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Electronic structure of the antiferromagnetic B1-structured FeO
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Density functional theoryDFT) famously fails to correctly describe the electronic band structure of Mott
insulators, such as FeO. Here, we present calculations on the structural, elastic, and electronic properties of
antiferromagnetic, NaCl-structure@l) FeO, employing hybrid functionals that combine fractions of the
Becke and Fock exchange in combination with the Lee-Yang-Parr correlation functional. We find that in detail
different properties of FeO require the inclusion of different amounts of Fock exchange in order for the
simulation to reproduce the experimental values, correctly, e.g., geometry, band gap, and elastic constant; but
in general between 30%—60% Fock-exchange gives a good description of lattice parameters, bulk modulus as
well as the electronic structure, and this approach is therefore an alternative to the LDA+U method that has
traditionally been used in the past.
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[. INTRODUCTION this limitation associated with the U term, the LDA+U
poMmethod has been shown to successfully reproduce the elec-
tronic structure, including the band gap, and structural prop-
erties of FeO, at both ze¥d'®and high pressurés?'as well

as to a range of other correlated systeimg., Ref. 22

The simplest Fe-containing oxide, FeO, adopts a rhom
hedrally distorted NaCl-structur@l) at low pressures and
temperatures approaching 0'Rthe local magnetic moments
on the Fe ions are responsible for the insulating behavio . - .
of FeO, as demonstrated by optical spectroscopy and b%nAn alternative approach to SIC or LDA+U, is one which

ab initio calculationg3 which have shown that the band gap MProves the description of electron self-interaction by mak-
ing use of the exact cancellation between the Coulomb and

of FeO lies between the F&lBO 2sp and Fe 4 states and . 7
has a weak absorption 6f0.5 eV. However, a much stron- e)s(ghgfnﬁ%ﬁamslz'q_ tgfcﬂgﬁtéeee{fﬁgfow;gryag wﬁig‘vggggge
gzr:i;;%nsz‘gg)gnglgg :t\r:u;sas e th%;wee-parameter exchangeften'used in.combination vyith
ST ) the Lee-Yang-Par(LYP) correlation functional; B3LYP?] is
Despite its simple crystal structure, FeO represents a conjp ot well known. Because the U term in LDA+U has a
putational challenge, and the most widely used DFT apgjmilar effect to the Fock-exchange contribution, this ap-
proach, based on the local density approximatitA) proach seems a reasonable one to pursue.
method, fails to describe the magnetic properties of highly = cajculations on small molecules containing main group
correlated systems such as FeO, incorrectly predicting as #lementge.g., Ref. 24have shown that the use of hybrids of
does that the B1-structure of FeO is metallic. Moreover, Nothe B3LYP Hamiltonian which contain 20% Fock exchange,
even the generalized gradient approximat@GA) man-  improve the description of both geometric and electronic
ages to recover the failure of the LDA Hamiltonian, which is properties when compared with standard LDA and GGA
due to the inexact cancellation of the electron self-interactiorfunctionals. For the solid state, however, it has been sug-
(S)) in the local exchange functional used in DFT. Severalgested that slightly more Fock exchange would be needed to
approaches to overcome this short coming in DFT have beereproduce structural, magnetic, and electronic propetties.
proposed. Thus, employing a self-interaction correctionThe hybrid functionals have been shown to significantly im-
(SIC) to the LDA Hamiltonian has been used successfully inprove the electronic description of Mott insulatgssich as
modeling rare-earth materidlsas well as Mott insulator3® ~ MnO and NiO.?527 The magnetic coupling constants have
The SIC methods have also been applied to model propertiedso been shown by Martin and 1l to be correctly
of atoms and moleculege.g., electron affinities, excitation reproduced by such hybrid functionals. In another study,
energies, and NMR shiftsfor which comparisons are made Moreira et al?® suggested that for NiO a hybrid functional
to high-level wave-function calculationsee, for example, described by 35% Fock exchange in combination with a 65%

