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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 La_,Sr,NiO,, s single crystals for &x=<0.6. The results are compared with recent
data on La_,Sr,CuQ,, s, and NiO and with detailed cluster calculations on a pi€uster. From this, we
determine the energetic ordering of the states close to the Fermi level vifZh)Nid,2 _,2/O 2p, , and N(Cu)
3d;,2_2/lapex-O D, orbital character for the undoped compounds. We find dhdtexciton side bands show
up in the final states of La ,Sr,NiO,. s, giving evidence for the Zhang-Rice character of the doped carriers.
The spectral-weight transfer in the G $pectra shows a significant dynamical component. Thus, we suggest
that the polarons in La ,Sr,NiO,4, s 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 nickelate leading to the formation of small polarons in
LSNO. A detailed theoretical analysis of the mechanisms

The electronic structure of La ,Sr,NiO 4, s (LSNO) has  leading to the formation of polaron lattices and domain walls
been a controversial issue for a long time because of it LSNO has been performed by Zaanen and Littlewbod.

interesting magnetic, transport, and structural propetfies. According to their results this is made possible due to the
Although it is closely related to the isostructural high- positive feedback between the the electron-phonon coupling

temperature superconductor 48.Sr,CuQ,, 5 (LSCO), the ;azr;?ict)?]e ordering tendencies given by the Zhang-Hioeal-

transport properties of these two materials are quite different. |, 5 recent electron diffraction study, Chenal® demon-
It seems now to be e_stabllshed that the nickelate does NQfrated charge ordering in the form of a polaron lattice at
become superconducting even at very low temperatures. Thﬁigher doping concentrations in kgSroNiO,. 5. For the
is in contrast to earlier studies reporting the occurrence ofpwer-doping regime (La,NiO, 1,9 Tranquada et al®
superconductivity in this systef. showed by means of single-crystal neutron diffraction that at
It is now becoming increasingly clear that the nickelatesiower doping the holes order in domain walls that form an-
are interesting systems on their own, which show rich phystiphase boundaries between antiferromagnetic domains in the
ics and complex phenomena such as electron correlation armtdered Nel background and which line up to form a striped
polaron localization. There is now both experimental andphase.
theoretical evidence for the electron-phonon coupling as the Up to now, near-edge x-ray absorption spectroscopy
main reason for the insulating behavior of the doped nick{NEXAFS) has provided a significant contribution to the un-
elates. On the experimental side, Strangfetchl* pointed  derstanding of the underlying physics in the undoped and
out the polaronic character of the doped charge carriers idoped transition metal oxides. The issue of whether Li-doped
LSNO. An estimate for the polaron localization energy of NiO also has to be considered as a charge-transfer insulators
~0.2 eV has been given by Bi and Eklunfiom optical or as being in the intermediate regime between Mott-
conductivity data. This is in agreement with calculations byHubbard and charge-transfer insulatéris still under de-
Anisimov et al,® which also stress the importance of stron- bate. Direct evidence for the charge-transfer nature of LSCO
ger self-localization effects for holes in LSNO as comparechas come from electron energy-loss spectrostofELS)
to LSCO. They conclude that the reason for this is the interand NEXAFS?* This was accomplished by showing that
play of a planar breathing-type lattice relaxation of thethe intrinsic hole has predominantly Cuwd3 2> character
NiOg octahedron and an enhanced magnetic confinement with a small admixture of O 2, , states, whereas the doped
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holes have predominantly planar p,2, character with a floating zone method as described elsewteaed prepared
small admixture of Cu 8,2 ,2 orbitals. The so-called with one surface parallel to the crystallographic (010) plane
spectral-weight transfer effect, occurring as a function ofof the tetragonal unit cell. It is well known that samples with
doping and directly seen in NEXAFS, was used to make a low Sr stoichiometry X<0.2) can accommodate a large
strong case for the effective single-band Mott-Hubbard naamount of excess O with08<0.2, %% whereas for inter-
ture of the carrier state's. mediate doping (02x=<0.6) the O concentration is very
The spectral-weight transfer effects, i.e., the redistributiorciose to the correct stoichiometry. Thus in the present study
of weight between high- and low-energy bands due tothe samples withk<<0.2 were annealed together with CuO
changes in the hole concentration, have been extensively ipowder in vacuum sealed silica tubes at 800 °C for 30 h in
vestigated especially in the cuprate superconductors. The efirder to make sure that the concentration of doped holes is
fect is theoretically well understood, at least to the extent thagontrolled by the Sr stoichiometry alone for the whole
it is clear which microscopic quantities are actually sample series. All samples were then mounted on sample
measured®>*"~*?At the same time, one can question the holders and fresh, shiny (010) surfaces were prepared using
significance of this information in the context of metals. In gn ultramicrotome with a diamond knife.
the case of local measurements like NEXAFS, one can infer The near-edge x-ray-absorptiotNEXAFS) measure-
from the spectral-weight transfers whether the electrons argyents were performed using linear polarized synchroton ra-
quantum-mechanically coherent on a length scale of order dfiation from the AT&T Bell Laboratories Dragon beamline
two unit cell dimensions. Because higl-superconductors, at the National Synchrotron Light Source. The energy reso-
like all metals, are quantal up to macroscopic scales, thgition of the monochromator was set t¢0.1 eV and
usefulness of this information may be considered as ques<(.35 eV at the O 4 and Ni 2p5, absorption threshold,
tionable. However, if lattice-polaronior other “localiza-  respectively. A high degree of linear polarization of
tion” effects) become important, this question gets meaning{98+1)% has been chosen. The ®dnd Ni 2p absorption
ful again. Let us consider, for instance, the doped nickelatessdges of a polycrystalline NiO sample together with EELS
Undoubtedly, the electrons are classical on macroscopigata on the same compound were taken for the energy cali-
scales: domain wall solids or polaron lattices are formedpration. Bulk-sensitive spectra were recorded using a seven-
Mean-field calculations are well known to yield a lower element Ge array fluorescence detector, with the photon flux
bound for the polaron size, to be understood as the maximuimultaneously monitored by the drain current from a Au
Spatial extent of the vibronic wave function. Applled to the mesh. In order to perform orientation_dependent measure-
nickelate’ these calculations indicate that this system is apments, the(010) surfaces of the crystals were mounted per-
proaching the small polaron limit where the polaron fits intOpendicuIar to the incoming beam and the crystallographic
one unit cell: although the polaron is actually formed due toor ¢ axis was oriented parallel to the polarization vector of
severe quantum fluctuations within the unit cell, quantumthe synchrotron radiation by rotating the samples around
fluctuations seem unimportant on any larger scale givemheir surface normal. Therefore optical path variations ham-
some reasonable temperature. At the same time, the strugering the direct comparison of the anisotropic spectra were
tural datd° seem to indicate that the polarons are substangliminated. The O & raw data were corrected for self-
tially larger, implying quantal behaviour on the scale mea-apsorption effects according to a procedure described
sured by the spectral-weight transfers. Hence, in principlegjsewheré? Finally, the spectra were normalized to absorp-
this issue can bprovenby NEXAFS experiments. tion coefficients from standard tabf@sbelow and about

_The purpose of the actual study is to determine if someg0—70 eV above threshold, taking into account the O stoichi-
thing notable happens when comparing the NEXAFS data 0pmetry of the samples.

cuprates and nickelates. A brief description of the experi-

mental setup and the results obtained so far is given in Secs.

