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Anomalous spectral weight in photoemission spectra of the hole-doped Haldane
chain Y,_,Sr,BaNiOs
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In this paper, we present photoemission experiments on the hole-doped Haldane chain compound
Y,_,SrBaNiOs. By using the photon-energy dependence of the photoemission cross section, we identified the
symmetry of the first ionization stated {ype). Hole doping in this system leads to a significant increase in the
spectral weight at the top of the valence band without any change in the vicinity of the Fermi energy. This
behavior, not observed in other charge-transfer oxides at low doping level, could result from the inhomoge-
neous character of the doped system and from adNi@ 2p hybridization enhancement due to the shortening
of the relevant Ni-O distance in the localized hole-doped regions.
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[. INTRODUCTION results in interesting behaviors. Low-energy spin excitations
are characterized by incommensurate spin-density modula-
Oxides of 3l transition metals have attracted considerabletion around impurities, and the dynamical spin structure fac-
attention in the last two decades because they exhibit verior reveals spectral weight in the Haldane gap.
varied and fascinating propertiésetal-insulator transition, From an electronic point of view, ;BaNiO;, like most of
high T, superconductivity, intricating magnetic properjies the Ni and Cu oxides, belongs to the charge-transfer regime
These behaviors partly result from an interplay of low di-in the Zaanen-Sawatzky-AllefZSA) diagram® Then if the
mensionality and electronic correlations. Many transition-low-energy properties usually associated with spin excita-
metal oxides exhibit a two-dimensional electronic structuretions could be very different, the charge excitations and, in
Due to its peculiar crystal structure,BaNiOs is essentially  particular, the effect of doping should look very similar in
a one-dimensiondllD) divalent nickel oxide. It crystallizes these families. The photoemission spectrum of homoge-
in a body-centered orthorhombic structure within themm  neously hole-doped systems only exhibits small spectral
space group.The structure is characterized by linear chainsweight modifications with doping, whereas large spectral
of NiOg octahedra sharing corners along thdirection. The  weight transfer is observed in the inverse photoemission
octahedra are compressed along the chains resulting in twapectrum. In charge-transfer oxides,pasymmetry is ex-
short Ni-O distance$0.188 nm and four longer Ni-O dis- pected for the first ionization states. Thus, the substitution of
tances(0.219 nm.! This unusual contraction and vanishing Sr or Ca divalent ions for trivalent Y in X ,Sr,BaNiOs
interactions between neighboring chains lead to a quasi-onshould yield holes in the liganglband. Nevertheless, hybrid-
dimensional electronic structufélhe hybridization between ization between Ni @ states and O @ states can modify this
Ni-3d and O-2 states is strong along the chain direction. picture by shifting highly hybridizedi®L states toward the
Yet, Y,BaNiO; has an insulating ground state due to ex-top of the O 2 band ( represents a hole on the liganés
change and correlation effects. The superexchange antiferra- consequence, the Tirst ionization states probed by photo-
magnetic coupling between neighborifg1 spins carried emission should have ad3character. This spectroscopy, by
by Ni?* ions in Y,BaNiOs yields a quantum spin liquid measuring the electron-removal spectrum, can give informa-
ground staté. Large quantum spin fluctuations associatedtion about the symmetry of the first ionization states and
with the 1D character of the Ni-O-Ni network prevent the about the modification of electronic properties in hole-doped
formation of an ordered magnetic state. The spin liquid cartompounds. The electronic structure of hole-doped
be described as a macroscopically coherent quantunt stat®¥,BaNiOs has been investigated with several methods in-
with a Haldane gap in the spin excitation spectfithEach  cluding x-ray absorption spectroscopgXAS),® optical
S=1 spin can be considered as the triplet state formed fronconductivity? photoemission, and inverse photoemissidn.
the two ferromagnetically couple8=1/2 holes of Nf". These experiments show that doped holes have either
Two S=1/2 holes of neighboring sites form a singlet state.O(2p,) or mixed Ni(3d3,2_,2)-O(2p,) character. Hole dop-
The ground state is then described in the well-known valenceéng introduces new empty localized states in the charge gap
bond solid picture. Excitations are triplet states obtained byegion without any spectral weight very close to the Fermi
breaking valence bonds. Hole doping in this spin liquid statdevel. The doped carriers are trapped in local bound states
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and should therefore locally distort the electronic structure T T T T T T T A (b) Nio-190 eV
only in the vicinity of their location, giving rise to a possible
nonhomogeneous doping at the nanoscopic ScalEhere-
fore, the system does not become metallic upon doping, and
no charge ordering is observed.

