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Metal-insulator and magnetic transition of NiO at high pressures
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The metal-insulator transition and magnetic collapse of NiO under high pressures have been studied with the
hybrid density functionalHDF) and the general-gradient approximati@GA). Our results show that even in
the intermediate coupling regime GGA does not take the correlation effects into account appropriately. HDF
predicts that the transitions occur at much higher pressures than GGA does. Band broadening, covalence, and
crystal-field effects are responsible for the changes of the electronic structure under high pressures.
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[. INTRODUCTION appropriately by optimizing the coefficients of the various
terms describing correlation effects. The energy gaps and
As a prototype of Mott insulators NiO has been inten-magnetic moments from the B3LYP functional are in good
sively studied both experimentally and theoreticémjhe agreement with experiments. B3LYP is more suitable for the
discovery of high-temperature superconductivity in oxidesstudy of magnetic collapse and M-I transition than GGA, the
containing Cu@ planes has also revived interest in thelatter gave too small gaps and moments for NiO. GGA also
metal-insulator(M-1) transitions in transition metal oxides. failed to predict the correct ground state of the isostructural
Some parent compounds of high-temperature supercondudt€O and CoG? It is argued that under high pressure the
ors (HTSC's) evolve from antiferromagnetic insulator into ratio of HubbardU and bandwidth may decrease, so GGA
HTSC's upon hole doping.On the other hand, the technical Mmay give more accurate results. Our calculations show that
applications of antiferromagnetic materials also lead to thé3GA still result in large error even at high electron density.
studies of magnetic multilayers and nanoparticles of Rii0. The correlation effects are still playing an important role,
Recently, Cohet al. have carried out density-functional €ven the average electron density has been more than
calculations on the magnetic collapses of some transitiofloubled. Our results show that the magnetic collapse is pre-
metal oxides under h|gh pressure. They have found that Son'f@ded with the M-I transition and the transition pressures for
materials have magnetic collapse from high spin states tgagnetic collapse and M-I transition are much higher than
low spin states under the pressures reachable inside tKkeGA predicted. The band broadening, covalence, and
Earth, and the magnetic Co||apse may have important effec@'ystaj-ﬁe'd effects are responsible for the variation of the
on some geological phenomehZhey have calculated the €lectronic structure of NiO under high pressures.
magnetic moments with the Perdew-Wang general-gradient
approximationf PWGGA) functional?® which gave significant
increase of transition pressures over the local-density ap-
proximation(LDA) calculations. The exchange-correlation functional in the B3LYP
Conventional LDA and GGA failed to predict the correct scheme is an admixture of the nonlocal HF exchange and the
ground states of some strongly correlated electronic systemBGA local exchange-correlation functioria® The coeffi-
(SCES'$.° Improvements over LDA and GGA are needed tocients of the various terms are obtained by fitting the theo-
understand these materials containing incompléter f  retical results to the thermochemical experimental data on
shells. There are some theoretical approaches, such as LDgdme atoms and molecules. The application of B3LYP func-
+U,” GW (Ref. 8 that can predict correct ground state. Buttional to periodic systems, such as semiconductors and
the quantitative agreements with experiments are not satiSCES’s, are quite successful. The unphysical self-interaction
factory. LDA+U scheme treated the Hubbaldterm with  is reduced by the introduction of the nonlocal Hartree-Fock
Hartree-Fock mean-field method which may effect the preciexchange. For semiconductors where the self-interaction is
sion of the results, also the choiceslofare often in debate. less important B3LYP also gives excellent energy gaps
The GW method, based on perturbative random-phase apwhile LDA+U is expected to produce no significant im-
proximation, is computationally demanding. provements. The success of B3LYP suggests that it is a good
In this paper we calculate the magnetic and M-I transi-start point for finding the exact energy functional. The
tions of NiO under high pressures with the so-called B3LYPB3LYP calculations in this paper have been implemented
hybrid density functional:l° The B3LYP functional has been with CRYsTAL packagé? In CRYSTAL atom-centered Gauss-
successfully applied to strongly correlated systems and semian basis sets are used to construct Bloch functions. The
conductors of different bonding typés!? The spurious self- basis sets for Ni and O are taken from the previous unre-
interaction is reduced through the Hartree-Fqel) ex-  stricted HF calculations on Nié%. They have the forms of
change, and the hybrid functional treats the correlation mor86-411/41 and 84-11 for Ni and O, respectively. The nonde-