Il and Ill, respectively. By comparing spectra f&fla and . RESULTS

Elc polarization one would naively expect that somehow |, Fig. 1, we show the polarization-dependent ©b-
large ionic motions along the axis are involved in the po- sorption edgesE|a and E||c) of the undoped antiferromag-
laron formatlon effe<_:t. A more quantltatlve analysis using hetic insulators LaNiO,, s and La,CuOy,, 5, respectively.

d-d exciton mechanism presented in Sec. IV shows that thi§o o prate data are taken from our earlier measurenfients.
is not necessarily the case. From the analysis of the transfefi, e 1 4150 displays the spectrum for polycrystalline NiO.
of spectral weight for LSNO as well as LSCO _prese_nted "o anisotropy is expected for the latter compound, since its
Sec. V, we conclude that there IS a substartighamical __crystal structure corresponds to cubic NaCl. Therefore it can
spectral-weight transfer present in both systems, showings oomnared directly with each of the anisotropic spectra of
that the polaron domain walls in LSNO are still quite quan-w,e 1y other compounds. As mentioned above, the spectra
tum delocalized on length scales of the order of the x-ray,ie normalized between 590 and 610 eV according to their O
wavelength(i.e., two unit cell$. This is not unreasonable in

: : .stoichiometry. For clarity reasons, the data for NiO have
the light of the rather delocalized appearance of the domaifj, multiplied by a factor of 4. The doping-dependent spec-

walls in .the neutron scattering experlments. In Sec. VI, Wera for La, ,SrNiO,. 5 for both polarizations are given in
summarize our results from experiment and theory. Fig. 2, while Fig. 3 shows the respective prepeak regions.
Dipole selection rules determine the transitions which can
be realized by O 4 NEXAFS measurements.From these,
Large La_,Sr,NiO,, s single crystals £5Xx3x2 it can be anticipated that fd€|a and E|c only s—p, and
mm?3; x=0, 0.1, 0.2, 0.4, and O)6were grown using the s—p, transitions are allowed, respectively. As far as the Ni

Il. EXPERIMENT
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FIG. 1. Polarization-dependent G Absorption edges of single-
crystalline LgNiO 4. s and LaCuO,, ; for E||a (solid circles and

E||c (open diamonds The spectra are normalized between 590 an

610 eV according to their O stoichiometry. In addition, the © 1

edge of polycrystalline NiQsolid line) is shown, multiplied by a  excitations within the NiQ layers. This is supported by re-

factor 4 for clarity reasons. sults from local spin densitfLSDA) band structure calcula-
tions within density functional theof§*® on both LgCuO,

2p absorption edges are concerned, mainly—23d,2-y2  and LgNiO,, band structure studies using self-interaction
transitions are allowed foE||a whereas only unoccupied corrections(LSDA+SIC) 262 and further theoretical studies
3d3,2,2 are probed forEllc. Hence the symmetry of the ihciyding on-site Coulomb and exchange interactions
unoccupied states under investigation can be determlne(qi_SDAJrU)'zs They all predict that the states close to the
from polarization-dependent experiments. Fermi level are related to the CyQNiO,) layers only,

Let us first consider the spectra in Fig. 1. At photon en-,hereas the unoccupied bands at higher energies have to be

ergies above 531.5 eV one can see the so-called main edge Qfnsidered as a superposition of states resulting from both
the O Is spectra, which is determined by @ 2rbitals of O 4 Cu0, (NiO,) and La-O layers.

atoms from both within the planar La-O layeffsybridized Despite the overall similarity, there are some distinct dif-

with La 5d,4f stateg and within the NiO, sheets(hybrid-  orences between the spectra for LSNO and LSCO. At about
ized with Ni 3d orbitalg. On the other hand, the prepeaks in 532 eV, a strongly in-plane-polarized peak can be seen in

the energy range below 531.5 eV have to be assigned tognO and LSCO forE||a (Fig. 1), which does not change

upon doping for the lattef 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 concentratipgee Fig. 2a)]. As
did Kuiper et al,?° we assign this feature in LSNO at least
partly to the Ni 31° final state of the upper HubbardUH)
band having mainly Ni 8,2_,2 character hybridized with O
2py orbitals within the NiG, planes. Support for the valid-
ity of this interpretation comes frorti) the strong in-plane
polarization of this peak(ii) the close coincidence of its
energy position with that of the corresponding Ni%3final
state in the O & 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
525 530 535 540 some ambiguity concerning the quantitative evaluation of
Photon energy (eV) this excitation, as will be discussed in Sec. IV. The prepeak
related to the same transition into the UH band &@d
FIG. 2. Polarization-dependent Os labsorption edges of 3d'°final state for La,CuO, ; is at 530.2 eV, whereas in
p-type-doped La_,Sr,NiO,. 5 for E|a (a) andE|c (b). The data  the isotropic spectrum of NiQFig. 1), it appears at about
are labeled with the Sr concentratign 531.8 eV.

FIG. 3. Prepeak region of the Oslabsorption edges of
La,_,SrNiO,, ;for E||a (a) andE|c (b). The data are labeled with
dthe Sr concentratior.

Absorption (arb. units)




10670 E. PELLEGRINet al. 53

The low-energy prepeak at about 530.9 eV in the spec-
trum for E| c of La,NiO 4, 5 (Fig. 1) has to be assigned to the
x UH band having mainly Ni 8@,2_,2 character hybridized
with apex O 2, orbitals. This is in perfect agreement with
recent LSDA+U band structure calculations by Czyzyk and
Sawatzky?® This prepeak at 530.9 eV is much stronger than
the corresponding spectral weight at 529.7 eV in
La,CuO,, s, indicating the enhanced number of unoccupied
states in out-of-plane apex-@4Ni 3dj3,2_,2 orbitals com- I T T
pared to those of apex-Qp2/Cu 3d;,2_,2 parentage in the '] Optical spectroscopy
cuprate. In analogy to results from NEXAFS measurements 0.4
on La,_,Sr,Cu0,. 5,'>* we have to keep in mind an O 034
1s binding energy shift between the planar and apical O sites
(~0.3 eV in LSCQ which is possibly also present in the
actual La,_,SryNiO 4, s data. This would lead to an overall 0.11
increase of the differences between the threshold energies in 0.0-
the E||a and E| c spectra, which will be of considerable im- 00 010203040506
portance for the discussion in Sec. IV. Since reliable experi-
mental O & hinding energies for the different O sites in
La,-xSryNiO4, s are not available at this time, there is N0 F|G. 4. Sr dependence @) the intensity of the doping-induced
clear evidence whether such a binding energy shift has alsgrepeaks in the O 4 NEXAFS spectra andb) of the integrated
to be taken into account in the case of the nickelate. low-energy spectral weighil*,(w) from Ido et al. (Ref. 20 for

