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Oxygen 1s x-ray-absorption measurements of La,_,Sr,NiOyy5 (0<x <1.15) are presented, together
with O 1s polarization-dependent x-ray absorption on single-crystal La, 3sSry ;sNiO,. It is concluded
that the charge-compensating holes have mainly oxygen 2p character. The Ni 3d° final states reached
because of the p-d hybridization in the ground state are strongly polarized in the (a,b) plane. The Sr-
induced O 2p holes are found to be distributed equally over in-plane p,,p, and out-of-plane p, orbitals.
Possible explanations for this are presented. The intrinsic band gap of La,NiO, is found to be at least 4
eV. The bremsstrahlung-isochromat-spectroscopy results show that the Sr-induced states are spread out
over a large portion of the band gap and are not concentrated at the top of the valence band.

INTRODUCTION

Since the discovery of superconductivity at unpre-
cedented temperatures in doped La,CuO,,! interest has
grown in the properties of related compounds like
La,NiO,. Although searches for superconductivity in
Ni-based compounds have been in vain and Ni substitu-
tion for Cu in La,CuO, superconductors suppresses su-
perconductivity,? there have been some recent reports>*
of diamagnetism and decreasing resistivity at low temper-
atures in La,NiO,, with and without Sr doping. Our in-
terest in this material stems from the possibility of com-
parison with data on La,CuO, and Li,Ni;_,O and from
the opportunity it gives to investigate the influence of
strontium impurities and oxygen interstitials on the na-
ture and symmetry of induced holes in charge-transfer-
like, strongly correlated insulators.

La,NiO, has the orthorhombic distorted K,NiF, crys-
tal structure. The compound is a layered perovskite with
the NiO, layers separated by two LaO layers. While 1n
NiO the six nickel-oxygen bonds have a length of 2.08 A,
in La,NiO, there are four shorter 1.95- A bonds in the
plane, and two longer 2.26- A bonds perpendicular to it,
which gives a ratio of 1.16 (Jorgensen, Ref. 5). This is
considerably smaller than the value of 1.28 for La,CuO,.
A report about two Ni positions with bond ratios of 1.32
and 1.07 was shown by Rodriquez-Carvajal et al.® to be
due to an incorrect identification of a magnetic reflection
as arising from nuclear scattering. Neutron diffraction
has shown that La,NiO, is antiferromagnetic with a
three-dimensional Néel temperature of about 320 K.”'8

4

The crystal structure can accommodate excess oxygen
in interstitial positions in the LaO plane;’ samples an-
nealed in oxygen have the composition LazNiOMS.4 The
reduced stoichiometric compound is reported to rapidly
take up oxygen from air at room temperature.” More
than half of the trivalent lanthanum can be replaced by
divalent strontium without important changes in the
crystal structure, but the rhombohedral distortion disap-
pears. Up to Sr, seems to be possible.!® Strontium dop-
ing reduces the tendency of the material towards oxygen
nonstoichiometry.!!

Stoichiometric La,NiOQ, is an electrical insulator.!? Al-
though optical spectra measured by Tajima et al.!® indi-
cate an onset of the absorption at about 1.5-2 eV, the au-
thors seem inclined to estimate a charge-transfer energy
of about 4 eV. However, the oxygen content of the sam-
ple was not accurately known, so the gap of pure
La,NiO, remains uncertain. Doping decreases the elec-

trical resistivity; metallic behavior is observed for
x >0.8.1415

Band-structure calculations!®!” in the local density ap-

proximation incorrectly predict La,NiO, to be a metal, a
problem similar to that encountered in NiO (Ref. 18) and
La,Cu0,." It is now well understood that this
discrepancy is caused by the large d-d Coulomb interac-
tions and the discontinuity?® in the exchange correlation
potential when comparing ground- and excited-state
properties. Similar to NiO (Ref. 21) and La,CuQ,,?>??
we would expect the gap in La,NiO, to be of a charge-
transfer nature’* falling in class B of the Zaanen-
Sawatzky-Allen (ZSA) phase diagram.?’ In this case, the
first ionization state would be of primarily O 2p character
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Stoichiometry parameters and lattice parameters of the measured samples of

La,_,Sr,NiO, s; the first entry is of a single crystal, the rest are ceramic samples.

x 8 a (A) b (A) ¢ (A) v (A%
0.14 5.441 5.466 12.628 375.6
0 0.13 5.465 12.68 378
0.25 0.02 5.428 12.70 374
0.5 —0.01 5.391 12.74 370
0.8 —0.01 5.402 12.55 366
0.925 —0.01 5.412 12.47 365
1.15 —0.02 5.416 12.36 363

and the first electron affinity state of Ni 3d character, cor-
responding to nominal electron configurations d®L and
d®, respectively.

