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Aspects of the Verwey transition in magnetite
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A mechanism of the Verwey transition in magnetite (Fe3O4), which has been argued to be a charge ordering
transition so far, is proposed. Based on mean-field calculations for a three-band model of spinless fermions
appropriate ford electrons of Fe ions inB sites, it is indicated that the phase transition should be a bond
dimerization due to the cooperative effects of strong electronic correlation and electron-phonon interaction.
The results show that the ferro-orbital ordered state is stabilized in a wide temperature range due to the strong
on-site Coulomb interaction between differentt2g orbitals, resulting in an effectively one-dimensional elec-
tronic state, which leads the system toward an insulating state through a Peierls lattice distortion with a period
of two Fe(B) ions, i.e., bond dimerization. Furthermore, it is found that the interplay between such lattice
distortions in Fe(B) ions, and the lattice elastic energy of Fe(B)-O as well as Fe(A)-O bonds, gives rise to a
competition between two different three-dimensional patterns for the bond dimerization, and can stabilize a
complicated one with a large unit-cell size. The results are compared with the known experimental facts.
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I. INTRODUCTION

The nature of the Verwey transition in magnetite (Fe3O4)
has not yet been clarified, in spite of intensive studies fr
very early days.1 Fe3O4 forms a cubic spinel structure, a
shown in Fig. 1, where one-third of the Fe ions occupy thA
sites, tetrahedrally coordinated by four oxygen ions, wh
the remaining two-thirds are octahedrally surrounded by
oxygen ions, which are theB sites. One can see tha
Fe(B)2O4 layers and Fe(A) layers are stacked alternatel
while thez axis can be taken as any of the three cubic cry
axes. Although the primitive cell is a rhombohedral parall
epiped containing two formula units of Fe3O4, the unit cell is
conveniently chosen as the cubic one, as shown in Fig
containing eight formula units to which we also refer in th
paper.

The Fe(A) ions are trivalent, while the Fe(B) ions are
mixed valent with a formal average valence Fe(B)2.51. Be-
low TN5858 K, the magnetic moments of the Fe ions a
ferrimagnetically ordered, where theA andB sites have op-
posite spin directions, withd-orbital occupations represente
as (t2g↑)3(eg↑)2 and (t2g↓)3(eg↓)2(t2g↑)0.5, respectively.
Well below TN , an abrupt increase in the resistivity tak
place atTV.120 K, which is now called after Verwey, wh
discovered it2 and proposed that the phenomenon is due
the ordering of equal numbers of Fe21 and Fe31 on theB
sites, i.e., charge ordering~CO! among the ‘‘extra’’ t2g↑
electrons.3

As for theoretical studies of this phenomenon, the el
tronic properties of the spin-polarizedt2g↑ electrons were
investigated frequently by a single-band spinless ferm
model on theB sites originally proposed by Cullen an
Callen.4,5 Such a picture of spinless fermion proved to
valid by band-structure calculations,6–8 where the majority
spin (↓) band of the Fe(B) ions is shown to be fully occu
pied and the Fermi energy crosses the minority spin↑)
0163-1829/2002/65~8!/085107~9!/$20.00 65 0851
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band. In the model of Cullen and Callen the triple dege
eracy of thet2g orbitals was neglected, so that the band
half-filled, corresponding to half a charge per site as in
actual compound. This model is investigated within the H
tree approximation where the ground state shows a ph
transition from a metallic state to a CO state as the inter
Coulomb interactionVi j is increased,4 providing the most

FIG. 1. Cubic spinel structure of Fe3O4. The thick square shows
the cubic unit cell with a lattice constanta in thexy plane, while the
z coordinates are indicated by the fraction ofa. The unit cell in the
xy plane forT,TV is shown by the dotted line.
©2002 The American Physical Society07-1
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naive picture for the CO state in the magnetite.
However, no CO pattern so far considered has been

cessful in presenting a satisfactory interpretation for
known experiments, including the one originally proposed
Ref. 3 and other more complicated patterns.9,10 In addition,
the expected short-range fluctuation of the CO due to
frustration in Vi j ,11 arising from the fact that the networ
connecting the Fe(B) ions forms a coupled tetrahedra sy
tem, is not found either in neutron-scattering12 or resonant
x-ray scattering measurements.13 Furthermore, recent NMR14

and x-ray anomalous scattering15 experiments forT,TV
even cast doubts on the existence of CO. Todoet al.,16 based
on these suggestions and their finding of a pressure-indu
metallic ground state above 8 GPa, proposed that the l
temperature phase belowTV may be a kind of ‘‘Mott insula-
tor’’ where the B sites are forming dimers due to orbit
ordering~OO!.

