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Polarization-dependent near-edge x-ray absorption spectroscopy measurements have been performed on the
O 1s and Ni 2p edges of La22xSrxNiO41d single crystals for 0<x<0.6. The results are compared with recent
data on La22xSrxCuO41d , and NiO and with detailed cluster calculations on a NiO6 cluster. From this, we
determine the energetic ordering of the states close to the Fermi level with Ni~Cu! 3dx22y2/O 2px,y and Ni~Cu!
3d3z22r2/apex-O 2pz orbital character for the undoped compounds. We find thatd-d exciton side bands show
up in the final states of La22xSrxNiO41d , giving evidence for the Zhang-Rice character of the doped carriers.
The spectral-weight transfer in the O 1s spectra shows a significant dynamical component. Thus, we suggest
that the polarons in La22xSrxNiO41d can be seen as nonclassical objects on the length scale of a lattice
constant and that the formation of polaron domain walls and polaron lattices possibly has to be considered as
a result of this large coherence length of the polarons.

I. INTRODUCTION

The electronic structure of La22xSrxNiO41d ~LSNO! has
been a controversial issue for a long time because of its
interesting magnetic, transport, and structural properties.1,2

Although it is closely related to the isostructural high-
temperature superconductor La22xSrxCuO41d ~LSCO!, the
transport properties of these two materials are quite different.
It seems now to be established that the nickelate does not
become superconducting even at very low temperatures. This
is in contrast to earlier studies reporting the occurrence of
superconductivity in this system.3

It is now becoming increasingly clear that the nickelates
are interesting systems on their own, which show rich phys-
ics and complex phenomena such as electron correlation and
polaron localization. There is now both experimental and
theoretical evidence for the electron-phonon coupling as the
main reason for the insulating behavior of the doped nick-
elates. On the experimental side, Strangfeldet al.4 pointed
out the polaronic character of the doped charge carriers in
LSNO. An estimate for the polaron localization energy of
;0.2 eV has been given by Bi and Eklund5 from optical
conductivity data. This is in agreement with calculations by
Anisimov et al.,6 which also stress the importance of stron-
ger self-localization effects for holes in LSNO as compared
to LSCO. They conclude that the reason for this is the inter-
play of a planar breathing-type lattice relaxation of the
NiO6 octahedron and an enhanced magnetic confinement in

the nickelate leading to the formation of small polarons in
LSNO. A detailed theoretical analysis of the mechanisms
leading to the formation of polaron lattices and domain walls
in LSNO has been performed by Zaanen and Littlewood.7

According to their results this is made possible due to the
positive feedback between the the electron-phonon coupling
and the ordering tendencies given by the Zhang-Rice8 local-
ization.

In a recent electron diffraction study, Chenet al.9 demon-
strated charge ordering in the form of a polaron lattice at
higher doping concentrations in La1.5Sr0.5NiO41d . For the
lower-doping regime ~La2NiO4.125) Tranquada et al.10

showed by means of single-crystal neutron diffraction that at
lower doping the holes order in domain walls that form an-
tiphase boundaries between antiferromagnetic domains in the
ordered Ne´el background and which line up to form a striped
phase.

Up to now, near-edge x-ray absorption spectroscopy
~NEXAFS! has provided a significant contribution to the un-
derstanding of the underlying physics in the undoped and
doped transition metal oxides. The issue of whether Li-doped
NiO also has to be considered as a charge-transfer insulators
or as being in the intermediate regime between Mott-
Hubbard and charge-transfer insulators11 is still under de-
bate. Direct evidence for the charge-transfer nature of LSCO
has come from electron energy-loss spectroscopy12 ~EELS!
and NEXAFS.13,14 This was accomplished by showing that
the intrinsic hole has predominantly Cu 3dx22y2 character
with a small admixture of O 2px,y states, whereas the doped
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holes have predominantly planar O 2px,y character with a
small admixture of Cu 3dx22y2 orbitals. The so-called
spectral-weight transfer effect, occurring as a function of
doping and directly seen in NEXAFS, was used to make a
strong case for the effective single-band Mott-Hubbard na-
ture of the carrier states.15

The spectral-weight transfer effects, i.e., the redistribution
of weight between high- and low-energy bands due to
changes in the hole concentration, have been extensively in-
vestigated especially in the cuprate superconductors. The ef-
fect is theoretically well understood, at least to the extent that
it is clear which microscopic quantities are actually
measured.16,15,17–19At the same time, one can question the
significance of this information in the context of metals. In
the case of local measurements like NEXAFS, one can infer
from the spectral-weight transfers whether the electrons are
quantum-mechanically coherent on a length scale of order of
two unit cell dimensions. Because high-Tc superconductors,
like all metals, are quantal up to macroscopic scales, the
usefulness of this information may be considered as ques-
tionable. However, if lattice-polaronic~or other ‘‘localiza-
tion’’ effects! become important, this question gets meaning-
ful again. Let us consider, for instance, the doped nickelates.
Undoubtedly, the electrons are classical on macroscopic
scales: domain wall solids or polaron lattices are formed.
Mean-field calculations are well known to yield a lower
bound for the polaron size, to be understood as the maximum
spatial extent of the vibronic wave function. Applied to the
nickelate,7 these calculations indicate that this system is ap-
proaching the small polaron limit where the polaron fits into
one unit cell: although the polaron is actually formed due to
severe quantum fluctuations within the unit cell, quantum
fluctuations seem unimportant on any larger scale given
some reasonable temperature. At the same time, the struc-
tural data9,10 seem to indicate that the polarons are substan-
tially larger, implying quantal behaviour on the scale mea-
sured by the spectral-weight transfers. Hence, in principle,
this issue can beprovenby NEXAFS experiments.

The purpose of the actual study is to determine if some-
thing notable happens when comparing the NEXAFS data of
cuprates and nickelates. A brief description of the experi-
mental setup and the results obtained so far is given in Secs.
II and III, respectively. By comparing spectra forEia and
Eic polarization one would naively expect that somehow
large ionic motions along thec axis are involved in the po-
laron formation effect. A more quantitative analysis using a
d-d exciton mechanism presented in Sec. IV shows that this
is not necessarily the case. From the analysis of the transfer
of spectral weight for LSNO as well as LSCO presented in
Sec. V, we conclude that there is a substantialdynamical
spectral-weight transfer present in both systems, showing
that the polaron domain walls in LSNO are still quite quan-
tum delocalized on length scales of the order of the x-ray
wavelength~i.e., two unit cells!. This is not unreasonable in
the light of the rather delocalized appearance of the domain
walls in the neutron scattering experiments. In Sec. VI, we
summarize our results from experiment and theory.

II. EXPERIMENT

Large La22xSrxNiO41d single crystals (;53332
mm3; x50, 0.1, 0.2, 0.4, and 0.6! were grown using the

floating zone method as described elsewhere20 and prepared
with one surface parallel to the crystallographic (010) plane
of the tetragonal unit cell. It is well known that samples with
a low Sr stoichiometry (x,0.2) can accommodate a large
amount of excess O with 0,d,0.2,1,2,21whereas for inter-
mediate doping (0.2<x<0.6) the O concentration is very
close to the correct stoichiometry. Thus in the present study
the samples withx,0.2 were annealed together with CuO
powder in vacuum sealed silica tubes at 800 °C for 30 h in
order to make sure that the concentration of doped holes is
controlled by the Sr stoichiometry alone for the whole
sample series. All samples were then mounted on sample
holders and fresh, shiny (010) surfaces were prepared using
an ultramicrotome with a diamond knife.

