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Electronic structure of MNnO and CoO from the B3LYP hybrid density functional method
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The electronic and magnetic properties of CoO and MnO have been studied with the B3LYP hybrid density
functional method. The ground states have been correctly predicted by the B3LYP functional, and it gives
better results for energy gaps, magnetic moments, and core-level binding energies than the generalized gradient
approximation(GGA) and the unrestricted Hartree-Fo@dHF) method. The B3LYP results for energy gaps,
magnetic moments and core-level binding energies are between the GGA and UHF ones for antiferromagnetic,
ferromagnetic and nonmagnetic phases of MnO and CoO. Although the two materials have same structure and
antiferromagnetic ordering, the electronic structures near the Fermi energies are different. The magnetic cou-
pling constants of CoO are much larger than the ones of MnO. The hyperfine coupling constants and electric
field gradients are also calculated for further comparisons with experiment.
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I. INTRODUCTION magnetic moments are always overestim&ted.
Recently, the B3LYP hybrid density functional

Transition metal oxide$sTMOs) are prototypes of Mott method®'® which is well known in the study of thermo-
insulators: The metal-insulator transitions, through high chemistry of atoms and molecules, has been applied to some
pressures, chemical doping, and increasing temperatures, greriodic system$!~°In B3LYP the nonlocal Hartree-Fock
an old and still challenging research subjetThe discovery exchange has been mixed into the GGA exchange-correlation
of high temperature superconductivity in cuprate materialenergy, and the weight coefficients have been determined by
containing Cu@ planes has further activated interest in thesdfitting the thermochemical experimental data of some atoms
systems. Similar to TMOs the parent compounds of highand molecules. The applications to periodic systems show
temperature superconductors are antiferromagnetic insulatotisat B3LYP significantly improves energy gaps and magnetic
at low temperatures; they become superconducting after holmoments for some materials with antiferromagnetic insulat-
dopings. Because of the strong Coulomb repulsion betweeimg ground states, such as Ni®'2'* CoOM MnO!?
the two 3l electrons on the transition metal ions these sysia,CuQ,,** and CaCu@.'® In addition, B3LYP gives rather
tems show some specific properties that are not well deaccurate energy gaps for some semiconductorgyich is a
scribed within the well-known local density approximation significant improvement over LDA results. It has been well
(LDA) or generalized gradient approximati6BGA) of the  known that LDA gives energy gaps of semiconductors un-
density functional theory. The conventional energy band calderestimated over 30%. The self-interaction is not important
culations based on the LDA and GGA failed to predict thefor common semiconductors, the improvements are due to
correct ground states for some of these strongly correlatethe better description for the correlation energy in B3LYP.
electronic systemgSCES$, especially in the insulating SIC-LDA and LDA+U are not expected to improve much
phases, such as FeO, CoO, CaGu@a,CuQ,, etc* For on the theoretical energy gaps for semiconductors.
some other TMOs the energy gaps are severely underesti- The application of B3LYP to LgCuO, shows that the
mated, e.g., NiO. The failures of the LDA and GGA result band structure is in agreement with the SIC-LSD and LDA
from the unphysical self-interaction between an electron with+- U schemes, with the energy gap being in better agreement
itself, which is inherent in the LDA and GGA energy func- with experiment. It is also pointed out that the contribution to
tionals. The self-interaction is not important in common met-the doped hole from the Cd,2 may not be negligible for
als, because the quasiparticles are itinerant. In materials withigh temperature superconductétsFor CaCuQ, it is
localized orbitals, such asd3or 4f orbitals, the self- clearly seen that the energy band crossing the Fermi level
interaction tends to delocalize thel ®r 4f electrons, which  separated to form an insulating gijthe mechanism is quite
results in wrong predictions for some of the electronic prop-similar to LDA+U, though no semiempirical Hubbard
erties of the SCESs. The self-interaction correct&C) was introduced. The magnetic coupling constants are also in
LDA did recover the correct ground states of some SCE'Ss. good agreement with the experiment. The effects of Hartree
The LDA+U method also succeeded in predicting the cor-exchange on the electronic, magnetic, and structural proper-
rect ground states.LDA+U does not subtract the self- ties of NiO has been studiéd.lt is asserted that 35% of
interaction from the energy functional; rather it introduces arHartree exchange admixed into the LDA functional could
additional interaction, which is missed due to the self-provide better results for magnetic coupling constants than
interaction, between two electrons on the same localized otthe original hybrid density functionaf.But the energy gap is
bitals. The simple unrestricted Hartree-FqtkdF) approxi-  about 50% larger than the B3LYP and the experimental re-
mation was also able to predict the correct ground states fasults.
the strongly correlated antiferromagnetic insulators due to In this paper we study the electronic structures of MnO
the lack of self-interaction, although the energy gaps an@nd CoO with the B3LYP method. We keep the original
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weight coefficients and treat the functional as a parametetems; a better correlation energy is also essential to take the
free one. MnO and CoO crystallize in the rock-salt structuredynamical correlation effects into account. The UHF method
Their ground states are type-Il antiferromagnéféIl) in-  usually obtains energy gaps well over 10 eV, which is several
sulators, with ferromagneti¢11l) planes and alternating times larger than the experimental energy gaps. To obtain the
spins in neighboring planes. Below the éléemperatures, correct energy gaps many-body screening effects on the Cou-
118 K for MnO and 292 K for CoO, there are slight rhom- |omp interaction from the dynamical correlation must be ap-
bohedral distortions along th&11] direction. MnO has larg-  propriately incorporated into the density functionals. This is
est magnetic moments among the transition metal monoX;y effective way to obtain a better correlation energy by
ides, with five parallet-electron spins. The ground state of fing 1o experimental results. It is expected that a special set
CoO can be correctly predicted by B3LYP, while the LDA ¢\ eight coefficients optimized for a specific class of mate-