Refs. 7-13. LSDA exchange and correlation energy reproduces the ex-
Another approach is to add an effective on-site repulsiorperimental value of the magnetic coupling constants.
term (U) of a Coulombic-type to the LDA Hamiltonia¢the The aim of this investigation is to establish whether a

LDA+U method“19. However, the U term is difficult to mixing between the Becke and Fock exchange can reproduce
calculate accurately, and depends on the covalency of thitae band structure, band gap, geometrical structure, and elas-
system(e.g., Ref. 1J. As a consequence, the U term may tic properties of the antiferromagnetic, cubic B1 structure of
vary for the same element in different polymorphs, and needstoichiometric FeO. Factors associated with the structural
to be fitted for each structure under investigation. Despitalistortion and nonstoichiometry of FeO are to be investi-
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TABLE |. Geometric and electronic properties for antiferromagnetic FeO, as a function of Fock and
Becke exchange in combination with the LYP correlation functional. Mulliken charges on the O ions are the
same as Fe, but with opposite sign. For the UHFLYP and UHF methods the presented transitions refer to
Fe &p—Fe 4:Fe 3.

Mulliken
charges
Hamiltonian Fe 3/0 2sp— (a.u
Ko Fe 4s:Fe ™
HF Becke a(A) (GPa eV) Fe
0 100 4.344 195 0:0 1.596
10 90 4.371 177 2.11:1.89 1.656
20 80 4.374 175 3.91:3.70 1.700
30 70 4.371 181 5.41:5.65 1.737
35 65 4.367 181 5.65:6.53 1.753
40 60 4.364 185 6.40:7.63 1.765
50 50 4.358 186 7.63:9.40 1.788
60 40 4.346 193 9.04:11.15 1.808
80 20 4.329 209 11.51:14.63 1.839
100 0 4.311 247 14.05:18.06 1.862
UHF 4.417 186 7.77:10.68 1.881
B3LYP 4.365 191 3.70:3.73 1.703
PW91 4.291 199 0:0 1.622
LSDA 4.179 237 0:0 1.598
Exp. 4.3037 1537 0.5:2.43 -
Exp. 4.345 1796 - -
LDA+U” 1.3:2.2
LDA+U® 4.297 189 0.5:1.9 -
SICS - - 3.25 -

gated in later studies. In this current set of simulations, weve can follow the series from the pure BLYP to the UHFLYP
modeled the magnetic structure of FeO as a double unit ceHamiltonians. These hybrids are, hereafter, expressed as per-
containing planes of Fe witk and 8 spins along thg¢111] centages, and referred to agB4y,LYP. In addition to this
direction, which is the experimentally reported magnetichybrid functional, we discuss the more traditional Hamilto-
structure! nians namely UHF, local spin density approximation
(LSDA),3! Perdew-Wang91PW91),%2 and B3LYP?3 All cal-
II. METHOD culations were spin polarized.
) ) The exchange-correlation potential was expanded numeri-

All calculations were performed with th(_aRYSTA[_ 2003 cally, and the cutoff threshold paramet&tSOLs) for the
code(CR03.% In this program the crystal-like orbitals are eyajyation of the Coulomb and exchange contributions were
expressed as linear combinations of Bloch functions, whichet o {8 8 8 8 1. We used ak-point mesh of 1(x 10
in turn are built up from Gaussian-type functions. In CRO3,x 10, expanded according to the Monkhorst-Pack scheme.
periodic self-consistent-fiel(SCH calculations can be per- Tphe Broyden mixing, as implemented in CR®3was em-
formed both within the Hartree-FockiF) scheme, as well as  pjoyed for the metallic solutions, while for the insulating
with various implementations of DFT. It is possible to com- gq|utions we employed the level shifting technigfuéor
bine different exchange and correlation functionals, but it issaster convergence. In all calculations we used an all-
also possible to mix the HF and DFT exchange functional tQujectron basis set: 86-411d8hnd 8-411Gd¥ for Fe and O,
any degree desired. In the work described in this paper Weagpectively. The same atomic basis sets were used both in
mixed the unrestricted Hartree-FoCWHF; also referred t0  he Hartree-Fock and the different DFT-based techniques.
as the Fock exchangand the BeckégB) exchange function-
als with the Lee-Yang-PaiiLYP) correlation functional ac-