In this paper, we investigate the electronic structure of
Y, ,SrBaNiO; for x=0, 0.1, and 0.2 by photoemission
spectroscopy. By using the photon-energy dependence of the
spectral density, we confirm that the first electron removal
excitations have mainly a Nidcharacter. Moreover, these
measurements illustrate the effect of hole doping in this sys-
tem by evidencing an increase in the spectral weightiof £ 1 (3 Angle-integrated photoemission spectra of
symmetry at the top of the valence band. In contrast to mos{ gaNio; for several photon energies in the 60 eV—200 eV range.

of hole-doped cuprates and nickelates which only presenthe spectra are arbitrarily normalized on the maximum of the C
significant spectral modifications for the unoccupied elecstructure.(b) hv=190 eV spectrum of NiO.

tronic states, a large spectral weight modification is observed
in the photoemission spectra o} Y,SrBaNiOs for doping  (Y,_,CaBaNiOs) with Hel (hv=21.2eV) and Mg
level as low asx=0.1. This singular behavior probably re- K« (hy=1253.6 eV) excitations? which exhibit the same
sults from the large Ni8-0O 2p hybridization along the trend. Moreover, spin-polarized band calculations in the
chain direction and from the inhomogeneous character of thipcal-density approximation confirm this statement by show-
doped system. ing that theC feature can be associated with @-2Ni 3d
bonding states with dominant oxygen character, whereas the
states in the energy region of tli feature correspond to
oxygen 2-2p interactions with a nonbonding character with
Polycrystalline samples of ) ,Sr,BaNiOs (x=0.0, 0.10,  respect to Ni 8—0 2 interactions:>**A satisfactory agree-
and 0.20 were prepared by standard solid-state reactions andhent between band calculation and photoemission spectra is
characterized by x-ray powder diffraction, microprobe, andfound for these two kinds of statés® The top of the va-
thermogravimetric analysis. Samples are single phased, htence band in the calculations corresponds to antibonding
mogeneously doped, and stoichiometric in oxygeRhoto-  states with a dominant Nid contribution. Recent LSDA
emission experiments have been carried out on the SU3 U calculations, which predict a quite correct energy-gap
beam line of the French synchrotron facilitiddURE). The  value, point out the highly hybridized character of these
photon energy used was in the range extending from 60 etates-> A significant disagreement between band calculated
to 200 eV. The sample surfaces were scraipesitu with a  density of states and photoemission spectrum is exhibited for
diamond file to obtain clean surfaces under the ultrahighhese states. This is not surprising since Ahstructure rep-
vacuum of less than 18° Torr. The cleanliness of the sur- resents excitations of correlated d states which are poorly
faces was checked by the lack of contaminant in the valencedescribed by one-electrdground-stateapproaches. Such a
band spectrum and by x-ray photoemission core level spearalence spectrum is usually observed in divalent Ni oxides
tra. The Fermi energy was calibrated by measuring thesuch as NiJ? as observed in Fig. (), where the photo-
metallic edge of a Cu foil close to the sample. All measure-emission spectrum of NiO recorded with 190 eV photon en-
ments were carried out at room temperature with an energgrgy is presented. In NiO, the main structure close to
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Il. EXPERIMENTAL DETAILS

resolution better than 50 meV. —2 eV has been interpreted to be duedft. states. The Ni
3d derived structures are less resolved TaBENiIOs; than
IIl. RESULTS AND DISCUSSION for NiO (at the same photon enelggecause the transition

