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The nature of the hole states in Li doped NiO

Hungru Chen and John H. Harding

Department of Materials Science and Engineering, University of Sheffield, S1 3JD, United Kingdom

Abstract

We have performed density functional calculations on Lig 1,5Nigg750 using both the HSE06 hybrid
functional and the DFT+U method. Contrary to previous calculations, both methods show that the
system is better described with the hole localized on the nickel ion (which is thus formally Ni**) rather
than in the oxygen valence band. We discuss the experimental results in the light of this finding and
show that it is consistent with the available data.

Introduction

Hole doped Mott-insulators have attracted considerable attention due to the discovery of high-
temperature superconducting cuprates. One basic question is the nature of the hole state in
Mott insulating systems. NiO is traditionally considered to be a prototype Mott insulator with a
wide band gap. It is often classified as a charge-transfer insulator, although the original Zaanen-
Sawatzky-Allen paper® suggested that it is on the borderline between a charge-transfer and a
Mott-Hubbard insulator. Indeed, recent work suggests a mixture of charge-transfer and Mott-
Hubbard character?, although most experimental and theoretical work has apparently
supported the charge-transfer nature of the band gap in NiO*®. Hole doping in NiO is usually
obtained by doping NiO with lithium oxide (with which it forms an extensive solid solution)
whereby Ni** is replaced by Li*. Antolini” has summarised the experimental evidence on the
question of the nature of the hole. The older magnetic measurement studies adopted Ni** as
the relevant nickel charge state for interpreting their results®, as do all the current studies on
the related compound LiNiO,’. Changes in the Ni-Ni bond length with the composition, x, of
LixNi1«O obtained from nickel K-edge X-ray absorption fine structure spectroscopy'® support the
idea that the nickel ion should be considered as Ni** - i.e. the hole is on the metal. On the other
hand, oxygen K-edge X-ray absorption spectroscopy of LixNi;xO has been interpreted in terms
of holes on the oxygen atoms™*. This interpretation relies on ideas taken from an analysis of
excitations in pure NiO>. This work, together with a number of ab initio calculations ****
discussed below, is the justification of the idea that the hole is in the oxygen valence band,
localised on an oxide ion next to the Li dopant (hence formally producing an O ion).

Previous theoretical work using spin-unrestricted Hartree-Fock and hybrid functionals with a

high-percentage of Fock exchange predicted that the hole states resided mainly on oxygen'**2.



However the high percentages of Fock exchange used lead to an unreasonably large band gap
in NiO' *°; in effect these methods over-emphasise an ionic description. Consequently the
valence band edge was found to consist exclusively of oxygen states in these calculations. This
is not consistent with the large contribution from Ni states seen in the valence band edge in
experiment®. Recent work using Dynamic-Mean-Field theory (DMFT) calculations also predicted
oxygen holes'®. However, that calculation ignores the Li ion completely except for its ability to
generate holes. This discounts both the structure relaxation and the Li impurity potential.
Moreover, these calculations failed to reproduce the “surviving” gap upon Li doping observed
in oxygen K-edge X-ray-absorption spectra which the previous authors™ ascribed to a localising
potential. We have therefore performed calculations that explicitly include the Liion,
performed within periodic boundary conditions rather than using a finite cluster.

Method

In this study, we investigate the electronic structure of Li doped NiO by hybrid-functional first-
principles density functional theory calculations, with the projector augmented wave
approach'’. The HSE06 hybrid functional, which mixes 25% of Hartree-Fock exchange with 75%
of the PBE functional, is used'®. The inclusion of Hartree-Fock exchange corrects the self-
interaction error contained in standard DFT functionals and so greatly improves the description
of strongly correlated systems such as transition metal oxides. It has been shown previously
that 20% to 35% of exact exchange in DFT calculations results in good physical properties for
Nio™.