Band-structure calculations are useful, however, for
obtaining parameters for model Hamiltonian calcula-
tions.?®?’ This has been done for La,NiO, with a slightly
too small apical bond to in-plane ratio of 1.12.2% The re-
sult was a gap of 3.0 eV, 1 eV larger than calculated for
La,CuO,. The first ionization states were found to have
mainly O 2p character. Recently, more complete model
calculations gave a gap of 4 eV.%

An experimental method well suited to study the na-
ture and symmetry of the states above the Fermi level for
both pure and doped materials is x-ray-absorption spec-
troscopy, as has been amply demonstrated for
Li,Ni,_, O (Ref. 30) and the high-T, superconductors.?!

EXPERIMENT

Samples of La, , Sr, NiO, with x ranging from O to 1.2
were prepared by a solid-state reaction starting from
La,0;, NiO, and Sr(OH),-8H,0. The samples were
prefired for 1 h at 600°C. The powders were then cold
pressed at 100 bar, fired for 13 h in pure oxygen of 1 bar
at 1100-1300°C, and subsequently cooled at about
100°C/h to room temperature. Samples with x >0.5
especially required firing temperatures as high as 1300°C
in order to obtain single-phase materials.

The ceramic samples were checked by x-ray diffraction
to be single phase. The cell was tetragonal, the lattice pa-
rameters are listed in Table I. There is reasonable agree-
ment with published structure data.'>'*3? The oxygen
content was determined iodometrically and from the
weight loss by hydrogen reduction. These methods
agreed except for the influence of adsorbed water in some
samples on the weight loss. Results are shown in Table I.
La,NiO, s had §=0.13, while for higher strontium con-
tents the oxygen excess in oxygen-annealed samples de-
creases in agreement with Ref. 10.

Single crystals of La,NiO,,5 and of La, ¢4sSrq ;sNiO,
were grown by the floating-zone method; the exact oxy-
gen content is not known. The lattice parameters of the
doped crystal were determined during a determination of
the crystal orientation. The structure of these
La,NiO, s crystals has been investigated by Kajitani
et al.

X-ray-absorption experiments at the oxygen K edge

were done at BESSY using the SX-700-I monochromator.
The slit size used was 10 um resulting in a linewidth of
about 0.4 eV. The absorption was measured by dividing
the total photoelectric yield by the ring current. The
photon energy was calibrated by measuring the absorp-
tion edges of vanadium and chromium metal samples and
comparing them to electron-energy-loss measurements by
Fink et al.3* The samples could be scraped in vacuum
with an alumina file.

RESULTS

In Fig. 1 we present polarization-dependent x-ray-
absorption (XAS) measurements on a single crystal of
La, 4581, sNiO, at the O 1s edge. The crystal was mea-
sured as received. It had a flat shiny surface perpendicu-
lar to the c axis. Dipole transition selection rules dictate
that, for perpendicular incident radiation, only states of
Px or p, symmetry will be seen [x and y in the (a,b) plane
of the crystal], while for grazing incidence and linear po-
larized light the geometry is chosen so that only p, orbit-
als are accessible. Since all the structures have some po-
larization dependence it is difficult to choose a suitable
normalization procedure. In Fig. 1 we see that a reason-
able choice is to normalize to the intensity at 542 eV.

Starting our discussion of the spectra at high energies,
we see above 538-eV oscillations in the absorption to con-
tinuum states. The structure at 544 eV is strongly polar-
ization dependent with the highest intensity for in-plane
polarization. This structure probably is related to the
in-plane oxygen coordination. It would be interesting to
have detailed polarization-dependent multiple-scattering
calculations or high-energy band-structure calculations
to compare with.

The dominant absorption peak at 536 eV is due to
transitions to oxygen states hybridized with La 5d and 4f
states. The intensity of this structure does not seem to be
very polarization dependent, which can be understood by
the quite isotropic coordination of the lanthanum atoms
by nine oxygens. A calculation on La,CuO, shows that
this absorption is almost equally due to O(1) and O(2)
atoms.>’

The absorption at 532 eV, however, is polarization
dependent: it is most intense at perpendicular incidence,
which means that there is a large density of p, , derived
states. In this region there will be La 5d states, but they
are not likely to be very polarization dependent, although
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FIG. 1. Oxygen ls x-ray-absorption spectra of an unscraped
single crystal of La, gsSry 15NiO, with the surface perpendicular
to the c¢ axis at different angles of incidence of the polarized
light.