The near-edge x-ray-absorption~NEXAFS! measure-
ments were performed using linear polarized synchroton ra-
diation from the AT&T Bell Laboratories Dragon beamline
at the National Synchrotron Light Source. The energy reso-
lution of the monochromator was set to'0.1 eV and
'0.35 eV at the O 1s and Ni 2p3/2 absorption threshold,
respectively. A high degree of linear polarization of
(9861)% has been chosen. The O 1s and Ni 2p absorption
edges of a polycrystalline NiO sample together with EELS
data on the same compound were taken for the energy cali-
bration. Bulk-sensitive spectra were recorded using a seven-
element Ge array fluorescence detector, with the photon flux
simultaneously monitored by the drain current from a Au
mesh. In order to perform orientation-dependent measure-
ments, the~010! surfaces of the crystals were mounted per-
pendicular to the incoming beam and the crystallographica
or c axis was oriented parallel to the polarization vector of
the synchrotron radiation by rotating the samples around
their surface normal. Therefore optical path variations ham-
pering the direct comparison of the anisotropic spectra were
eliminated. The O 1s raw data were corrected for self-
absorption effects according to a procedure described
elsewhere.13 Finally, the spectra were normalized to absorp-
tion coefficients from standard tables22 below and about
60–70 eV above threshold, taking into account the O stoichi-
ometry of the samples.

III. RESULTS

In Fig. 1, we show the polarization-dependent O 1s ab-
sorption edges~Eia andEic! of the undoped antiferromag-
netic insulators La2NiO41d and La2CuO41d , respectively.
The cuprate data are taken from our earlier measurements.13

Figure 1 also displays the spectrum for polycrystalline NiO.
No anisotropy is expected for the latter compound, since its
crystal structure corresponds to cubic NaCl. Therefore it can
be compared directly with each of the anisotropic spectra of
the two other compounds. As mentioned above, the spectra
are normalized between 590 and 610 eV according to their O
stoichiometry. For clarity reasons, the data for NiO have
been multiplied by a factor of 4. The doping-dependent spec-
tra for La22xSrxNiO41d for both polarizations are given in
Fig. 2, while Fig. 3 shows the respective prepeak regions.

Dipole selection rules determine the transitions which can
be realized by O 1s NEXAFS measurements.23 From these,
it can be anticipated that forEia andEic only s→px and
s→pz transitions are allowed, respectively. As far as the Ni
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2p absorption edges are concerned, mainly 2p→3dx22y2

transitions are allowed forEia whereas only unoccupied
3d3z22r2 are probed forEic. Hence the symmetry of the
unoccupied states under investigation can be determined
from polarization-dependent experiments.

Let us first consider the spectra in Fig. 1. At photon en-
ergies above 531.5 eV one can see the so-called main edge of
the O 1s spectra, which is determined by O 2p orbitals of O
atoms from both within the planar La-O layers~hybridized
with La 5d,4f states! and within the NiO2 sheets~hybrid-
ized with Ni 3d orbitals!. On the other hand, the prepeaks in
the energy range below 531.5 eV have to be assigned to

excitations within the NiO2 layers. This is supported by re-
sults from local spin density~LSDA! band structure calcula-
tions within density functional theory24,25 on both La2CuO4
and La2NiO4, band structure studies using self-interaction
corrections~LSDA1SIC!,26,27and further theoretical studies
including on-site Coulomb and exchange interactions
~LSDA1U).28 They all predict that the states close to the
Fermi level are related to the CuO2 ~NiO2) layers only,
whereas the unoccupied bands at higher energies have to be
considered as a superposition of states resulting from both
the CuO2 ~NiO2) and La-O layers.

Despite the overall similarity, there are some distinct dif-
ferences between the spectra for LSNO and LSCO. At about
532 eV, a strongly in-plane-polarized peak can be seen in
LSNO and LSCO forEia ~Fig. 1!, which does not change
upon doping for the latter.13 The situation is quite different in
LSNO, since the corresponding peak appears to be much
stronger, shifts to higher energies, and strongly decreases in
intensity with increasing Sr concentration@see Fig. 2~a!#. As
did Kuiper et al.,29 we assign this feature in LSNO at least
partly to the Ni 3d9 final state of thez upper Hubbard~UH!
band having mainly Ni 3d x22y2 character hybridized with O
2p x,y orbitals within the NiO2 planes. Support for the valid-
ity of this interpretation comes from~i! the strong in-plane
polarization of this peak,~ii ! the close coincidence of its
energy position with that of the corresponding Ni 3d9 final
state in the O 1s edge of NiO ~see Fig. 1!, and ~iii ! its
decreasing intensity with increasing Sr concentration, remi-
niscent of the behavior expected for the UH band under
p-type doping~see below!. Nevertheless, since this feature is
sitting on a high background, it is very difficult to determine
its exact intensity and energy position. Thus there is still
some ambiguity concerning the quantitative evaluation of
this excitation, as will be discussed in Sec. IV. The prepeak
related to the same transition into the UH band and~Cu
3d10 final state! for La2CuO41d is at 530.2 eV, whereas in
the isotropic spectrum of NiO~Fig. 1!, it appears at about
531.8 eV.

FIG. 1. Polarization-dependent O 1s absorption edges of single-
crystalline La2NiO41d and La2CuO41d for Eia ~solid circles! and
Eic ~open diamonds!. The spectra are normalized between 590 and
610 eV according to their O stoichiometry. In addition, the O 1s
edge of polycrystalline NiO~solid line! is shown, multiplied by a
factor 4 for clarity reasons.

FIG. 2. Polarization-dependent O 1s absorption edges of
p-type-doped La22xSrxNiO41d for Eia ~a! andEic ~b!. The data
are labeled with the Sr concentrationx.

FIG. 3. Prepeak region of the O 1s absorption edges of
La22xSrxNiO41d for Eia ~a! andEic ~b!. The data are labeled with
the Sr concentrationx.
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The low-energy prepeak at about 530.9 eV in the spec-
trum forEic of La2NiO41d ~Fig. 1! has to be assigned to the
x UH band having mainly Ni 3d z22r2 character hybridized
with apex O 2p z orbitals. This is in perfect agreement with
recent LSDA1U band structure calculations by Czyzyk and
Sawatzky.28 This prepeak at 530.9 eV is much stronger than
the corresponding spectral weight at 529.7 eV in
La2CuO41d , indicating the enhanced number of unoccupied
states in out-of-plane apex-O 2pz/Ni 3d3z22r2 orbitals com-
pared to those of apex-O 2p z/Cu 3d 3z22r2 parentage in the
cuprate. In analogy to results from NEXAFS measurements
on La22xSrxCuO41d ,

13,14 we have to keep in mind an O
1s binding energy shift between the planar and apical O sites
(;0.3 eV in LSCO! which is possibly also present in the
actual La22xSrxNiO41d data. This would lead to an overall
increase of the differences between the threshold energies in
theEia andEic spectra, which will be of considerable im-
portance for the discussion in Sec. IV. Since reliable experi-
mental O 1s binding energies for the different O sites in
La22xSrxNiO41d are not available at this time, there is no
clear evidence whether such a binding energy shift has also
to be taken into account in the case of the nickelate.

The most pronounced changes with doping in LSNO are
seen in the pre-edge features below 531 eV~see Fig. 3!. For
Eia, a prepeak shows up in the former gap at about 528.7 eV
which increases in intensity with increasing Sr concentration.
The shape of this structure differs strongly from the corre-
sponding prepeak in LSCO,13,14 but is very similar to the
doping-induced peak in LixNi 12xO.