An alternative method of treating strongly-correlated systems is to include an on-site coulomb
interaction, the Hubbard U parameter, in the standard DFT calculations. This is known as the
DFT+U method. Calculations using this method were also performed to compare with the
HSEO6 results. The rotational invariant form®® of the DFT+U formalism was used and Ugs= U —J,
the onsite correction, was set to be 5.3 eV for Ni 3d electrons. The number is taken from a
previous study on NiO in which this Ug value was shown to give reasonable physical
properties?’. To model Li-doped NiO, we consider a single composition whereby one Ni is
replaced by Li in a 2x2x2 antiferromagnetic NiO supercell with 8 formula units. This corresponds
to a non-stoichiometry of x=0.125 in LixNi;«O which is well within the experimental rangelo’11
and, moreover, was the composition chosen for the Hartree-Fock calculations discussed
above'?™*. The computational requirements of using the HSEO6 functional preclude a full study
across a range of compositions, but this one composition is sufficient for our purposes. The full
structure optimisation is performed without any cell or symmetry constraint, until the force is
less than 0.01 eV-A™ per ion. A plane wave energy cut-off of 500eV and k-point meshes of
5x5x5 for HSE06 and 6x6x6 for GGA+U were used. All calculation were carried out using the

Vienna ab initio simulation package (VASP)*.



Results and discussion

NiO adopts a cubic rocksalt structure with space group Fm3m. The Ni** ions in NiO have a high
spin d® (t2g6eg2) electronic configuration. The calculated lattice parameters, Ni magnetic
moments and band gaps of NiO are listed in Table 1. Both the HSEO6 functional and the GGA+U
calculations yield good agreement with experimental values apart from the underestimate of
the band gap by about 1 eV in GGA+U.

Tablel — Comparison of calculated and experimentally measured properties of NiO

Lattice parameter (A) Ni magnetic moment (p;s) Band gap (eV)
HSEO6 4.179 1.66 4.1
GGA+U 4.20 1.69 3.2
Experiment 4.171% 1.642,1.77*%,1.90 * 4%, 4.3°

Upon Li doping, the local environment of one of the Ni ions undergoes substantial distortion
with four short and two long Ni-O bonds, whereas the environments of the other six Ni stay
unaltered as shown in Table 2. The magnetic moment of the nickel ion with the distorted
environment is also substantially reduced. The Ni-O bond lengths of this distorted Ni are very
similar to those reported for Ni*"in LiNiO, (which has a Jahn-Teller distortion) 2 %. Comparing
this to the local density of states (DOS) of the undistorted Ni** (tzgsegz) in figure 1, the extra
unoccupied spin-up e state in the distorted Ni DOS shows that its electronic configuration
should be t,.°e;" and hence Ni*".

Table 2 — Ni-O bond lengths and Ni magnetic moments in the optimised LiNi;Og structure.

HSEO6 GGA+U
duvio (A) | Bader charge | Magnetic dnio (A) | Bader charge Magnetic
(e) moment (M) (e) moment (pg)
Ni 2.07-2.09 +1.43 1.65 2.08-2.10 +1.31 1.69
(undistorted)
Ni 1.90x4, +1.61 0.88 1.93 x4, +1.43 1.05
(distorted) 2.13x2 2.14x2
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Figure 1 — Local density of states of the undistorted and distorted Ni in the LiNi;Og supercell
using the HSEQG6 functional (left) and GGA+U (right).

Figure 2 shows the total density of states of pure NiO and Li doped NiO (LiNi;Og), from both
HSEO6 and GGA+U calculations. In NiO, the valence band edge states consist of about 50% Ni
and 50% oxygen character, consistent with the large Ni d spectral weight at the top of the
valence band obtained from both LDA+DMFT calculations'® and also from experiment®. Upon
hole doping by substituting one Ni with Li, hole states in Lig.125sNigg750 emerge with three peaks
within the NiO band gap. They are clearly associated with the distorted Ni**, as can be seen
from the local density of states (LDOS) in figure 1.