metal to oxygen atomic ratio is five times larger in the

In Fig. 1 we present angle-integrated photoemission spec¥,BaNiO; compound. However, an increase in the absolute
tra of Y,BaNiO;s for photon energy varying between 60 eV intensity of this feature can be evidenced by lowering the
and 200 eV. These spectra exhibit three featuresEat dimensionality in NiO(3D), La,NiO, (2D) and Y,BaNiOs
~-20eV, E~x—-35¢eV andE~—5.0 eV, hereafter re- (1D).X°
ferred to asA,B, andC, respectively. The peak at10eV, Alternatively, transition metal oxides can be described in
usually observed in Ni oxides, could originate from multi- many-body approachés.Y,BaNiOs belongs to the charge-
electronic effects and/or impurity featurEsThe spectra are transfer regime in the ZSA scheme because the charge-
arbitrarily normalized on th& structure. With this normal- transfer parameterA) is smaller than the Coulomb term
ization, a very strong photon-energy dependence of&he U.1°In this regime, the ligang band is situated between the
feature intensity is clearly observed. Owing to the differenttwo Hubbard subbands. However, the photon-energy depen-
photon-energy dependence @aindp states’ cross sections, dence of the photoemission spectrum clearly shows that Ni
this behavior suggests that thefeature is dominated by the 3d symmetry dominates in the first excited states of the pho-
Ni 3d states, whereas thB and C features likely havegp  toemission spectrum, in contrast to what is naively expected
character. This result is in complete agreement with the prein the charge-transfer regime for which the first electron re-
vious measurements carried out in the Ca substituted oxideoval excitations correspond to the formation of ligand
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FIG. 2. Angle-integrated photoemission spectra of :
Y 1 85l ,BaNiO; for several photon energies in the 60 eV—-200 eV PES i IPES/XAS
range.
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holes in thep band. This behavior results from hybridization (b)

effect. Indeed, as shown in the single-impurity motehe ___ Undoped
hybridization between Ni & and O 2 leads to a modifica- ——-  Hole-doped
tion of the simple picture of a O2band between the lower Nizg-On, N
and upper Hubbard bands. The filled lower band will hybrid- 3d’L 1
ize with the O 2 states inducing the appearance of an image
Hubbard band at the low-energy side of fneand®!°[Fig.
4(a)]. Cluster calculation shows that the first excitation state
has a dominantl®L charactel® confirming that the photo-
emission hole is essentially on the ligand site. Such a behav-
ior is usually encountered in a divalent Ni oxide such as
NiO. Figure 2 shows the same photon-energy dependence « >
for the doped Y gSry,BaNiO; compound. This evolution PES TPES/XAS

shows that the spectral feature at low energy significantly k|G, 4. (a) Effect of hybridization on the spectral density of a
increases in intensity with increasing photon energy, connondoped charge-transfer oxide in the impurity approach. From
firming that this feature has a Nid3character. Comparison Ref. 15. (b) Schematic view of the situation encountered in
with Fig. 1 shows that the main effect of hole doping is toY,_,Sr,BaNiOs. Hole doping leads to a large spectral weight trans-
increase the intensity of featufe Moreover, a narrowing of fer in the electron-addition part and more surprisingly to a spectral
the bandwidth is also observed. In order to illustrate the inweight increase in the first electron-removal states.

crease in intensity, we report in Fig. 3 the photoemission ] )
spectra ofx=0.0, 0.1, and 0.2 oxides fdrv=190 eV after |II_ustrates the Iarge effect of hole c_ioplng_ on the phot_oemls—
substraction of the standard Shirley background. Note thation spectral weight in ¥, SrBaNiGs. First, the doping-
this photon energy has been chosen in order to emphasize tHiduced states have a negligible density of states near the
doping effect on the spectral density. Nevertheless, Figs. Termi energy and do not yield the formation of a metal. The

and 2 show that this effect is not energy dependent. Figure Bhotoemission-probed part of the gé400 meVj seems in-
deed to be not affected by doping. The present data and the

optical conductivity of Ref. 9, which evidences a gap of 0.3
— eV, confirm that the Fermi level is located immediately be-

Lo59 0\"’\?"\"”1 low the new unoccupied states induced by doping. The ab-

UHB

——x=0

i sence of spectral weight & is corroborated by resistivity

877 measurements, which show that the doped oxides remain
insulating® Second, even for low, the A feature exhibits a

