelastic x-ray scattering to investigate the dynamics of the charge-transfer exciton by
measuring its energy dispersion in two prototype compounds, La,CuO, and La,NiO,. We show that this
behavior is radically different in the cuprate with respect to a system known to exhibit strong polaronic
behavior, namely, the nickelate: the exciton is mobile in the cuprate while it is well localized in the
nickelate. Using a simple Wannier-Mott model we can estimate the total hole plus electron effective mass
in the cuprate to be 3.5 = 0.3m, which would exclude strong localization in the undoped cuprate.
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The nature of the insulator-metal transition in cuprates is
closely linked to the nature of the Zhang-Rice (Z-R) band
at the top of the valence band and the upper Hubbard band
which are, respectively, occupied and unoccupied in the
undoped insulating state. In hole doped compounds, the
Z-R band is progressively emptied of electrons on doping.
An open question remains about the nature of these two
bands in the insulator. Are they localized with a corre-
sponding elevated effective mass for the carriers or are they
dispersive with a correspondingly small effective mass?
Recent work [1] using angle-resolved photoemission spec-
troscopy in cuprates has raised the possibility that the Z-R
band is nearly invisible and nondispersive due to polaronic
localization resulting from electron-phonon coupling.
High energy core level photoemission experiments [2]
show that the Z-R band is visible in the bulk but that the
signal disappears when surface sensitive soft x rays are
used. More generally, the dynamics of a charge-transfer
generated bound state in an undoped cuprate lattice has
been discussed by Zhang and Ng [3]. They predicted that
such an exciton formed from a hole in the Z-R band and an
electron in the UHB would be dispersive because of cou-
pling with an adjacent Z-R singlet to form twin spin zero
Cu sites. This spin zero pair could move through the lattice
without disturbing the antiferromagnetic motif. In this
work we use resonant inelastic x-ray scattering (RIXS) to
measure the dispersion of the exciton through the Brillouin
zone at the Cu-K absorption edge in La,CuQ, and at the
Ni-K absorption edge in La,NiO4. The cuprate and the
nickelate are almost completely isostructural but with re-
markably different physical properties. No superconduc-
tivity has been reported in the nickelate and metallic
behavior arises at very high doping, x = 0.8 [4] as opposed

PACS numbers: 74.25.Jb, 71.20.Be, 74.72.Dn, 78.70.Ck

to x = 0.05 in cuprates. We find dispersive behavior for the
exciton in the cuprate in very good agreement with the
prediction of Zhang and Ng [3]. The dispersion differs
markedly from that given in earlier measurements [5]. In
the nickelate we show for the first time that the exciton is
nondispersive and localized. Here, the antiferromagnetic
correlations are stronger and doped charge is known to
exhibit polaronic localization. These results imply that the
Z-R and upper Hubbard bands in the cuprate cannot be
strongly localized.

In our experiment the incident photon energy is chosen
in the region of an absorption edge. This choice also
determines the intermediate state of the scattering process
which involves a core hole generated by the incident
photon. Electronic decay follows which fills the core hole
but may leave the system in an excited final state, resulting
in inelastic features. Since the photon can exchange size-
able momentum with excitations in the system, their dis-
persion can be measured. The method is bulk sensitive,
with an enhanced cross section due to the intermediate-
state core-hole. Excitations in the eV range have been
measured in several cuprates and different interpretations
have been put forward as to their origin [5,6]. The Cu-K
(Ni-K) edge of La,CuO, (La,NiO,4) shows features [7]
which are related to 1s — np dipolar transitions with,
preponderantly, n = 4 [Figs. 1(a) and 1(b)]. When the
photon polarization is parallel to the ¢ axis only Cu(Ni)
ls — np, transitions are observed. Two peaks are seen
related to the presence of a charge-transfer process [8].
In the cuprate (nickelate) the Cu (Ni) 3d filling is nomi-
nally 9 (8) but when one considers the charge-transfer
process in the Cu-O (Ni-O) plane one obtains, in addi-
tion to the expected 1s — np3d°(1s — np3d®) transition
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FIG. 1. Total fluorescence yield Cu-K edge absorption in
(a) La,CuO, (photon polarization at 15° from c¢ axis and
(b) Lay,NiO, (polarization parallel to ¢ axis).

