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Long-range charge order on the FgO,(001) surface
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The Verwey transition in magnetite is of fundamental importance for the understanding of metal-insulator
transitions but, in spite of being the subject of many studies over the last century, its nature is not fully
understood. This is even more true in the case of the magnetite surface, where the low dimensionality plays an
additional role in the determination of the Verwey transition temperature. We have atomically resolved the
(\e’EX \EE)R45° reconstructed surface by scanning tunneling microscopy and we have modeled our experimen-
tal results by density functional theory calculations. We attribute the observed pattern to the charge ordering of
Fe™-F&* and Fé*-Fe** dimers. We propose a mechanism for the formation of this charge ordered surface and
provide an explanation for the increase of the Verwey transition temperature @0thesurface of magnetite.
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[. INTRODUCTION magnetic resonancedMR) and resistivity versus tempera-
ture measurements, are not surface sensitive. During the last
The Verwey transition is a metal-insulator transition thattwo decades, the invention of scanning tunneling microscopy
occurs in some ionic crystals as a change in electric condugSTM) has boosted the area of surface physics and the study
tivity and lattice symmetry. The Verwey transition tem- of low-dimensional systems. A STM study of the;Bg(001)
peratureTy in stoichiometric magnetit¢Fe;O,) is around  surface using ferromagnetic Fe tips, suggested that a charge
Ty=125 K. Below Ty, the electric conductivity drops by frozen state persists at the surface at room temperafure.
about two orders of magnitude and the lattice symmetry isSince no long-range order was detected, the observed short-
lowered from cubic to monoclinic. Despite intensive re-range order was classified as a Wigner glass. This result has
search spanning almost a century, the nature of the Verwelyeen recently confirmed by another grdup.
transition is not completely understood. Various theoretical We have recently shown that long-range charge order sets
models, recently revised by Waltzhave been proposed to in on the Fg0,(001) surface? In this paper we interpret our
explain the electron transport mechanism in the low- andexperimental results in the light of density functional theory
high-temperature phases, and the sudden change in condybFT) calculations and we propose a mechanism for the for-
tivity at the transition point. Among these are the modelsmation of long-range charge order at a temperature well
proposed by Wigner, Mott, the Hubbard-Mott transition, andaboveT,,.
the Anderson localization. Some models explain the Verwey
transition as a complete order-disorder transition, either due
to an ordering of the charges of the conducting electrons or
of the electronic orbitals. Anderson estimated that a transi-
tion between a Verwey order and complete disorder would be Magnetite has the inverse spinel crystal structure. The
expected for temperatures of the order of K0 In order to  conventional unit cell of magnetite contains 32 oxygen ions
explain the much lower transition temperature measured expacked in the fcc lattice, 8 Fe ions placed at sites with tetra-
perimentally, Anderson proposed two different types of or-hedral oxygen coordinatioff siteg and 16 Fe ions placed at
der: a long-range ord€tRO) present al <T, and a short- sites with octahedral oxygen coordinatigB sites. In sto-
range orde(SRO) that persists at > T,,. He also postulated ichiometric magnetite thé site Fe ions are Fé& and theB
a condition for SRO, according to which the minimum lattice site ones are equally likely to be #eand F&*. The synthetic
energy is achieved provided every tetrahedron formed by therystals used in this study were grown employing the skull
nearest-neighbor octahedral sites is occupied by tw& Fe melting techniqu and characterized by powder x-ray dif-
and two Fé* ions2 An attempt to explain the Verwey tran- fraction (XRD) and resistance versus temperature meas-
sition as a consequence of the formation of bipolarons hasrements. A lattice constant of 8.40+0.01 A and a Verwey
also been propos€eBipolarons result from the attraction of transition temperature of 108 K were determined. Raman
polarons and are predicted to arise in the case of strongpectra of these crystals were consistent with magnetite ref-
electron-phonon coupling for low-dimensional systems. Aerence spectra and indicated that the crystals did not contain
superstructure on the §@,(111) surface has been recently other phases of iron oxides. Magnetization measurements us-
explained by Shvet®t al. in terms of a giant localized ing a vibrating sample magnetometre resulted in the value of
polaron? Ms=100.9 emu/g, in agreement with the value of magneti-
Relatively little work has been done so far on the Verweyzation of magnetite. The crystals were mechanically polished
transition at the surface of magnetite single crystals or thirusing diamond paste with grain size down to 0% and
films, partly due to the fact that the experimental techniquesnserted into a ultra high vacuuHYV) system after rinsing
employed to detect the Verwey transition, e.g., as nucleathem with organic solvent. The final sample preparation, sur-
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face characterization, and STM measurements were per-
formed in the UHV system with a base pressure ~of