30We attribute its occur-
rence in the annealed La2NiO41d sample to remaining ex-
cess O atoms and estimate their amount from a comparison
of the prepeak intensity with that forx50.1 and 0.2. From
this, we get an amount of excess O atoms of
0.02<d<0.03. Additional support for the close relationship
between the intensity of this structure and the amount of
excess O,d, can be found in the recent NEXAFS studies31

on the O 1s absorption edges of La2NiO41d with
0.00<d<0.12. ForEic, the structure at 530.9 eV decreases
and shifts to higher energies, whereas a peak shows up at
529.1 eV and gets stronger with doping. A similar behavior
has been found in LSCO forEic, but with substantially
lower intensity.13,14

The doping dependence of the low-energy excitations for
Eia ~Eic! in LSNO clearly exhibits the transfer of spectral
weight from the thez (x) upper Hubbard band at 532 eV
~530.9 eV! to the doping-induced low-energy prepeak at
about 528.7 eV~529 eV! with increasing dopant concentra-
tion. This behavior is well known from the O 1s absorption
edges of other late transition metal oxides like, e.g., LSCO or
Li xNi 12xO. Only the transitions into thez andx upper Hub-
bard bands are expected to show this decreasing intensity in
combination with an energy shift to higher energies under
p-type doping. This gives further evidence for assigning the
peak at 532 eV~530.9 eV! for Eia ~ Eic! to thez (x) upper
Hubbard band.

The intensity variations of the two NEXAFS pre-edge
structures forEia as a function of the Sr concentrationx are
shown in Fig. 4~a! together with the same kind of data from
the doping-induced prepeak forEia in LSCO from our ear-
lier publication.13 The spectral weights have been evaluated
by integrating the spectral weight of the difference between

the spectrum forx50 and those withx.0 in both systems.
The integration of the difference spectrum was performed
from 525 to 530.9 eV and from 525 to 529.7 eV in the case
of LSNO and LSCO, respectively. Error bars have been in-
cluded in Fig. 4 in order to take into account experimental
errors in the determination of the spectral weights from the O
1s data and in the Sr stoichiometry. Since the O 1s spectra
of both systems were normalized to the same absorption
cross section in the energy range between 590 and 610 eV
far above the Fermi level, the spectral weights of the doping-
induced prepeaks can be directly compared. In addition, the
corresponding integrated low-energy spectral weights
Neff* (v) from optical conductivity data by Idoet al.20 are
presented in Fig. 4~b!.

From the doping dependence of the prepeak intensities in
Fig. 4~a!, it is obvious that the nickelate and the cuprate
show a similar behavior under doping since the data from
both systems exhibit almost the same absolute intensities and
a substantial curvature. This is not the case for the integrated
low-energy spectral weight from the optical measurements
@see Fig. 4~b!#, where the nickelate displays a linear doping
dependence in contrast to the cuprate. The implications of
these results will be discussed in Sec. V.

The occurrence of strong saturation effects in the fluores-
cence yield NEXAFS data and the overlap with the strong
La3d3/2 white line make the measurement of the Ni 2p3/2
absorption edge impossible. Thus one is restricted to the
analysis of the Ni 2p1/2 absorption edges, which are shown
for La2NiO41d and La1.9Sr0.1NiO41d for both polarizations
in Fig. 5.

IV. EXCITON SIDEBANDS AND ZHANG-RICE
DOUBLETS

Let us now turn to a more detailed interpretation of the
spectra. Compared to LSCO,13,14 the prepeak region is more

FIG. 4. Sr dependence of~a! the intensity of the doping-induced
prepeaks in the O 1s NEXAFS spectra and~b! of the integrated
low-energy spectral weightNeff* (v) from Ido et al. ~Ref. 20! for
Eia of La22xSrxNiO41d ~solid symbols! and La22xSrxCuO41d

~open symbols!. The lines are guides to the eye.
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complicated in the doped nickelates. ForEia, the large band
at threshold is accompanied by a high-energy shoulder. In
this section we will present one possible interpretation for
the structures in the prepeak region, based on theoretical ob-
servations by Zaanen and Oles´.32 These authors showed that
in cases like the nickelates the carriers are composite par-
ticles, consisting of physical holes bound to excitons. In di-
rect analogy to phonon sidebands in the case of polarons, the
removal of the physical hole releases uncompensated exci-
tons which show up as high-energy bands in the spectral
function.

Of special concern is the large intensity forEic polariza-
tion, compared to that forEia ~see Fig. 3!. This could be
interpreted as indicating a lattice-polaronic dressing involv-
ing the motion of the apical oxygens toward the central Ni
atom.31 However, it is hard to imagine a mechanism stabiliz-
ing such an ‘‘anti-Jahn-Teller’’ polaron6 in the context of the
nickelates, and the observations which will be discussed in
the next section seem to argue strongly against such large
polaronic deformations. To resolve this issue, as well as to
study the exciton sidebands, we present a calculation dealing
with different aspects ofp-d covalency in more detail. We
find that the largec direction weight can be well explained
by a proper choice of the apical O 2p level position.

The explanation of the exciton sidebands is
straightforward—for a more general physical perspective on
these matters we refer to the work of Zaanen and Oles´.32 In
the first instance we focus on the limit of localizedd elec-
trons. Delocalization effects will not change the picture
qualitatively, as we will show later on in more detail in our
discussion of the~large! p-d covalency. As a first step, we
have to understand the excitations supported by the
‘‘vacuum,’’ the insulating state at half filling. Besides the
spin excitations, the so-calledd-d excitons are found at en-
ergies less than the charge excitation gap. These excitons are
quite localized and can be described in terms of simple
ligand-field theory. Introducing the notationx;x22y2 and

z;3z22r 2 and neglecting thet2g-like states altogether, one
finds in tetragonal symmetry

u3B1~xz!;1&5ux↑z↑&,

u1B1~xz!&5
1

A2
~ ux↑z↓&2ux↓z↑&),

u1A1~xx!&5ux↑x↓&. ~4.1!

In addition one has theu3B1& states withMs50,21 and the
highly excited ~by crystal field! singlet state
u1A1(zz)&5uz↑z↓&. According to ligand-field theory, these
states have an energy (Ez; tetragonal crystal field;B and
C are Racah parameters!

E~3B1!528B13C1Ez ,

E~1B1!52C1Ez ,

E~1A1!54B13C1Ez@12A11~4B1C!2/Ez
2#,

~4.2!

where we have correctedE(1A1) for the mixing with the
u1A1(zz)& state, which is otherwise unimportant. The ground
state of La2NiO4 is composed of the local high-spin states
u3B1&, indicating that the Hund’s rule interactions overcome
the crystal-field energyEz . In the terminology of Zaanen
and Oles´, the Hund’s rule interactions have bound anx→z
exciton to the ‘‘noninteracting’’ low-spinu1A1& state.32 At
the same time, as long as the excitation energies of the sin-
glet states1B1 and

1A1 are less than the charge excitation
energy, these singlets are well defined excitations. Thesed-
d excitons are well known and have been extensively studied
in the past with optical spectroscopy.

The unoccupied density of states at half filling is rather
straightforward. By removing az hole ~ Eic! from 3B1 the
x upper Hubbard (d9) band is reached, while alonga or b
the higher-lyingz UH band is reached by the removal of an
x hole. The resultingd-only spectrum is given in the
d8→d9 part of Fig. 6. Comparing the experimental spectrum
of NiO with those forEia of undoped La2NiO41d and
La2CuO41d in Fig. 1, it can be seen that the first strong peak
is at 531.8 eV, 532.2 eV, and 530.2 eV, respectively. As
mentioned above, the occurrence of the low-intensity fea-

FIG. 5. Ni 2p1/2 absorption edges of La2NiO41d and
La1.9Sr0.1NiO41d for Eia ~solid circles! andEic ~open circles!. The
data are labeled with the Sr concentrationx.