This idea of the Mott insulating state resembles that
low-dimensional quarter-filled organic conductors theore
cally studied by Kino and the present authors,17 where the
fact that there exists one carrier per two sites is the sam
that for theB sites in Fe3O4. In such organic conductors, th
Mott insulating state can be understood from the viewpo
that each charge localizes in every two sites, i.e., dimer.
dimerization is either due to the anisotropy in the trans
integrals from the lattice structure,18 or due to the spontane
ous formation of bond dimerization~BD! by the electron-
phonon interaction where the one-dimensionality plays a c
cial role.19

In this paper, we will show that this latter type of insula
ing state with BD can actually emerge in Fe3O4, and propose
it to be the mechanism of the Verwey transition in this co
pound. In Sec. II we will discuss how the strong correlati
among electrons stabilizes an OO state with an effectiv
one-dimensional~1D! electronic structure, and how add
tional electron-phonon interaction can give rise to a B
state. Moreover, discussions in Sec. III of the elastic latt
energy of the whole system will lead to the thre
dimensional pattern of this BD expected belowTV . The rel-
evance of our proposal to the experimental facts is discus
in Sec. IV, and the conclusion is given in Sec. V.

II. BOND DIMERIZATION ON B SITES

A. Three-band model

We start with the model of Mishraet al.,20 who extended
the spinless fermion model of Cullen and Callen4 by includ-
ing the triple degeneracy oft2g orbitals appropriate forB
sites in Fe3O4. The Hamiltonian is written as

H5(̂
i j &

(
mn

t i j
mncim

† cj n1(
i

(
mÞn

Unimnin1(̂
i j &

Vninj ,

~1!

where cim
† (cim) and nim denote the creation~annihilation!

and number operators of the electron at thei th site of orbital
m, respectively, where the orbital indices takexy, yz, or
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zx.21 ni is the number operator for each site, i.e.,ni5nixy
1niyz1nizx , and^ i j & denotes the nearest-neighbor site p
along the coupled Fe(B) ion tetrahedra network.U andV are
the on-site Coulomb energy between different orbitals~note
that the same orbital cannot be doubly occupied! and the
nearest-neighbor Coulomb energy, respectively. By using
transfer integrals for̂ i j & pairs calculated in Ref. 7,tdds5
20.41 eV, tddp50.054 eV, andtddd50.122 eV, the three
kinds of transfer integralst i j

mn , with different configurations
of orbital occupations, as shown in Fig. 2, can be estimate22

as t153tdds/41tddd/4520.278 eV, t25tddp/21tddd/2
50.085 eV, and t35tdds/22tddd/2520.035 eV, where
the notations oft1 –3 are given in Fig. 2.

Mishraet al. treated the Coulomb interaction termsU and
V by means of a Hartree mean-field approximation

nimnj n→^nim&nj n1nim^nj n&2^nim&^nj n&, ~2!

and determined the ground state of the system. Their res
for a case with a fixed value ofU54.0 eV, relevant for
magnetite,7 showed that the CO state is stabilized in t
ground state forV.Vc50.38 eV,23 while the metallic state
is stabilized forV,Vc , qualitatively the same as in the one
band model;4 these authors concluded that the former stat
relevant for the magnetite.

Although not emphasized in Ref. 23, every site is alm
fully occupied by the same orbital state, that is, ferro-OO
realized in both of these states due to the large value oU.
The threedxy-, dyx- anddyz-OO states are energetically de
generate, and the electronic structure becomes o
dimensional once one of the OO state is realized, which
particular to the spinel structure. For example thedxy-OO
state has 1D arrays of sites connected by the largest tran
integral t1, which are along the@110# and @11̄0# directions
for xy planes withz coordinatesz5(4n11)/8 andz5(4n
13)/8, respectively~see Fig. 1!.