X 107%% mbar. Thein situ preparation procedure consisted of
a combination of At ion sputtering, annealing in UHV and
annealing in an oxygen partial pressure. The argon and oxy-
gen exposure varied between 3600 and 7200 L, while the
annealing temperature ranged between 850+50 K and
990+50 K. The final anneal stage varied between 2 and
10 h. This preparation procedure produces a contaminant-
free surface, showing a shari@2x V2)R45° low-energy

electron diffraction (LEED) pattern. STM measurements 0.5+ =54 ~TA
were performed at room temperature using tips made of an-
tiferromagnetic MnNi alloy®!* STM measurement were 0.4
carried out in constant-current mode and the sample was bi-
ased. A bias voltage ranging from +0.6 to +1 V and a tun- 0.31
neling current between 0.1 and 0.3 nA were the typical pa- <
rameters used. N 0-21
0.1
0.0
IIl. RESULTS AND DISCUSSION . .

] 00 05 10 15 20 25 30 35
A detailed study of the ©,(001) surface by means of (b) X (nm)

STM, LEED, and Auger electron spectroscoyES) has

been recently published by us in Ref. 8. For a better under- FIG. 1. (a) (130x 150 A% STM image. Spots of two different
standing of the present manuscript we will summarize herérightness are imaged, corresponding to dimers &f Bed F&*

the main findings. The surface of the crystal is terminated aions. The (V2x y2)R45° superlattice is marked ite). The line

the octahedral plane, exhibiting&x V’E)R45° superlattice, profile in (by—taken along the lind-b of_(a)—shows the alternat-

as shown by LEED. We have identified its origin in the ing periodicity of 5 and 7 A along thg110] direction.

charge ordering of the Fe cations at Bi&ites rather than in

an ordered array of vacancies. Atomically resolved STM im-formation of long range order as opposed to a short range
ages show a dimerization of the Fe cations along[ &) order quasiperiodicity.

direction. Two different types of dimers, which alternate
along the[110Q] direction, are identified with Fé-Fe** and
Fe*-Fe dimers, giving rise to a surface that is in a charge
ordered state at room temperature. One cannot exclude a The electron bands of E®, have been calculated using
more complex scenario, where electrons are distributed at tHecal-spin density calculationgLSDA) by Zhang and
B sites in other proportions. However, our results clearlySatpathy? and using augmented plane wayW) calcula-
exclude the possibility that all the Fe ionsBisites on the tions by Yanase and Siratdfi.The three-band Hamiltonian
surface have identical electronic states consistent with #rmed by thet,g (xy,yz,zx,) orbitals on theB sublattice can
completely disordered condition. STM provide evidence of abe written as follows:

highly regular structure with a 12 A periodicity. In most

A. Electronic configuration

3 3
cases the periodicity remained uninterrupted all throughout H = uv
. = tt’c ci .+ U;
the terrace length, suggesting that LRO has set on the sur- %3‘;1 ey iz,juél gy
face.
As discussed in Sec. I, the preparation conditions varied X, N, + 2 VX nn;. (1)

somewhat in terms of annealing temperature and gas expo- L

sures. Although AES and LEED provide evidence of a cleanyhe second and third terms in E€l) describe the on-site
(Y2 y2)R45° reconstructed surface for all the various com-anq intersite Coulomb energy terms, respectivaly.is the

binations of preparation conditions, new STM data show &ymber operator of the electron at ti site of the orbital
somewhat different arrangement of the dimers on the Sury where the orbital indiceg. and v take xy, yz and zx

