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Electron-energy-loss spectra and the structural stability of nickel oxide: An LSDA+U study
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We demonstrate how by taking better account of electron correlations irdteaedl of metal ions in nickel
oxide it is possible to improve the descriptiontudth electron energy loss spectaad parameters character-
izing the structural stability of the material compared with local spin density functional theory.
[S0163-182¢08)05903-7

I. INTRODUCTION sition metal and actinide oxides quoted above, the DFT-
LSDA systematically underestimates their equilibrium lattice
In recent years substantial progress has been achieved @onstant¥ and overestimates binding energies, raising ques-
the development of accurasd initio approaches to calculat- tions about the applicability of this approach to making pre-
ing the physical properties of various compounds, and irdictions about equilibrium configurations of surface and de-
some cases it is now easier to predict the structure of a nefect structures.
material theoretically than to make it in a laboratorfor The rapid progress of experimental scanning tunneling
many metals, semiconductors and insulators the local spimicroscopgSTM) techniques has already made possible the
density approximation(LSDA) to the density functional observation of atoms and individual defects on insulating
theory (DFT) is known to provide a reliable variational de- transition metal oxide surfacés!? These new experimental
scription of the ground state of the electronic structure of thedata require the development of an approach that does not
solid 23 At the same time there are cases where applicationsuffer from the inadequacies of the DFT-LSDA. In order to
of the DFT-LSDA have been far less successful. In particudescribe surface structurasd corresponding scanning tun-
lar, difficulties arise when a conventional DFT-LSDA ap- neling images, it is necessary to be able to calculate total
proach is applied to the treatment of the electronic structurenergiesas well ascertain spectroscopical quantities, for ex-
of the material where some of the ions contain partly filledample, the spectrum of one-electron excitations of the mate-
valenced or f shells. It was shown by Terakuet al* that  rial. Below we address this question and, by using nickel
for many of the transition metal oxides the DFT-LSDA pre- oxide as an example, show how it can be answered within
dicts metallic ground states instead of experimentally obthe framework of a recently proposed computational ap-
served insulating ones. If antiferromagnetic order is takerproach bridging the DFT-LSDA with the unrestricted
into account, the DFT-LSDA treatment may lead to an insuHartree-Fock (UHF) approximation (the LSDA+U
lating state but the forbidden gap still turns out to be an ordemethod®9. All the numerical results presented in this pa-
of magnitude smaller than that observed using electromer have been obtained using a full-potential linear muffin-
spectroscopy.The origin of the failure of the DFT-LSDA in tin orbital (LMTO)® implementation of the LSDAU ap-
transition metal oxides is known to be associated with arproach.
inadequate description of the strong Coulomb repulsion be- We have calculated the density of oxygem &ates and
tween 3 electrons localized on metal iofidJranium diox-  compared the results with the near-edge structure of the oxy-
ide represents a similar example of a compound where uragenK-loss spectrum of nickel oxide observed in a transmis-
nium ions contain partly filled shells and where all of the sion electron microscope. We have also applied the
known LSDA solutions favor metallic conductivifyExperi-  LSDA+U method to evaluate the total energy of crystalline
mentally UO, is known to be a good insulatbrand to ex-  nickel oxide. We have found that by usitige samevalue of
plain the origin of the insulating ground state, it is necessaryhe effective Hubbard) characterizing on-site Coulomb re-
to go beyond the LSDA.In addition to making incorrect pulsion between @ electrons, it is possible to give a reason-
predictions regarding the nature of the ground state of tranbly good description of the measured electron energy loss
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spectra and values of the lattice constant, cohesive e”ergy(nonintegerN

5 4 H|noninteger N
and elastic moduli. We have therefore demonstrated that a oIH| g o) UHE

detailed simulation of energy loss spectra can provide useful (VB (VESE))

information about bonding in transition metal oxides and that =5 E Nm,oNm, -0t 2 E Nm,oNm’ o »
the structure of these spectra can be related to the ground o.m,m’ om#m’