failed to generate an antiferromagnetic insulator. In previou§- ; ;
) . . ials with the same structure and electronic characters could
B3LYP calculations on CoO the theoretical lattice constant

energy gap, magnetic moment, heat of atomization angene.ra}te better result.s. In this paper, we retain _the original
Fermi energy are reportédHere, we calculate the magnetic coefficients and .take tas a pargmeter—free _functlonal.
coupling constants, core-level energies, electric field gradi- The galculaﬂor_]s are caried OUI. with - CRYSTAL
ents, and hyperfine coupling constants. In addition, a detaiIeBaC_kagel' The basis vectlors for expanding the thn-Sham
electronic structure of CoO is calculated, while only the total©'Pitals are Bloch functions composed of localized con-
densities of states of Co and O are reported in Ref. 11. Thi§acted Gaussian basis sétsll-electron basis sets for Mn
paper is focused on the electronic and magnetic properties Gd Co ions are of the form of 86-411@#B, the basis set
the two materials. The B3LYP results show significant im-for oxygen ion is of the form of 8-413. The real-space

provements over GGA and UHF. mesh technique was used to calculate the integrals involving
the local exchange and correlation potentials, which could
Il. FORMULA AND CALCULATION METHOD reduce the numerical errors introduced by fitting the poten-

tials with Gaussian functions.

In the hybrid functional scheme the nonlocal Hartree- | the calculations 65 points in the irreducible part of the
Fock (HF) approach is mixed into the energy functional of it Brillouin zone were used. We adopt 7, 7, 7, 7, and 14 as
the GGA. The argument for mixing the HF exchange into theyhe integral tolerances to obtain high precision in monoelec-
exchange-correfation energy is based on the adiabatic COgynic and bielectronic integrals. The convergence threshold

necti_on formuld The weights for the gradient-corrected cor- exponents are set as 7 and 7. A supercell has been built to
relation energy, local exchange energy, and exact HF e ake the antiferromagnetic order into account. For compari-
change terms were determined by a linear least-square fitti gons UHE and GGA calculations were also carried out with
of the thermochemical properties of some atoms and mol5~ "’ . -
ecules to the experiments. The atom with highest atomi(Ehe same basis sets and precisions.
number used in the fitting is Cl. No atoms withor higher
shells were used. 20% of the exact HF exchange energy in
the exchange-correlation energy gives theoretical results in IIl. RESULTS AND DISCUSSION
good agreement with experiments. In the so-called B3LYP
scheme the Perdew-Waliggradient-corrected correlation
energy, which was used in the original work of Belkis,
replaced by Lee-Yang-Parr correlation enefyy.