The most pronounced changes with doping in LSNO areg||a of La,_,SrNiO,. 5 (solid symbols and La_,Sr,CuO,, s
seen in the pre-edge features below 531(s& Fig. 3. For  (open symbols The lines are guides to the eye.
Ella, a prepeak shows up in the former gap at about 528.7 eV
which increases in intensity with increasing Sr concentrationthe spectrum fox=0 and those witkx>0 in both systems.
The shape of this structure differs strongly from the corre-The integration of the difference spectrum was performed
sponding prepeak in LSCE;** but is very similar to the from 525 to 530.9 eV and from 525 to 529.7 eV in the case
doping-induced peak in LNi; _,0.3° We attribute its occur-  of LSNO and LSCO, respectively. Error bars have been in-
rence in the annealed LAIO,, s sample to remaining ex- cluded in Fig. 4 in order to take into account experimental
cess O atoms and estimate their amount from a comparisarrors in the determination of the spectral weights from the O
of the prepeak intensity with that for=0.1 and 0.2. From 1s data and in the Sr stoichiometry. Since the ©spectra
this, we get an amount of excess O atoms ofof both systems were normalized to the same absorption
0.02< §=<0.03. Additional support for the close relationship cross section in the energy range between 590 and 610 eV
between the intensity of this structure and the amount ofar above the Fermi level, the spectral weights of the doping-
excess Op, can be found in the recent NEXAFS studfes induced prepeaks can be directly compared. In addition, the
on the O Xk absorption edges of L&iO,,s with corresponding integrated low-energy spectral weights
0.00< §<0.12. ForE|c, the structure at 530.9 eV decreasesN*(w) from optical conductivity data by Id@t al?® are
and shifts to higher energies, whereas a peak shows up ptesented in Fig. @).
529.1 eV and gets stronger with doping. A similar behavior From the doping dependence of the prepeak intensities in
has been found in LSCO foE||c, but with substantially Fig. 4(a), it is obvious that the nickelate and the cuprate
lower intensity!>4 show a similar behavior under doping since the data from

The doping dependence of the low-energy excitations foboth systems exhibit almost the same absolute intensities and
Ella (E|c) in LSNO clearly exhibits the transfer of spectral a substantial curvature. This is not the case for the integrated
weight from the thez (x) upper Hubbard band at 532 eV low-energy spectral weight from the optical measurements
(530.9 eV to the doping-induced low-energy prepeak at[see Fig. 4b)], where the nickelate displays a linear doping
about 528.7 eM529 e\) with increasing dopant concentra- dependence in contrast to the cuprate. The implications of
tion. This behavior is well known from the Oslabsorption these results will be discussed in Sec. V.
edges of other late transition metal oxides like, e.g., LSCO or The occurrence of strong saturation effects in the fluores-
Li4Ni,_,O. Only the transitions into theandx upper Hub-  cence yield NEXAFS data and the overlap with the strong
bard bands are expected to show this decreasing intensity lra3ds, white line make the measurement of the Nig2
combination with an energy shift to higher energies undemabsorption edge impossible. Thus one is restricted to the
p-type doping. This gives further evidence for assigning theanalysis of the Ni p,,, absorption edges, which are shown
peak at 532 e\(530.9 eV} for E|a ( E||c) to thez (x) upper  for La,NiO,, s and La ¢Sry ;NiO,, s for both polarizations

Intensity (arb. units)

Sr concentration x

Hubbard band. in Fig. 5.

The intensity variations of the two NEXAFS pre-edge
structures folE|a as a function of the Sr concentratigrare IV. EXCITON SIDEBANDS AND ZHANG-RICE
shown in Fig. 4a) together with the same kind of data from ' DOUBLETS

the doping-induced prepeak f&fla in LSCO from our ear-
lier publication®® The spectral weights have been evaluated Let us now turn to a more detailed interpretation of the
by integrating the spectral weight of the difference betweerspectra. Compared to LSC®!*the prepeak region is more



53 O 1s NEAR-EDGE X-RAY ABSORPTION OF ... 10671

T T i Il El2 7] Ele
Ni2p,, 7o 8.0
. _ d~ d*~d
Z [3 [ |
E! B, UH
—_~ g lAl X z
é 2 1 7
s ?) B, E,
£ £ |
g /III
’% Energy
ﬁ FIG. 6. Spectral function for a high-spitf system with low-

spin (B;) holes without takingp-d covalency into accourtsolid
bars:E| a; hatched barsE||c; UH=upper Hubbard subbahd
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Photon energy (eV)
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FIG. 5. Ni 2p,, absorption edges of L&iO,,s and

La, ¢Sry4NiO,, s for El|a (solid circles andE||c (open circleg The 1
data are labeled with the Sr concentratian |'B1(x2))= E(|XTZL)— Ix1zT)),
complicated in the doped nickelates. Fja, the large band |PAL(XX))=|xTx] ). 4.2

at threshold is accompanied by a high-energy shoulder. In

this section we will present one possible interpretation forln addition one has thg'B;) states withM=0,—1 and the
the structures in the prepeak region, based on theoretical obighly ~ excited (by crystal field singlet state
servations by Zaanen and OfésThese authors showed that |'A1(z2)=1z1z]). According to ligand-field theory, these
in cases like the nickelates the carriers are composite paflates have an energf{~ tetragonal crystal fieldB and
ticles, consisting of physical holes bound to excitons. In di-C are Racah parameters

rect analogy to phonon sidebands in the case of polarons, the

removal of the physical hole releases uncompensated exci- E(°B;)=—8B+3C+E,,
tons which show up as high-energy bands in the spectral
function. E('By)=2C+E,,
Of special concern is the large intensity fgfc polariza-
tion, compared to that foE||a (see Fig. 3. This could be E(*A;)=4B+3C+E,[1— \/1+(4B+C)2/Ezz],
interpreted as indicating a lattice-polaronic dressing involv- 4.2

ing the motion of the apical oxygens toward the central Ni
atom3! However, it is hard to imagine a mechanism stabiliz-Where we have correcteB(*A;) for the mixing with the
ing such an “anti-Jahn-Teller” polardrin the context of the |*A1(z2)) state, which is otherwise unimportant. The ground
nickelates, and the observations which will be discussed istate of LgNiO, is composed of the local high-spin states
the next section seem to argue strongly against such larg&B,), indicating that the Hund's rule interactions overcome
polaronic deformations. To resolve this issue, as well as téhe crystal-field energy,. In the terminology of Zaanen
study the exciton sidebands, we present a calculation dealirgnd Olés the Hund'’s rule interactions have bound an z
with different aspects op-d covalency in more detail. We exciton to the “noninteracting” low-spirj*A;) state® At
find that the largee direction weight can be well explained the same time, as long as the excitation energies of the sin-
by a proper choice of the apical v 2evel position. glet states'B; and A, are less than the charge excitation
The explanation of the exciton sidebands isenergy, these singlets are well defined excitations. These
straightforward—for a more general physical perspective ol excitons are well known and have been extensively studied
these matters we refer to the work of Zaanen and &lés  in the past with optical spectroscopy.
the first instance we focus on the limit of localizddelec- The unoccupied density of states at half filling is rather
trons. Delocalization effects will not change the picturestraightforward. By removing a hole ( E|/c) from 3B, the
qualitatively, as we will show later on in more detail in our x upper Hubbard ¢°) band is reached, while aloreor b
discussion of thelarge p-d covalency. As a first step, we the higher-lyingz UH band is reached by the removal of an
have to understand the excitations supported by th& hole. The resultingd-only spectrum is given in the
“vacuum,” the insulating state at half filling. Besides the d®—d® part of Fig. 6. Comparing the experimental spectrum
spin excitations, the so-calledttd excitons are found at en- of NiO with those for E|]a of undoped LaNiO,, s and
ergies less than the charge excitation gap. These excitons dra,CuQ,, sin Fig. 1, it can be seen that the first strong peak
quite localized and can be described in terms of simplds at 531.8 eV, 532.2 eV, and 530.2 eV, respectively. As
ligand-field theory. Introducing the notation~x?>—y? and  mentioned above, the occurrence of the low-intensity fea-
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tures between 528 and 530 eV in the reducedNi®,, s
sample has to be attributed to remaining excess O. The first :
strong pre-edge is due to transitions into theJH band E, N
consisting of mainly planar GNi) 3d,2_,2 orbitals with
some admixture of O @, , orbitals. The analogous peaks for
the transitions into empty apex-Opg orbitals hybridized
with Cu(Ni) 3dg,2_,2 orbitals of thex UH band are at 531.8
eV in NiO and at 531 eV and 529.8 eV in tEgc spectra of
La,NiO,4, s and LaCuQ,, 5, respectively. From this, it can
be concluded that the separation in energy betweer trel