very large increase in intensity with doping. This behavior

contrasts to the usually observed spectral weight modifica-

tion in hole-doped divalent Ni oxides, and more generally in

cuprates and nickelates. In 1.3 Sr,NiO,, for instance, no

> o0 2 4 significant increase in the spectral weight intensity is ob-

served for doping levels smaller thar=0.5.1" Unfortu-

nately, due to the relative content of @ 2nd Ni 3d states,

FIG. 3. Angle-integrated photoemission spectra for several doplt IS not really possible to quantitatively estimate the weight
ings after substraction of the Shirley background and normalized t&f the d°L state. Transfers of spectral weight in hole-doped
the area(see explanation in the téxtinset: Ni-O distance as a Strongly correlated systems have been previously discussed
function of dopingx for Sr substituted samples. Data taken from in detail in the literaturé® Anomalous spectral weight modi-
Ref. 11. fications related to electronic correlations are expected in the
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electron-addition part(unoccupied stat¢sof hybridized increasing Ni 3—O 2p hybridization. Second, Fig.(8) il-
charge-transfer systems. This trend is indeed observed in thgstrates the effect of hole doping in,BaNiOs. In charge-
XAS oxygenK edge of Y%, ,(Ca,Sr)BaNiO; (Refs. 5 and  transfer systems, hole doping usually affects the electron-
11) as well as in inverse photoemissithHowever the addition spectra by the appearance of the spectral feature just
electron-removal part of the spectruoccupied statgs above the Fermi energy associated with the hole states. Hy-
should slightly decrease upon doping within this approactpridization, by introducingl character in these states, could
(since some low-energy states are depopujatedcontrast  enhance its spectral weight.
to the spectroscopic behavior. An additional mechanism has The singular behavior in doped,BaNiOs is the increase
to be invoked to explain the evolution of photoemissionin intensity of the first ionization states. This evolution, simi-
spectra with Sr content. Interestingly, hole doping injar to what is presented in Fig(a, reflects the increase in
Y,BaNiOs could result in an increase in the NO3O 2p  hybridization within the localized hole-doped regions. We
hybridization, since, unlike in La ,SiNiO,,'® the average note that a theoretical treatment, based on a multiband
Ni-O distance shortens continuously upon dopisge inset Hamiltonian containing the relevant Ni and O orbitals, gives
of Fig. 3 for Y,_,SrBaNiO; and Refs. 19 and 20 for |arge values of transfer integrals within a hole-doped NiO
Y,_«CaBaNiOs). As the apical Ni-O distance inpBaNiOs  cluster’> This singular spectroscopic signature, only ob-
is the shortest one observed in nickelates, a small decreaserved in doped ¥8aNiOs, could result from the particu-
should lead to a large increase in hybridization. This will bejarly small Ni-O distance characterizing this quasi-1D com-
emphasized in case of an inhomogeneous doping. If thgound.
doped holes are trapped in local bound states, disturbing the
electronic states only in their vicinify? the real Ni-O bonds
in these perturbated parts of the sample should be shorter
than the average one measured by x rays. As a consequence,To summarize, we have performed an angle-integrated
in the photoemission spectra, which are the simple additiophotoemission investigation of the spectral weight modifica-
of unperturbated parts and doped parts,Ahgeak enhance- tion by hole doping in the ¥_,Sr,BaNiOs oxides. In this
ment should originate mainly from the hole-doped regionsHaldane chain compound, hole doping leads to strong modi-
where the hybridization strongly increases. Therefore,dthe fications in the unoccupied part of the spectral density as
character of the top of the valence band should be emphassually observed in cuprates and nickelates. However, pho-
sized in the doped compounds due to this strong hybridizatoemission spectroscopy exhibits a singular behavior, since a
tion enhancement. A similar effect is expected for Ca dopedignificant spectral weight increase corresponding to final
materials and has been observed for highly doped samples #iates withd character is observed. We propose that this sur-
x-ray photoemissior in spite of the poor energy resolution. prising behavior could result from an increase in hybridiza-
This scenario of a very large spectral weight modificationtion between Ni 8 and O 2 states induced by the reduc-
due to doping-dependent hybridization is in qualitativetion of Ni-O distance in the chain direction by doping. Such
agreement with the modification of the valence photoemisan effect is favored by the inhomogeneous character of dop-
sion spectra we observed with Sr content ining. We hope that reliable calculations will be performed in
Y,_xSrBaNiOs. Figure 4 summarizes the spectroscopic re-the future to understand this anomalous spectral weight en-
sults obtained on hole-doped, Y, Sr,BaNiOs. First, we re- hancement.
call in Fig. 4a) the effect of hybridization in the impurity
approach used to describe qualitatively the spectroscopy of
homogeneous charge-transfer transition-metal oxitlés-
bridized d®L states appear at the top of the @ band. We would like to thank M. Grioni for helpful discussion
Obviously, the 8 character of these states increases withand A. Taleb for her hospitality at the SU3 beam line.

IV. CONCLUSION
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