The final exchange-correlation energy functional réads

Figure 1 gives the curves of the total energy versus lattice
parameter for MNnO and CoO. The nonmagnetic, ferromag-
netic (FM), type-l antiferromagneti¢AFI) and AFIl states
have been studied with the B3LYP functional. In the AFI
state there are ferromagnet{601) planes and alternating

Eyxc=(1—ag)ELSPA+ a ES*act g, A EBEE4 ELSDA spins in neighboring planes. From Fig. 1 the equilibrium
X X X c lattice parameters are obtained. One can see that the B3LYP
+acAEL"P, (1)  functional can correctly predict the ground states for MnO

. ) , , o and CoO, with the magnetic states having the lower energies
in which the local spin density apprO{ISrTgﬁtIC(ﬂSDﬁs)Dgf and larger lattice parameters than the nonmagnetic state. The
Vosko, Wilk, and Nusafr’ is used forEx>"" and Ec>"". strong on-site Coulomb repulsion favors moment formation
EX**“'is the exact nonlocal HF exchange enely#°*¥and  on transition metal ions, leading to magnetic states having
AEL"" are the Becke®$ and Lee-Yang-Parr’s gradient cor- lower energies than the nonmagnetic state. The energy dif-
rections for the local exchange and correlation energies, rderences between the magnetic states for MnO is much
spectively. The optimum values for the paramet&ys ay, smaller than the ones for CoO, and this is in agreement with
andac are 0.20, 0.72, and 0.81, respectively. the experimental results that CoO has a higher magnetic tran-
The admixture of HF exchange has important effects orsition temperature than MnO.
the electronic and magnetic properties of materials, espe- The magnetic coupling constants between the nearest
cially for correlated electronic systems. It is realized that themagnetic momentsJ¢) and the next nearest momentkX
success of B3LYP results from the removal of the self-can be extracted from the total energies of different magnetic
interaction due to the introduction of HF exchange, but thephases. On neglecting the transverse fluctuations of the
mechanism is not very clear. The removal of self-interactiorHeisenberg Hamiltonian one can get a generalized Ising
is not enough to get better results for highly correlated sysmodel
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-1457.8 T T T T TABLE I. The energy gaps4, in eV), magnetic momentsng,
in ug) and lattice constants( in A) of CoO and MnO from GGA,
z CoO UHF, and B3LYP approaches. The experimental lattice parameters
= L of MnO and CoO are used in the calculations for energy gaps and
g m magnetic moments. AFIl, AFIl, FM, and NM denote type-Il, type-I,
£ ferromagnetic, and nonmagnetic phases, respectively.
E 14579 SeMom
= GGA UHF B3LYP Expt.
5 AFI
% A (CoO, AFII) 0 4.84 3.63 2.4Ref. 28
5 i “AFII m (CoO, AFII) 246 291 2.69 3.36Ref. 29,
= 3.8 (Ref. 30,
3.98 (Ref. 30
-1458 — + ' - ' a (CoO, AFII) 4317  4.254Ref. 32
@) Lattice Constant (A) A (CoO, AF) 0 135  1.14
m (CoO, AF)) 2.07 2.89 2.74
122600 ' N B ' A (CoO, FM 0 0 0
- | m (CoO, FM 238 285 2.69
3 , A (CoO, NM) 0 0 0
£ 110k HOMZ T A (MnO, AFII) 1.28 133 3.92 3.6-3.6Ref. 33,
2 ' FM 3.98(Ref. 39
E | _AFI m (MnO, AFII) 4.55 491 4.73 4 58Ref. 35,
£ 4.79 (Ref. 36
& 1m0l M AFII a (MnO, AFII) 4.495  4.4444Ref. 37
5 L - -1226.24 =Ll A (MnO, AFI) 0 123 270
& | AFL AFIL m (MnO, AFI) 456 492 4.75
A (MnO, FM) 0 11.9 1.89
-1226.30 4'2 . 4'4 - 4'6 - 4'8 - m (MnO, FM) 447 491 478
' L;lttice Const.ant(z&) ' A (MnO, NM) 0 101 0

