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Character of Holes in Li Nit 0 and Their Magnetic Behavior
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Using oxygen E-edge x-ray-absorption spectroscopy we show that the holes compensating the Li'+
impurity charge in Li Nil — 0 are located primarily in the 0 2p states rather than in the conventionally
assumed Ni 3d states. These holes are bound to the Li'+ impurities forming states in the NiO band gap.
We also argue that these 0 2p holes have a very large antiferromagnetic exchange interaction with

neighboring Ni + (d ) spins, which makes them appear like low-spin Ni'+ states in macroscopic mag-
netic measurements. This is similar to what could be happening in the Cu-based high-T, superconduc-
tors.

PACS numbers: 78.70.Dm, 75.30.Et

The late 3d transition-metal (TM) oxides, up to quite
recently, have been thought to be Mott-Hubbard sys-
tems, ' with states of primarily 3d character spanning
the Fermi level and gaps caused by strong d-d Coulomb
interactions. In this picture substitutions like, for exam-
ple, monovalent Li for divalent cations in the monoxides
would be charge compensated by the presence of
trivalent cations, which leads to mixed-valent systems.
The magnetic and electrical properties of an extremely
wide class of such substituted oxides have generally been
discussed in these terms. For example, for Li„Ni~ 0
one assumed the presence of Ni + which would have to
be in a low-spin d (Ref. 7) configuration to explain the
magnetic properties. This was quite surprising because,
as van Houten argued, the ligand field in oxides is not
expected to be sufficiently strong to overcome the
Hund's-rule stabilization of the high-spin state. More
recently, the interpretation of high-energy electron spec-
troscopy data of Cu and Ni ' dihalides and oxides, " '

as well as the high-T, superconductors, ' led to the con-
clusion that these systems are not conventional Mott-
Hubbard systems, but rather that the gap in the insula-
tors is of the charge-transfer type' and that the first ion-
ization states are of primarily anion p character rather
than of TM d character. This relatively new suggestion
for the oxides has had the most impact in the high-T,
field of research. Although it may be difficult in a time
of high-T, craze to rekindle the interest in magnetic
properties of substituted and nonstoichiometric TM ox-
ides, we wi11 in this Letter present new experimental and
theoretical information on Li„Ni~ 0 that should
change our way of thinking about the magnetic proper-
ties of substituted and non stoichiometric compounds
with especially the 3d, 4d, and, to some extent, rare-
earth elements.

The suggestion that the first ionization states in sys-

tems like Mno, Feo, Coo, Nio, and Cuo are of pri-
marily 0 2p character would lead directly to the con-
clusion that the holes compensating the lithium charge in
our example of Li, Ni~ — 0 would be in 0 2p bands.
Having said this, one is confronted with the question
concerning the exchange coupling of the 0 holes with the
localized TM unpaired spins. For localized 0 2p holes
we could expect the 0-2p-TM-3d exchange interaction
to be an order of magnitude larger' than the superex-
change interaction, ' which couples the TM spins via vir-
tual excitations involving the 0 2p states. 0f even more
general interest are the possibilities such systems provide
for studying Kondo or Anderson lattice systems in which
the charge carriers move in narrow bands with a relative-
ly low Fermi energy as compared to the exchange in-
teraction between the charge carriers and the localized
spins on the transition-metal ions.

In this Letter we present direct spectroscopic evidence
that for the Li Ni~ — 0 system the charge-compensating
holes reside primarily in the 0 2p bands. To do this we
use 0 K-edge x-ray-absorption (XAS) spectroscopy. As
has amply been demonstrated core-level x-ray-absorption
spectroscopy provides information on the local unoccu-
pied density of states of the symmetry dictated by the
core hole and the dipole selection rules. ' Although one
must be aware of core-hole potential eAects on the spec-
tral distribution, this does not reduce the capacity of the
technique to determine the presence of unoccupied states
of certain symmetry in the ground state. This technique
has been used successfu11y to show that the holes present
in the high-T, superconductors are primarily of 0 2p
character.