according to Ref. 35 they are hybridized more strongly
with oxygen atoms in the lanthanum planes so that some
X,y polarization might be expected. In this region we
also expect Ni 3d° final states. The d° final states can be
reached because of hybridization by pd (o) bonds. be-
tween empty Ni d orbitals and in-plane O 2p, , orbitals.
The pd (o) hybridization with the apex oxygen p, orbitals
is expected to be a lot smaller because of the 16% larger
interatomic distance. The peak intensity is proportional
to the square of the d transfer integrals which, according
to Harrison,’ scale as R3-5. The expected intensity ratio
is then 0.36. So we expect the Ni 3d° final states reached
by O 1s excitation to be enhanced in perpendicular in-
cidence, while they should be reduced in grazing in-
cidence. This leads us to believe that the polarization-
dependent part in the absorption at 532 eV is at least
partly due to Ni 3d° final states. This assignment finds
support in a comparison with polarization-dependent
XAS measurements on La,CuO, by Rossi et al.,”’ where
the Cu 3d!° peak is at lower energy (~530.2 eV), and
also in the close coincidence with the position of the 3d°
peak of NiO (Fig. 3).

Going back to the La, 4sSr, ;sNiO, spectra, the absorp-
tion at 528 eV is due to holes induced by Sr doping, as is
clear from the stoichiometry dependence described
below. Contrary to what has been observed in
Bi,Ca,SrCu,04,%% the intensity of this absorption peak
is not polarized solely in the MO, plane (where M is the
transition-metal element), but is almost polarization in-
dependent. There seems to be a polarization-dependent
shift in the position of this peak which could indicate
symmetry-dependent final-state energies. The observed
shifts, however, could also be due to sampling different
parts of the light beam from the monochromator upon
rotating the sample so any speculation must be done with
this in mind.

Results of the scraped polycrystalline samples are
shown in Fig. 2. A linear background was subtracted
from the spectra and they were scaled by a rather arbi-
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FIG. 2. O 1s XAS of a series of ceramic La,_,Sr,NiO,, 5
samples.

trary factor. The oscillations in the absorption above 538
eV, which reflect the local atomic environment of the ox-
ygen atoms, again are in agreement with data on
La,Cu0,.*° The absorption peak at 536 eV is reduced by
replacing lanthanum by strontium which has no low-
lying 4f states. Strontium doping also causes a small
shift of this peak to higher energy. If the peak at 532 eV
is due to Ni 3d° final states, its reduction can be ex-
plained in the same way as in the case of Li,Ni,_,O, by
transfer of the intensity of this peak to the doping-
induced peak at lower energy.*®

The obvious effect of Sr doping is the growth of the ab-
sorption at about 528 eV. This peak is caused by transi-
tions to the induced holes in the oxygen 2p band. This in-
tensity is not proportional to the doping as it is in
La,CuO, (Refs. 31 and 35) and Li,Ni;_,0.>° The solu-
tion can be found in the oxygen stoichiometry. Accord-
ing to a neutron-diffraction investigation by Jorgensen
et al.,’ oxygen annealed La,NiO, s had §=0.18 while
nitrogen annealed La,NiO4 had §=0.07. If our pure sin-
gle crystal has the composition La,NiO, y; it can be un-
derstood why single crystalline La, 4sSry sNiO, has a
very similar prepeak intensity. If we plot the prepeak
height as a function of the hole concentration calculated
as h=(x +28)/(4+8), we find reasonable agreement
with a straight line (not shown).

For x = 0.5 we also notice a shift of the O 2p prepeak
to lower energy. This may be related to the transition to
metallic behavior of the resistivity.!>1*

It is interesting to compare the spectra of Li, ,Nij 3O
with La, ,Sry ¢NiO, where both have 0.2 hole per oxygen.
From Fig. 3 we see strong similarities in the near thresh-
old region although the La 4f and 5d states distort the
picture somewhat. In the Li-doped case, the d° peak is
more strongly suppressed than in Sr-doped La,NiO,
which is simply because Ni is replaced in NiO by lithium.
The prepeak in the Li-doped case comes at higher ener-



&

T T T

£ % Lio.2Nio.80

total yield

1 L |
525 530 535 540 545
photon energy (eV)

FIG. 3. The XAS of NiO and Lig,NiygO compared to
La, 4sSr sNiOy4 (normal incidence) and La,; ,Sr, gNiO,.

gies than in the Sr-doped case, which could indicate that
the effect of the impurity potential is considerably larger
in the former. This is, in fact, expected purely from
geometrical considerations. The O—Sr bond distances
are about 2.5 A, whereas the O—Li bond lengths are 2.08
A. The comparison with Li, Ni;_, O shows that the band
gap of intrinsic La,NiO, must be as large or even larger
than that of NiO, which has a charge-transfer gap of =4
eV.2! The structure seen optically in La,NiO, (Ref. 13) at
about 1.5 eV is therefore most probably caused by
impurity-induced states due to nonstoichiometry.