cording to:
_ _ We find that FeO is described as an ionic compound; the
Fro™ YP(UHF) + (1 =y)F(B) + F(LYP), UHFLYP Hamiltonian shows net Mulliken charges close to
where the subscriptsandc are denoting exchange and cor- the formal values of He2) and -2) (see Table )l In
relation, respectively. By tuning thevalue between 0 and 1, agreement with the calculations on NiO by Moiretaal.,?°

Ill. RESULTS
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FIG. 1. Total denisity of state®OS) and partial density of stat¢é®DOS for the (a) BLYP, (b) B3LYP, (c) UHF, and(d) H3sBgsL YP
Hamiltonians. Energies are given in Hartree.

we also find that on increasing the Becke exchange, the ionielectrons in the occupiety state are stabilized by a mixing
contribution is decreased. Besides the more delocalizedetween the FedBand the O 8porbitals, with the result that
charge distribution, BLYP shows metallic behavior with athe unoccupie, band is energetically stabilized above the
zero band gapsee Fig. 1a)]. The UHFLYP method, on the Fe 4 band, thus creating a band gap described by a
other hand, results in an unphysical band gap-@ft eV(see Fe 3/0 2sp—Fe 4 transfer in agreement with the experi-
Table ). mental data. However, the energy of the electronic transitions
We stress that the calculated band gaps are derived fromre dependent on the U value chosen by the user: the band
the one-electron description, and it is well known that thegaps predicted by Mazin and Anisimdyemploying a U of
UHF method fails to reproduce the virtual orbitals by over-5.1) are 1.3 and 2.2 eV for the F&B0 2sp-Fe 4 and
estimating the excitation energies, while DFT should be useéfe 3/0 2sp—Fe 31 transitions, respectively, while Garm-
only to describe ground states and thus only provides a coaschet al?°, who employe a U of4.6, instead reported band
rect description of the electron density under such condigaps of 0.48 and 1.9 eV.
tions. Nevertheless, there have been a number of successful To analyze the effect of Fock exchange on the electronic
attempts to simulate an insulating state in FeO, employingtructure we compare the character of the highest energy
LDA+U (Refs. 18—2pand SIC(Refs. 5 and Hcalculations. level in the valence band and the lowest level in the conduc-
However, the SIC method fails to reproduce the nature of théion band with the results from the LDA+U calculatiof¥s,
band gap in the series of transition metal oxides from MnGand we find the effect of the Fock exchange is similar to that
to NiO: all oxides are predicted as charge-transfer insulatoproduced by the use of the U factor. From our hybrid func-
which contradicts the experimental indications that the serietonals we learn that the contributions from the occupied
changes character from being a Mott-Hubbard to a charge-e 3 orbitals are energetically stabilized on increasing the
transfer type of transition. This effect is considered to be &ock exchange, and theelectrons in the occupietg, states
consequence of the latter method’s tendency to favmends  hybridizing with the O 3p orbitals. Hence, the highest oc-
in their pure orbital state, i.e., to poorly describe the hybrid-cupied energy level in the valence band shown in Fig. 2 for
ization between the Fedaand O Zporbitals. In contrast, the the UHFLYP is characterized by the Feplorbitals, while
LDA+U method?® predicts an insulating state because dhe for the pure DFT(BLYP) and the Hamiltonians described by
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FIG. 2. Band structure for th@) BLYP, (b) B3LYP, (c) UHF, and(d) H3sBgsL YP Hamiltonians. Energies are given in Hartree.