state properties of the material. 3

where ng, , is the occupation number of thath d state.
Il. LSDA +U FUNCTIONAL AND THE TOTAL ENERGY Since for a localized shell it is the total number of electrons
which enters the proof of the Hohenberg-Kohn theorem for a
The main feature distinguishing transition metal oxidesslowly varying external field® we follow Refs. 13—-15 and
from more conventional oxides like MgO or Ti3s that in  conjecture that Eq(2) represents the correct form of the
the former case ions of metal contain partly fillddshells.  density functional for the Hamiltonian of the fortt). Sub-
Since the strength of the effective on-site Coulomb interactracting Eq.(2) from Eg. (3), we arrive at the LSDA-U
tion betweerd electrongcharacterized by the Hubbaky) is  functional
comparable with the valence bandwidtthe processes asso-
ciated with electron transfer between two metal ions or re- (Uu-3J) 2
sulting from addition or removal ofl electrons give rise to Eisoa+u=Eispat 2 ; (Mmo=Nmo)  (4)
large fluctuations of the energy of the system, leading to the
localization of carriers and to the formation of band gHps. Where we expressed the total number of electrofs, as
The method which is commonly used to estimate the siz&oe=ZmNm,q - Itis & simple matter to see how Ed) can be
of the band gap in the spectrum of one-electron excitation¥/fitten in a form which is invariant with respect to a unitary
of the Hubbard model, with one state per site, is based on tra_nsformat[on of orbltals. Indeed, by 'notlcmg' that the re-
the UHF approximation® The term describing on-site repul- quired matrix construction should be diagonal in the spheri-

. A~ . . cal harmonics representation, we arrive at
sion between electronsUn_n__, is approximated by P
t

un,n_,, wheren,=aa, is the operator for the number of (U-1)
electrons occupying a particular site amglis its expectation ELspa+u=Eispat TE [Trp?=Tr(pp?)]
value. The UHF ground state of the three-dimensional simple 7
cubic Hubbard model is antiferromagnetic and insulating, the (U_—_)
magnetic planes being parallel to ttl1) plane®® =ELSDA+TE [(2 pﬁ)
At a more realistic level, to described 3lectrons local- 7 !
ized on nickel sites in NiO we take into account the orbital
degeneracy of the®shell and use a model Hamiltonian of —(E pﬂpﬂ-”, 5
the fornt® I
and wherepﬁ is the density matrix ofl electrons. For an
U Y individual ion this density matrix is diagonal in tha,m’
N A A (Uu=-13) ~ A . N :
H=— E N oMy — ot 2 N oM o » representation and its eigenvalues equgl,. Equation(5)
2omo ' e ’ bridges the orbital-dependent formulation by Anisineial.

(1) [see Eq.(13 from Ref. 21 with the rotationally invariant
functional proposed by Liechtenstesgh al. [see Eq(3) from

where the summation is performed over projections of theRef. 15, retaining the simplicity of the first and the covariant
orbital momentum h,m’=-2,—1,...,2 in thecase ofd character of the second. Since E@3). and (2) compensate
electrong andU and J are the spherically averaged matrix €ach otheexactlyin the limit of integer occupation numbers,
elements of the screened Coulomb electron-electron interaghe second term on the right-hand side of E).vanishes in
tion. For an integer number af electrons the expectation that limit and this makes Ed5) suitable for evaluating the
value of i equald® cohesive energy of the solid.

The matrix of the one-electron potential is given by the
derivative of Eq.(5) with respect topjj

. - UL
(integer N,|H|integer N0>=§2 N N_,

o 5ELSDA U 5ELSDA — —1 o
Vii= == H(U=|58—pj| (6
5ol So? 2
(U_ —) Pij Pj
+ > N(N,—1), and the total energy is expressed in terms of the Kohn-Sham
2 % eigenvaluede;} as
2 _—
? Oy
i ) ) ELSDA+U=ELSDA[{Ei}]+TE PIjPjl » (7)
whereN,, is the total number ofl electrons with a given Lio

projection of spino. For a noninteger occupation number, where the last term represents the double counting
corresponding to an ion embedded in a larger system witorrection? Below we apply Eqs(6) and(7) to calculate the
which it can exchange electrons, the expectation valug of spectrum of one-electron excitations and the structural stabil-
is given by the UHF expression ity of nickel oxide.
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FIG. 1. Top: normalized experimental electron energy loss spec= pyselinose 50_25
trum corresponding to the vicinity of the oxygé&hedge and nor- = 0007- 0006
malized oxygen p DOS calculated by using the LSDA and LSDA g -0.00s- 0008
Il oof0- 0009

+U. The energy scale of the DOS is shifted upwards by 528.3 eV- oW oo
Bottom: the total energy of crystalline nickel oxideer Ni(lmii) 0-000 L obs ok o0 o
calculated using the LSDA and LSDB#U for two values ofU and X (units of lattice constant)

plotted as a function of the lattice constant.

