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Charge-ordered insulating state of FgO, from first-principles electronic structure calculations
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The charge-ordered insulating state o,©g below the Verwey transition temperature has been studied by
the modified local density approximation with Coulomb interaction correction method. The charge ordering is
found to be a stable solution with an energy gap value of 0.34tb¥ experimental value is 0.14 gVh
contrast to a uniform metallic state given by the standard local spin-density approximation. The calculated
effective intersite Coulomb interaction is well screenad=0.18 e\). It was shown that the change in
electrostatic potential associated with the transition to a completely disordered state can close an energy gap
leading to a metallic stat¢S0163-182896)05328-3

Magnetite (Fe;O,) is a mixed-valence @ transition- introduce the on-site Coulomb interaction and add to the
metal compound. It crystallizes in the inverted cubic spinelLSDA functional the difference between the Hartree-Fock
structure in which tetrahedrdl sites contain one-third of the approximation for the Coulomb interaction energy and the
Fe ions as F&", while octahedraB sites contain the re- averaged form corresponding to the LSDA. That is the es-
maining Fe ions, with equal numbers of Feand FE* in  sence of the LDA-U method, which proved to be quite suc-
B1 andB2 sites, respectively. Below 860 K, magnetite is cessful in treating systems with strong electron-electron
ferrimagnetic withA-site magnetic moments aligned antipar- correlations1°
allel to theB-site moments. AT,,=122 K Fe;0, undergoes Another example of failures of the LSDA is the descrip-
a first-order phase transition, the so-called Verweytion of charge ordering. For example, if there is one electron
transition? in which dc conductivity abruptly increases by per two sitegas for Fe0,), the state without charge order-
two orders of magnitude on heating througy. Verwey ing will correspond to the orbital populaticnon every site.
interpreted the transition as an order-disorder transformatio@ne electron per two sites means that the probability to have
of Fe ions on theB sites. Indeed, studies by electron andtwo electrons per site is negligible and the on-site Coulomb
neutron diffraction and nuclear magnetic resonaritehow interaction, which is a driving force for Mott-Hubbard local-
that belowT, the B1 andB2 sites are structurally distin- ization, is unimportant in this case. Instead the intersite Cou-
guishable in a distorted crystal structure. Photoemissiotomb interaction plays a decisive role in lowering the total
measurements clearly show a gap.14 eV in the spectra®  energy, when electrons are sitting on sites as far from each
However, band-structure calculations using the local spinether as possible, which leads to a charge-ordered state. The
density approximatioff (LSDA) gave only a metallic solu- intersite Coulomb interaction being purely electrostatic is
tion without charge ordering with partially filled bantton-  well described by the LSDA. However, the spurious self-
taining one electron per tw@® siteg originated fromt,, interaction still present in the LSDA leads to an increase in
spin-down 8 orbitals of Fe ions in octahedr8 sites. the Coulomb interaction when the distribution of the electron

The problem of charge ordering cannot be treated by theharge deviates from the uniform one. This effect can be
standard LSDA. The reason for that is a spurious selfillustrated in the following way. If one neglects the intersite
interaction that is present in the LSDA. In contrast to theCoulomb interaction, then the electron under consideration
Hartree-Fock approximation, where self-interaction is ex-experiences the same potential of all sites independently of
plicitly excluded for every orbital, in the LSDA it is nearly the occupancy of the particular site, as it does not interact
canceled only in the total-energy integrals, but not in onewith itself. However, as the LSDA potential is a functional
electron potentials that are orbital independent. of the electron density only, then increasing the electron den-