minor amounts of Fock exchangB3LYP and HsBgsLYP), culations the description of our band structures are slightly
the energy level is characterized by thg symmetryd or-  more complex than those reported in Ref. 18, but the char-
bital, in agreement with the LDA+U calculatio$In Ref.  acter of the highest occupied bands, employing the hybrid
18 the occupied,, states are described as a linear combinafunctionals and the LDA+U method, are in agreement.
tion showing theA,; symmetry:A;q= (xy+yz+zx)/\3 This This finding is a consequence of the fact that the self-
is possible because the rhombohedral field on tHé ims, interaction correction is more important for the localized
which is caused by the antiferromagnetic structure. Ajg  Fe 3 than for the delocalized Fesp orbitals. The result is
states are marked in Fig. 2. that for pure UHF the character of the band gap is described
The unoccupied electrons in thes, state, gradually be- as a transition between the Fepland Fe 4 states, while the
come more energetically destabilized compared to thesFe 4B3LYP functional describes the band gap as a transition be-
orbitals as the amount of Fock-exchange increéses Figs. tween the Fe@/O 2spto Fe 3. Only for a Fock exchange
1 and 3. The lowest energy levels in the conduction band is between 30% and 60% is the character of the band gap de-
thus, characterized by an importadtcontribution in the scribed in accordance with the experiment, i.e., between the
BLYP and B3LYP Hamiltonians, while for EBgsL YP the  Fe 3/O 2sp and Fe 4 states. These Hamiltonian®.g.,
character is instead best described as s-eHbwever, be- H3sBgsL YP; Fig. 2d)] also give band structures that are in
cause the larger flexibility of our basis qeiso Sp and 4 good agreement with the cubic structure reported from
are included in the basis $atompared to the LDA+U cal- LDA+U calculations by Mazin and Anisimo\¥ However, as
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can be seen in Table I, the absorption energies for the band I[V. CONCLUSIONS

gap (calculated according to Koopman’s theonefor the By employing a mixing scheme between the Becke and
H3sBesL YP Hamiltonian are in poor agreement with the ex- UHF exchanges we have found that different properties of
perimental values. FeO require a slightly different amount of Fock exchange to
Table | also shows the large effect the LYP correlationreproduce the experimentally reported values and behavior
makes on the band gapompare UHF and UHFLYP valugs correctly. However, given the uncertainties of extrapolating
We, therefore, consider that in the future it should be posthe experimental data to obtain estimated values for stoichio-

sible to improve on the values of the calculated band gaps b eotric FeO, it would seem that in general between 30% and
changing the correlation functionals, which have previousl 0% of Fock exchange is needed to correctly model the
been discussed by Bredd structural properties of FeO. The band gap in best agreement

X . : o
The results given in Table | show that the lattice param with the experimental values require not more than 10%

: Fock exchange, but to correctly reproduce the electronic
eter increases from 4.34 to 4.37 A for BLYP taBsdl YP  gyrcrure about 30%—60% Fock exchange is needed. In con-

after which the lattice parameter decreases as a function @fast the B3LYP method, parameterized for molecular sys-
the amount of Fock exchange. The change in the trend of th&ms, does not give a band structure in agreement with either
lattice parameter follows the change in the electronic strucexperimental observations or LDA+U calculations. We also

ture as discussed above. We find that about 60% Fock exotice the large effect the LYP correlation makes on the pre-
change predicts a lattice parameter in good agreement wittlicted band gap, and therefore we consider that in the future
an experimental value obtained by fitting the lattice paramit should be possible to improve on the values of the calcu-

eter for stoichiometric Fe(4.34 A; (Ref. 35]. For compari-  ateéd band gaps by changing the correlation functionals. Fu-
son we also report lattice parameters for the more traditionaiﬁre work is now planned to investigate this and to establish
Hamiltonians(LSDA, PW91, UHF, and B3LYR The LSDA the success of the hybrid functionals in describing other as-

Hamiltonian underestimates the lattice parameters by aImoé?teCtS of the FeO system.
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