FIG. 6. Spectral function for a high-spind8 system with low-
spin (2B1) holes without takingp-d covalency into account~solid
bars:Eia; hatched bars:Eic; UH5upper Hubbard subband!.
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tures between 528 and 530 eV in the reduced La2NiO41d

sample has to be attributed to remaining excess O. The first
strong pre-edge is due to transitions into thez UH band
consisting of mainly planar Cu~Ni! 3dx22y2 orbitals with
some admixture of O 2px,y orbitals. The analogous peaks for
the transitions into empty apex-O 2pz orbitals hybridized
with Cu~Ni! 3d3z22r2 orbitals of thex UH band are at 531.8
eV in NiO and at 531 eV and 529.8 eV in theEic spectra of
La2NiO41d and La2CuO41d , respectively. From this, it can
be concluded that the separation in energy between thex and
z UH bands is vanishing in the case of NiO and close to; 1
eV in La2NiO41d , keeping in mind that the O 1s binding
energy of the apical O sites is possibly about 0.3 eV lower
than that for the planar O sites. In La2CuO41d , the majority
of the out-of-plane states seem to be situated belowEF , so
that only a very small tail of the related density of states
appears in the O 1s and Cu 2p NEXAFS spectra.13,14 Thus
the separation between the main parts of the in-plane and of
the out-of-plane states in La2CuO41d is about 1.8–2 eV,
which corresponds to the size of the charge-transfer gap.

The reason for the different splittings between theeg or-
bitals (3dx22y2 and 3d3z22r2) hybridized with O 2p orbitals
of appropriate symmetry is the different size of the tetragonal
Jahn-Teller distortion of the Cu~Ni!O6 octahedra and the re-
lated changes in the symmetry of the crystal field at the site
of the transition metal atom. It is well known from crystal
structure studies that the tetragonal distortion of the
Cu~Ni!O6 octahedron is strongest for La2CuO41d and inter-
mediate for La2NiO41d whereas in NiO the octahedron is
undistorted. Accordingly, our measurements show that the
tetragonal crystal-field splitting betweenx and z UH bands
decreases when going from La2CuO41d to La2NiO41d and
finally vanishes for NiO. A qualitative clue for the related
changes within the electronic structure may be taken from
LSDA band structure calculations on La2NiO4 by Guo and
Temmerman,25 showing that this splitting decreases with de-
creasing distortion in agreement with our findings. Accord-
ing to their analysis, this is due to a shift of the antibonding
Ni 3d3z22r2/apex-O 2pz band to higher energies with de-
creasing distortion. The same trend was obtained from clus-
ter calculations including electron-electron interactions for
La2CuO, La2NiO4 , and K2CuF4 .

33 As a result, the calcu-
lated symmetry of the intrinsic hole isx for La2CuO4, and
z for K 2CuF4 , and thed

8 ground state of the nickelate cor-
responds to the expectedux↑z↑& Hund’s rule 3B1 triplet.

However, care has to be taken when trying to derive a
quantitatively correct estimate for the tetragonal crystal split-
ting Ez from the O 1s spectra of undoped La2NiO41d . As
an example, Czyzyk and Sawatzky28 pointed out that in the
nickelate La 5d-dominated conduction bands with some
apex-O 2pz orbital admixture extend much further down into
the energy region of thex UH band than is the case for the
cuprate. This could result in a rather strong hybridization of
the two bands, which leads to difficulties in determining the
first moment of thex UH band from the O 1s data. A hint for
the validity of this assumption may be given by the observa-
tion that the reduction in intensity forEic due to the transfer
of spectral weight to the low-energy prepeak at 529.1 eV is
not restricted to the structure at 531 eV but extends well into
the energy region of the main edge above 531.5 eV~see Fig.

2!. A more reliable way is to determineEz from polarization-
dependent measurements of the Ni 2p1/2 absorption edges as
presented in Fig. 5. Only transitions into unoccupied states
with 3d3z22r2 character are allowed forEic whereas for
Eia predominantly empty states with 3dx22y2 symmetry are
probed with a small contribution from unoccupied 3d3z22r2

orbitals.23 Thus we derive a value of;1.3–1.4 eV forEz
from the energy separation between the maxima of the Ni
2p1/2 lines for the different polarization directions. Combin-
ing the information from the NEXAFS data with those from
optical optical measurements,34,20,35 a schematic picture of
the electronic structure of the undoped compounds as pre-
sented in Fig. 7 can be derived. Recent LSDA1U band
structure calculations28 are in qualitative agreement with the
picture shown in Fig. 7.

Upon hole doping, carrier states are realized with local
quantum numbers which cannot be constructed from com-
bining the quantum numbers of the added hole with the local
quantum numbers characterizing the vacuum, implying bind-
ing of additional excitons to the hole. Specifically, for the
nickelate it is almost sure that the lowest-lying carrier state is
a doublet,

u2B1&5ux↑x↓zs&. ~4.3!

High-spin states involvingt2g holes are ruled out by the fact
that trivalent nickelates~e.g., LaSrNiO4) have low-spin
~doublet! character.

The lower Hubbard band part of the unoccupied density
of states reveals the exciton binding. The~polarized! spectral
functions in the prepeak region are calculated, using Eqs.
~4.1! and ~4.2!,

ra,b~v!5(
s

^2B1ucxsd„v2H1E~3B1!…cxs
† u2B1&

5
3

2
d~v!1

1

2
d„v2DE~1B1!…,

rc~v!5(
s

^2B1uczsd„v2H1E~3B1!…czs
† u2B1&

5d„v2DE~1A1!…, ~4.4!

where the energies of the excitons are relative to the (3B1)
ground state energies, while the weight vectors follow from
fractional parentage, which is easy to calculate. The structure

FIG. 7. Suggested electronic structure of undoped La2CuO4 ,
La2NiO4 , and NiO ~pl5planar, ax5apex; LH, UH5lower, upper
Hubbard subbands!.
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of the prepeak region in the experiment resembles this result
~Figs. 3 and 6!. For Eia, the large threshold peak~no exci-
tons excited! is accompanied by a much smaller satellite,
corresponding with the shake-off of anxz singlet exciton.
The peak forEic is shifted to higher energies compared to
the Eia threshold peak by an amount corresponding to the
energy difference between the high- and low-spin states of
the whole system.

Let us now turn to the effects ofp-d covalency. This is
obviously important since the excitations mentioned above
are probed via the O 2p character, modifying especially the
spectral weight distributions. We have addressed these mat-
ters by a model calculation of the standard cluster
variety.36–38 To keep this calculation as simple as possible,
we have introduced two justifiable additional simplifications.

~i! We have followed the spirit of multiband Hubbard
models, including a full treatment of the Coulomb and ex-
change interactions between theeg (x,z) 3d electrons. The
t2g electrons have been neglected altogether, while thep-d
and p-p Coulomb/exchange interactions are neglected as
well.

~ii ! We limit ourselves to a single NiO6
42 cluster. It can

be argued that the use of such a cluster can be dangerous if
one wants to address spectroscopic information involving the
2p electrons: for the cuprates one needs at least a cluster
containing two metal ions.11,17 However, it is well estab-
lished that nickelates are of the intermediate~in between
Mott-Hubbard and charge-transfer! variety in the Zaanen-
Sawatzky-Allen phase diagram.39,37Accordingly, the carriers
in the nickelates are much more localized~in the sense of the
Zhang-Rice mapping8! than the holes in the cuprates. The
effects of delocalization in the lattice on the strongp-d hy-
brid states of the clusters are therefore expected to be rather
insignificant.18We notice that these statements imply that the
2p-3d hybrid states obey the same symmetry rules as the
pure states, so that the basic structure of the excitonic spec-
trum is unaltered compared to thed-only case we just dis-
cussed~see Fig. 6!.