Il. CALCULATION METHOD
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TABLE I. The energy gapa (in eV), magnetic momentg (in . T . T . I . 200
), equilibrium lattice parameter(@n A), bulk moduliB (in GPa,
M-I transition pressureP., and magnetic collapse pressupg,
from different theoretical schemém TPa. The results from sec-
ond lines for PWGGA and B3LYP are obtained with the Murnaghan
equation of states. The LDAU’ and GW (Ref. 8 results are ‘
shown for comparisons. The experimental energy gap, magneticg
moment, lattice constant and bulk modulus are taken from Refs. 19% -100
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20, 17, and 18, respectively. £ Nie, .
A m a B P Pnm 2 00 . |\/ . <100
PWGGA 13 066 4183 201 068 071 & Mt
4.182 217 i
LDA+U 3.1-3.4 156-1.74 100 2 - ' + ' 5
GW 3.7 1.56 Energy (eV)
B3LYP 4.2 1.67 4.218 209 24 37 FIG. 1. The projected and total densities of sta@®S'’s) of
4.225 198 L . .
NiO in AF, antiferromagnetic phase at atmosphere pressure. The
Expt 4.0-4.3 1.64-190 4.177 166-208

DOS's for both spin components are shown foreyi Nit,g, and
O p orbitals. The energies are measured from the top of the valence

- . . . bands. The DOS’s for spin-up and spin-down electrons are denoted
fault a_uxmary basis set for flttmg the exchange—correlaﬂonby the positive and negative values, respectively. The projected
potential has been used to obtain better restife toler-  pos's for Ni 3d orbitals are for an spin-up Ni ion.

ances for one-electron and two-electron integrals are set to 7,
7,7, 7, and 14 to ensure high precision. Shrinking factor 8, . -
which corresponds to 65 points in the irreducible part of thecoMPression are shown in Fig. 1. In the octahedral crystal
first Brillouin zone, has been used. The energy gap and mdi€ld the twoey and threet,, orbitals of Ni have the same
ment are same as in the case of shrinking factor 12, whicRartial DOS’s, and the results shown in Fig. 1 are the total
corresponds to 189 points in the irreducible part. The higfPOS’s for the two types ofi orbitals. At the top of the
pressure experiment on NiO shows that there is no structuryfelence bands @ and Nid partial waves have nearly the
transition up to about 150 GPa and the deformation from théame spectral weights, while the low-lying conduction bands
rocksalt structure is smalf. NiO has an Al antiferromag- ~ aré mainly of Nie, character. From thé,; DOS'’s one can
netic insulating ground state, in which spins are aligned ors€€ that the exchange splitting is about 1 eV, and fhéas
(111) p|anes with a|ternating Spins on ne|ghb0r|nm1) much h|gher SpeCtral We|ght tha& orbitals. The peak dis-
planes. In this paper all calculations are carried out on af@nce between the spin-up and spin-down DOS'sefpor-
antiferromagnetic supercell built from the rocksalt structure bitals is about 10 eV, which is close to ti@V and LDA
GGA calculations are also carried out for comparisons. +U results>®

The electronic structure of NiO can be qualitatively un-
derstood in an ionic model and by taking the hybridization
effects between the NidBand O 2 states. Highly ionic