z UH bands is vanishing in the case of NiO and close-td La,Cuo, La,NiO,
eV in La,NiO,, 5, keeping in mind that the Oslbinding

energy of the apical O site_s is possibly about 0.3 (_eV_Iower FIG. 7. Suggested electronic structure of undopedde,,
than that for the planar O sites. In b@uQ,, 5, the majority | a,Ni0,, and NiO (pl=planar, axapex; LH, UH=lower, upper
of the out-of-plane states seem to be situated bétgw so  Hubbard subbands

that only a very small tail of the related density of states . . . o
appears in the Ogand Cu 2 NEXAFS spectrd®** Thus 2). A more reliable way is to determirig, from polarization-

. . g pendent measurements of the gy 2 absorption edges as
:Ee sep:arfatli)n bet\t/v?en j[he gag parts ofbthetwi glage ?/nd %fesented in Fig. 5. Only transitions into unoccupied states
e out-of-plane states in LEUO, ; Is about 1.8-2 eV, yun 3q., , character are allowed foE|c whereas for

which corresponds to the size of t_hg charge-transfer gap. E||a predominantly empty states wittd2 ,> symmetry are
The reason for the different splittings between &3eor-  proped with a small contribution from unoccupieds_,2
bitals (3dy2_y2 and 3s,2_2) hybridized with O 2 orbitals  orbitals?® Thus we derive a value of1.3—-1.4 eV forE,
of appropriate symmetry is the different size of the tetragonafrom the energy separation between the maxima of the Ni
Jahn-Teller distortion of the GNi)O¢ octahedra and the re- 2p,,, lines for the different polarization directions. Combin-
lated changes in the symmetry of the crystal field at the siténg the information from the NEXAFS data with those from
of the transition metal atom. It is well known from crystal optical optical measuremerts?’*°a schematic picture of
structure studies that the tetragonal distortion of thethe electronic structure of the undoped compounds as pre-
Cu(Ni)Og octahedron is strongest for LBuO,, s and inter-  sented in Fig. 7 can be derived. Recent LSBIA band
mediate for LgNiO ., ; whereas in NiO the octahedron is structure calculatior8 are in qualitative agreement with the
undistorted. Accordingly, our measurements show that th@icture shown in Fig. 7.
tetragonal crystal-field splitting betweenand z UH bands Upon hole doping, carrier states are realized with local
decreases when going from @uO,. s to La,NiO,4, sand  quantum numbers which cannot be constructed from com-
finally vanishes for NiO. A qualitative clue for the related bining the quantum numbers of the added hole with the local
changes within the electronic structure may be taken fronguantum numbers characterizing the vacuum, implying bind-
LSDA band structure calculations on HiO, by Guo and ing of additional excitons to the hole. Specifically, for the
Temmermarf? showing that this splitting decreases with de- nickelate it is almost sure that the lowest-lying carrier state is
creasing distortion in agreement with our findings. Accord-a doublet,
ing to their analysis, this is due to a shift of the antibonding
Ni 3d3,2_,2/apex-O D, band to higher energies with de- *By)=[x1x| 2). 4.3
creasing distortion. The same trend was obtained from clusHigh-spin states involving,, holes are ruled out by the fact
ter calculations including electron-electron interactions forthat trivalent nickelatese.g., LaSrNiQ) have low-spin
La,CuO, LaNiO,, and K,CuF,.*® As a result, the calcu- (double} character.

oxygen ¢ oxXygen ©

NiO

lated symmetry of the intrinsic hole isfor La,CuQ,, and The lower Hubbard band part of the unoccupied density
z for K ,CuF,, and thed® ground state of the nickelate cor- of states reveals the exciton binding. Tipelarized spectral
responds to the expectéx! z1) Hund’s rule *B; triplet. functions in the prepeak region are calculated, using Egs.

However, care has to be taken when trying to derive g4.1) and(4.2),
guantitatively correct estimate for the tetragonal crystal split-
ting E, from the O Is spectra of undoped L#NiO 4, 5. As w)= 2B,|c..8(w—H+E(3B,))c! 2B
an example, Czyzyk and SawatZkyointed out that in the Pal ; (*Balcx CBU)Cx|"By)
nickelate La %l-dominated conduction bands with some 3 1
apex-O 2, orbital admixture extend much further down into =2 8(w)+ = 8(w—AE(*By)),
the energy region of the UH band than is the case for the 2 2
cuprate. This could result in a rather strong hybridization of
the two bands, which leads to difficulties in determining the pe(@)= >, (?B4|C,y8(w—H+E(®By))c) |2B,)
first moment of thex UH band from the O & data. A hint for o
the validity of this assumption may be given by the observa- B 1
tion that the reduction in intensity fd| c due to the transfer = 8(w—AECA), 44
of spectral weight to the low-energy prepeak at 529.1 eV isvhere the energies of the excitons are relative to &)
not restricted to the structure at 531 eV but extends well intgyround state energies, while the weight vectors follow from
the energy region of the main edge above 531.5&¢ Fig. fractional parentage, which is easy to calculate. The structure
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of the prepeak region in the experiment resembles this result 1
(Figs. 3 and & For E|a, the large threshold peako exci- Ph.=—(pL,—pl,),
tons excitedl is accompanied by a much smaller satellite, V2

corresponding with the shake-off of atz singlet exciton.
The peak forE|/c is shifted to higher energies compared to =1 :1( T _pb —pl +pl)
the E||a threshold peak by an amount corresponding to the Pxo=2 P1o7 P27 P3s T Pac),
energy difference between the high- and low-spin states of L
the whole system. —~
Let us now turn to the effects qf-d covalency. This is plz”zi(pI”Jr Py~ P3o™ Pis): (4.6
obviously important since the excitations mentioned above i , i
are probed via the Of2 character, modifying especially the |N€ transfer matrix elements are, in terms of #fg in pla-
spectral weight distributions. We have addressed these mdt@r (@b) and perpendiculardj directions,
ters by a model calculation of the standard cluster t.=(dy|H|p,) =V, (ab)
variety**=38 To keep this calculation as simple as possible, x={OIIP=Vpa(@D),
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- 3
change interactions between thg (x,z) 3d electrons. The tyo={(d,|H|py) = — V7 (ab),
t,4 electrons have been neglected altogether, whileptiae 2 P

and p-p Coulomb/exchange interactions are neglected a§y, 4| other transfer matrix elements zero by symmetry.