This calculation is standard37 and too lengthy to be repro-
duced in full detail. Let us outline the procedure, paying
attention to the steps which are not immediately obvious. A
cluster is considered of a Ni ion with 3dx22y2 (dxs

† ) and
3dz22r2 (dzs

† ) orbitals, surrounded by four ‘‘planar’’ oxy-
gens with (s) 2p orbitals (p1s

† , . . . ,p4s
† , where s as a

subscript indicates the spin direction! and two apical oxy-
gens with 2p orbitals p5s

† and p6s
† . The bonding~with re-

spect to the Ni states! symmetrizedp states are

pz1s
† 5

1

A2
~p5s

† 1p6s
† !,

pxs
† 5

1

2
~p1s

† 2p2s
† 1p3s

† 2p4s
† !,

pz2s
† 5

1

2
~p1s

† 1p2s
† 1p3s

† 1p4s
† !, ~4.5!

and the orthogonal nonbonding states, unoccupied with holes
in the ground state,

p̃z1s
† 5

1

A2
~p5s

† 2p6s
† !,

p̃xs
† 5

1

2
~p1s

† 2p2s
† 2p3s

† 1p4s
† !,

p̃z2s
† 5

1

2
~p1s

† 1p2s
† 2p3s

† 2p4s
† !. ~4.6!

The transfer matrix elements are, in terms of theVpd
s in pla-

nar (ab) and perpendicular (c) directions,

tx5^dxuHupx&5Vpd
s ~ab!,

tz15^dzuHupz1&5A2Vpd
s ~c!,

tz25^dzuHupz2&5
A3
2
Vpd

s ~ab!,

with all other transfer matrix elements zero by symmetry.
The local, unoccupied 2p state densities in thea ~or b!

and thec directions are calculated from (E0 is the ground
state energy!

ra~v!5(
s

^0up1sd~v2H1E0!p1s
† u0&,

rc~v!52(
s

^0up5sd~v2H1E0!p5s
† u0&, ~4.7!

with the factor of 2 in the expression forrc because there are
twice as many O atoms in thec direction per unit cell as
along thea direction. Inverting Eqs.~4.5! and~4.6! and using
that the nonbonding states Eq.~4.6! are fully occupied with
electrons,

ra~v!5
1

4(s ^0u~pxs1pz2s!d~v2H1E0!

3~pxs
† 1pz2s

† !u0&,

rc~v!5(
s

^0upz1sd~v2H1E0!pz1s
† u0&. ~4.8!

The z2 occupancy~planar O 3z221 character! will be al-
most negligible in the ground state. In other words, the
a-axis spectral weight is a factor;2 smaller than one would
expect from stoichiometry alone. This is a nontrivial corre-
lation effect. Because of the Zhang-Rice mapping, we forced
the 2p states to obey the point group symmetries of the 3d
states centered on the Ni ion. This reasoning is valid only if
the binding energy of the Zhang-Rice doublet is much larger
than its delocalization energy, an assumption which becomes
questionable in the case of, e.g., cuprates, while it should be
unproblematic for the nickelates. Hence, because of this non-
triviality the c-axis weight problem is only half as severe as
one would think naively. This will turn out, however, to be
insufficient to explain all of the hugec-axis spectral weight.

To calculate the upper Hubbard band, the spectral func-
tions are calculated with regard to the divalent3B1 ground
state which is calculated in the basis ofd8 andd9p configu-
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rations. The one-hole states making up the upper Hubbard
band are thed9 x andz states, where the hybridization with
the high-lying38 d10p configurations~wherep denotes an O
2p ligand hole! is neglected. The prepeak, or lower Hubbard
band, is calculated using the three-hole ground state with
2B1 symmetry for the vacuum in Eq.~4.8!. We include, be-
sides thed7 state Eq.~4.3!, the d8p andd9pp8 states. Be-
cause of the lowD4h symmetry this amounts to solving a
15315 problem. The interactions are parametrized as
follows:38 3d monopole Coulomb interactionU ~or Racah
A) and charge-transfer energy (D), such thatd9p is at D
relative tod8, while d7 is atU2D andd9pp8 at D relative
to d8p. In addition, we include the Racah parametersB and
C for the 3d multipole/exchange interactions, a 3d tetragonal
crystal-field parameterEz , and a parameterEa describing
the position of the apical oxygen level (z1) relative to that of
planar oxygens. The outcomes barely depend on the relative
positioning of the planar (x,z2) p levels, and we have taken
their splitting to be of the order of the 2p bandwidth~4 eV,
with the 3z221 level at the bottom of the band!. Upon ad-
dition of an electron to this three-particle carrier state, the
two-hole states of3B1 ,

1B1 , and
1A1 symmetry are reached

as in the simpled-only case. They are calculated following
the same procedure as for the two-hole ground state, the
3B1 ,

1B1 , and 1A1 final states representing 434 and
1A1;535 problems, respectively. The parameters which
have been used in the actual calculations are taken as in
NiO:38 U57.0 eV, B50.1 eV, C50.387 eV,D56.0 eV,
Ez51.3 eV,Ea520.75 eV,Ez254.0 eV, tx52.0 eV, and
the in-plane to out-of-plane Ni-O bond length ratio
dab /dc50.86.

The outcomes are summarized in Figs. 8 and 9. The over-
all shape of the spectral function shown together with the O
1s spectra of La1.4Sr0.6NiO41d in Fig. 8 is quite similar to
thed-only spectrum of Fig. 6. Of the 13 two-hole final states,

three dominate the spectrum corresponding to the ground
states in the different symmetry sectors (3B1 threshold and
1B1 shoulder in thea direction,

1A1 threshold in thec direc-
tion!. The experimental data for both polarization directions
have been normalized by acommonfactor in order to match
the intensity of the1A1 final state forEic. The spectra have
also been shifted by the same energy in order to match the
energy position of the1A1 final state.

There is good agreement between theory and experiment
in the energy region of the doping-induced prepeaks. How-
ever, at first glance there seems to be a discrepancy between
the theoretical band gap between thex UH band and the
lowest 3B1 prepeak of about 4.5 eV and the corresponding
experimental separation between the lowest doping-induced
prepeak for Eia and the prepeak in the undoped
La2NiO41dfor Eic ~see Fig. 2! of the order of 2.5 eV. There
are two effects which help in solving this problem. First, we
have to keep in mind that band formation effects should
reduce the 4.5 eV value from our cluster calculations by
;1 eV. Furthermore, as we argued above, there is strong
evidence for the experimental first moment of thex UH band
being shifted to higher energies by about 1 eV compared to
the position of the prepeak forEic in undoped La2NiO41d ,
due to the hybridization between thex UH band and low-
lying La-O conduction bands. Thus both approaches con-
verge toward a band gap of about 3.5–4 eV in agreement
with results from optical spectroscopy,35 confirming our
choice of parametersD, U, and tx listed above as the same
as for NiO.38

Let us now consider the mechanisms influencing the large
spectral weight in thec direction in both the experimental
and theoretical data of the doped compound~see Figs. 3 and
8!. The c- vs a-axis intensity ratio is in the first instance
governed by the net hole occupancy of the apical O 2pz
level, relative to that of the planar O 2px22y2 states. It is
clear that the apical O 2pz level hole occupation will increase
if the in-plane to out-of-plane O-Ni bond length ratio in-
creases because of the enhanced apex-Opz–Ni 3d3z22r2 hy-
bridization. These ratios are related to each other according
to40

Vpd
s ~c!