There are two cases where the LSDA gives gualitativelysity on one site and decreasing it on another one, with the
wrong results due to its “average” self-interaction correc- development of the charge ordering, will lead to an increase
tion. The first is the Mott-Hubbard insulator where the or-of the potential on the first site and a decrease of it on the
bital dependence of the one-electron potential is essential faecond one. In the process of self-consistent loops the charge
the description of splitting the electron spectrum between thelistribution will return to the uniform one.
occupied lower and unoccupied higher Hubbard bands. To In order to cure this deficiency of the LSDA it is neces-
do it on(at least a mean-field approximation level one must sary to remove the spurious self-interaction. Formally
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LDA +U does it, but this method was constructed for Mottexcitation energy gap in R®, is very small[0.14 eV (Ref.
insulators. For systems with charge ordering it must beb)] and therefore the dielectric screening must be very effec-
modified. For Mott-Hubbard and charge-transfer insulatorgive, being close to the metallic one, and the neglect of the
the main process to be taken into account is the virtual excitong-range Coulomb interaction seems to be justified.
tation of the electron to(or from) the d shell of the To determine two parametek$ andV it is necessary to
transition-metal iorithe addition or removal of d electror).  calculate two different types of charge ordering with essen-
It is done by adding to the LSDA functional a mean-field tially different sets oB1 andB2 sublattices. As the first type
expression for the Coulomb interaction energy betwden of charge ordering we chose the order suggested by Verwey
electrons explicitly containing a self-interaction cancellationet al! It can be described as a lattice built with the neutral
and by subtracting the averaged Coulomb interaction energietrahedra where every tetrahedron contains two atoms from
that is present in the LSDA. The corresponding Coulombthe B1 sublattice and two atoms from tf&2 sublattice. In
parameterlU is calculated assuming a pseudocore approxithis case every atom has two nearest neighbors of the same
mation for d orbitals by switching off hybridization ofl type and four neighbors belonging to the other sublattice and
orbitals with all other orbitals and calculating the total en-the first variation of the total-energy functional @n is (if
ergy as a function of the number dfelectrons on asiteina Ag,=—Ag1=A\)
supercell approximatioh:

In contrast to that, for charge ordering in J&&,, the (U=2V)son=N. (4)

main virtual process is the hopping of thg, electron from .
one site to another with a negligible probability of meeting The second type of charge ordering Corresp_onds to
harged tetrahedra where one of them contains only

anothert,, electron on the same site due to a small numbe 1t d th B2-t blatii In thi
of these electrons. The change of the Coulomb energy in this =" ype and ano er'onﬁ “type subiatlices. in his case
5% of atoms have five nearest neighbors of the same type

rocess will be not due to the intrasite interactidnbut due .
P A and one of the opposite type. Another 25% have equal num-

to the intersite interactioW. Therefore, to describe such a ) ! )
process one must map the dependence of the Coulomb intet??rs.Of neighbors Of. bOt.h types. The equation corresponding
to this charge ordering is

action energy on the number of; electrons in the LSDA

onto the model with on-site and intersite terms and then ex- (U+3V)n=\. (5)
plicitly exclude the on-site self-interaction term.
If one definesn; as the sum of the occupancies tf Having determinedJ) and V parameters, we can define

orbitals (ny,+ny,+n;,) for the minority spin direction on  now a new functional without the self-interaction by sub-
B sitel, then the model that imitates the LSDA for the eleC-tracting the%U ni(ni—l) term from the LSDA functional.

trostatic energy associated with thg electrons is The real on-site Coulomb interaction energy is small due to
the small probability of twd,  electrons to stay on the same
E[n]=> {iUn(ni—1)+V> ning | - (1)  Site, butitis nevertheless nonzero and we take it into account
i j by adding the corresponding term in the Hartree-Fock ap-
proximation

(The indexj denotes neighbors of the sitg) The form of
the on-site term is chosen so that in a fully ordered case,

where one-half of the sites is completely occupied and the E=E gpa—% >, {Uni(ni—1)— >, un; mNim ¢
other half is empty, the self-interaction energy would vanish. ! m.m’#m

In order to compute the value of the parametérandV one (6)

must perform constraint calculation for the charge orderingynerem m’ denote different, orbitals for minority elec-
where occupancies; on different sites are va_ried with the rons of Fe ions on octahedr® sites. The corresponding
conserved total number df electrons. The simplest form hital dependent potentid; , is given by the variation of

of such a variation is to divide octahedral sites into tWOihe new functional6) with respect to the occupancy of the
sublattices81 andB2 with the number of electrons given by particulart, orbital n; -

nf'=ny+én and nP?=ny,— &n, respectively. Introducing
Lagrange multipliers\g; and\g,, the functional becomes Vi m= VPR U (R ). 7

E[n]+ > {N\g1(nB*—ng—8n)+\go(nB2—ng+ 8n)}, The actual calculations were performed by using atomic-
i sphere approximation linear muffin-tin orbital methidd.
2 Constraint calculations with two types of charge ordering
gave the following parametersi=4.51 eV andv=0.18 eV.
The small value of the intersite Coulomb interaction param-
eter V proves that, indeed, the screening of the Coulomb
o T (Ae2— A1) =0. (3)  interaction in FgO, is very effective and close to the me-
tallic one.
Lagrange multipliers\ have the meaning of external fields  Electronic-structure calculations with the function@)
acting ont,, electrons and the corresponding constraintwere performed for the Verwey type of charge ordering. In
LSDA calculations are performed with such fixed fields.  contrast to LSDA, where the stable solution is a metal with
In the calculation of the intersite Coulomb interaction we uniform distribution of thet,, spin-down electrons on the
took into account only nearest neighbors. It is known that theoctahedral sites, the self-interaction corrected functi¢@gl

the variation of which with respect tén gives
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FIG. 2. Density of states for R®, in the calculation with func-
tional (6) (LDA +U). A, tetrahedral coordinated Fe iori&; octahe-
dral Fe ions B1 corresponds to Fé andB2 to Fe’* ions).