(b)

FIG. 1. The total energies vs lattice parameters for CaCand
MnO (b). Calculations are carried out for nonmagnetic, ferromag-
netic (FM), type-l (AFl), and type-ll (AFIl) antiferromagnetic
phases. The inset ity) shows an enlargement of the curves near the

LDA could not predict the correct ground states, magnetic
coupling constants could not be extracted with the LDA.

For the AFIl phase, which is the ground state of MnO and

CoO, the theoretical energy gaps, magnetic moments and the
equilibrium lattice constants from GGA, UHF, and B3LYP
approaches are given in Table I. For MnO the magnetic mo-
ment and the energy gap are in good agreement with experi-
ments. For the two materials the B3LYP results are between
the GGA and UHF results. The difference between the
B3LYP magnetic moment and the experimental values re-
in which only magnetic couplings between the nearest neighsults from the orbital moment. In our calculations the mag-
bors(NNs) and next nearest neighbdf$NNSs) are taken into  netic moments come from spin densities; the orbital mo-
account. It is shown that in some cases the mapping betweenents are not taken into account. For CoO the orbital
the Ising model and the Heisenberg model justifies the evalunoment is estimated at about (0.66—1,29) The orbital
ation of magnetic coupling constants with the Isingmoment, 1.285, can be deduced from the B3LYP spin mo-
model?'~2*The magnetic coupling constants can be writtenment and the experimental orbital-to-spin angular moment
as  J;=(Epy—Eap)/88* and  J,=[2J;+(Ear  ratio of L/S=0.9538 The B3LYP lattice constants for MnO
—Enrn)/S?1/6,° where Epy, Ear, and Eng, represent and CoO are a little larger than the experimental results, this
the total energies of ferromagnetic and type-I, and type-lis also the case for other materials, e.g., CagtRorhe pre-
antiferromagnetic phases. The spin S for MnO and CoO argious B3LYP results for the energy gap, 3.5 eV, and lattice
taken asi and 3, respectively. One can obtaly=9.80 K constant, 4.29 A, are a little less than the ones reported here,
and J,=20.5 K for MnO, J;=486 K andJ,=439 K for  although the previous magnetic moment is in agreement with
Co0. TheJ; of MnO is same as the one obtained with thethe present on¥. The reason for this may be due to the
linear augmented planewaeAPW) LDA,% and J, is a  different techniques used for calculating the integrals in the
littte smaller than the LDA result. Other LDA calculations local exchange and correlation potentials. In the present cal-
reported largerd; and J, for MnO.2%2?" Due to the large culations the real space mesh technique is used to eliminate
energy differences between different magnetic phases dahe errors caused by the incompleteness of the auxiliary basis
Co0 J; andJ, of CoO are much larger than that of MnO. sets, which are used for fitting the local exchange and corre-
For some transition metal oxides, such as CoO and FeO, tHation potentials. In addition, the energy gap reported in Ref.

equilibrium lattice parameter.

H=J1NEN S:Si+32 >, SiSiz, (2)

NNN
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TABLE II. The core-level binding energigi eV) of O 1s, Co . o0
O

2p and Mn 2p of CoO and MnO from GGA, UHF, and B3LYP J
approaches. The experimental results for CoO and MnO are taken 04 \/

!

from Ref. 28 and Ref. 39, respectively. Experimental lattice param- ]
eters are used in the calculations.