DISCUSSION

Above we assigned the absorption at 532 eV to Ni 3d°
final states because of its polarization dependence. But it
is necessary to treat this Ni 3d° peak in more detail be-
cause of its expected splitting in D,, symmetry, the
d,,»_ 2 hole is at higher energy than thed ,_ , hole. We
follow the notation used for CuO, clusters.*’ In the
ground state, the Ni 3d® atom in square plane D, sym-
metry has a hole in the dxziy , orbital (b, symmetry) and
a hole in the d3zz_r2 orbital (@, symmetry), which gives
the Hund’s-rule 3B 1¢ high-spin state. In O, symmetry it
would be 3A1g symmetry. For the undoped case, we
represent in configuration interaction in D,, symmetry
the ground state by

®;(°B,)=ald*B,,)) +Bld°L(B,,))

+v|d'°L*CB,,)) , (1)

where L denotes an oxygen 2p hole with the proper sym-
metry. Two types of d°L states are possible, namely,

UNOCCUPIED DENSITY OF STATES OF La,_,Sr,NiO,5 . . .
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|b;1L(a;)1) and |a;1L(b,)1), where L(b,) is an ap-
propriate linear combination of bonding O 2p, , orbitals
and L(a,) also involves apex oxygen p, orbitals. Since
these L have quite different hybridizations with the d 8
state, they will have different 8 coefficients, so that we
write

©;(°B,,)=~ald®) +B(b,)|d°L(b,))
+Blay)ld’Lia,)) , v)

and we will leave out the d '°L ? states since these are very
high in energy. The effective transfer integral coupling
|d®) and |d3_,_ ,L(b;)) is T(b,) and that coupling |d*)
with |d),_ 2L(ay)) is T(b1)/V'3+ Typey, Where Typey is
the transfer integral of 3d 32— 2 and the apex 2p, orbitals.

From the above we see that transitions to O p, , orbit-
als can bring us to either dxz_yz- or d322_r2-like final
states. For perpendicular incidence the relative intensity
of the two final states is given by

I(d}:_2)  BYay) THay) 1

r Y = ~ =—, (3)
Id3,_ ) PBby) TXby) 3

-r

For z-polarized light (grazing incidence), transitions to
the apex oxygen p, orbitals are possible. The intensity
will be proportional to the apex p, hole occupation in the
ground state, which is proportional to Tipex orbital which
mixes with 3d, , . A transition to this apex 2p, brings
us to a dfzhyz final state. Remembering the ratio of 0.36

from the proportionality of T2 to R’ and taking into ac-
count a factor %, we see that the d;’Lyz final state is only

slightly polarization dependent, whereas the d zzz_rz final

state can only be reached in perpendicular incidence.

To compare with the experiment we need an estimate
of the energy separation of these peaks. The splitting is
caused by the differing hybridization of both d % final
states with the d!°L continuum. But because the d'°L
states are high (U + A) above d®,? the hybridization and
the differences in hybridization are small. We get

E(a;)—E(b)=[TXa,)—T*b)]/(U+A) . 4

Taking T(a;)=2 eV, A=6 ¢V, and U =8 eV, and using
our estimates of the T ratio, we get 0.16 eV. So the sepa-
ration is smaller than the experimental resolution.

Now we look at the polarization dependence expected
for the extra holes in a NiOg cluster, where the extra hole
is expected to have primarily oxygen character. First we
recall that a possible explanation for the pure x,y polar-
ization of the threshold O 2p states in the Bi cuprates is
that the first ionization states in a CuO, layer are singlet
states pushed out of the O 2p band due to the strong Cu-
O hybridization.*>** These states mainly consist of one
hole in a Cu deyz orbital (b; symmetry) and the other
in a linear combination of four oxygen o bonding orbitals
also with b, symmetry, producing a ! 4, singlet. In fact,
the polarization-dependent XAS is strong support for
this picture. In view of this we should ask what the sym-
metry of the first ionization state of La,NiO, is. For Ni
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in O, symmetry** we again find these pushed-out states in
the NiO, layers, but now the high-spin *T is the lowest-
energy state followed very closely by a low-spin 2E state.
These states are much more complicated than for the Cu
oxides. The *T; state involves three holes: two in g
symmetry (dx2—y2 and d 322_r2) and one in t,, symmetry
(Pxy> Pxz» OT Py;). The lowest-energy wave function has
two of these holes primarily on the Ni and one on the ox-
ygen, but that could be any one of the three. A similar
situation occurs for 2E. So, in this case of d®L, we could
have p,-like holes mixed in.