(peak B), a contribution from the 1s — np3d'°L(1s —
np3d’L) transition (peak A)where L is a hole in an O 2p
orbital. The resonance chosen for both materials is peak A,
generated by an incident photon of energy 8992 keV
(8348 eV for the nickelate) and chosen so as to amplify
transitions related to the charge-transfer process. The mea-
surements were carried out at Spring-8 on the undulator
beam line BL12XU (NSRRC ID) [9]. Spherically bent 2 m
radius Si analyzers (Si 553 for the Cu-K edge and Si 551
for the Ni-K edge) were used to reach a total resolution of
300 meV for the experiments [10]. Because of the hori-
zontal scattering geometry we cannot access dispersion in
the a/b plane while keeping the polarization strictly par-
allel to the ¢ axis [5] but we can ensure, by using a large
scattering angle, that the polarization always has a domi-
nant component parallel to the ¢ axis. The angle between
the polarization and the ¢ axis for all following measure-
ments varies approximately from 25° for measurements at
the Brillouin zone (BZ) center to 35° at the BZ edge.
Figure 2(a) shows the measured RIXS parallel to the
[100/010] axis in a twinned sample of undoped La,CuOy,.
The scans are taken at various points in the BZ, between
[4.5 0 0] and [5 0 0] and have been displaced vertically for
clarity. From top to bottom, the momentum transfer varies
from the center of the zone to the edge. The zone edge
smoothed spectrum is used as a background for highlight-
ing the behavior of the lowest energy inelastic feature as
explained below. Between the elastic line (zero energy
transfer) and about 2 eV no inelastic features are present
and this situation corresponds to the measured optical gap
in La,CuQy [11] which is of the charge-transfer type. This
charge transfer and other processes across the charge-
transfer gap result in the hump constituting the inelastic
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FIG. 2. (a) RIXS dispersion in La,CuQO, along the [100/010]

direction. The spectra have been shifted vertically, the baseline is
indicated for each spectrum. Solid line: 3 point smoothed guide
for the eye; dotted line: BZ edge spectrum; open circles label
crystal field excitations. (b) Differences between smoothed spec-
tra at various points in the BZ and the BZ edge spectrum
from (a). (c) Dispersion of the exciton as determined from our
data (solid circles) and as determined by Kim er al. [5] (tri-
angles).

signal which probably has several resolution limited peaks
superimposed on it.

At an energy loss of 2.2 eV a peak is seen in the scans
near the center of the BZ. As the momentum transfer
decreases from the zone center to the zone edge, the
peak at 2.2 eV disperses to higher energy loss. However,
the intensity of this peak also decreases at the same time
and at the zone edge it is invisible. In Fig. 2(b), we subtract
the 3 point smoothed spectrum taken at the BZ edge
[dotted line in Fig. 2(a)] from spectra taken at various other
points in the BZ. These differences clearly show both the
dispersion as well as the variation in intensity of the peak
which we assign to the fundamental charge-transfer exci-
ton. Another peak is seen at 4 eV energy loss, does not
disperse but also loses intensity from zone center to zone
edge. The dispersion of the low energy peak is estimated
from Fig. 2(b) by fitting a Gaussian line shape and shown
in Fig. 2(c). The gain in resolution with respect to the
earlier experiment by Kim et al. [5] clearly shows that
the dispersion is markedly different from their measure-
ment [triangles in Fig. 2(c)]. Over the observed range the
exciton disperses quadratically by about 0.5 eV implying
free-particle-like behavior. For the scans near the zone
edge where the 2.2 eV peak is weak or absent, a shoulder
shown by open circles [Fig. 2(a)] is seen just below 2 eV.