weII_: _ . 4 The local, unoccupied 2 state densities in tha (or b)
(ii) We limit ourselves to a single Nig)™ cluster. It can and thec directions are calculated fronEg is the ground

be argued that the use of such a cluster can be dangerousS hte energy

one wants to address spectroscopic information involving the

2p electrons: for the cuprates one needs at least a cluster

containing two metal ion§'’" However, it is well estab- pa(@)=2 (0|p1,8(w—H+Ep)pi,|0),

lished that nickelates are of the intermedidie between i

Mott-Hubbard and charge-transfevariety in the Zaanen-

Sawatzky-Allen phase diagraii®’ Accordingly, the carriers po(@)=22, (0|ps,8(w—H+Eg)pL,|0), (4.7

in the nickelates are much more localiz@uthe sense of the o 7

Zhang-Rice mappirfty than the holes in the cuprates. The

effects of delocalization in the lattice on the stramgl hy-

t= <dz| H | pzl) = \/Eng(C),

with the factor of 2 in the expression fpg because there are

: twice as many O atoms in the direction per unit cell as
brid states of the clusters are therefore expected to be rathgrong thea direction. Inverting Eqs(4.5) and(4.6) and using

insignificant.® We notice that these statements imply that they -+ the nonbonding states B@.6) are fully occupied with
2p-3d hybrid states obey the same symmetry rules as thg o trons )

pure states, so that the basic structure of the excitonic spec-

trum is unaltered compared to tlieonly case we just dis- 1

cussedsee Fig. 6 pal©)= 72 (Ol(Pxy+ Pr2g) S —H+Eq)
This calculation is standattland too lengthy to be repro- 7

duced in full detail. Let us outline the procedure, paying x(pIUJF p;rzo)|o>,

attention to the steps which are not immediately obvious. A
cluster is considered of a Ni ion withd3z_,2 (dIU) and ;
3d,2_,2 (d],) orbitals, surrounded by four “planar” oxy- pe(@)=2, (0|py,8(w—H+Eq)pl,|0). (4.8
gens with @) 2p orbitals (], ....,pl,. whereo as a 7
subscript indicates the spin directioand two apical oxy- The z2 occupancy(planar O ¥*—1 character will be al-
gens with D orbitals p:‘t)o' and pgo__ The bond|ng(w|th re- most negllglble in the ground state. In other words, the
spect to the Ni stat¢symmetrizedp states are a-axis spectral weight is a facter2 smaller than one would
expect from stoichiometry alone. This is a nontrivial corre-
1 lation effect. Because of the Zhang-Rice mapping, we forced
P;rlo:—(p;# pg(r), the 2o states to obey the point group symmetries of the 3
J2 states centered on the Ni ion. This reasoning is valid only if
the binding energy of the Zhang-Rice doublet is much larger
1 than its delocalization energy, an assumption which becomes
plazz(ph— Pt PL,— Pas), 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
v 1y + + 1 one would think naively. This will turn out, however, to be
p22v=§(p1<r+ P2 T P35 T Pag): (4.5 insufficient to explain all of the huge-axis spectral weight.
To calculate the upper Hubbard band, the spectral func-
and the orthogonal nonbonding states, unoccupied with holesons are calculated with regard to the divalé®, ground
in the ground state, state which is calculated in the basisd¥f andd®p configu-
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s,
‘A,

[ 1:zUH
i x UH

1A1 3B] I:I 0 1 ! 1 1
T 0.80 085 090 095 1.00
Bond length ratio d, /d,

Intensity ratio I, /1

Normalized intensity (arb. units)

FIG. 9. Calculated intensity ratibc/1, for the *A; and *B,
final states as a function of the in-plane to out-of-plane O-Ni bond
length ratiod, /d. with E, as parameter. The dashed vertical line

. E 1 corresponds to the O-Ni bond length ratio of the undoped
M M La,NiO,, 5 (see text
0 2 4 6 8
Energy (eV) three dominate the spectrum corresponding to the ground

states in the different symmetry sectof8( threshold and
FIG. 8. Spectral function for a high-spiif system with low- !B, shoulder in thea direction, *A; threshold in thee direc-

spin ¢B;) holes includingp-d covalency. The experimental Gs1  tion). The experimental data for both polarization directions
spectra of Lg 4Srq¢NiO 4, 5 for both polarizations have been nor- have been normalized byammonfactor in order to match
malized by acommonfactor to match the intensity of the calcu- the intensity of thelAl final state forE||c. The spectra have
lated *A; final state ¢ UH, x UH: z andx upper Hubbard band, also been shifted by the same energy in order to match the
respectively. energy position of théA, final state.
. , There is good agreement between theory and experiment
rations. The one-hole states making up the upper Hubbargd o energy region of the doping-induced prepeaks. How-

g . . . .
band are thel x andz states, where the hybridization with ey, at first glance there seems to be a discrepancy between
the high-lying® d*%p configurationswherep denotes an O e theoretical band gap between théJH band and the

2p ligand holg is neglected. The prepeak, or lower Hubbard|qoyest 38, prepeak of about 4.5 eV and the corresponding
band, is calculated using the three-hole ground state witQynerimental separation between the lowest doping-induced
2_B1 symm7etry for the vacuum u; E(q4.8).9We include, be- prepeak for Eja and the prepeak in the undoped
sides thed" state Eq.(4.3), thed"p andd"pp’ states. Be- | g NjO,, for E||c (see Fig. 2 of the order of 2.5 eV. There
cause of the lowD,, symmetry this amounts to solving a are two effects which help in solving this problem. First, we
15X15 problem. The interactions are parametrized afayve to keep in mind that band formation effects should
follows:** 3d monopole Coulomb interactiobl (or Racah  reduce the 4.5 eV value from our cluster calculations by
A) and charge-transfer energ), such thatd®p is atA 1 ev. Furthermore, as we argued above, there is strong
relative tod®, while d” is atU—A andd®pp’ atA relative  evidence for the experimental first moment of heH band
to d®p. In addition, we include the Racah paramet®rand  peing shifted to higher energies by about 1 eV compared to
C for the 31 multipole/exchange interactions, d 8tragonal  the position of the prepeak fd|c in undoped LaNiO,; s,
crystal-field parameteE,, and a paramete, describing due to the hybridization between tikeUH band and low-
the position of the apical oxygen leveldX) relative to that of  lying La-O conduction bands. Thus both approaches con-
planar oxygens. The outcomes barely depend on the relatigerge toward a band gap of about 3.5-4 eV in agreement
positioning of the planarx;z2) p levels, and we have taken with results from optical spectroscopy,confirming our
their splitting to be of the order of thepZzbandwidth(4 eV,  choice of parameterd, U, andt, listed above as the same
with the 322—1 level at the bottom of the bandUpon ad-  as for NiO3®
dition of an electron to this three-particle carrier state, the Let us now consider the mechanisms influencing the large
two-hole states ofB,, !B, and'A, symmetry are reached spectral weight in the direction in both the experimental
as in the simpled-only case. They are calculated following and theoretical data of the doped compousee Figs. 3 and
the same procedure as for the two-hole ground state, th®. The c- vs a-axis intensity ratio is in the first instance
%B,,'B;, and 'A, final states representing># and governed by the net hole occupancy of the apical ) 2
1A,~5X5 problems, respectively. The parameters whichlevel, relative to that of the planar Op2_y2 states. It is
have been used in the actual calculations are taken as iear that the apical O level hole occupation will increase
NiO:*® U=7.0 eV,B=0.1 eV,C=0.387 eV,A=6.0 eV, if the in-plane to out-of-plane O-Ni bond length ratio in-
E,=13 eV,E,=—0.75 eV,E,»,=4.0 eV,1,=2.0 eV, and creases because of the enhanced apex-Dli 3ds,2_,2 hy-
the in-plane to out-of-plane Ni-O bond length ratio bridization. These ratios are related to each other according
dap/d.=0.86. to*°
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 Lag ,SrggNiO 4. 5 in Fig. 8 is quite similar to =
thed-only spectrum of Fig. 6. Of the 13 two-hole final states, pa(ab)