In a metallic state with the presence of thisdxy-OO, the
expectation values of the charge density for all sites
^nixy&.0.5 and^niyz&5^nizx&.0. As for the CO state, i.e.
the coexistent state of OO and CO, planes with 1D array

FIG. 2. A schematic representation of the transfer integrals
tween neighboringB site pairs in thexy plane with different orbital
occupations. The simultaneous cyclic substitution of the orbital
dices and the axes of coordinates,x→y,y→z,z→x or x→z,y
→x,z→y, also provide the three transfer integrals, while for t
other configurations aret i j

mn50.
7-2
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ASPECTS OF THE VERWEY TRANSITION IN MAGNETITE PHYSICAL REVIEW B65 085107
^nixy&.0.51d and those witĥ nixy&.0.52d, correspond-
ing to Fe21 and Fe31, respectively, are stacked alternative
along thez direction, where the CO pattern is the one pr
posed by Verwey. Hered is the amount of charge dispropo
tionation, which rapidly increases as the value ofV is in-
creased fromVc , and reaches around 0.9 forV51.0 eV.
The other twodyz anddzx orbitals are also almost empty i
the CO state.

In contrast to conclusion of Mishraet al. that this CO
state is realized in magnetite, recent experimental propo
of the absence of CO, mentioned in Sec. I, suggest that
former OO metallic state should be relevant to the actu
system, and that the origin of the insulator is other than C
The destabilization of the CO state may be due to the scr
ing of the long-range Coulomb interaction and/or the eff
of frustration amongVi j mentioned above.11 Actually, the
melting of CO due to frustration amongVi j ’s was demon-
strated theoretically in 1D systems,24 though we will not dis-
cuss such possibilities in magnetite further in this pap
Here we will concentrate on how the OO metallic sta
shows instability toward an insulating state, and its poss
consequence on the lattice structure in this insulating ph

B. Peierls instability in an orbital ordered state

In the following we consider the case of thedxy-OO me-
tallic state. The properties of this ferro-OO state can be
tracted by an effective noninteracting 1D spinless ferm
system,H1D5( l t1(cl

†cl 111H.c.) with a half-filled band,l

being the site index along the 1D directions@110# or @11̄0#.
This model should be valid forU@t1@t2 ,t3 in Eq. ~1!, with
Vi j 50. It is well known that such a half-filled 1D band has
Peierls instability with a wavelength two times the inte
atomic distance,19 i.e., an instability toward the BD state.
This will alternate the atomic displacements along the
direction, resulting in an alternation in the transfer integr
ast1→t1(11(21)lu), whereu represents the degree of BD
Actually the system can be mapped onto theS51/2 XY
chain via a Jordan-Wigner transformation, so that our me
lic state here corresponds to the spin liquid state, wh
shows an instability toward the spin Peierls-state, that is,
BD state in spin system. Thus, once electron-phonon in
action is present, the OO state in magnetite will underg
BD transition to gain kinetic energy by making a gap at t
band center, resulting in aninsulatingstate. We propose thi
scenario to be the origin of the insulating ground state
magnetite, Fe3O4. Such a state will be realized if it is no
destroyed by the interchain interactionst2 and t3, which is
investigated in Sec. II C.

We should note that this Peierls instability is differe
from the usual one in a 1D electron system of weak c
pling, since the assumption of the spinless fermion her
due to the ferrimagnetic spin ordering realized in the limit
infinite value of on-siteintraorbital Coulomb interaction.
One may say that the BD state here is rather analogous to
Mott insulator in quarter-filled compounds noted in Sec.
where the origin is also the interplay between the stro
on-site Coulomb interaction and the dimerization.18 Actually
the minimal model for such compounds, i.e., a one-ba
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Hubbard model of quarter-filling with dimerization in th
transfer integrals,17 is mapped in the limit of infinite values
of on-site Coulomb interactions onto a half-filled spinle
fermion model with dimerized transfer integrals,19 where the
Mott insulating state in the former model corresponds to
BD state in the latter.