We interpret this as a localized excitation of the crystal
field [12].

A possible interpretation of the dispersive feature seen in
the in-plane dispersion is given by Zhang and Ng [3] who
use a local model and find bound electron-hole states in the
Cu-O plane. Zhang and Ng find four propagational modes
of which only two should be visible in an electron-energy-
loss spectroscopy experiment. The first one, with p sym-
metry, has an energy of about 2 eV at the zone center and
disperses by about 0.5 eV to higher energy, while its
intensity decreases to zero in going to the zone edge in
the [100] direction. This behavior matches the excitation
that we see at 2.2 eV at the BZ center in La,CuQ,. The
second one with s symmetry is placed at 4 eV, does not
disperse, but increases in intensity, from zone center (zero
intensity) to zone edge. Though in Fig. 2(b) we detect an
excitation at an energy loss of about 4 eV, its behavior
needs to be characterized with measurements with higher
statistics. Existing theoretical works use among other ap-
proaches, multisite cluster models ([13], in the case of
one dimensional compounds) or next nearest neighbor
Hubbard models [14] for theoretical interpretation of
RIXS spectra. Both present difficulties for applications
such as our experiment. For a square two dimensional
lattice, a multisite model is limited to only four sites given
current computational possibilities. This rules out the cal-
culation of reliable theoretical spectra because only the
behavior at the two extremities of the BZ can be evaluated.
A Hubbard model approach on the other hand is valid for
predicting dynamics on an energy scale which is lower than
the one of our experiment [15].

Figure 3(a) shows the measured RIXS parallel to the a/b
axis in a twinned sample of undoped La,NiO,. The scans
are taken at similar points in the BZ as for La,CuQO,
(between [4.5 0 0] and [5 0 0]) and have been displaced
vertically for clarity. From top to bottom, the momentum
transfer varies from the center of the zone to the edge. The
charge-transfer excitation gap measured by RIXS is about
4 eV, and compares well with the measured optical gap in
La,NiO, [16]. Though no clearly resolved peak emerges,
closer inspection of Fig. 3(a) reveals that the scans nearer
the zone center show a low energy shoulder which vanishes
near the zone edge. Following the analysis for La,CuQy,
three point smoothed differences of the RIXS scans at
different points of the BZ with respect to the zone edge
scan [dotted line in Fig. 3(a)] are shown in Fig. 3(b). A
peak exists at about 3.6 eV, and loses intensity in going
from zone center to edge. This behavior mirrors to a certain
extent that seen in La,CuQ,, except for the notable fact
that no dispersion is seen. This is direct evidence for the
complete localization of the charge-transfer exciton in
La,NiO,. In Fig. 2(c) the excitonic peak positions are
plotted and the lack of dispersion is evident. Weak non-
dispersive features in the charge-transfer gap shown by
open circles [Fig. 3(a)] are localized excitations of the
crystal field (similar structure is observed in measurements
in NiO) and will be discussed elsewhere. Figure 4(a) shows
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FIG. 3. (a) RIXS dispersion in La,NiO, along the [100/010]
direction. The spectra have been shifted vertically, the baseline is
indicated for each spectrum. Solid line: three-point smoothed
guide for the eye; dotted line: BZ edge spectrum; open circles
label crystal field excitations. (b) Differences between smoothed
spectra at various points in the BZ and the BZ edge spectrum
from (a). (c) Dispersion of the exciton as determined from our
data.

energy loss scans at the same point near the BZ center (I),
for La,CuO, and La; 93S1,p;CuQ,. Figure 4(b) shows a
similar comparison at the BZ center between La,NiO4 and
La; ¢Sry1NiO4, where the spectrum of the underdoped
sample has been multiplied by a factor of 2 to ease com-
parison. In both underdoped samples features that were
identified with excitonic peaks have disappeared.
La; 9351( 7Cu0y is weakly metallic and the interpretation
of damped excitations due to screening from the doped
charge is reasonable. However, La;¢Sry;NiO, is still
strongly insulating and the reason for the suppression of
the excitonlike features is probably due to the fact that hole
doping suppresses the charge-transfer channel because it
provides an alternative mechanism for hole creation in the
ligand orbitals.