6 A separation between atomic rows along faé0] direc- +Nny,+n;,. U andV are the on-site and intersite Coulomb
tion, the Fé*-Fe?* dimers are shifted by-1 A with respect interaction constants. Electron hopping between the orbitals
to the Fé€*-Fe** dimers. This is shown by the line-profile w andv of octahedral Fe ions at thth andjth sites is driven
shown in Fig. 1b). by the termt{f”cf#cj,,. Herec', and cj, are the electron cre-

In the following sections we shall discuss the possibleation and annihilation operators of the electron of orhitait
mechanisms that can lead to the formation of*Fee®* and  site i and of orbital v at site j, respectively. The transfer
Fe*-Fe** dimers. We will also discuss the reasons for theintegral ist”. The results of both calculations of Refs. 12

155406-2



LONG-RANGE CHARGE ORDER ON THE F©,(001) SURFACE

PHYSICAL REVIEW B70, 155406(2004)

—d-d,
Majority spin 4 Minority spin ¥
Majority spin 4 Minority spin v Majority spin 4 Minority spin v
- d,g-dyz
e, —— 8} _ d —dody |3,
A i
A
Bazasev| | L R 5] = A Lo g
T g Adads | ¥ T/ i - —d./d,
44, > L SN Fdz
g ES d.:
A A
Ag=2.0ev c* *
et }5 44d, ‘51 4+ q,
44 TRy, Vx4 d,/0,
(@) {b) o {c) *4,

FIG. 2. (a) Schematic showing the splitting\cp) of a five-fold orbitally degenerate-level of an Fé* ion in an octahedral crystal field.
The splitting of the electronic band\gy) into a majority subbandspin-7) and a minority subban¢spin-|) is also shown(b) A further
splitting (6, and &,) occurs at the surface, where the symmetry is lowered because of a missing apical oxyggddirtget splits into the
levelsd,z.,2 andd,. Thety, triplet splits, with thed,,—d,, degenerate doublet lying lower than ttig level. (b) shows the case of a small
split 6;, 5,<<Acr leaving the degeneratg,—d,, doublet as the lowest energy level fpelectrons(c) shows the case of a large split for a
Fe** ion. If 5,> Acr, thed,2 level may become lower in energy than ithg—d,, doublet. However, the,,—d,, doublet is still occupied by
a single electron as thiz.y2 level in the spinf subband moves up as a result of the same splitting and thus becomes vacant.

and 13 are in good agreement, showing an exchange splittingpnclude that electron hopping between the neighboring par-
Agx between the majority and minority subbands on the Fellel lines is suppressed. Similarly, electron hopping between
atom of about 3.5 eV. The five-fold levels are split intd,;  the surface and the bulk is suppressed as electron levels on
andey orbitals by the crystal field. The crystal-field splitting the surface are shifted with respect to the bulk levels, due to
Ace is approximately 2 eV for the FB) atom, and few the additional crystal field caused by a missing apical oxygen
tenths of an electronvolts for the ®® atom. The calcula- [see Figs. @) and 2b)]. Therefore, as electronic transport
tions show that the spifi-bands(majority sping are semi- on the (001) surface takes place along one dimension,
conducting while the spin-bands(minority sping are me- one can expect that Feand Fé* ions should form the

tallic. It follows that only spint belonging tot,, orbitals of  Fe?*-Fe**-Fe&?*-Fe** sequence along th§l10] and [1ﬂ)]
Fe(B) are present at the Fermi level, while the¢pDorbitals  Jines ofB sites on the surface. We shall call this state the 1-1
lay well below the Fermi energy. A schematic of thelBle pattern to differentiate it from the experimentally observed
electronic levels in the bulk is shown in Fig(a&2 On the pattern of alternating pairs. The latter shall be called the 2-2
surface the band structure is altered. As we explained at theattern. It is clear that the 1-1 pattern should indeed be the
beginning of this section, our crystals are terminated aBthe ground state, if only the Coulomb and Hubbard exchange
plane. Therefore, the coordination of the(Beions is low- interactions are taken into account, as all terms in @&g).
ered, since the apical oxygens are missing. This lowers theesult in an energy increase for any deviation from the 1-1
site symmetry from cubic to tetragonal, which leads to apattern. However, our experimental results contradict this
splitting of thet,, levels as shown in Fig.(B). Thed,, and  prediction. In the remainder of this chapter we shall discuss
d,, orbitals lay lower than thel,, orbital. The values of the the mechanism that leads to the stabilization of the 2-2 pat-
nearest-neighbors transfer integrals were estimated in tern. We suggest that such a pattern is stabilized by lattice
Ref. 14, with t¥=-0.278 eV,tY*¥?=0.085 eV, andt®™**  deformation and that the energy difference between the 1-1
—0.035 eV, while all the other configurations df€=0. and 2-2 patterns is compensated by a difference in the elastic
energy. In other words the dimerization of Fe cations results
in an energy gair(through electron-lattice interactiphat
overweighs the energy penalty due to Coulomb repulsion and
suppressed Hubbard exchange.