gave a charge-ordered insulator with an energy gap value of . )
0.34 eV [with the experimental value being 0.14 @Ref. ~ formed by the empty orbitals @2 (Fe"?) ions and empty
5)]. ey bands of octahedraB(l andB2) ions.

According to the ionic model, charge ordering means Our result shows that, indeed, after subtracting the spuri-
Fe3t and Fé* ions on octahedral site sublattic®d and ©Ous self-interaction present in the LSDA it is possible to
B2 with configurationsd® (t3,.e2,) and d® (t3,,e2t}.) obtain an insulating charge-oro!ered solution_ for;@g.

- 291 “01 291 01 20l However, can our method describe the metal-insulator tran-
correspondingly. In our calculations, due to the strong cova*'" B - - i
lence effects, the actual numbers afelectrons in atomic sition? Knowing the value of the intersite Coulomb interac-
spheres were 5.91 and 6.23 with the charge difference 0.330N parameteW, it is possible to estimate the change in the
instead of the pure ionic value 1.0However, the difference Potential acting on the,, electrons in going from a Verwey:-
in the occupancy of,q, orbital for two sublattices is larger: YP® charge order to the completely disordered state. Accord-
0.70) ing to the grgumen_t leading to Eq!l),'the Q|fference in the

Figure 1 shows the densities of stat&0$) for Fe;0, electrostatic p_otenﬂal for two sublattices in the errwey-type
obtained in standard LSDA calculations and Fig. 2 the DOsSharge order is equal 8V =4Vén;, . Our calculation gave
calculated with the use of the function@). For the LSDA  V=0.18 eV andsn, =0.70, which results iV=0.50 eV,
one can see the oxygen band betweed and—4 eV and  which is definitely larger than the calculated energy gap
above it (for both a spin-up and a spin-down DD®ur  value 0.34 eV. Therefore, completely destroying the charger
bands of Fe @ origin. For spin-up states the sequence isorder would close an energy gap and lead to a metallic state.
t,g andey bands of iron in octahedrd sites and above it The actual experimental situation is much more compli-
€y andt,, bands of iron in tetrahedrd sites. For spin-down cated. As shown in Ref. 6, aboWg,=122 K Fe;0, is still
states the order of the octahedral- and tetrahedral-site bands insulator, but with a smaller gap value. In Ref. 5 photo-
is reversed so that the first twbbands are; andt,y bands  emission measurements are interpreted in another way:
of iron in tetrahedral sitesA) and above them arg, and  aboveT, magnetite becomes metallic, but with a very small
ey bands of iron in octahedral site8) with the Fermi en-  value of the density of states at the Fermi level, which be-
ergy lying in thet,y band. comes larger with increasing of temperature. That could be

In the charge-ordered state the partially filleg spin- interpreted as a transition from one charge-ordered state to
down band of the octahedraB] ions is split into three parts another charge-ordered state or maybe to a state with many
(Fig. 2): just below the Fermi energy is a subband corre-different charge-ordered states having frustrated patterns and
sponding to the occupiet orbital of theB2 (Fe*?) sub-  not showing macroscopic order, as proposed by Anderson.
lattice, then immediately above the Fermi enetgyorbitals ~ We also note that the charge order beloy i§ more com-
band of theB1 (Fe*3) sublattice, and above it the band plicated than the simple Verwey pattern, and that the phase

FIG. 1. Density of states for R®, in the LSDA calculation.
A, tetrahedral coordinated Fe ior;octahedral Fe ions.
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transition is accompanied by a structure transformation fronfFe;O, and the prescription can be applied to the real situa-
the spinel to a lower symmetry structfr€alculations with  tion if it is known.

more complicated crystal and charge-order structures are ;| acknowledges the help of the NAIR Guest Re-

needed to obtain a quantitative description of the metalsegrch Program. The present work is supported partly by

insulator transition for FgO,. Nevertheless, the present New Energy and Industrial Technology Development Orga-
work contains the basic ingredients in the charge ordering ofiization.
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