C. Peierls-Hubbard model

To investigate the stability of the BD state in an actu
three-dimensional system, we include the lattice degree
freedom by adding a Peierls-type coupling to Eq.~1!, i.e., we
treat the Peierls-Hubbard~PH! model for magnetite. This is
expressed as

HPH5(̂
i j &

(
mn

t i j
mn~11ui j !cim

† cj n

1(
i

(
mÞn

Unimnin1(
i

1

2
Kui j

2 , ~3!

whereui j andK are the lattice distortion between a neare
neighbor site pair̂ i j & and the coupling constant for the ela
tic energy, respectively. The intersite Coulomb interact
term is neglected here since it is not relevant in our disc
sion, as mentioned in Sec. II A. The on-site Coulomb int
action termU is treated within the mean field approximatio
as in Eq.~2!, and self-consistent solutions are obtained. W
restrict ourselves to the case ofui j 5(21)lu associated with
the three kinds of transfer integrals along the@110# and

@11̄0# directions and toui j 50 for the other directions. This
provides the BD state discussed in Sec. II B,u being the
degree of BD, and the value ofu is determined for each
choice of parameters so as to minimize the energy. We n
that the calculated energy does not depend on different
patterns, since the effect of the lattice distortion on the latt
elastic energy and on the transfer integrals is restricted
each chains.

FIG. 3. Mean-field phase diagram of the three-band Peie
Hubbard model forB sites, on the plane of temperatureT, and the
inverse of the lattice elastic coupling constant, 1/K. OO and BD
represent orbital-ordering and bond dimerization, respectively.
7-3
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HITOSHI SEO, MASAO OGATA, AND HIDETOSHI FUKUYAMA PHYSICAL REVIEW B65 085107
The results show that the BD state can actually be st
lized when 1/K exceeds a critical value. In Fig. 3, the o
tained phase diagram within the finite-temperature me
field approximation is shown for the case of fixedU
54.0 eV, the same as in the calculation of Mishraet al.20

mentioned in Sec. II A. The ground state is OO metallic w
u50 below 1/K,1.9 eV21, whereas the OO state withu
Þ0, i.e., the BD state, is stabilized for 1/K.1.9 eV21,
where the system is insulating. BelowTOO.6000 K, which
is well above the temperature range shown in Fig.
ferro-OO is present, and the para-orbital state is stabili
only aboveTOO.

The optimized value ofu and the band gap in the BD sta
are plotted as functions ofT in Fig. 4. It can be seen that th
lattice dimerization and the band gap decrease as the
perature is increased, and vanish continuously atT5Tc ,
showing a second-order insulator-to-metal phase transit
On the other hand, the charge density for each orbital s
does not change noticeably from̂nixy&.0.5 and ^niyz&
5^nizx&.0, for all sites in the temperature range with whi
we are concerned. In other words, the OO is not affec
through the metal-insulator transition.

III. BOND DIMERIZATION PATTERN

The three-dimensional BD pattern in the actual compou
cannot be determined by the preceding calculation alo
since the calculated energy does not depend on the interc
configuration, as mentioned above. To discuss the stabilit
different BD states theoretically, the lattice elastic ene

FIG. 4. Temperature dependences of the degree of BD,u, and
the band gap for several values of 1/K.
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should be the most important factor, since the BD produ
large lattice distortion so that it moderately affects the latt
energy. The influence of the BD on the the interchain trans
integrals is small, so the difference in the kinetic energy
tween different BD states is neglected in the following d
cussion.

The lattice elastic energy in Fe3O4, Elat , can be estimated
by the sum of (K/2)(Du)2 for all nearest-neighbor Fe-O
bonds, whereDu is the deviation of the Fe-O distance fro
that in the equilibrium position aboveTV andK is the elastic
constant. The value ofK should take common valuesKA for
the Fe(A)-O bonds andKB for the Fe(B)-O bonds, since all
the Fe(A)-O bonds as well as Fe(B)-O bonds are crystallo-
graphically equivalent aboveTV . ThusElat can be expressed
asEAlat1EBlat for Fe(A)-O and Fe(B)-O bonds, respectively
where

EAlat5(
KA

2
~DuA-O!2, ~4!

EBlat5(
KB

2
~DuB-O!2, ~5!

where DuA-O and DuB-O are Du for the Fe(A)-O and
Fe(B)-O bonds, respectively.