B. Lattice deformation and charge ordering

An exact analytical solution of E¢l) can be obtained for
any value oft and U provided that the system has one-
dimensional(1D) geometry and that one electron is shared
between two sites, e.g., there is an equal number &f &ed
Fe** ions. The analytical solution suggests that'Frand Fé*

1. Jahn-Teller effect

One possible mechanism of electron-lattice interaction is
! : ° { the Jahn-Telle(JT) effect. It is only effective for the case of
lons should alternate along th"-; 1D chainsBodites forming  rpital degeneracy. In both cases of small and large splitting
a-Fe*-Fe*-Fé*-Fé -structure’® The B sites within the  ghown in Figs. f) and 2c), respectively, the high-spin Fe
(00 surface of magnetite do in fact represent 1D chainsq6) jons have such a degeneracy and therefore are subject to
TheB sites are arranged in lines aligned along fhe0] and 37 effect. At the same time, in both cases of small and large
[110] directions. The separation between neighboring Feplitting, the F&" ions are not degenerate. For a start it
ions along the line3 A) is half of that in between the lines. should be pointed that in both cases of small and large split-
Besides, there are two oxygen ions positioned in between thiéing, the Fé* ions havet,, degenerate orbitals and these are
nearest Fe ions of any neighboring line. One can thereforknown not to display a strong JT effect. Figur@3shows
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FIG. 3. () Schematic showing the expected Jahn-Teller defor- F J/ : @ Fe
mations on thg001) surface of magnetite for the 1-1 pattern. The o o a P
schematic illustrates the case for th&Y* transfer integral.(b) I]"" LI O E1 . ) Fe
Schematic showing the expected Jahn-Teller deformations on the .' o B O
(001) surface of magnetite for the 2-2 pattern. The schematic illus- O |

trates the case for th#“Y* transfer integral. The O anions labeled

“1” and “2” are shared between the #ecations labeled “3” and FIG. 4. Electron-lattice instability on th@01) surface of mag-

“4.”. The directions of anionic displacements due to cations 3 and 4etite terminated at thB plane that favors the formation of the 2-2

are shown by two arrows initiating at each of the anions 1 and 2. pattern. The lattice deformation induces a splitting of the electron
levels sufficient to induce a gain in energy that overcomes the Cou-

the JT distortion for the 1-1 pattern in the casetpf,- oMb repulsion due to the pairing of Fe ions.

tyzy, transfer integral. The case of gt ransfer in- g o) Moving anions closer to the Beion or away from
tegral is similar and can be obtained by rotation of deformaj; changes the splitting between the.» and d levels.