\VA4 712
Yod®) _ ( Zab) 4.9
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This explains the rise of the vs a-axis intensity ratio with  compared to the superexchange interactien0.03 eV de-
the increasing in-plane to out-of-plane bond length ratio asermined from polarized Raman scattering measurenfénts.
given in Fig. 9. Second, we found that the intensity ratio is alogether with the fact that these low-spin—high-spin fluctua-
very sensitive function of the position of the apical,2evel,  tion will not change the'B, energy, this explanation appears
relative to that of the B,2_,2 planar level, as can be seen t0 Us as less likely. Further experimeresg., optical absorp-
from the strong influence d&, on I/l |, in Fig. 9. Hence, tion at half filling) are needed to come to a final conclusion.

keeping the O-Ni bond length ratio fixed at its value of 0.86

at half filling (dashed line in Fig. ® we only need a shift V. DYNAMICAL SPECTRAL WEIGHT TRANSFER
E,~—0.75 eV towardsEg of the apical oxygen level. In AND COHERENT POLARON HOPPING

fact, LDA calculations indicate that at least the bare apical O

level in La,CuQ, indeed lies closer td&g by an amount The interesting thing about the data presented in Fig. 4 is

~2 eV* Although further calculations are needed to get athe similarity between the doping dependence of the NEX-
more direct comparison with our O level positions, which areAFS prepeak intensities in the cuprate and the nickelate,
corrected fop-p hybridization, this explanation of the large Wh_ereas the re_sults on the integrated low-energy spectral
c-axis intensity appears to us as much more likely than inweight from optical spectroscopy for these two systems are
voking large anti-Jahn-Teller polaronic effeétswe note, obviously quite different framg@ch other. Several articles
however, that som@niform) contractions of the apical O-Ni deallr%%o with _high-enerdy*>** and optical spectros-
bond do happen as a function of increasing Sr coritént, €Opy'>“’on LSCO have been published so far, all of them
which might contribute to the enhancesaxis intensity at 9iving evidence for a nonlinear increase of the doping-
larger dopings. induced structures at lower energies. In the case of NEXAFS
The most serious problem with the present interpretatioriiS increase can be divided into a statintracel) and a

lies in the position of thez(S) (1B,) exciton side band. The dynamical (intercel) part, the former yielding a linear

! ' growth with doping whereas the latter gives a nonlinear

l . . . 2
B, exciton energy is rather weakly influenced by the tetrag e i ion151817Since due to a positive feedback between
onal distortion, and taking into account that in other regard

SO N . Selectron-phonon interaction and Zhang-Rice localiz&tjmn
LazNiO, is expected to be quite similar to NiO, we can use|,qng and, furthermore, polaron structures are formed in the
Opt"ial data of the Iattez to obtain an estimat@.75 eV for 450 of LSNO, a suppression of the dynamical transfer of
the °B, exciton ene_rg)? This is close to twice as large as gpectral weight could be expected in this compound if these
tlhe actual energy difference between ﬁB’_l peak and the  hj5r0ns have to be considered as small. From the analysis of

B, S|deba_nd of abput 1.3 eV in our experimental spectra fokne | SNO data, we will show that this systemrist in the
El|a (see Fig. 8 This forced us to reduce the values of the gmq| polaron regime. Thus there seems to be a substantial
Racah exchange parameters £80% in our calculations qyerjap between these local lattice distortions even for lower
(B=0.1 eV, C=0.387 eV) instead of using the numbers dopings.
determined by optical spectoscopy on NiB<0.13 eV, T jllustrate the physics behind the transfer of spectral
C=0.6 eV). Assuming that our assignment is correct, thisyeight effects, let us consider a two-site Hubbard model
indicates a rather strong covalent reduction of these paramyiginally suggested by SawatzR§characterized by a Cou-
eters, in fact a much stronger reduction than deduced fromymp interactionUst, wheret denotes the transfer matrix
the expected ionicity of this Ni compound. Covalent admix-element. First consider half filling, with one electron on each
ture will have a similar reducing effect on the magnitude ofsjte Clearly, there is an equal number of ways to add or
the ground state magnetic moment. Interestingly, Kaplafemove an electrorfone per site and the added electron
et al*? found an anomalously small magnetic moment in theg\ways doubly occupies a site, costing an enerdy. Hence
nickelate from their analysis of the neutron scattering formye find an uppefUH) and Iowér(LH) Hubbard band, sepa-
factor. These authors put forward an alternative explanatiopyieq byU, with equal spectral weights-1. Let us now

for this moment reduction. Recently it was shown that localonsider the situation where we have doped one additional
fluctuations involving low-spin*tA; states can also lead t0 @ pole. The spin 1/2 ground state wave function is trivial (
reduction of the local moments:™ For this to happen, the ingicate the left and right sites

system has to be close to the high-spin—low-spin transition.

These fluctuations are driven by the superexchange interac- 1

tion, while they have to overcome th\; exciton energy. | po)= E(cﬁ—c&)lvac% (5.9

We already pointed out in the beginning of this section that

the vicinity to the high-spin—low-spin transition is in fact taking a positivet. Mimicking NEXAFS, we want to know
measured in our experiment by the relative peak position othe spectral function of adding an electron at, say, the right
the A; ( E/c) compared tc®B, ( E|/a) line. The experimen- site,

tal separation between thi#8, and theA, final states cor-

responding to the low-spin exciton energy amounts=i@.3

eV. However, this number could be increased up-@.6 eV A(w)= 2 (bo|Cry0(w— H)c;rl,| oo)

when taking into account an eventual G hinding energy 7

shift between planar and apical O sites-6f0.3 eV. In the

calculations, this excitation energy is mostly tuned by, =2 |<j|cha|>|25(w—Ej), (5.2
requiring E,= 1.3 eV in agreement with the estimate from lo

the splitting between the peak positions of the excitonic Niwhere j is the jth eigenstate, at energy;, of the two-
2p4, lines for the different polarizations. This is rather large electron problem. To keep matters as simple as possible, we
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neglect half of the Hilbert space and consider only the thredike the ground state, and the high-lying states have to be
states directly reached by adding an electron on the rightrthogonal. Therefore constructive interference is found at
site—the remainder of the Hilbert space does not matter aew energies, and destructive interference at high energies.
long as we are not interested in the internal structure of the The full theory is controlled by the parametét). If this
Hubbard bands. Hence we have tligiplet) eigenstate parameter is small, the physics remains local and the above

reached by adding an up electron, toy model is representative. The integrated weights for the
- lower and upper Hubbard bands of extended systems turn out
13)=cj;crylvao, (5.3 to be, to first ordet®*
as well as theM =0 states reached by adding the down
electron,
T ot ALy(X)=2x+ 2£2 (el ciiso)
|0>:C|TCrL|VaC>, LH NUiﬁg- i,o¥i+éd0/r
|Uy=c,c] vag. (5.4
The latter two states are connected by hopping and because It|
t/U<1 the eigenstates are AUH(x)zl—x—ZWE (ciTUciJr,iU), (5.7
i 60
t
|1)=]0)— U|U>, whereN is the number of sites. The loc&r bond kinetic

energy(ciTcHﬁ) measures the quantum coherence around the
sitei, and has to be calculated from the true many-particle

t
|2)=|U)+ U|O>' (5.5 ground state. In this regard, a major simplification is
achieved in the toy problefiwith Eq. (5.1), (c/c,)=1].
State|1) is (like |3)) a LH state aE=0, and|2) is an UH Let us now reconsider the above in the presence of large

state at=U, both corrected for their mutual hybridization. electron-phonon couplings and low carrier densities, and ask
Filling in states|1)—|3) in Eq. (5.2 for the spectral func- what happens with the spectral-weight transfers if small po-
tion yields to lowest order in/U larons are formed. One first considers the electron-phonon
bound state formed if the electron is localized, and the delo-