The results of energy gaps, magnetic moments, lattice pa&haracters in the bondings between transition metal ions and
rameters, and bulk moduli from PWGGA and B3LYP are0xygen have been deduced for some transition metal mon-
shown in Table I. For the PWGGA calculations the sameoxides, such as Mn@Ref. 22 and CoO?® Figure 2 shows
basis sets and thresholds are used as in the B3LYP calculte schematic plot for the ionization and affinity energies of
tions. The energy gap and magnetic moment obtained froiO. The energy difference between occupieg and t,,
our B3LYP calculation are 4.2 eV and 1,67, respectively. ~ orbitals without hybridization with ligand oxygen ions is de-
These results are in accordance with the experimefftand ~ termined byU,—U’—Acg, in which Ug is the Coulomb
previous B3LYP calculatioht LDA+U has given similar repulsion energy between two electrons with opposite spins
amplitudes for the magnetic moment as B3LYP, but the enon the samel orbital, U’ the repulsion energy for two elec-
ergy gap is significantly underestimated. To study the M-Itrons on different d orbitalsAcr the crystal-field splitting.
transition it is crucial to use a theoretical scheme that could’he many-body Hubbart ,which is defined as the energy
predict accurate energy gap, otherwise the transition pressufeéquired to transfer an electron between two Ni ions, for
would be underestimated with small theoretical gaps. Thé\i®" in the octahedral crystal field i§)'—J+Acg, in
lattice parameter and bulk modulus are obtained from thavhich Jis the exchange integral between Ni 8lectrons of
total energies at different volumes. As usual, B3LYP overessame spins. The exchange splitting betwegnorbitals is
timates a little the lattice parameter. The bulk moduli from2J. J is estimated to be about 1 eV. Due to the covalence
the second derivative and by fitting the Murnaghan equatioffect between the cation and surrounding anions the anti-
of stateé® are all in agreement with the experiments. bondingdps™* orbital has nearly the same energy asthe

The B3LYP projected densities of stat@»0S’s) of NiO  orbital. The charge-transfer energyis also greatly reduced
in the ground-state antiferromagnetic phase without volumdrom the bare oné\,.

IIl. RESULTS AND DISCUSSION
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02p _ FIG. 3. The variation of momen(in wg, circles and energy

gap (in eV, squareswith volume compression. PWGG#) and
B3LYP (b) results are shown/, is the equilibrium volume of NiO.

give monotonic decreases of magnetic moments and non-
monotonic variations of energy gaps. PWGGA predicts M-I
transition and magnetic collapse at about 40% and 50% vol-
FIG. 2. The ionization and affinity energy levels for NiO from ume compressions, respectively. These quantum phase tran-
an ionic model. The hybridization between the Ni and O 2 sition points are significantly lower than the B3LYP results,
orbitals has also been showd, denotes the Coulomb interaction about 65% and 70%. It was argued that with the increase of
between two Ni 8 electrons on same orbitald,’ the interaction on  pressure the bandwidt¥/ increases that the ratid/W de-
different orbitals J the exchange integrab cr the crystal splitting.  creases. For Ni@/W decreased from 4.8 at zero pressure to
A represents the charge-transfer enefgythe bare charge transfer 1.4 at the critical pressure, so the PWGGA results at high
energy, i.e., the energy obtained by neglecting the hybridizatiorpressures should be more reliable than at zero pre$<we.
interaction between Ni and O ions. The electron occupation is deg3| YP calculations show that even at as large as 50% vol-
noted by the up and down arrows. ume compression the GGA still generated significant error.
) The low transition pressures predicted by PWGGA results
_ From Fig. 1 one can see that tbeandA are of the same  from the inappropriate description of exchange-correlation
size, this is in accordance with the previous conclusion baseé'nergy. The ratidJ/W= 1.4 means the system is in the in-
on the cluster methotf. As will be seen later that the,;  termediate coupling regime where correlation is still playing
DOS’s will move down due to the increase &gr when the g important role in the electronic structure of the system.
material is compressed. Therefore, the energy gap can be 1q gptain the transition pressures the calculations are car-
expressed as ried out for different unit-cell volumes to determine the tran-
sition points, then the pressures were obtained by the ther-
modynamics equatiol?= —JE/JV. The FIXINDEX option
(i.e., same set of one-electron and two-electron integrals for
slightly different volumes has been used to reduce the nu-
. . merical noise when the lattice parameters is changed. The
duction and valence bandse=ee — €5, the energy differ- o) shace mesh technique is also used to reduce the errors
ence between the Ng; and O 2 orbitals, t the transfer caused by fitting the exchange-correlation potential with aux-
integral between Ney and O 3 orbitals. The 10 eV interval jliary Gaussian basis sets. In Fig. 4 the theoretical pressures
between spin-up and spin—doygg peaks is approximately from PWGGA and B3LYP at different volume compressions
given by Uy+J+Ae/2+ \(Ael2)*+t°. In addition to the are compared with the experiméfitThe results from the
bare on-site Coulomb repulsion, the covalence effect has algwo schemes are all in good agreement with the experiment,
played an important role in forming the gap. but the electronic structures are quite different. The reason is
Figure 3 shows the variations of energy gaps and magthat the pressures are determined by the total energies, which
netic moments from B3LYP and PWGGA with volume com- is a integral quantity, while the electronic structure is sensi-
pressing. For large volume compressiong0%) there is a tively dependent on the local properties of the density func-
problem with the basis sets for oxygen. The large comprestionals.
sion leads to linearly dependent basis sets. We removed the As can be seen in Table | the transition pressures from
outermost sp shell for oxygen and reoptimized tls¢p3hell  B3LYP are significantly higher than the results from
exponent from 0.476 4 to 0.375. Both PWGGA and B3LYPPWGGA, which predicted higher magnetic collapse transi-