tion pattern shown in Fig. (&) by 90° degrees. One can Therefore, the anionic displacement shown in Fig. 4 will
appreciate that in the 1-1 pattern, the”Feations on the |ower the energy of thel: level. Similar considerations ap-
surface do not share nearest-neighbor oxygen anions. Thergty to a pair of F&* ions in the case of a small crystal field
fore, displacement of each anion is determined by a single Fepitting [Fig. 2(b)], where thed,,/dy, levels are lowered in
cation. energy. This pattern is consistent with our STM ima¢s=e
The 2-2 pattern could be energetically more favorablerig. 1 and Ref. 8
than the 1-1 pattern provided the direction of displacement of To support our interpretation of the STM data, we have
a shared anion by the first cation is collinear with the oneperformed DFT calculations using the CASTEP algorithm.
driven by the second cation. However, this is not the case foThe local spin-density approximatiqgh SDA) based on ul-
any of the possible configurations corresponding totfhg,  trasoft pseudopotentials was used to optimize the surface ge-
tyy.xy @ndt,,,, transfer integrals. The case of a 2-2 patternometry and to calculate the local density of states. A plane
with the yzyz orbital configuration is shown in Fig.(B). cutoff of 260 eV and a2x2x 1) grid of k points were
Anions marked with numerals 1 and 2 are shared betweeghosen. The calculations were performed for a slab of two
cations marked with numerals 3 and 4. The arrows initiatingnit cells and the electron density distribution was calculated
at each of the anions 1 and 2 indicate the directions of thOr an energy range between the Fermi level and +1 V, to
anionic displacements caused by the cations 3 and 4. Theggmpare with our experimental settings. The results are
are clearly not collinear. One can arrive to similar conclu-shown in Fig. 5. The calculations show that Fe octahedral
sions for 2-2 patterns with any of the other two configura-jons form pairs along thg110] direction, and that the dimer-
tions:t,y.,y andt,y, transfer integrals. Therefore, there is no jzation is stabilized by lattice strain. Our calculations do not
basis for the onset of the collective JT distortions to eXplairbhOW a Significant difference in the electron density distribu-
the STM results obtained given the symmetry of Biplane  tion between pairs of Fe ions, mainly due to two reasons.
terminated(100) surface of magnetite. First, a two unit cell slab is likely to be too small to resolve
the 12 A periodicity. However, we are not able to model a
larger slab, due to computational limitations. Second, in our
To explain the results obtained, we favor another mechaealculations we were not able to force a complete localiza-
nism that, unlike JT distortions does not remove electrortion of the sixthd® electrons at thé sites.
level degeneracy but still reduces the overall energy of the In line with this model, the Verwey transition at the sur-
system through electron-lattice interaction. In this model &ace can be considered as a bipolaron blocking temperature
wave of anionic displacement induces a splitting of the elecT,. There is a distinct possibility that abovig the charge
tron levels sufficient to induce a gain in energy that over-transport on the surface takes place by means of mobile bi-
comes the Coulomb repulsion due to the pairing of Fe ionspolarons, i.e., mobile bosons. As our STM measurements
Given the localization of the electron charge and its strongvere taken at room temperature, one can further conclude
interaction with the lattice, it may be appropriate to call thethat T, is above room temperature. In other words, the Ver-
pair of Fe ions a localized bipolaron. Let us consider the caseey temperature on th@01) surface is much greater than
when the fifth @ electron of the F& ion is located at the,>  the one in the bulk. The increase Bf on the surface can be
orbital, corresponding to the crystal field splitting shown inexplained as follows. We can consider electrons in any of the

2. Bipolaronic instability
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Eqg. (1) we can see that the energy of each electron has two
contributions: a negative one from the transfer integral
AE;anster (first term), and a positive one from the Coulomb
interaction energyAEcquioms (S€CONd and third termsThe
total energy of the electron can therefore be written as

A Etotal =A Etransfer+ A ECoqumb

= (ENO - EBO)transfer+ (ENO - EBO)Coqumb (3)

The transfer integral essentially underlines the uncertainty
principle: As the current carriers become more localized,
their energy increases. For each carrier placedBisde in
the bulk, transport is possible in three dimensions, along the
. . (110 set of directions. On the other hand, electrons placed at
FIG. 5. DFT calculations for a two unit cell slab of a B sjte at the surface can only move along one dimension.
B-termmated_magnetltg crystal. A configuration in Whl_ch pairs OfTherefore, charge freezing in the bulk results in an energy
Fe& and Fé" ions atB sites alternate along ttjé10] directions can  j,reace of the order ofid/2mAx?, whereAx is the size of
gitﬁﬁaﬁzg?eghgzv:adggr deilmoenri:;tit:r? :ﬁtt'ce'd-rhe enermt’ d.tek?s'%he area of the electron localization, while at the surface the
» N good agreement wi Ourenergy increase is onty?/2mAx2. In other words, electron
STM results. ? . . - - .
hopping at the surface is restricted to one dimension even in
_ the NO state. Therefore, as the negative contribution
[110] and[110] chains ofB sites Fe ions as a separate sys-AE..sier IS SMaller at the surface, the energy difference
tem. Indeed, the electron transport on tB01) surface oc- AE;anser ON the surface should be greater than in the bulk.