3 02
GGA UHF B3LYP Expt. O

5
O 1s (CoO) 508.6  554.9 517.5 529.4 R S N A
Co 2p (CoO) 7625  816.9 773.8 779.8 — =
O 1s (MnO) 508.0  554.6 517.2 529.7 S —
Mn 2p (MnO) 6231  670.0 633.0 641.0 02 >

[000] [001] [% %] [000]

11 is obtained with a theoretical equilibrium lattice param- @)

eter, while the energy gap in Table | is obtained with the
experimental lattice parameter.

For CoO insulating states can be obtained with UHF and
B3LYP for AFI and AFIl magnetic orderings. The UHF
method predicts that the total energy of AFI state is 3.65 eV
per chemical formula unit lower than AFIl state. It means
that the ground state of CoO is not correctly predicted by the
UHF approach. The GGA failed to generate insulating states
for all the three kinds of magnetic states and the nonmag-
netic state. The spin magnetic moment is also underestimated
by the GGA. For MnO the UHF approach predicts that all
the four kinds of phases are insulating, while B3LYP predicts
that nonmagnetic state is metallic. GGA generated an energy =
gap only for AFIl phase. The LAPW-LDA calculation also o) [®0 [001] [222] [000]
showed that only AFIl ordering is predicted to be
insulating® The three theoretical approaches all predict that FIG. 2. The energy dispersions of CoO along high symmetry
the spin magnetic moment does not change much for differlines in the AFIl phase from B3LYRa) and GGA(b). For an insu-
ence magnetic phases, with the B3LYP results being betwed@ting state the top of the valence band is taken as the reference
the GGA and UHF ones. energy.

In Table Il the core-level binding energies of G,1Co 2p
and Mn 2p are compared with experimerf&>®The theoret- bands. This mechanism of gap formation in CoO results from
ical results shown in Table Il are calculated in the AFII the strong Coulomb interaction between twd 8lectrons.
phases. Our calculations also show that the core-level bindrhe GGA could not take the Coulomb interaction properly
ing energies are nearly same for AFIl and nonmagnetiénto account due to the self-interaction in the GGA energy
phases. Both the theoretical and experimental results for @nctional.
1s show that O % has nearly the same binding energies in  The B3LYP and GGA DOSs of MnO are shown in Fig. 4.
the two materials, indicating that the core-level binding en-One can see that the mixing of nonlocal HF exchange caused
ergies are not sensitive to the chemical environments in trarthe unoccupied bands move 2.64 eV further away from the
sition metal monoxides. From Table Il one can see that thealence bands. Although the GGA gave a energy gap of 1.28
B3LYP results are also between the GGA and UHF ones, andV, it is significantly smaller that the experimental value.
the B3LYP results are in better agreements with the experiMnO and CoO have the same structure and ground state
ments. The overestimation of the binding energies by thenagnetic ordering, but the electronic structures of the two
UHF method comes from the insufficient screenings of thesystems are quite different. From Figatone can see that
Coulomb interactions. the highest occupied valence bands of MnO are composed of

The band structures of CoO from the B3LYP and GGAMn g4 and Op orbitals, and the lowest unoccupied bands are
approaches are shown in Fig. 2. It is interesting to see hownainly from Mnt,, orbital. Figure 3a) shows that Cd
the admixture of HF exchange turns the metal, which is theand Op orbitals are responsible for the top of the valence
ground state of the GGA, into an insulator. The partial wavebands, and the lowest unoccupied band results from the nar-
densities of stateOS9 of CoO from the B3LYP and GGA row band from Cot,4 orbital. The difference of the elec-
approaches are shown in Fig. 3. One can see from Figs. t2onic structures of the two materials results mainly from the
and 3 that the HF exchange does not change the dispersion different numbers ofl electrons on Mn and Co ions. Com-
the bands very much, but the flat bands composed mainly gfared with the Mn ion, the Co ion has two additional 3
Co ey andt,, orbitals have been raised well above the Fermielectrons, which occupy the Qg orbitals. Due to this dif-
energy. The highest occupied band, mainly composed of Cterence the main component of the highest occupied valence
t,q orbital, has been separated from the rest of the valenceand changed from Mey in MnO to Cot,y in CoO. The