The calculation published by Grant and McMahan??
gives, as the first ionization state, a low-spin state with

the added hole having primarily oxygen character and b,

symmetry. This is in disagreement with the polarization
independence of the O 2p hole states, which can probably
be attributed to their neglect of the ¢,, orbitals.

So far we assumed that the holes are in the first ioniza-
tion state of the undoped material. However, Fujimori
has pointed out?* that the Li-induced hole in Li,Ni, O
(Ref. 29) is different from the first ionization state of pure
NiO (which is a high-spin T, state), because of the Li
impurity potential. For low strontium doping in
La,NiO,, the charge-compensating hole will be localized
near the Sr impurity. This leads to our second possible
explanation of the z-polarized part of the 528-eV peak.
The Sr-induced crystal will preferentially have the oxy-
gen hole in 2p orbitals oriented towards it. These orbitals
would make an angle of 45° with the ¢ axis and will be hy-
bridized with Ni 3d orbitals of e (p,,,p,,) and b, (p,,)
symmetry. An estimate of this Sr-induced crystal-field
splitting can be made using data for O 2p in Li-doped
BeO (Ref. 45) and a 1/R? relation, which yields 0.4 eV.
This could be enough to stabilize these states.

In Fig. 4 we compare the bremsstrahlung isochromat
spectra®® (BIS) and XAS spectra by lining them up at the
La 4f structure. This requires a shift of 526.5 eV for the
XAS spectrum. In a purely one-electron material with
negligible core-hole potential, this shift should be equal to
the oxygen ls x-ray photoemission spectroscopy (XPS)
binding energy of 528.4 eV. Here we see that it is 1.9 eV
less, which is a direct result of the many-body nature of
the problem. One should not mistake this extra shift as
being only due to the core-hole potential. It is, in fact, a
result of different hybridization shifts for the different
final states reached.*’

In the BIS spectra, the intensity of the La 4f peak has
been scaled to the La concentration. The shoulder at
5-6 €V mainly has La 5d character and some Ni 3d° in-
tensity (Ni 3d° has a much smaller cross section). La re-
placement will reduce the La 5d part. Doping will also
reduce the Ni 3d° intensity by final-state hybridization
with d3L states, but this effect cannot be observed here as
clearly as in BIS of Li, Ni,_, 0.4

The BIS spectra show that, with La substitution, states
are introduced over a large region of the band gap start-
ing from about 1 eV above the Fermi energy (the zero in
Fig. 4) and extending all the way to the conduction band
edge at about 4 eV above Ep. This is interesting for two
reasons, first of all it shows that the peaking seen in the
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FIG. 4. BIS spectra (1487 eV) of reduced La,NiO, (solid line)
and of Lag gs8r; sNiO, (dashed) compared to the shifted O 1s
absorption spectrum of single crystalline La,NiO, 5 at normal
incidence (dots). The zero of energy is at the Fermi level which
is about 0.5 eV above the top of the valence band.

XAS spectrum at about 2 eV about E in Fig. 4 is most
likely an effect of the O 1s core-hole potential and not due
to a well-defined impurity state. Secondly, it shows that
the simple picture of the Fermi level moving into the O
2p band with doping is probably not correct. What seems
to happen instead is that states are pulled out of the
valence band to energies above E and are spread across
a large portion of the gap. This is similar to findings in
the high T,’s.%

CONCLUSIONS

We have shown by varying the stoichiometry that the
holes compensating for the Sr impurities are primarily on
oxygen, as are the holes due to excess oxygen. The
polarization-dependent spectra clearly show an in-plane
polarized Ni 3d° final-state peak. The Sr-induced oxygen
2p holes, however, are nearly isotropic. Two possible ex-
planations were offered: the first is that the extra hole in
the appropriate NiOg cluster intrinsically has much z
character, and the second that the Sr impurity “pulls the
holes out of” the NiO, plane. We concluded that the
charge-transfer gap in La,NiQ, is at least 4 eV, and that
parameters like U and A are comparable to those of NiO.
BIS measurements show that the Sr-induced hole states
are, in fact, spread out over a large portion of the band
gap and are not concentrated in a narrow energy region.
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