Then, as will be explained in detail below, there are tw
candidates for the BD states costing much less elastic en
than the others, as shown schematically in Figs. 5~a! and
5~b!. In the former the dimerization pattern between adjac
1D chains in thexy plane is in phase; thus we call this th
in-phase BD state, where the unit cell is unchanged from
cubic unit cell aboveTV . On the other hand, in the latte
pattern the BD is antiphase, which is called antiphase
state in the following. Here the unit cell becomes large
A23A232 of the cubic cell, as shown in Fig. 5. We will se
below that a competition between two BD states arises
pending on the relative value ofKA and KB , and our pro-
posal is that the antiphase BD pattern is realized in the ac
compound.

To see this competition, let us calculate a semipheno
enological Landau-type free energy by taking into acco
both in phase and antiphase BD states. We consider
amount of lattice distortion for the BD in the Fe(B) ions to
be uniform along each chain, denoted byu1 and u2, for
alternate chains in thexy planes. Then the in-phase BD
characterized byu15u2, while the antiphase BD is charac
terized byu152u2, as shown in Figs. 6~a! and 6~b!, respec-
tively. The motions of oxygens are approximated to be p
pendicular to the chains in thexy planes, parametrized b
uO1 anduO2, for the chains with BD’s ofu1 andu2, respec-
tively. Within these approximations, the Fe(A) ions all be-
come crystallograhpically equivalent, and we allow their m
tions in any direction, thus represented by thex,y, and z
components of the displacement vectors,uAx , uAy , anduAz ,
respectively~see Fig. 6!.

Then the free energy per formula unit of Fe3O4, F, can be
computed, where there are four Fe(A)-O bonds forEAlat and
12 Fe(B)-O bonds forEBlat , as
7-4
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ASPECTS OF THE VERWEY TRANSITION IN MAGNETITE PHYSICAL REVIEW B65 085107
F5FBD1EAlat1EBlat , ~6!

FBD5a~T2Tc!~u1
21u2

2!, ~7!

FIG. 5. Schematic representation of~a! the in phase BD state
and ~b! the antiphase BD state, both coexisting with thedxy-OO.
Only the Fe(B)2O4 layers are shown, where the thick Fe(B)-Fe(B)
bonds represent the dimers. The thick squares show the unit c
thexy plane, and thez coordinates indicate the fraction of unit-ce
size along thez direction. The unit-cell remains unchanged from t
cubic one aboveTV shown in Fig. 1 for the in phase BD
pattern, while it becomesA23A232 of that for the antiphase BD
pattern.
08510
EAlat5
KA

2 H FAuAx
2 1S 1

A2
1uAy2uO1D 2

1S 1

2
1uAzD 2

2A3

4G 2

1FAuAx
2 1S 1

A2
2uAy1uO2D 2

1S 1

2
1uAzD 2

2A3

4G 2

1FAS 1

A2
2uAx1uO1D 2

1uAy
2 1S 1

2
2uAzD 2

2A3

4G 2

1FAS 1

A2
1uAx2uO2D 2

1uAy
2 1S 1

2
2uAzD 2

2A3

4G 2J , ~8!

in

FIG. 6. Schematic representation of the ionic displacement
~a! the in phase BD pattern and~b! the antiphase BD pattern. Onl
two Fe(B)2O3 and Fe(A) layers each are shown, and the directio
of displacement are represented by arrows. The motions of thA
sites in~a! which are along thez direction, are not shown.
7-5
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FIG. 7. Calculated free energyF for ~a! KA50.1,KB50.3, and~b! KA50.5,KB50.3 at several temperatures, as a function of the deg
of dimerization for adjacent chains, (u1 ,u2). Note that the contour plot in the base is guide for eyes.
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EBlat5
KB

2 H 2FAS 1

A2
2u1D 2

1S 1

A2
1uO1D 2

21G 2

12FAS 1

A2
2u2D 2

1S 1

A2
1uO2D 2

21G 2

12FAS 1

A2
1u1D 2

1S 1

A2
2uO1D 2

21G 2

12FAS 1

A2
1u2D 2

1S 1

A2
2uO2D 2

21G 2

1@A11~u12uO1!
221#21@A11~u22uO2!