We thus observe well-defined excitations at the charge-
transfer gap both in La,CuO, and in La,NiO,. These are
identified as charge-transfer excitons and their dispersion
provides, for the first time, a direct and simple justification
of proposed exciton hopping mechanisms in the antiferro-
magnetic Cu-O plane [Fig. 4(c) as discussed below]. In
La,CuQy,, the CuO, unit cell in the plane contains one hole
on the Cu site. If we consider a plaquette consisting of a
central Cu atom and four surrounding O atoms in the CuO,
planes, charge transfer is invoked by the transfer of one
electron from the O 2p orbitals on the plaquette to a
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FIG. 4 (color online). (a) RIXS spectra of Laj g351r)07CuOy4
(open triangles) and La,CuQ, (solid circles) at the BZ center.
(b) RIXS spectra of La;¢Sry;NiO, X 2 (open triangles) and
La,NiQ, (solid circles). Here, spectra have been summed over
the BZ to increase statistics. Solid lines: three-point smoothed
guides for the eye. (c) Schematics of formation of twin spin zero
Cu sites in the CuO, planes. The bigger central sphere represents
Cu while the surrounding smaller spheres represent O atoms on a
CuO, plaquette. Charge transfer results in an exciton and a Cu
3d'0 spin zero configuration on the left while the hole spins form
a spin zero Z-R singlet on the right.

neighboring Cu site which then assumes the Cu 34'°
configuration. The O 2p hole on the plaquette and the
electron on the neighboring Cu site can then form a bound
exciton. The binding energy of this exciton and its dynam-
ics in the CuO, plane depend also on the interaction of the
O 2p hole and the Cu 3d° hole on the plaquette. These two
can, in principle, interact to form a singlet state or a triplet
state. An important consequence of singlet formation on
the plaquette is that the exciton which consists of two
spinless Cu sites (Cu 3d'° and the Cu-O hole singlet)
moves through the CuO, plane without upsetting the anti-
ferromagnetic (AF) S = 1/2 background [3]. We measure
a quadratic dispersion corresponding to this real-space
mobility. In a simple Wannier-Mott excitonic model for a
cubic crystal with spherical band edges, E(q) = E(q =
0) + 1%/2(m} + m})q>. Notwithstanding the fact that this
expression is not completely adequate, we find, using the
measured coefficient of ¢ (1.1 = 0.1 eV A?), that m} +
mj = (3.5 = 0.3)m,. This value excludes strong localiza-
tion of the concerned Z-R and upper Hubbard bands.

In the nickelate the situation undergoes a radical change.
Charge transfer can potentially result in the formation of a

bound exciton as in the case of the cuprate and a spin zero
Ni site for a singlet coupling between the spins of the Ni
3d° (S = 1/2) hole and the (S = 1/2) O 2p hole. But, in
contrast to the cuprate where the central Cu site is spin zero
due to the formation of a spin singlet with the O 2p hole,
the central Ni site with a 3d® configuration is high spin
(S =1) [17]. The direct consequence of this difference
should be an observable change in exciton dynamics: the
single spin zero site in the S = 1 NiO, AF lattice can only
hop by disrupting the AF order [18] and thus should have
reduced mobility with respect to the twin spin zero Cu sites
in the S = 1/2 CuO, AF lattice. This nondispersive be-
havior is akin to that of the crystal field excitations men-
tioned earlier, which are, in fact, very localized excitons on
a given Ni site. It is also worth remarking that in the
nickelate doped charge is known to localize.

In conclusion, our measurements of a dispersive exciton
in the undoped cuprate and the estimation of the combined
hole-electron effective mass is not indicative of strong
localization. In the undoped nickelate, on the other hand,
no dispersion is measured indicating localization of the
excitation.
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