Li Ni& —„0 was prepared as described in Ref. 7 by
grinding together the proper proportions of Li2C03 and
Nio. The powder was then pelletized under a pressure
of 10 Pa. The pellets were calcined at 950 C for 20 h
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under a How of pure dry oxygen. X-ray diA'raction
showed a homogeneous material but this method is not
sensitive to the presence of lithium oxide. The lattice-
parameter variation with x (Refs. 7 and 23) as well as
wet chemical analysis was used to determine the lithium
content. These methods agreed for x & 0.4; in the nomi-
nally x =0.50 sample x-ray diff'raction gave x=0.40
~0.02, indicating the presence of unreacted lithium.
The absolute oxygen content of the samples in equilibri-
um with 1-atm pure 02 at high temperatures has been
determined by equilibration up to 1200 C, followed by
controlled reduction with a final temperature level of 10
h at 800 C. For x &0.4 the oxygen was found to devi-
ate by less than 2% from that given by the chemical for-
mula above.

For the XAS measurements the samples were scraped
in vacuum ( = l0 Torr) with an alumina file. The
measurements were done at BESSY, the Berlin syn-
chrotron, with an SX700 monochromator which op-
erated with an exit slit of 10 pm, giving a resolution of
400 meV at 500 eV. The absorption was determined by
the total-electron-yield method which probes a layer
some hundreds of angstroms deep. The total yield was
divided by the storage-ring current recorded simultane-
ously. The energy-dependent photon Aux in the 0 1s re-
gion due to contamination of the optics was found to de-
viate by only about 2% in the energy range of interest.
The absolute energy scale was determined by comparison
with data of Nakaj et al. and of Davoli et al.

In Fig. 1 we present the oxygen 1s absorption near
edge spectra of Li„Nii —„0 for x between 0 and 0.5.
The spectra have been scaled to the area between 530
and 544 eV after subtraction of an energy-independent
background. To compare with a material without local-
ized d electrons, we show in the bottom curve the 0 E-
edge of MgO determined by Nakai et al. It reflects the
structure in the density of states in the O 3p conduction
band and its form is explained satisfactorily by a
multiple-scattering calculation. The next lowest curve
shows our data on pure NiO. It agrees with data of
Nakai et a$. and of Davoli et gj. The most important
diff'erence from the MgO spectrum is the peak at 532
eV, which is also present in a multiple-scattering calcula-
tion by Vvedensky and Pendry.

Since the first electron-addition state in NiO is a d
state" the prepeak at 532 eV observed in the 0 1s edge
is identified as being this state in the presence of an 0 1s
core hole. The 0 1s binding energy in NiO is about
529.5 eV which is 2.5 eV lower than the XAS prepeaks,
in rough agreement with a band gap of about 4 eV and a
Fermi-level pinning above the valence band. " We note
that this is a good example showing that a prepeak in
XAS need not necessarily imply "free" 0 2p holes in the
ground state. This particular peak gets its transition
probability from the hybridization of the ground state.
The ground-state wave function in a cluster approach
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FIG. l. Oxygen K-edge absorption spectra of MgO (Ref.
26), NiO, Li„Ni~ —„0for indicated values of x, and Li20.

with Ni in an octahedron of 0 ions can be written as "
eo =a

I
ds&+P

I
d'L& (a'+P'=»

and the first affinity state as

(2)

neglecting the mixing with the l d ' L ) and
l
d ' L)

states in Eqs. (l) and (2), respectively, because of the
large d-d Coulomb interaction (Udd). " Allowing only
intra-atomic XAS transition matrix elements we see that
the prepeak in the 0 1s spectrum has an intensity pro-
portional to P and is a measure of the covalency in the
ground state.

In the Li-doped samples we see, aside from some
broadening at higher energy, an additional peak appear-
ing at about 528.5 eV, while, as expected, the peak at
532 eV decreases as the Ni is replaced by Li. The peak
at 534 eV in the x=0.40 and X=0.50 samples is prob-
ably due to Li26 as is evident from comparison with the
Li20 absorption spectrum. At first glance one might ex-
pect the 532-eV peak to decrease linearly with the Li
concentration to about 50%, at x=0.5, of the intensity
for NiO. It is rather surprising then that this peak has
all but disappeared at X=0.4. There are two rather in-
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teresting reasons for this behavior. First the hybridiza-
tion in the ground state will decrease with x since if a Ni
ion has an 0 nearest neighbor with a hole, then the
charge-transfer state in Eq. (1) will involve two ligand
holes which will be higher in energy by the 0-2p-0-2p
Coulomb interaction Upp A rough estimate yields a
reduction of P for such a case by about 50%. A second
eA'ect, however, could be even more important and this
has to do with the hybridization in the final state. For
x=0 the final state is given by Eq. (2) which has no
states with lower energy with which it can hybridize.
However, for finite x the d (L)-like final state [where
(L ) is the Li-induced hole] can hybridize with the
lower-energy states in which the Li-induced hole is occu-
pied, i.e., d . As is well known, this kind of final-state
hybridization always shifts the spectral weight to the
lowest-energy state. ' A more detailed analysis of this
will be published elsewhere.