s dpo
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whereW= (W;+W,)/2 is the average bandwidth of the con-
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As expected, with increasing the pressure the transfer in-
tegralst increases, which resulted in stronger band disper-
sions. In addition, when the material is compressed the en-
ergy differenceAe increases due to the change of the
Madelung potential. This effect together with the increatsed
i would lead to larger separation between the bondipg
and the antibondingpo* bonds. Such a trend is reflected in
our results, as can be seen from Fig. 1 and Fig. 5. It is clear
- from Eq. (1) that the change of the gap results mainly from
the last two terms. The bandwidWV increases monotoni-
cally with compressing, leading to narrowed gap. The last
term comes from the covalence effect. Upon increasing pres-
sure the effect may increase or reduce the gap, i.e., the effect
is material dependent. From Fig. 3 one can conclude that at
0 0.1 0.2 03 04 0.5 small compression this effect tends to enlarge the gap, which

Volume compression cancels the band broadening effect, leading to a slight change

FIG. 4. The variation of the pressure with the volume compres-Of th? gap up to about 50% volume compression. With fur-
sion, (Vo—V)/V,. V, is the equilibrium volume. The solid and ther increasing press_ure_the Ias_t term tends to approach an
dashed lines represent the B3LYP and PWGGA results, respe&onstant value, resulting in a rapid decrease of the gap. From
tively. The circles are the experimental resufef. 16. the mechanism of M-I transition it is clear that adopting a