curs along the[110] and [110] directions, while transport 1he Coulomb interaction energyEcquoms at the surface is
between the surface and the bulk occurs along the remainir ©ater than in the bulk, due to the missing apical oxygen

four directions{011], [011], [101], and[101]. However, we atoms, Wh_|ch lower the symmetry from cubic to tetrahedral.
In ConCIUS|0na(AEtotal)surface> (AEtotal)bulk-
suggest that the transport between the surface and the bulk is Second, we will show that the value of the entroBy

mgdslefgcgeg:ﬁzg %?]t:jo[gc d?fi?é%otnelr?grelg gi]e k;_uITkhie;nd <'ﬁormalized per one electron is smaller at the surface than in
P g 9- .the bulk, leading to a further increase f. To compare the

|mpI|$s th%t ho;r)]plnginbe;[\Nere]? thf? Stlij\:fage t\?vndntf:je b ur:k rl ntropies of the surface and the bulk we estimate the number
Iselilperl)ses(’)suer a?;l (s)igpngisSsZmSi/ iaﬁ%tat(ieveeande?s bai%?j gna ?ground states for systems of different dimensionality. The
' y b q entropy can be calculated as

the comparison of free energies

S=kinW. (4)

F=E-TS (20 whereW is the number of states equally accessible to the
system. We follow the approach applied by Anderson to es-

in the bipolaron-ordere@0) and non-orderedNO) states, timate the electron entropy in bulk §®,.2 The Anderson
called hereFgo and Fy, whereS is the entropy associated model is based on the argument that the energy of the entire
with a multiplicity of states due to mobile bipolarons. In our electron system in magnetite is essentially determined by
analysis we assume that in the NO state the bipolarons ahort-range order. As long as each tetrahedrorB dfites
already formed but they are mobile. Of these two states, theontains two F& and two Fé" ions (Anderson conditioy)
state chosen by the system at any given temperature is ttige state is attributed to the group of ground states regardless
one that corresponds to the lower free energy. As in the B®f the long-range order arrangement. Therefore, in this
state the entropy associated with bipolaron states can be amodel the ground state should be heavily degenerate if a
sumed to be zergjust one pattern corresponding to the substantial number of permutations fulfill the Anderson con-
ground state contributes to the multiplicity functjprthen  dition. The number of stated/ in the bulk is estimated as
Feo=Ego. In the same wayyo=Eno—TS Therefore, as at  (3/2V2, whereN is the number oB sites in the latticé.
the BO-NO transitionFgo=Fyo, the transition temperature Therefore, a value o, ;=R/2 In(3/2)=0.81R is calculated
can be estimated 85 (Eyo—Ego)/S. We shall show that the per mole of octahedral sites. This rather large entropy results
transition between the BO and NO states on the surfackom a particular arrangement of th# sites in the spinel
should occur at a higher temperature than in the bulk, i.egrystal structure, which fulfils the Anderson condition for a
(To)surface™ (To)bulk- large number of charge arrangements.

First, we will give a qualitative explanation of why the ~ We can now apply the same approach to(®@l) surface
energy differenceAE,y,=Eno—Ego between NO and BO of Fe0,(001) exhibiting the experimentally observed 2-2
states should be greater at the surface than in the bulk, causattern. Two cases must now be considered. These are shown
ing an increase ofy, at the surface. From the Hamiltonian of in Figs. &a) and &b). Both figures show the topmost Ander-
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I moval of oxygen ions results in the creation of inequivalent

[110] B sites on the magnetite surface. As a consequence, two
neighboring Fg, sites are adjacent to the vacancy and two