Vpd
s ~ab!

5S dabdc D 7/2. ~4.9!

FIG. 8. Spectral function for a high-spind8 system with low-
spin (2B1) holes includingp-d covalency. The experimental O 1s
spectra of La1.4Sr0.6NiO41d for both polarizations have been nor-
malized by acommonfactor to match the intensity of the calcu-
lated 1A1 final state (z UH, x UH: z and x upper Hubbard band,
respectively!.

FIG. 9. Calculated intensity ratioI ic /I ia for the
1A1 and

3B1

final states as a function of the in-plane to out-of-plane O-Ni bond
length ratioda /dc with Ea as parameter. The dashed vertical line
corresponds to the O-Ni bond length ratio of the undoped
La2NiO41d ~see text!.
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This explains the rise of thec- vs a-axis intensity ratio with
the increasing in-plane to out-of-plane bond length ratio as
given in Fig. 9. Second, we found that the intensity ratio is a
very sensitive function of the position of the apical 2pz level,
relative to that of the 2px22y2 planar level, as can be seen
from the strong influence ofEa on I ic /I ia in Fig. 9. Hence,
keeping the O-Ni bond length ratio fixed at its value of 0.86
at half filling ~dashed line in Fig. 9!, we only need a shift
Ea;20.75 eV towardsEF of the apical oxygen level. In
fact, LDA calculations indicate that at least the bare apical O
level in La2CuO4 indeed lies closer toEF by an amount
;2 eV.41 Although further calculations are needed to get a
more direct comparison with our O level positions, which are
corrected forp-p hybridization, this explanation of the large
c-axis intensity appears to us as much more likely than in-
voking large anti-Jahn-Teller polaronic effects.31 We note,
however, that some~uniform! contractions of the apical O-Ni
bond do happen as a function of increasing Sr content,1,2

which might contribute to the enhancedc-axis intensity at
larger dopings.

The most serious problem with the present interpretation
lies in the position of thexz(S) (1B1) exciton side band. The
1B1 exciton energy is rather weakly influenced by the tetrag-
onal distortion, and taking into account that in other regards
La2NiO4 is expected to be quite similar to NiO, we can use
optical data of the latter to obtain an estimate.2.75 eV for
the 1B1 exciton energy.34 This is close to twice as large as
the actual energy difference between the3B1 peak and the
1B1 sideband of about 1.3 eV in our experimental spectra for
Eia ~see Fig. 8!. This forced us to reduce the values of the
Racah exchange parameters by;30% in our calculations
(B50.1 eV, C50.387 eV) instead of using the numbers
determined by optical spectoscopy on NiO (B50.13 eV,
C50.6 eV). Assuming that our assignment is correct, this
indicates a rather strong covalent reduction of these param-
eters, in fact a much stronger reduction than deduced from
the expected ionicity of this Ni compound. Covalent admix-
ture will have a similar reducing effect on the magnitude of
the ground state magnetic moment. Interestingly, Kaplan
et al.42 found an anomalously small magnetic moment in the
nickelate from their analysis of the neutron scattering form
factor. These authors put forward an alternative explanation
for this moment reduction. Recently it was shown that local
fluctuations involving low-spin1A1 states can also lead to a
reduction of the local moments.43,42 For this to happen, the
system has to be close to the high-spin–low-spin transition.
These fluctuations are driven by the superexchange interac-
tion, while they have to overcome the1A1 exciton energy.
We already pointed out in the beginning of this section that
the vicinity to the high-spin–low-spin transition is in fact
measured in our experiment by the relative peak position of
the 1A1 ~ Eic! compared to3B1 ~ Eia! line. The experimen-
tal separation between the3B1 and the1A1 final states cor-
responding to the low-spin exciton energy amounts to.0.3
eV. However, this number could be increased up to.0.6 eV
when taking into account an eventual O 1s binding energy
shift between planar and apical O sites of; 0.3 eV. In the
calculations, this excitation energy is mostly tuned byEz ,
requiringEz51.3 eV in agreement with the estimate from
the splitting between the peak positions of the excitonic Ni
2p1/2 lines for the different polarizations. This is rather large

compared to the superexchange interactionJ'0.03 eV de-
termined from polarized Raman scattering measurements.44

Together with the fact that these low-spin–high-spin fluctua-
tion will not change the1B1 energy, this explanation appears
to us as less likely. Further experiments~e.g., optical absorp-
tion at half filling! are needed to come to a final conclusion.

V. DYNAMICAL SPECTRAL WEIGHT TRANSFER
AND COHERENT POLARON HOPPING

The interesting thing about the data presented in Fig. 4 is
the similarity between the doping dependence of the NEX-
AFS prepeak intensities in the cuprate and the nickelate,
whereas the results on the integrated low-energy spectral
weight from optical spectroscopy for these two systems are
obviously quite different from each other. Several articles
dealing with high-energy12,45,14,13 and optical spectros-
copy35,20 on LSCO have been published so far, all of them
giving evidence for a nonlinear increase of the doping-
induced structures at lower energies. In the case of NEXAFS
this increase can be divided into a static~intracell! and a
dynamical ~intercell! part, the former yielding a linear
growth with doping whereas the latter gives a nonlinear
contribution.15,18,17Since due to a positive feedback between
electron-phonon interaction and Zhang-Rice localization8 po-
larons and, furthermore, polaron structures are formed in the
case of LSNO, a suppression of the dynamical transfer of
spectral weight could be expected in this compound if these
polarons have to be considered as small. From the analysis of
the LSNO data, we will show that this system isnot in the
small polaron regime. Thus there seems to be a substantial
overlap between these local lattice distortions even for lower
dopings.

To illustrate the physics behind the transfer of spectral
weight effects, let us consider a two-site Hubbard model
originally suggested by Sawatzky,46 characterized by a Cou-
lomb interactionU@t, wheret denotes the transfer matrix
element. First consider half filling, with one electron on each
site. Clearly, there is an equal number of ways to add or
remove an electron~one per site! and the added electron
always doubly occupies a site, costing an energy;U. Hence
we find an upper~UH! and lower~LH! Hubbard band, sepa-
rated byU, with equal spectral weights;1. Let us now
consider the situation where we have doped one additional
hole. The spin 1/2 ground state wave function is trivial (l ,r
indicate the left and right sites!,

uf0&5
1

A2
~cl↑

† 2cr↑
† !uvac&, ~5.1!

taking a positivet. Mimicking NEXAFS, we want to know
the spectral function of adding an electron at, say, the right
site,

A~v!5(
s

^f0ucrsd~v2H !crs
† uf0&

5(
js

z^ j ucrs
† u& z2d~v2Ej !, ~5.2!

where j is the j th eigenstate, at energyEj , of the two-
electron problem. To keep matters as simple as possible, we
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neglect half of the Hilbert space and consider only the three
states directly reached by adding an electron on the right
site—the remainder of the Hilbert space does not matter as
long as we are not interested in the internal structure of the
Hubbard bands. Hence we have the~triplet! eigenstate
reached by adding an up electron,

u3&5cl↑
† cr↑

† uvac&, ~5.3!

as well as theMs50 states reached by adding the down
electron,

u0&5cl↑
† cr↓

† uvac&,

uU&5cr↑
† cr↓

† uvac&. ~5.4!