Energy (a.u.)
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FIG. 3. The projected densities of stat@0S) of the Co 3 FIG. 4. The projected DOSs of the Mmi&nd Op partial waves
and Op partial waves from B3LYRa) and GGA(b). The spin-up  from B3LYP (a) and GGA(b) schemes. The positive and negative
ion is chosen for the Co®DOS. The positive and negative DOSs DOSs represent the spin-up and spin-down DOSs, respectively. The
represent the spin-up and spin-down DOSs, respectively. For aipp of the valence band is taken as the reference energy.
insulating state the top of the valence band is taken as the reference
energy. the effect of the mixing of HF exchange into the energy
functional the maximum components of the EFG tensors in

difference in the electronic structures is at the origin of sig-N€ prir;]cipal ;Xis sysl,terln acr;d t.hr? hyperfine coupcljing con-
nificantly different magnetic coupling constants of the twoStants have been calculated with GGA, UHF, and B3LYP

materials.
There are significant contribution of QpXtates at the top
of the valence bands. This is in agreement with the photo
emission spectroscopy and the cluster model andlyseat
MnO is close to the boundary between the Mott-Hubbard

TABLE Ill. The maximum components of the traceless electric
field gradient(EFG) tensors and hyperfine coupling constargs) (
of MnO and CoO in AFIl phase. The EFG is in the atomic unit and
a, in MHz. Experimental lattice parameters are used.

and charge transfer regimes in the Zaanen-Sawatzky-Allen

GGA UHF B3LYP
classification scheni®.But, because TMOs are highly cor-
related systems, the rigid band model does not apply t&FG(Co 1.01 —141 117
TMOs. One could not know from the calculation on an un-EFG (O) 0.110 —0.0256 0.150
doped system how a doped hole would be distributed among, (Co) 117 558 200
the partial waves. A reliable way to analyze the hole compoa, (O) 1.39x10°8 1.04x 106 0.42
sition is to do calculations on the system with one hole.  EFG (Mn) 0.00123 —0.00223 0.00467
The nuclear magnetic resonanl®MR) is a powerful tool  EFG (O) 0.0244 0.00142 0.0123
to explore the spin dynamics of materials. The nuclear quaa, (Mn) 92.9 936 250
druple resonancéNQR) frequency is determined by the a, (0) A4.74X 1078 2.13x10°% 1.28

electric field gradient$EFG) at the nuclear positions. To see
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approaches for CoO and MnO. One can see from Table IIbinding energies are between the GGA and UHF results. In
that the B3LYP results of hyperfine coupling constam$or  agreement with experiment the G tore-level energies in
oxygens in CoO and MnO are much larger than the onednO and CoO have nearly the same values. The B3LYP
from the GGA and UHF approaches. For EFGs andahe results for O 5, Co 2p, and Mn 2o core levels are a little
for Co and Mn the B3LYP results are closer to the GGAsmaller that the experimental ones, with the largest relative
results than the UHF ones. The largg from the UHF  error being about 2% for Osl Due to the different numbers
method for Co and Mn are due to the large magnetic moof 3d electrons of Co and Mn ions the electronic structure of

ments of the UHF approach. CoO near the Fermi energy is different from that of MnO.
The magnetic coupling constants of CoO are more than 20
IV. CONCLUSION times larger than the ones of MnO; the difference is due to

) ] ] the different electronic structures of the two materials.

The electronic and magnetic properties of CoO and MnQg3| vp predicts that the hyperfine coupling constants at oxy-
have been studied with the B3LYP hyb_nd density funcnonal.gen sites in MnO and CoO are significantly larger than the
The results for energy gaps, magnetic moments, and Corgnes obtained with GGA and UHF approaches. For the maxi-
level binding energies show that the B3LYP improves sig-myum components of the traceless electric field gradients ten-

nificantly over GGA and UHF approaches. Energy gaps andors of the two materials the B3LYP results are more close to
spin magnetic moments from B3LYP are in good agreemenfye GGA results than the UHF ones.

with experiment. Both GGA and UHF approaches failed to

predict the correct ground state of CoO. The calculations on ACKNOWLEDGMENT
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