B |t] 1 |t calization (hopping is taken into account perturbatively. In
Alw)=| 1+ U S w)+ 27U So=U), (58  more detail!’ consider the electron-phonon Hamiltonian,
the two terms representing the unoccupied gyt doping
of the lower Hubbard band, and the upper Hubbard band, He—ph:tz CiT+5,gCio-+E wqagaq
respectively. 160 q
Compared to band insulators, E®.6) is rather odd. In
the noninteracting case, the number of states in the conduc- +, ¢l ci €U RIM (a,+ aiq), (5.9
tion and valence bands would be fixed and the relative iqo

weights would be 1/2 for the unoccupied part of the valence

band and 1 for the conduction band. First consider—0.  assuming as before a single relevant electronic state per unit
In this limit we find weights~1 and 1/2 for the LH and UH  cell, with a local(Holstein coupling to a phonon bath. The
bands respectively, exactly opposite to the band limit. This isystem Eq.(5.8) is transformed using the “displaced pho-

in fact a triviality occurring in the simple electrostatics prob- non” canonical transformation, which would yield the exact
lem corresponding to the classica=0) limit of the Hub-  gnswer ift=0,

bard model: there is no way of feeling the on-site Coulomb
energy U for the added electron, if the site it reaches is
empty. Hence, every doped hole removes a state from the ;o
upper Hubbard band and adds it to the unoccupied part of the e-ph™
lower Hubbard band. For the extended system, the UH
weight ~1—x per site while the LH grows-2x per site, M
twice as fast as expected from doping alone. S= _2 nige‘q‘Ri—q(aq—aT_q),

In addition, Eq.(5.6) indicates that a finit¢ increases the igqo Wq
weight of the low-energy spectral weight further, relative to
the weight of the upper Hubbard band, by amountsU.
This so-called dynamical spectral-weight transfer effect ., _ oo _ T VaIRYe
yields more interesting information: the spectral weights ¢ PP % “afq Epo'Zi n"’“% Gl a.oCio X1+ o1
measure the degree of quantum coherence on short length (5.9
scales in the ground state. This is easily deduced from the
above toy model. The phasing of the low-lying stité is  Hence we have fully relaxed the lattice around the electron,
similar to that of the ground state and the phasing of theyielding a polaron binding energ&po,:Equlwq, at the
high-lying statd 2) is opposite. This is a rather general prop- expense of introducing a complicated multiphonon process
erty of wave functions: the low-lying states are bondinglike,in the hopping,

eSHe S,
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M M2
Xizex;{Z eahi—(a,—al )|, (5.10 (el 5 .CioXIL Xi) =t ex;{z —[1-cogq- 8]
q Wq ' q @q
expressing the fact that the full dressing cloud has to be X(2Ng+1) |, (5.12
pulled around in the hopping process. The dressed hopping d

term in H' is the source of the formidable difficulties of
small polaron theory, which can only be handled in someor roughly
limiting cases.

Let us now return to the issue of the spectral-weight trans- (CLa a-Ci(rXiT+ X=t exq(—a?), kgT<wq
fers. Although at first sight, we seem to complicate matters ’
further by adding a Hubbard tertd/2%; n;,n;_, to EQ. szT
(5.8), the ramifications with respect to the spectral-weight =texp ~a o )’ KeT>wo,
transfer are simple. The point is that the relevant physical
limit amounts toU>E,: the time scale for the fluctuations (5.13
involving the upper Hubbard band is much shorter than the . 2
relaxation time relevant for the polaron formation process. InWherewO is the Debye frequency ane™=Epq/w, the av-
other words, the phonon dressing in the ground state can pa 29¢ number of phonons bound to the. electron. In other

words, at zero temperature the bare hopping gets reduced by

considered as frozen on the time scales involved in the deé mass enhancement factor which is exponential in the nurm-
termination of the spectral weights. In terms of the toy P

model. the doubly occupied staﬁé ot vad, for instance ber of phonons bound to the polaron. At temperatures of
! Y P Torl X .’ order of the Debye temperature, real phonons start to prolif-
should have as much phonon dressing as the sIﬂtmc} if

; erate, dephasing the coherent polaron motion and adding a
one wants to determine the lowest moments of the spectrunghar exponential dependence on temperature. The ramifi-
Technically, one has first to integrate out the fast fluctuationg.ations for the spectral-weight transfer are obvious: substan-