The separation between the new peak and the prepeak
in NiO is about 3.2 to 3.5 eV which is close to but small-
er than the band gap of Ni0 of about 4 eV. The intensi-

ty of this prepeak increases linearly with Li content and
for Lio 3Nio 70 is about the same as for the 532 eV
prepeak in NiO. Since P for NiO is about 0.2, ' the ex-
tra holes introduced by the Li doping have about 70% 0
2p character. This peak in interpreted as being due to
the holes corresponding to the first ionization states of
NiO. That these holes are of primarily 0 2p character is
in agreement with the interpretation of the photoemis-
sion and inverse photoemission spectra of NiO and the
charge-transfer nature suggested for the band gap.
That the energy separation between this peak and the
prepeak in NiO is less than the band gap indicates that
these hole states are in fact impurity states in the gap,
most likely bound to the eff'ectively negative charged
lithium sites. This also explains the absence of metallic
conductivity in these systems. '

In Fig. 2 we show schematically the physics involved.
In Fig. 2(a) we show the states in NiO below and above
the Fermi level together with their rough assignment. "
The arrow indicates the state reached by XAS at the 0
ls edge. Figure 2(b) shows what would happen in a
rigid-band model of Li„Ni~ 0 in which the Fermi level
is merely shifted to the top of the d L-like band states.
Again the final states reached by 0 1s XAS are indicat-
ed. In Fig. 2(c) the Li impurity potential is taken into
account, causing the hole states to split oA' from the band
and appear as impurity states in the NiO gap.

One of the most interesting questions now concerns
the exchange interaction between these holes and the
nearest-neighbor Ni ions. We remind the reader that the
Ni ions (nominally d ) are in a high-spin A2g (t2seg)
electronic configuration. The extra hole could, for exam-
ple, be in a totally symmetric (A&s) state about the Li
impurity with a wave function of the form
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FIG. 2. (a) Sketch of the electron-removal and electron-
addition states of NiO. Transitions in Li-doped NiO, (b) as-

suming a rigid-band model and (c) assuming localization of 0
2p holes around lithium.

1 1+
Udd ('E) —~ ~+U„

where h, is the charge-transfer energy defined in Fig. 2,
U~~ is the 0 2p Coulomb interaction, Udd( E) is the
effective Coulomb interaction of the d l E(eg )] state,
and T,g is the transfer integral for the coupling of an 0
p, orbital to a Ni d3, 2 2 orbital. From detailed analysis
of various spectroscopies and the superexchange inter-
action in NiO we previously found h. =6.0 eV,
Udd( E) =9.5 eV, T,fr=0.9 eV, and from 0 Auger
spectroscopy in CuzO (Ref. 35), U~~ =4.6 eV. This
leads to an 0-Ni antiferromagnetic exchange interaction

where in p„ the i labels the oxygen ion and on each ion
we have defined a local z axis pointing towards the Li im-

purity. Each of these oxygen ions has a Ni nearest
neighbor along the local z axis which for T & T~ has its
spin opposite to that of the Ni ion replaced by the Li im-

purity. We consider now the exchange interaction be-
tween a hole in an 0 p, orbital with the spin 3d ( A2s)
on a neighboring Ni ion. In analogy to a similar prob-
lem treated by Zhang and Rice' for the high-T, com-
pounds, there are two contributions to the exchange in-

volving virtual states: (i) where a majority-spin (e~ sym-

metry) electron has been transferred from Ni to the 0
2p hole involving a d state, which gives an antiferro-
magnetic contribution and (ii) where an 0 2p o-bonding
electron has been transferred to the Ni involving the
state d L, which also yields an antiferromagnetic con-
tribution. The net antiferromagnetic exchange is then
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of 0.36 eV, which is about 2 orders of magnitude larger
than the superexchange interaction.

In conclusion, we have shown that the holes compen-
sating the Li impurity charge in Li„Ni& „0are of pri-
marily 0 2p character. The exchange interaction of
these holes with the localized Ni d electrons is antiferro-
magnetic and estimated to be about 2 orders of magni-
tude larger than the Ni-Ni superexchange interaction.
Such large exchange interactions between 0 2p holes
and TM spins are expected for late 3d transition-metal
oxides in general and could lead to new ideas for materi-
als with interesting magnetic, optical, and electrical
properties.
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