FIG. 2. Top: sodium chloride crystal structure of nickel oxide.
Oxygen sites are shown in white; nickel sites are shown in grey.
Bottom: the difference between the LSBAJ and LSDA charge
density distributions in th€100) plane,U=6.2 eV.

The specimens for the electron energy loss spectroscopg_ .

(EELS experiments were prepared by crushing the NioSince t_he structure of_ the experlmental EELS spectrum
crystals in pure ethanol and subsequently drying the dispeghown in Fig. 1 is dominated by the dipole-allowgdled
sion onto a lacey carbon film deposited on a transmissioAS}—{e€mpty 2o} transitions(note that the presence of non-
electron microscopéTEM) Cu grid. The EELS measure- SPhericity of the crystal field around oxygen sites in NiO
ments were carried out on a dedicated scanning transmissiélpes not alter this conclusion siri¢ehe expansion of the
electron microscope equipped with a Gatan Imaging FiltePonspherical part of the electron density starts fterd ), to
(UHV GIF model 678. The system uses a cold field emis- Simulate the experimental spectrum the oxygprd@nsity of
sion gun enab"ng an energy resolution of about 0.4—-0.5 e\ﬁtateS(DOS) was broadened with a Gaussian distribution to
to be obtainedas measured at the full width at half maxi- account for the lifetime of the excited state and the instru-
mum of the zero loss peakSpectra obtained from Sing]e mental response of the Systéthat is, the resolution and the
grains of the powder were background subtracted and co€nerdy spread of the primary electran$his method has
rected for gain variation of the detector as described in Refalready been successfully applied to simulations @indK

22. The near-edge structure of thekOspectrum obtained in  €dges in semiconductdfsand oxygerK edges in early tran-
such a way(solid line in Fig. 1 represents the transitions Sition metal oxide$® Figure 1 also shows the DOS of empty
from the occupied O 4 core levels to the conduction band 0Xygen 2 states calculated using a conventional LSDA.,
states. Due to dipole selection rules and the necessary ovaassumingU =0). In agreement with the results of previous
lap of the initial and final states for the transition to be ob-LSDA calculations’ the ground state of nickel oxide in the
served(i.e., nonzero transition matrix elementshe final  LSDA is antiferromagnetic and insulating, where the 0.6 eV
states probed are @f symmetry and at the oxygen sites.  band gap separates two bands of nidkaltates. This LSDA

Numerical calculations were performed using the methodesult is known to be at odds with experimental data which
described above and implemented on the basis of the fullexhibit a much larger band gap and different ordering of
potential LMTO program described in Ref. 16 and using thebands>*® Figure 1 shows that the Op2DOS spectrum cal-
Moruzzi-Janak-Williams exchange-correlation potential. Theculated using the LSDA does not agree well with the experi-
densities of one-particle electron states were calculated usingental EELS spectrum. The separation between the two
three energy panels and 343points in the Brillouin zone. main peaks seen in the LSDA DOS curve is approximately 2

Ill. EXPERIMENTAL EELS SPECTRA
AND COMPARISON WITH LSDA +U RESULTS
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TABLE |. Calculated and experimentally observed values of parameters characterizing the electronic
structure and the structural stability of crystalline nickel oxide.

Quantity vs method LSDA |SDA+U,U=6.2¢ev Hartree-Fock Experimental value
Lattice constantA) 4.08 4.19 4.26 4.17

Band gap(eV) 0.6 3.0 14.2 4.2
Cohesive energyeV) 13.74 11.60 6.2 8.26
B=(C.;+2C,,)/3 (GPa 230 182 214 145, 205, 189
C'=(Cy1—Cy1)/2 (GPa 211 161 136 45, 102