® Fe™ inthe topmost layer neighboring Fg, sites are still fully surface coordinated by
O ions. Therefore, alternating pairs Bfsites with different

o Fe”inthe topmost layer energies are created along tfiel0] direction, which may

drive the dimerization of the Fe ions. The?Ovacancies
have a virtual positive charge and so in order to minimize the
surface energy the Feions will occupy the two sites adja-
cent to these & vacancies and the Feions will occupy the
pair of sites furthest from the vacancy. The virtual positive
charge of an & vacancy may also explain the relaxation

observed on the surface. The shifting along [tha)] direc-
tion, marked by the dashed zigzag line in Figa)l could
result from the repulsive effect of the array of Qvacancies
. . . __on the pairs of F& ions. Wavelike rows of Fe ions were
FIG. 6. Top view of octahedral chains of Fe cations. The first bserved by Stanket al. However, neither the dimer forma-

two layers are shown, and the tetrahedrons formed by nearesl- - .
neighbors octahedral sites are marked by black solid lines. ThgIon nor the difference between #eand Fé" ions were ob-

consideration is based on fulfilling Anderson’s condition and theserVEd_In this previous stud?.ln our model, the oxygen
experimentally observed pattern of charge pairs on the surface. Tw§aCancies create an energy barrier to electron hopping be-
cases can be distinguishe@) Pairs of F&* ions in the topmost Ween the octahedral surfa.ce sites, resulting in Iopg range
layer and F& ions in the second topmost layer belong to the samePrder on the surface. The introduction of Qvacancies is
Anderson tetrahedrortb) Each pair of F&" ions on the surface is also favorable in terms of reducing the surface polarity of
shared between two Anderson tetrahedrons. The topBsisés are ~ magnetite(001).

indicated as single circles, while ttigesites in the second layer are

indicated in double lines.

2
Fe +OG' in the second layer

3
@® Fe +0m in the second layer

el el oo R e
JRedie el e

(@) (b

IV. CONCLUSIONS

son tetrahedron formed by the topmost and second topmost

: . : : . In thi h | 2 X \2)R45° -
layers ofB-site Fe ions. In the first cagEig. 6@)] the pair of n this study we have analyzed the2 X y2)R45* recon

structed surface of F©®,(001) synthetic crystals by STM

v . X .
E)ezmlc()):tsl alln etrh i et%p;]motzt t'ﬁgesra?:g f:éc;r:;g :Qterasheecdorrc])i Iand LEED. Our results provide evidence of the formation of
b Y g - 'Pe*-Fe* and Fé*-Fé** pairs along the[110] rows of B

this case there is only one state that fulfils this condition forsites in agreement with the results of other grotpiiow-
each pair of F& and F€* ions on the surface. In the second » 1N ag 9

case, each pair of Beions on the surface is shared between&Ver We observe a different shift between adjacent Fe rows

two Anderson tetrahedrorifig. 6(b)]. In this case there are and most 'mp‘;]”af?“y- the slet_ mhof Igng-raggeh order. (;Ne d
two possible states for each of the N/2 pairs of*Fiens on propose a mechanism to explain the observed charge ordere

- . surface based on electron-lattice interaction. Our model is
the surface fulfilling the Anderson condition. Thus the total . . )
o g supported by DFT calculations, which show that the dimer-
number of states i=2N/2, giving an entropy value of ization of Fe ions aB sites can be stabilized by a deforma-
SSurface: R/2In2=0.3R. Since (AEtotaI)surface> (AEtotal)bulk

) tion of the lattice. In our model, the dimerization of Fe cat-
and Syyace= Spui It follows “that (Tp)surace (Tolbuke A jons and the deformation of the oxygen fcc lattice lead to a

hig_her transition temperature at th? surfgce of magnetite e)?E)wering of the electron levels and to a consequent gain in
plains why long-range order can still set in at room tempera-energy' This energy gain overcomes the energy penalty due
lure. to a higher Coulomb repulsion caused by the pairing of Fe
cations and to the suppression of the Hubbard exchange
caused by the localization of electron charges. Given the
It should be pointed out that some of our results couldstrong electron-lattice interaction and the localization of the
also be explained by alternative models. It was recently prosixth d® electrons on the Fé ions, we propose that the
posed by Seet all* that the strong electronic correlation at charge ordering at théd01) surface of magnetite is caused
the B sites can create an orbital orderif@O) state with a by localized bipolarons. Furthermore, we propose that the
1D electronic structure. Such a system has a Peierls instaberwey transition at th€001) surface of magnetite is much
ity with two times the interatomic distanéé!’in agreement higher than in the bulk. This is essentially due to the lower
with our STM results. The 2-2 pattern may also be driven bydimensionality of the surface, which hinders electron trans-
a regular array of oxygen vacancies on the surface. The rgsort between the bulk and the surface itself.

3. Other models
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