The latter two states are connected by hopping and because
t/U!1 the eigenstates are

u1&5u0&2
t

U
uU&,

u2&5uU&1
t

U
u0&. ~5.5!

Stateu1& is ~like u3&) a LH state atE.0, andu2& is an UH
state at.U, both corrected for their mutual hybridization.

Filling in statesu1&–u3& in Eq. ~5.2! for the spectral func-
tion yields to lowest order int/U

A~v!5S 11
utu
U D d~v!1S 122

utu
U D d~v2U !, ~5.6!

the two terms representing the unoccupied part~by doping!
of the lower Hubbard band, and the upper Hubbard band,
respectively.

Compared to band insulators, Eq.~5.6! is rather odd. In
the noninteracting case, the number of states in the conduc-
tion and valence bands would be fixed and the relative
weights would be 1/2 for the unoccupied part of the valence
band and 1 for the conduction band. First considert/U→0.
In this limit we find weights;1 and 1/2 for the LH and UH
bands respectively, exactly opposite to the band limit. This is
in fact a triviality occurring in the simple electrostatics prob-
lem corresponding to the classical (t50) limit of the Hub-
bard model: there is no way of feeling the on-site Coulomb
energyU for the added electron, if the site it reaches is
empty. Hence, every doped hole removes a state from the
upper Hubbard band and adds it to the unoccupied part of the
lower Hubbard band. For the extended system, the UH
weight ;12x per site while the LH grows;2x per site,
twice as fast as expected from doping alone.

In addition, Eq.~5.6! indicates that a finitet increases the
weight of the low-energy spectral weight further, relative to
the weight of the upper Hubbard band, by amounts;t/U.
This so-called dynamical spectral-weight transfer effect
yields more interesting information: the spectral weights
measure the degree of quantum coherence on short length
scales in the ground state. This is easily deduced from the
above toy model. The phasing of the low-lying stateu1& is
similar to that of the ground state and the phasing of the
high-lying stateu2& is opposite. This is a rather general prop-
erty of wave functions: the low-lying states are bondinglike,

like the ground state, and the high-lying states have to be
orthogonal. Therefore constructive interference is found at
low energies, and destructive interference at high energies.

The full theory is controlled by the parametert/U. If this
parameter is small, the physics remains local and the above
toy model is representative. The integrated weights for the
lower and upper Hubbard bands of extended systems turn out
to be, to first order,16,19

ALH~x!52x12
utu
NU(

ids
^ci ,s

† ci1d,s&,

AUH~x!512x22
utu
NU(

ids
^cis

† ci1d,s&, ~5.7!

whereN is the number of sites. The local~or bond! kinetic
energŷ ci

†ci1d& measures the quantum coherence around the
site i , and has to be calculated from the true many-particle
ground state. In this regard, a major simplification is
achieved in the toy problem@with Eq. ~5.1!, ^cl

†cr&51#.
Let us now reconsider the above in the presence of large

electron-phonon couplings and low carrier densities, and ask
what happens with the spectral-weight transfers if small po-
larons are formed. One first considers the electron-phonon
bound state formed if the electron is localized, and the delo-
calization~hopping! is taken into account perturbatively. In
more detail,47 consider the electron-phonon Hamiltonian,

He2ph5t(
ids

ci1d,s
† cis1(

q
vqaq

†aq

1(
iqs

cis
† cise

iq•RiMq~aq1a2q
† !, ~5.8!

assuming as before a single relevant electronic state per unit
cell, with a local~Holstein! coupling to a phonon bath. The
system Eq.~5.8! is transformed using the ‘‘displaced pho-
non’’ canonical transformation, which would yield the exact
answer ift50,

He2ph8 5eSHe2S,

S52(
iqs

nise
iq•Ri

Mq

vq
~aq2a2q

† !,

He2 ph8 5(
q

vqaq
†aq2Epol(

i
nis1t(

ids
ci1d,s
† cisXi1d

† Xi .

~5.9!

Hence we have fully relaxed the lattice around the electron,
yielding a polaron binding energyEpol5(qMq

2/vq , at the
expense of introducing a complicated multiphonon process
in the hopping,
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Xi5expF(
q

eiq•Ri
Mq

vq
~aq2a2q

† !G , ~5.10!

expressing the fact that the full dressing cloud has to be
pulled around in the hopping process. The dressed hopping
term in H8 is the source of the formidable difficulties of
small polaron theory, which can only be handled in some
limiting cases.

Let us now return to the issue of the spectral-weight trans-
fers. Although at first sight, we seem to complicate matters
further by adding a Hubbard termU/2( isnisni2s to Eq.
~5.8!, the ramifications with respect to the spectral-weight
transfer are simple. The point is that the relevant physical
limit amounts toU@Epol : the time scale for the fluctuations
involving the upper Hubbard band is much shorter than the
relaxation time relevant for the polaron formation process. In
other words, the phonon dressing in the ground state can be
considered as frozen on the time scales involved in the de-
termination of the spectral weights. In terms of the toy
model, the doubly occupied statecr↑

† cr↓
† uvac&, for instance,

should have as much phonon dressing as the statecr↑
† uvac& if

one wants to determine the lowest moments of the spectrum.
Technically, one has first to integrate out the fast fluctuations
involving the upper Hubbard band, using the canonical trans-
formations of Harris and Lange,16 and subsequently the
~slow! phonon fluctuations using Eq.~5.9!.48 One finds

ALH~x!52x12
utu
NU(

i ,d,s
^cis

† ci1dsXi1d
† Xi&,

AUH~x!512x22
utu
NU(

i ,d,s
^cis

† ci1dsXi1d
† Xi&, ~5.11!

with theX’s as given by Eq.~5.10!. This is the central result
of this section. It states that by studying the spectral weights,
information is obtained about a central quantity in small po-
laron theory, the renormalized bond kinetic energy
;^ci

†ci1dXi
†Xi1d&. In the ‘‘classic’’ small polaron theory it

is assumed that macroscopic properties like transport can be
directly inferred from the renormalizations on the shortest
length scales as described by Eqs.~5.9! and~5.10!. The sig-
nificance of Eq.~10! is that this assertion can be tested di-
rectly, and we will see that the situation in the nickelates is
quite likely more complicated.

Equation~5.11! is within the limitations of the model as-
sumptions a rigorous result. The problem is that the quantity
^ci1d

† ciXi1dXi& has to be calculated as an expectation value
with regard to the full many-body ground state. Even in the
absence of electron-phonon coupling this is a formidable
task which cannot be executed except in some exceptional
cases where the ground state is known.19 However, some
limiting cases can be studied and in the present context the
small polaron limit is of interest, which is straightforward to
derive. The small polaron limit is defined by demanding that
the bare hoppingt!Epol in Eq. ~5.9!. In lowest order, one
can neglect the mixing of states in the Hilbert space having
different phonon occupations, and taking the expectation val-
ues one derives47

^ci1d,s
† cisXi1d

† Xi&5t expF(
q

Mq
2

vq
@12cos~q•d!#

3~2Nq11!G , ~5.12!

or roughly

^ci1d,s
† cisXi1d

† Xi&.t exp~2a2!, kBT!v0

.t expS 2a2
kBT

v0
D , kBT.v0 ,

~5.13!

wherev0 is the Debye frequency anda2.Epol /v0 the av-
erage number of phonons bound to the electron. In other
words, at zero temperature the bare hopping gets reduced by
a mass enhancement factor which is exponential in the num-
ber of phonons bound to the polaron. At temperatures of
order of the Debye temperature, real phonons start to prolif-
erate, dephasing the coherent polaron motion and adding a
further exponential dependence on temperature. The ramifi-
cations for the spectral-weight transfer are obvious: substan-
tial phonon dressings would lead to a strong suppression of
the dynamical effect already at zero temperature and the
remnants of the dynamical effect would disappear quickly
with rising temperature.