However, the band gaps are only opened if structural relaxation is allowed (see figure 2). This
indicates that Jahn-Teller distortion is the key for the emergence of the band gap and a
concomitant hole localisation on Ni. Although the band gaps narrow to about 1.3eV (HSE06)
and 0.5eV (GGA+U) in Lig.125Nig 8750, they are both consistent with the absence of metallic
conductivity in the LiyNi;,O system. In order to have a direct comparison with existing
experimental results, we have attempted to reproduce the oxygen K-edge absorption spectra
from our ground state structures of NiO and Lig 15Nigg750, by plotting out the calculated empty
oxygen states with a Gaussian smearing width 1 eV. Although the core-hole effect is not
accounted for in our calculations, it has been shown that the main characteristics of the oxygen
K-edge absorption spectra can still be correctly reproduced without the core-hole in NiO at the
DFT+U level®. Figure 3 shows the calculated spectra for pure NiO and Lig.125Nigg750, along with
the experimental spectra taken from ref '*. The four peaks A to D in the NiO oxygen absorption



spectrum agree well with available experimental spectra. Upon Li doping a new peak E appears
in the calculated spectra which corresponds the peak at 528.5 eV in the experimental spectra.
When compared to the density of states in figure 2, this new peak E is seen to be the
contribution from the states that describe the hybridisation between 0% and Ni**. As x
increases, the concentration of Ni** increases and consequently the intensity of this peak
increases. In addition to the peak appearing at about 528.5 eV, there is another peak at about
530 eV which was ignored by the original authors but can be clearly seen in the x=0.4 curve as
circled. This peak is also seen in an oxygen K-edge (Electron Energy loss spectroscopy) EELS>®
and was ignored there also. As we can see from figure 2, in addition to the oxygen states
associated with peak E, there is also a small oxygen contribution associated with the empty
spin-down e, states of the Ni** ion. We suggest that these states are the source of the double
peak feature at high lithium concentration. To further elucidate where the hole states go in Li
doped NiO, we have plotted out the charge density constructed from the wave functions of the
hole states in the band gap, as shown in figure 4. Because HSE06 and GGA+U produce
indistinguishable graphs only the HSEQG6 case is presented for simplicity. It is clear that hole
states mainly reside on one nickel ion with a small amount on the six oxygen ions surrounding
the nickel. Again the contribution from oxygen is the consequence of the strong hybridisation
between the nickel ion and its six surrounding oxygen ions.
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FIG. 2. Density of states of NiO and Lig1,5Nigg750 for the HSEO6 functional (left) and GGA+U (right)
showing both relaxed and unrelaxed cases for Lig15Nigg750. Note in the GGA+U density of states for
Lig.125Nig 8750, the Ni and O states overlap completely at the spin-up peak around 0.5 eV.
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FIG. 3. Calculated oxygen empty states (left) of Li,Ni,.,O with x=0, 0.125 (offset for clarification)
using GGA+U compared to experimental result (right) from ref 11. Note the peak (circled) in the

experimental data for x = 0.4
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FIG. 4. Charge density contour map (e/A®) of hole states in the (100) plane for Lig125Nig.s750.
Results shown for the HSEO6 functional; those for the GGA+U method are indistinguishable.

Conclusion

Using full structural optimisation, we have calculated the electronic structure of Lig.125Nig.g750
using both the HSE06 and GGA+U approaches. We found that, in spite of the underestimation



of the band gap, the DFT+U method with an appropriate value for U produces qualitatively the
same results as the HSEO6 hybrid functional method. It is demonstrated that the hole induced
by lithium doping in NiO predominately localises on a Ni ion that is second-neighbour to Li, with
some partial density on the surrounding oxide ions. The lithium dopant acts not only as an
acceptor, but the relaxation of lithium ions also amplifies the Jahn-Teller distortion around the
Ni** ion, which then functions as a carrier trap. This shows the necessity of including the effect
of the lithium ion explicitly. Unlike excitation, where the short lifetime does not allow the
lattice time to respond, the physical hole doping is often coupled with lattice distortion and
results in the formation of a small polaron. It is therefore not sufficient simply to consider the
number of holes that are present at a given level of lithium doping in an otherwise perfect NiO
lattice. The oxygen contribution to the hole states is a consequence of a strong hybridisation
between the Ni 3d and O 2p orbitals, which results in the appearance of the new peakin
oxygen absorption spectra. The Ni is hence best described as oxidised from 2+ to 3+ and a
strong Jahn-Teller distortion is found as expected. Although a different conclusion on the
location of the hole is reached to previous work, our calculated results are still entirely
consistent with all previous experiments.
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