theoretical scheme which could predict accurate gap values

tion pressure than LDA did. This trend can be understood b>|,s essential in estimating the transition points, and the reason
considering the correlation effects. The strong on-site Cou9f _;he tlow transition pressures predicted by GGA is also
lomb repulsion is in favor of localized magnetic momentsev'Aen " ted out by Coheet al. thouah th tal-field
and suppressing charge fluctuations. With taking more corre- I'ttS' pointe oud y .cf). eBtIa:'t h oug ﬁe ct:rys ?h_ 1€
lation effects into account one should obtain higher criticaISpt'. |ng”|ncreasTeh_ signitican’ ){II ¢ as an S'Oe% on the nﬁﬁ
pressures for the both kind of transitions. The large pressuﬁée Ic co a_psge' IS 1S especially true for ML because of the
difference between the 65% and 70% volume compressioﬁpec'al Ni d” configuration. Our results |nd|ca}pe that t.he
may result from strong repulsion due to Coulomb and Paul rysta! f'el(.j has also no 'eﬁect on the M-I t'rans.|t|on of NiO.
exclusion principle interactions when the ion cores are clos he situation may be different if th% o.rbltal lies above
enough. tyy, such as in a tetrahedral .coord|nat|on.' Becausg of the
Figure 5 shows the DOS's at 50% volume compression.Strong hybridization betwe_en Mé}; and Op orbitals the high-
One can see that thg, DOS's moved down from the top of est valence band would still be dpo* character. Thus, the
valence bands due 1o increased crystal-field splitting. Thudncreased crystal-field splitting would be an additional factor
the low-energy properties of the material are determined b gn_largef tue 9ap, r.ehSL.”t'ng In & stronger nonmonotonic
the antibondinglps™ and the unoccupiee orbitals. At the a“BatlﬁnGoG,tA € gdag:\%/\llj\t{Plr;]creasmgdprezsuk:es. he M-I
top of the valence bands tieg component is enhanced sig- . . ot an ave predicted that the M-I tran-
nificantly over the Op orbital, making the material evolve sition is followed by a magnetic collapse. The magnetic col-

from charge-transfer insulator towards Mott-Hubbard insula/@Pse may be un(.jerstood.qualitatively Wm,] the extendgd
tor. Stoner theory.In this scenario the small DOS’s at the Fermi

energy in the nonmagnetic solutions would drive the system
from a magnetic to a nonmagnetic state. In the correlated
systems, such as NiO, the on-site Coulomb repulsion also
contributes to the Stoner’s parameter, in addition to the con-
tribution from the exchange interaction. This would make the
magnetic transition occur at a higher pressure than the origi-
nal Stoner’s theory would predict. The results are in accor-
dance with the Mott's standpoint that preformed moments
are essential to open an Mott-Hubbard gap and that the mo-
0 ment is the sign of strong correlation in the Mott insulatbrs.
| The low transition pressures predicted by GGA reflects
the fact that GGA does not take the correlation into account
appropriately even in intermediate coupling regime. Al-
L though GGA improves the equilibrium lattice parameters
-16 -8 Energ(y) - 8 16 over LDA and B3LYP, it gives similar electronic structures
as LDA does. For some strongly correlated electronic sys-
FIG. 5. The projected and total DOS's of NiO in ARntiferro-  teéms, such as CaCyQCoO, FeO and etc., both LDA and
magnetic phase at 50% volume compression. The energies are méaGA failed to predict the correct ground states of these ma-
sured from the top of the valence bands. terials. The application of B3LYP to CaCy@Ref. 25 and

Pressure (GPa)

T 30

Density of states (States/Hartree/Cell)

-50
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CoO (Ref. 11 improves significantly the electronic struc- IV. CONCLUSION

tures over GGA. For CaCu OGGA predicts that CaCuQ

has a metallic ground state, while B3LYP predicts that the To conclude, the magnetic and metal-insulator transitions
ground state of CaCuQis an antiferromagnetic insulator. of NiO at high pressures are investigated with the B3LYP
The B3LYP theoretical energy gap of CaCui®in excellent  and GGA density functional. Because of the better descrip-
agreement with experiments. The energy bands across th@n for correlation effects the B3LYP hybrid functional
Fermi energy, which are overlapping in the GGA results, gegjives transition pressures much higher than the ones ob-
separated to form an energy gap. The mechanism of ga@ined by GGA. In addition to band broadening effect the

formatiog in B3LYP is quite similar to the LDAU  coyalence effect has also played an important role in the M-I
schemé® This means that the strong on-site Coloumb inter-tyansition of NiO at high pressures.

action between & electrons is appropriately taken into ac-
count by B3LYP. In GGA the inherent self-interaction makes
the orbitals of 8 electrons larger than they should be, hence
the correlation is not properly taken into account, which of-
ten leads to underestimated energy gaps for correlated elec- ) ) )
tronic systems. For NiO the underestimation of the energy X-B-F. would like to thank B. Montanari for help with
B3LYP predicts. support.
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