C44 (GPa 49 86 115 110, 105

eV larger than the separation between the same peaks in tiubbard correlations in thed3shell.
experimental spectrum, and the spectral weight of the low- To characterize the structural stability of the material, we
energy peak in the DOS calculated using the LSDA is far tochave calculated the cohesive energy and elastic moduli of
high. The equilibrium lattice constarst, spn=4.08 A, al-  NiO. Calculations were performed following the procedure
though in better agreement with experiment than the LMTCOdescribed in Ref. 27, and the resulting numerical values are
atomic sphere approximatiofASA) value of 3.98 Al is listed in Table | together with the corresponding experimen-
still substantially lower than the experimentally observed ondal data and withab initio Hartree-Fock values taken from
of 4.17 A. Ref. 28. Results given in Table | show that the LSBW
Figure 1 also shows oxygermpDOS calculated using the values are situated between the LSDA and Hartree-Fock re-
LSDA-+U functional(4) for U=6.2 eV andU=8.0 eV, and  Sults. There is reasonable agreement between the LSDA

for 3=0.95 eV. Values of) =8.0 eV andJ =0.95 eV were values of the lattice constant, band gap, cohesive energy, and

suggested by Anisimov and Gunnars&oon the basis of a experimental values. Comparison with experimental data for

constrained LSDA calculation. Since the technique used ir]ishereilgsg]iceiogrsitmagfu;lsvggéi dSIl;frl]ELéltthoewg(g ;ﬁégﬁt;?gegc_
Ref. 26 did not take into account the self-screeningdof b pernr . ’ P P
trum shown in Fig. 1 is reasonably well reproduced by the

electrons, it is likely that the actual value bf is slightly LSDA+U calculation, we conclude that the LSDAJ
smaller than 8 eV. By analyzing how the separation _betWeePnethod gives an adequate descriptionboth the spectro-

the two main peaks in the spectrum of DOS shown in Fig. Igcopical quantitiesnd structural properties of nickel oxide.
depends on the value df, we concluded that the lower This method may therefore be considered a suitable compu-
value ofU=6.2 eV agrees better with experimental data. Fortational technique foab initio studies of surfaces and defect

comparison, we mention the empirical value Wi 6.7 ey Structures in this material.
guoted in Ref. 13. The equilibrium lattice constants found

using the above values df are a,spary (U=6.2 eV)
these values agree with experimental data better than the
LSDA result. The LSDA-U band gaps separating filled oxy- ~ We have reported results of an application of the
gen 20 and empty nickel 8 bands are, respectively, 3.0 eV LSDA+U method to the calculation of the one-particle den-
and 3.2 eV. sities of states and the total energy of crystalline nickel ox-
To explain the origin of the effect responsible for the ide. We have found that by using a combined DFT-LSDA
dependence of the lattice constant on HubHardn Fig. 2 and UHF description of one-electron states it is possible to
we plotted the difference between charge densities calculatedfhi€ve reasonable agreement between the calculated and the
using the LSDA-U and LSDA. The distribution plotted in experimentally measured electron energy loss spectra, and at
Fig. 2 shows that on-site Coulomb repulsion between i 3 the same time to evaluate parameters characterizing the
electrons leads to a decrease of charge density in the inteptructural stability of the material. We believe that the re-

stitial regions, decreasing the strength of covalent bonding iR°rtéd findings open the way towards carrying out more ac-
the material. This agrees with the findings of Ref. 9. A simi-Curateab initio studies of surfaces and defects in transition

lar reduction in the covalent contribution to bonding can beMetal oxides.
deduced from the calculated spectra of the oxygeadge.

The major difference between the LSDA and LSBH oxy-

gen 2 DOS is in the low-energy part of the spectrum where

the peak is associated with the oxygep-2i 3d band. In We are grateful to Dr. M. R. Castell, Dr. A. I. Liechten-
the LSDA+U solution this peak has a much lower intensity stein, Dr. S. Kenny, Dr. D. T. Goddard, and Dr. G. A. D.
and it is shifted towards higher energies, leading to a weakeBriggs for stimulating discussions. Computations were per-
degree of hybridization between oxygep &nd Ni 3 orbit-  formed in the Materials Modelling Laboratory of the Depart-
als. Other peaks on the EELS spectrum are associated withent of Materials at the University of Oxford. Financial sup-
hybridization between oxygenp2and nickel 4 and 4 port from British Nuclear Fuels pl¢BNFL) is gratefully
states, the latter being known to be practically unaffected bycknowledged.
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