involving the upper Hubbard band, using the canonical transga| phhonon dressings would lead to a strong suppression of
formations of Harris and Langé, and 438ubseqt_1ently the the dynamical effect already at zero temperature and the
(slow) phonon fluctuations using E¢5.9).™ One finds remnants of the dynamical effect would disappear quickly
with rising temperature.
It| ; ; The preceding discussion is valid in the limit of infinitely
ALn(X) =2x+ ZW_E (CioCi+ a0 Xi+ 55i), small hole density, and matters get further complicated at
hoo finite densities. In the nickelate we are helped by the knowl-
edge that the holes form classically ordered structures, like
It| R ; domain walls and polaron lattices. In zeroth order we can
Aun(x)= 1—X—2m_2 (CiyCit+aXi1 8Xi), (6.1  think of the polarons as classical objects occupying separate
Lo regions in space. However, every polaron will behave quan-
tum mechanically in a finite region of space around its aver-
with the X’s as given by Eq(5.10. This is the central result age position and if the interparticle spacing becomes less
of this section. It states that by studying the spectral weightshan this coherence length, one expects deviations of the
information is obtained about a central quantity in small po-monotonic increase of the spectral-weight transfer with par-
laron theory, the renormalized bond kinetic energyticle density, as expected for nonoverlapping holes. Generi-
~(clci XX, 5). In the “classic” small polaron theory it cally, these overlap effects will cause a positive curvature to
is assumed that macroscopic properties like transport can liee density dependence of the dynamical spectral-weight
directly inferred from the renormalizations on the shortestransfer. The neighboring hole will act to increase the quan-
length scales as described by E@s9 and(5.10. The sig-  tum fluctuations of the hole under consideration, thereby in-
nificance of Eq.(10) is that this assertion can be tested di- creasing the bond kinetic energy—at the end one has to ap-
rectly, and we will see that the situation in the nickelates isproach a quantum limit such as, for instance, the Fermi
quite likely more complicated. liquid. We notice that this behavior is rather nicely illustrated
Equation(5.1J) is within the limitations of the model as- for calculations of the spectral weight transfers(gfiantum
sumptions a rigorous result. The problem is that the quantitylominated Hubbard models, where one always finds these
(cl, sCiXi4 sXi) has to be calculated as an expectation valueurvatures:’'° As we will now demonstrate, the qualitative
with regard to the full many-body ground state. Even in thebehavior of the spectral-weight transfers as a function of
absence of electron-phonon coupling this is a formidabledoping is more easily studied experimentally than the abso-
task which cannot be executed except in some exceptiondite magnitudes needed to decide on the behavior of a single
cases where the ground state is kndWmHowever, some hole.
limiting cases can be studied and in the present context the Let us consider the intensity of the doping-induced pre-
small polaron limit is of interest, which is straightforward to peaks in the NEXAFS spectra of LSCO and LSNO Egja
derive. The small polaron limit is defined by demanding thatas a function of the Sr concentratigras shown in Fig. @).
the bare hoppind<Ey, in Eg. (5.9. In lowest order, one The data point ak=0 for La,NiO 4, 5 has to be neglected
can neglect the mixing of states in the Hilbert space havingince the remaining intensity in the prepeak region of the
different phonon occupations, and taking the expectation valundoped sample is undoubtedly due to remaining excess O in
ues one derivé$ that sample. This is supported by NEXAFS studies on
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La,NiO,, s with 0.00< 6<0.123! where the intensity of the From the NEXAFS data we infer thgt>2a, and it follows
prepeak for6=0.00 was found to be much lower compared that the polarons have substantial overlaps. This is consistent
to that in the O % data of the actual LgNiO,, 5 sample Wwith other observations. For instance, »at0.33 a rather
with an estimated excess O stoichiometry of G&02<0.03  dense striped phase of charged domain walls is believed to
(see Figs. 2 and)3Analogous changes in the Gs Hata of ~ exist? Although at least perpendicular to the walls 2a,,
La,CuO,, s as a function ofs can be found in Ref. 12. Thus Chenet al. do not find higher harmonics, implying that the
the data point for an effectively undoped samgle.,x=0  Wwidth of the domain wallgdue to quantum zero-point mo-
and 5=0) has obviously to be set to zero intensity as hadion, i.e., §) is at least of order of their mutual separation.
been done in Fig. @). Finally, even atx~0.20 where the third harmonic has been
The Shapes of the curves for LSNO and LSCO are Sim"afound,lo the latter is quite weak indicating that the width of
in their common doping range, both exhibiting a distinct de-the walls is still of order of the wall-wall distance4a,.
viation from the linear igcrease expected from the localized
limit (t=0) behaworl.S'l This indicates that there is a sig- VI, SUMMARY
nificant dynamical contribution to the transfer of spectral .
weight in both compounds. - We have performed polarlzatlon—depen_dent x-ray absorp-
Comparing the prepeak intensities from the NEXAFstion measurements near the G Bnd Ni 2p edges of
data with the respectivhi*(w) in Fig. 4(b), it appears that L@2-xSTxNiO4. s single crystals over a wide doping range
the corresponding curves for LSCO show similar behavior iPf 0<X=0.6. From a comparison with the same kind of data
both experiments. Interestingly, this seems not to be the cagd! L&CuO4. 5 and NiO, we get direct evidence for the dif-
for LSNO, since the optical data follow a more or |essferen_ces in the energetic ordering of states with dlfferent_
straight line, whereas as stated above the NEXAFS data e0mic character and orbital symmetry close to the Fermi
hibit a significant curvature. The reason for this discrepancyeVe! between the undoped compounds. The underlying rea-
between the optical and the NEXAFS measurements on inon 'for this is the different size of the J.ahn'—TeIIer distortion
sulating LSNO is possibly due to the different length scaledVithin the NCu)Os octahedra, resulting in a tetragonal
probed in the experiments in connection with the quantun?fyStal‘f'zeld 2spl|tt|nglgz °f2 about 1.3 eV between the or-
coherence length between the polarons in this compounditals x“—y® and Z°—r*) of the transition metal atom in
From the fact that the dynamic transfer only shows up in thé-22NiO4. 5 as well as the difference in thitband filling.
NEXAFS data, we assert that there is a quantum coherence From a detailed comparison of the experimental spectra of
between the sites of neighboring polarons on the length sca@Ped LSNO with results from cluster calculations using an
of a lattice constant, whereas on the scale probed by optic&PPropriate parameter set based on that of NiO, we find that
measurements the polarons appear as classical objects. TH§ Prepeaks in the polarization-dependent ONEXAFS
results in the disappearance of the dynamical contribution t§Pectra can be assigned to the low-lyif, final state, in-
the transfer of spectral weight in the optical data on LSNO agluding d-d excitons leading to'A; and *B, sidebands for
can be seen in the data by Iéb al?® Up to now, it is not Elc andE|a, respectively. The results yield an energy dif-
clear to us how to think about this length scale, and furtheference between the high- and low-spin states of the undoped
theoretical work is needed to clarify the role of polaron phys-La2NiO 4 5 of ~0.3—0.6 eV corresponding to thB;-'A,
ics with regard to transfer of spectral weight effects in theSeparation. Furthermore, the observation of tt#/*B;
optical conductivity'® On the other hand, the similarity be- doublet gives direct evidence for the Zhang-Rice nature of
tween the cuprate NEXAFS and optical data points out thathe doped carriers in LSNO.
in this metallic compound quantum effects also play a role Since the Sr dependence of the intensity of the doping-
on large length scales, as can be seen from their occurrendduced prepeaks in LSNO exhibits a distinct dynamical
in the optical data. contribution to the transfer of spectral weight, we conclude
In summary, although it is hard to quantify the data, wethat the polarons in doped LSNO can be considered as
conclude that the holes are still quantum mechanical on thguantum-mechanical objects on a length scale of the order of
scale of a lattice constant and the systemasin the small & lattice constant. Thus the polarons seem to have a substan-
p0|ar0n regimas defined by Eq512 This is not entire|y tial Overlap and therefore LSNO cannot be considered as
surprising. The only reason to believe in small polarongdeing in the small polaron regime. Together with the struc-
comes from semiclassical calculations which are known tdural information from other experiments, this raises the
yield a lower bound only for the polaron coherence lerfgth. question whether the observed formation of polaron domain
At the same time, our finding gives some insight into thewalls and polaron lattices has to be considered as a result of
nature of the ordering phenomena occurring in the dopethis large quantum coherence length.
nickelates Quantum mechanics plays a role in the formation
of polaron latticd and domain wall’® phases found in the
doped nickelateAs usual, one has to compare the quantum
coherence length of the particleg, with the interparticle J.Z. acknowledges financial support by the Dutch Royal
distance as implied by the ordering,If £<I one is dealing Academy of SciencesSKNAW) and E.P. by the HSP Il
with a fully classical crystal, while the opposite limit is of AUFE program of the German Academic Exchange Service
relevance, e.g., to BCS superconductors. Consider the pdDAAD). The experimental part of this work was done at the
laron lattice, discovered by Cheet al® for x=0.5. If the  National Synchrotron Light Source, which is supported by
polarons were classical, they would occupy every other latthe U.S. Department of Energy under Contract No. DE-
tice site so that=2a,> ¢, wherea, is the lattice constant. AC02-76CH00016.
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