221#2

1@A11~u11uO2!
221#21@A11~u21uO1!

221#2J ,

~9!
08510
where the lattice constant of the cubic unit cell is set to 4,
that the lengths of Fe(A)-O and Fe(B)-O bonds without any
distortion are 3/4 and 1, respectively.FBD describes the in-
stability toward the BD state along each chain as the te
perature decreases, discussed in Sec. II.

In Fig. 7, F as a function of (u1 ,u2) is plotted for the
optimized positions of the Fe(A) and O ions, obtained by
minimizing it numerically by varying other variablesuAx ,
uAy , uAz , uO1, anduO2. It is plotted for two sets of elastic
constants~a! KA50.1,KB50.3 and~b! KA50.5,KB50.3 at
several temperatures. AboveTc , the shape of the paraboli
curvature becomes deeper asTc is approached, almost sym
metrically alongu15u2 and u152u2 suggesting that the
fluctuations of both in phase and antiphase BD states
velop. BelowTc , for the parameters in Fig. 7~a!, the mini-
mum of the free energy appears alongu15u2, that is, the in
phase BD state is stabilized, while in Fig. 7~b! the mimimum
is alongu152u2 which means that the antiphase BD state
realized. Note that the phase transition is a second-order
7-6
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ASPECTS OF THE VERWEY TRANSITION IN MAGNETITE PHYSICAL REVIEW B65 085107
The stability of these BD patterns can be understood
follows. In the presence of an in phase BD pattern, all
Fe(B)4O4 cubes,25 connecting the Fe(B)2O4 xy planes,
show ionic displacements as shown in Fig. 8~a!, where all
the interlayer Fe(B)-O pairs move in the same direction
providing smallDuB-O’s. Thus the lattice elastic energy o
the Fe(B)-O bonds,EBlat , should be the lowest for the in
phase BD states with such configuration, compared to o
BD patterns containing cubes as shown in Figs. 8~b! and
8~c!, with both Fe(B) pairs forming dimers or both bein
interdimer Fe(B) pairs, respectively. For example, the a
tiphase BD shows all of these three kinds of cubes, reali
with a ratio of 2:1:1 in order, thus costing higherEBlat than
in-phase BD.

On the other hand, the Fe(A)-O tetrahedra would be quit
deformed in the presence of the in phase BD, which is sho
in Fig. 9~a!, providing a large lattice elastic energy of th
Fe(A)-O bonds,EAlat , while the antiphase BD pattern cau
the O ions surrounding the Fe(A) ions to show displace
ments as in Fig. 9~b!, where the cost inEAlat will be rather
smaller. This is because the motion of the oxygens are in
same direction for the latter pattern, so that the Fe(A) ions
can adjust their position to lowerDuA-O , as can be seen in
Fig. 9~b!. To summarize, one can say thatEBlat favors an
in-phase BD state whileEAlat favors an antiphase one.

These naive discussions are consistent with the above
culation of the Landau-type free energy. There, we have
served that a competition arises between the in phase
antiphase BD states, stabilized forKA&KB and KA*KB ,
respectively. We propose that the latter is the case in ma
tite, since, in general, large deformations are hardly reali
in the tetrahedra of oxygen surrounding theA sites of the
spinel structure, which may be due to its tight packing co
pared to theB sites.26 The importance of such ionic displace
ment of the O ions surrounding theA sites in determining the
electronic properties in the ground state was recently a

FIG. 8. Schematic view of the lattice displacements in
Fe(B)-O cubes connecting adjacent Fe(B)2O4 layers when the BD
state is stabilized. In the in phase BD pattern only the displacem
pattern~a! is realized, while in the antiphase BD pattern~a!, ~b! and
~c! are realized with a ratio of 2:1:1.

FIG. 9. Schematic view of the displacements in the Fe(A)-O
tetrahedra for~a! the in phase BD pattern and~b! the antiphase BD
pattern.
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pointed out in another spinel compound AlV2O4.27 This an-
tiphase BD state provides the correct unit cell determin
experimentally,28 as will be discussed below.