The preceding discussion is valid in the limit of infinitely
small hole density, and matters get further complicated at
finite densities. In the nickelate we are helped by the knowl-
edge that the holes form classically ordered structures, like
domain walls and polaron lattices. In zeroth order we can
think of the polarons as classical objects occupying separate
regions in space. However, every polaron will behave quan-
tum mechanically in a finite region of space around its aver-
age position and if the interparticle spacing becomes less
than this coherence length, one expects deviations of the
monotonic increase of the spectral-weight transfer with par-
ticle density, as expected for nonoverlapping holes. Generi-
cally, these overlap effects will cause a positive curvature to
the density dependence of the dynamical spectral-weight
transfer. The neighboring hole will act to increase the quan-
tum fluctuations of the hole under consideration, thereby in-
creasing the bond kinetic energy—at the end one has to ap-
proach a quantum limit such as, for instance, the Fermi
liquid. We notice that this behavior is rather nicely illustrated
for calculations of the spectral weight transfers of~quantum
dominated! Hubbard models, where one always finds these
curvatures.17,19 As we will now demonstrate, the qualitative
behavior of the spectral-weight transfers as a function of
doping is more easily studied experimentally than the abso-
lute magnitudes needed to decide on the behavior of a single
hole.

Let us consider the intensity of the doping-induced pre-
peaks in the NEXAFS spectra of LSCO and LSNO forEia
as a function of the Sr concentrationx as shown in Fig. 4~a!.
The data point atx50 for La2NiO41d has to be neglected
since the remaining intensity in the prepeak region of the
undoped sample is undoubtedly due to remaining excess O in
that sample. This is supported by NEXAFS studies on
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La2NiO41d with 0.00<d<0.12,31 where the intensity of the
prepeak ford50.00 was found to be much lower compared
to that in the O 1s data of the actual La2NiO41d sample
with an estimated excess O stoichiometry of 0.02<d<0.03
~see Figs. 2 and 3!. Analogous changes in the O 1s data of
La2CuO41d as a function ofd can be found in Ref. 12. Thus
the data point for an effectively undoped sample~i.e., x50
and d50) has obviously to be set to zero intensity as has
been done in Fig. 4~a!.

The shapes of the curves for LSNO and LSCO are similar
in their common doping range, both exhibiting a distinct de-
viation from the linear increase expected from the localized
limit ( t50) behavior.15,18 This indicates that there is a sig-
nificant dynamical contribution to the transfer of spectral
weight in both compounds.

Comparing the prepeak intensities from the NEXAFS
data with the respectiveNeff* (v) in Fig. 4~b!, it appears that
the corresponding curves for LSCO show similar behavior in
both experiments. Interestingly, this seems not to be the case
for LSNO, since the optical data follow a more or less
straight line, whereas as stated above the NEXAFS data ex-
hibit a significant curvature. The reason for this discrepancy
between the optical and the NEXAFS measurements on in-
sulating LSNO is possibly due to the different length scales
probed in the experiments in connection with the quantum
coherence length between the polarons in this compound.
From the fact that the dynamic transfer only shows up in the
NEXAFS data, we assert that there is a quantum coherence
between the sites of neighboring polarons on the length scale
of a lattice constant, whereas on the scale probed by optical
measurements the polarons appear as classical objects. This
results in the disappearance of the dynamical contribution to
the transfer of spectral weight in the optical data on LSNO as
can be seen in the data by Idoet al.20 Up to now, it is not
clear to us how to think about this length scale, and further
theoretical work is needed to clarify the role of polaron phys-
ics with regard to transfer of spectral weight effects in the
optical conductivity.19 On the other hand, the similarity be-
tween the cuprate NEXAFS and optical data points out that
in this metallic compound quantum effects also play a role
on large length scales, as can be seen from their occurrence
in the optical data.

In summary, although it is hard to quantify the data, we
conclude that the holes are still quantum mechanical on the
scale of a lattice constant and the system isnot in the small
polaron regimeas defined by Eq.~5.12!. This is not entirely
surprising. The only reason to believe in small polarons
comes from semiclassical calculations which are known to
yield a lower bound only for the polaron coherence length.6,7

At the same time, our finding gives some insight into the
nature of the ordering phenomena occurring in the doped
nickelates.Quantum mechanics plays a role in the formation
of polaron lattice9 and domain wall10 phases found in the
doped nickelate. As usual, one has to compare the quantum
coherence length of the particles,j, with the interparticle
distance as implied by the ordering,l . If j! l one is dealing
with a fully classical crystal, while the opposite limit is of
relevance, e.g., to BCS superconductors. Consider the po-
laron lattice, discovered by Chenet al.9 for x50.5. If the
polarons were classical, they would occupy every other lat-
tice site so thatl52a0.j, wherea0 is the lattice constant.

From the NEXAFS data we infer thatj.2a0 and it follows
that the polarons have substantial overlaps. This is consistent
with other observations. For instance, atx50.33 a rather
dense striped phase of charged domain walls is believed to
exist.9 Although at least perpendicular to the wallsl.2a0 ,
Chenet al. do not find higher harmonics, implying that the
width of the domain walls~due to quantum zero-point mo-
tion, i.e., j) is at least of order of their mutual separation.
Finally, even atx'0.20 where the third harmonic has been
found,10 the latter is quite weak indicating that the width of
the walls is still of order of the wall-wall distance;4a0 .

VI. SUMMARY

We have performed polarization-dependent x-ray absorp-
tion measurements near the O 1s and Ni 2p edges of
La22xSrxNiO41d single crystals over a wide doping range
of 0<x<0.6. From a comparison with the same kind of data
on La2CuO41d and NiO, we get direct evidence for the dif-
ferences in the energetic ordering of states with different
atomic character and orbital symmetry close to the Fermi
level between the undoped compounds. The underlying rea-
son for this is the different size of the Jahn-Teller distortion
within the Ni~Cu!O6 octahedra, resulting in a tetragonal
crystal-field splittingEz of about 1.3 eV between theeg or-
bitals (x22y2 and 3z22r 2) of the transition metal atom in
La2NiO41d as well as the difference in thed-band filling.

From a detailed comparison of the experimental spectra of
doped LSNO with results from cluster calculations using an
appropriate parameter set based on that of NiO, we find that
the prepeaks in the polarization-dependent O 1s NEXAFS
spectra can be assigned to the low-lying3B1 final state, in-
cluding d-d excitons leading to1A1 and

1B1 sidebands for
Eic andEia, respectively. The results yield an energy dif-
ference between the high- and low-spin states of the undoped
La2NiO41d of ;0.3–0.6 eV corresponding to the3B1-

1A1
separation. Furthermore, the observation of the3B1/

1B1
doublet gives direct evidence for the Zhang-Rice nature of
the doped carriers in LSNO.

Since the Sr dependence of the intensity of the doping-
induced prepeaks in LSNO exhibits a distinct dynamical
contribution to the transfer of spectral weight, we conclude
that the polarons in doped LSNO can be considered as
quantum-mechanical objects on a length scale of the order of
a lattice constant. Thus the polarons seem to have a substan-
tial overlap and therefore LSNO cannot be considered as
being in the small polaron regime. Together with the struc-
tural information from other experiments, this raises the
question whether the observed formation of polaron domain
walls and polaron lattices has to be considered as a result of
this large quantum coherence length.
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