IV. COMPARISON WITH EXPERIMENTS

Based on the discussion above, our proposal for the ph
cal properties in magnetite Fe3O4 can be summarized in Fig
10, which has the following interesting features: the ex
tence of OO inB sites at all temperatures below room tem
perature, BD fluctuations~both the in phase and the an
tiphase BD’s! above the Verwey transition temperarureTV ,
and an antiphase BD stabilized in the insulating phase a
consequence of compensation by the lattice elastic energ
the whole system. These are compared with the known
perimental facts in the following.

Below the Verwey transition temperature, the existence
ferro-OO is supported by dielectric measurements show
large anisotropy.29 Above TV , in contrast, crystal structure
analyses show no evidence of the lowered symmetry fr
the cubic phase, apparently contradicting our prediction
ferro-OO even in the metallic phase. However, the symme
in the electronic structure has been pointed out to be lo
than the cubic one30 based on magneto-crystalline anisotro
measurements31 and on recent resonant x-ray scattering m
surements at room temperature,13 consistent with the OO
state.

As for the BD, there is a strong support from a neutro
scattering measurement by Shapiroet al.,32 who observed a
1D correlationaboveTV , not explained by CO but consis
tent with the present BD picture. This 1D nature of the B
transition can naturally provide an explanation for the critic
fluctuation aboveTV observed in a large temperature ran
up to room temperature, such as in the pseudogap struc

nt

FIG. 10. Schematic phase diagram for magnetite Fe3O4. The
OO and BD denotes the orbital-ordered and bond-dimerized sta
respectively. The vertical axis is the temperatureT, while the hori-
zontal axis can be interpreted either as the pressurep, the ‘‘rigid-
ness’’ of the lattice represented by the lattice constantK, or the
effective dimensionality. The bold line is the Verwey transition te
peratureTV , varying as a function of such parameters.
7-7
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of the optical conductivity33 and in neutron-scattering
measurements,12 where it was actually realized that atom
displacement plays an important role. Moreover, our s
nario, that the Verwey transition is a phase transition fr
OO metal to the coexistent state of OO and BD, explains
entropy change ofDS5Rlog2 per mole of Fe3O4 estimated
from specific-heat measurements,34 arising from the degree
of freedom for dimerization. This excludes the orde
disorder-type CO picture of Ref. 3, predictingDS52Rlog2
as well as simultaneous OO and BD transition withDS
52Rlog3 from the orbital degree of freedom.

The crystal structure in the presence of antiphase BD p
vides the correct unit-cell size belowTV in the actual com-
pound, namely,A23A232 of the cubic unit cell aboveTV
shown in Fig. 1,28 which is also supported by the doub
period modulation along thez axis observed in electron
diffraction35 and neutron scattering.36 Furthermore, the diffu-

sive spot aboveTV of the corresponding wave vector (0,0,1
2 ),

observed in a neutron-scattering measurement showing
vergent behavior towardTV ,12 can be assigned to the an
tiphase BD fluctuation developing aboveTV seen in the cal-
culation of Sec. III. On the other hand, the analysis
Yamadaet al.37 of their neutron-scattering data aboveTV ap-
parently seems to correspond to the in phase fluctuat
where the ionic motions of the Fe(B)-O cubes are propose
to be as in Fig. 8~a!. This might be the observation of th
fluctuation of the in phase BD mode, which is also seen
our calculation, though a long-range order of this mode is
achieved. We have seen that such a competition arises d
the existence of two kinds of elastic energies,EAlat andEBlat ,
which may be consistent with the experimental findings
Shapiroet al. that ‘‘two types of interacting dynamical vari
ables are taking part in the neutron scattering.’’32

The observed pressure-induced metallic behavior16 can be
naturally understood, since the pressure should effectiv
increase the value ofK in Eq. ~3! @or KA andKB in Eqs.~4!
and~5!# making the lattice more ‘‘rigid,’’ and/or increase th
three dimensionality of the system, both expected to dest
lize the BD state, which is represented in Fig. 10. This
analogous to the case of spin-Peierls transition, the map
state of the BD state as mentioned in Sec. II B, known to
destroyed by enhancement in the electron-lattice coup
constant and/or the three dimensionality.38 We point out the
possibility that a three-dimensional BD pattern may
changed under different environments such as pressure
temperature, since there are two competing phases, th
phase and antiphase BD states, as seen in Sec. III. A se
for such transitions between these phases under unia
pressure is also interesting, since these states are highl
isotropic. Another possibility is that incommensurate pha
may be stabilized as a consequence of such competition
observed in dielectrics@N(CH3)4#2MCl4 ~Ref. 39! as well as
in CO systems such as perovskite Ni oxides~Ref. 40! and
NaV2O5,41 due to competing different states.

One discrepancy between our theory and the experime
08510
-

e

-

o-

di-

f

n,

n
t
to

y

ly

i-
s
ed
e
g

nd
in

rch
ial
an-
s
as

tal

facts is the order of the phase transition: experimentally i
first order, while it is second order in our calculations
Secs. II and III. This discrepancy may be due to the sim
fied approximation we made for the strucural change as
cussed in Sec. III. In an actual compound, the lattice dis
tion will be more complicated than in our calculatio
represented as in Fig. 6, e.g., the lattice distortion of theB
sites along the chain should take a period of four sites wh
is contained in the unit cell, as (ua ,2ub ,uc ,2ud ,ua ,
2ub , . . . ), rather than (u,2u,u,2u, . . . ) as in ourcalcu-
lation. This should make the crystal symmetry of a BD ins
lating phase lower than that in our calculation, which m
lead to a first-order phase transition.42

Finally, it is noted that the recent findings of possib
charge disproportionation in theB sites by x-ray anomalous
scattering43 does not contradict with our proposal here. T
antiphase BD state gives rise to crystallographically indep
dent Fe(B) ions, which should make the charge density
the B sites different, where the amount of charge disprop
tionation will be not so large but where it can be detecta
in a sensitive probe such as x-ray anomalous scattering m
surements.

Although we have seen that known experimental facts
practically in agreement with our picture here, further expe
mental studies are surely necessary for confirmation, e
cially an accurate determination of the atomic positions
low TV . As for a comparison between theory an
experiments on a quantitive level, treatments beyond
mean field may be needed, e.g., for the analysis of the crit
fluctuation aboveTV observed by different experimenta
probes mentioned above.

V. CONCLUSION

In conclusion, we have theoretically proposed a model
the mechanism of a Verwey transition in magnetite Fe3O4. It
is not a charge ordering transition, as has been believed
more than half a century, but a bond dimerization induced
the Peierls instability in a one-dimensional state as a con
quence of ferro-orbital ordering due to strong electronic c
relation. The actual bond dimerization pattern is predicted
be an antiphase pattern, based on discussions on the la
elastic energy of the system. This model seems to be ab
provide the explanation for the long lasting mystery of t
Verwey transition in this compound.
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Morán-López ~Springer-Verlag, Berlin, 1986!, p. 156.

39S. Shimomura, N. Hamaya, and Y. Fujii, Phys. Rev. B53, 8975
~1995!.

40P. Wochner, J. M. Tranquada, D. J. Buttrey, and V. Sachan, P
Rev. B 57, 1066 ~1998!; H. Yoshizawa, T. Kakeshita, R. Ka
jimoto, T. Tanabe, T. Katsufuji, and Y. Tokura,ibid. 61, 854
~2000!.

41K. Ohwada, H. Nakao, H. Nakatogawa, N. Takesue, Y. Fujii,
Isobe, Y. Ueda, Y. Wakabayashi, and Y. Murakami, J. Phys. S
Jpn.69, 639~2000!; K. Ohwada, Y. Fujii, N. Takesue, M. Isobe
Y. Ueda, H. Nakao, Y. Wakabayashi, Y. Murakami, K. Ito,
Amemiya, H. Fujihisa, K. Aoki, T. Shobu, Y. Noda, and N
Ikeda, Phys. Rev. Lett.87, 086402~2001!.

42L. D. Landau and E. M. Lifshitz,Statistical Physics~Addison-
Wesley, Reading, MA, 1958!, Chap. XIV.

43T. Toyoda, S. Sasaki, and M. Tanaka, Jpn. J. Appl. Phys.36, 2247
~1997!; Am. Mineral. 84, 284 ~1999!.
7-9


