PHYSICAL REVIEW B, VOLUME 65, 085107

Aspects of the Verwey transition in magnetite
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A mechanism of the Verwey transition in magnetite {€g), 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 ifB 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 differapg 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 FeB) ions, and the lattice elastic energy of B¢{O as well as Fe{)-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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[. INTRODUCTION band. In the model of Cullen and Callen the triple degen-
eracy of thet,, orbitals was neglected, so that the band is
The nature of the Verwey transition in magnetite {6 half-filled, corresponding to half a charge per site as in the
has not yet been clarified, in spite of intensive studies fromactual compound. This model is investigated within the Har-
very early days. Fe;0, forms a cubic spinel structure, as tree approximation where the ground state shows a phase
shown in Fig. 1, where one-third of the Fe ions occupyAhe transition from a metallic state to a CO state as the intersite
sites, tetrahedrally coordinated by four oxygen ions, whileCoulomb interactionV;; is increased, providing the most
the remaining two-thirds are octahedrally surrounded by six
oxygen ions, which are thd3 sites. One can see that
Fe(B),0, layers and Fef) layers are stacked alternately,
while thez axis can be taken as any of the three cubic crystal
axes. Although the primitive cell is a rhombohedral parallel-
epiped containing two formula units of f@,, the unit cell is
conveniently chosen as the cubic one, as shown in Fig. 1,
containing eight formula units to which we also refer in this
paper.
The Fe@) ions are trivalent, while the FB{ ions are
mixed valent with a formal average valence B}{°'. Be-
low Ty=858 K, the magnetic moments of the Fe ions are
ferrimagnetically ordered, where thfeandB sites have op-
posite spin directions, witd-orbital occupations represented
as (g1)3(eg1)? and (ag)3(eg;)%(t2g1) %> respectively.
Well below Ty, an abrupt increase in the resistivity takes
place atT,,=120 K, which is now called after Verwey, who
discovered f#t and proposed that the phenomenon is due to
the ordering of equal numbers of Feand Fé* on theB

NP VA P

sites, i.e., charge orderingCO) among the “extra”tyg; 223/8; s
electrons’ 157 i

As for theoretical studies of this phenomenon, the elec- o Fe(4) | ;
tronic properties of the spin-polarizeldy; electrons were * Fe(B) b *
investigated frequently by a single-band spinless fermion e ;

model on theB sites originally proposed by Cullen and
Callen®® Such a picture of spinless fermion proved to be FIG. 1. Cubic spinel structure of §®,. The thick square shows
valid by band-structure calculatiofis® where the majority the cubic unit cell with a lattice constaain thexy plane, while the

spin (|) band of the FeB) ions is shown to be fully occu- zcoordinates are indicated by the fractionaofThe unit cell in the

pied and the Fermi energy crosses the minority sgih ( xy plane forT<T, is shown by the dotted line.
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naive picture for the CO state in the magnetite.

However, no CO pattern so far considered has been suc- o VO\]L o o o tz o
cessful in presenting a satisfactory interpretation for the dxy ° PY dxy d rN. dyz
known experiments, including the one originally proposed in o o o %Z o o
Ref. 3 and other more complicated patteti$In addition,
the expected short-range fluctuation of the CO due to the
frustration inV;; ,** arising from the fact that the network o) o t3 o)
connecting the Fé&) ions forms a coupled tetrahedra sys- M dzx .P"\. d "
tem, is not found either in neutron-scatterfifigr resonant Y

. (@] @] @]
x-ray scattering measurementdurthermore, recent NMR

and x-ray anomalous scatteriigexperiments forT<T, FIG. 2. A schematic representation of the transfer integrals be-
even cast doubts on the existence of CO. Tetlal.}® based  tween neighborind site pairs in thexy plane with different orbital

on these suggestions and their finding of a pressure-inducercupations. The simultaneous cyclic substitution of the orbital in-
metallic ground state above 8 GPa, proposed that the lowdices and the axes of coordinates;»y,y—z,z—X or x—zy
temperature phase beldly, may be a kind of “Mott insula- —X.Z—Y, _also provide the three transfer integrals, while for the
tor” where the B sites are forming dimers due to orbital other configurations arg”=0.

ordering(QO0).

Th!s |de§1 of the Mott |'nsulat|ng state resembles that inzx 2! n; is the number operator for each site, i.g= Nixy
low-dimensional quarter-filled organic conductors theoreti- Niyz+ Nizx, and(ij) denotes the nearest-neighbor site pair
cally studied by Kino and the present authbfsyhere the  along the coupled F&) ion tetrahedra networkJ andV are
fact that there exists one carrier per two sites is the same afe on-site Coulomb energy between different orbitaiste
that for theB sites in FgO,. In such organic conductors, the that the same orbital cannot be doubly occupiadd the
Mott insulating state can be understood from the viewpoinhearest-neighbor Coulomb energy, respectively. By using the
that each charge localizes in every two sites, i.e., dimer. Thgansfer integrals fofij) pairs calculated in Ref. %yq,=
dimerization is either due to the anisotropy in the transfer—g 41 ev, ty,,=0.054 eV, andqy;=0.122 eV, the three
integrals from the lattice structuf® or due to the spontane- kinds of transfer integraltf!”, with different configurations

ous formation of bond dimerizatio(BD) by the electron- ot orpital occupations, as shown in Fig. 2, can be estinfated
phonon interaction where the one-dimensionality plays a cruz ty=3tyg,/A+ tygsd=—0.278 €V, tr=1tyq/2+ tggs/2

H 19
cial role: _ _ _ =0.085 eV, andts=tyy,/2—ty4s/2=—0.035 eV, where
In this paper, we will show that this latter type of insulat- o notations of,_ are given in Fig. 2.
ing state with BD can actually emerge infel, and propose Mishraet al. treated the Coulomb interaction tertdsand

it to be the mechanism of the Verwey transition in this com-y, by means of a Hartree mean-field approximation
pound. In Sec. Il we will discuss how the strong correlation
among electrons stabilizes an OO state with an effectively
one-dimensional1D) electronic structure, and how addi- no—{(n. \n. n N—(n. .
tional electron-phonon interaction can give rise to a BD R U A R B RA L AL @
state. Moreover, discussions in Sec. Il of the elastic lattice
energy of the whole system will lead to the three-and determined the ground state of the system. Their results
dimensional pattern of this BD expected bel@y. The rel-  for a case with a fixed value d=4.0 eV, relevant for
evance of our proposal to the experimental facts is discussedagnetite, showed that the CO state is stabilized in the
in Sec. IV, and the conclusion is given in Sec. V. ground state fov>V,=0.38 eV while the metallic state
is stabilized folv<V,, qualitatively the same as in the one-
band modet. these authors concluded that the former state is
II. BOND DIMERIZATION ON B SITES relevant for the magnetite.

Although not emphasized in Ref. 23, every site is almost
fully occupied by the same orbital state, that is, ferro-OO is
We start with the model of Mishrat al.,™ who extended realized in both of these states due to the large value.of

the SpinleSS fermion model of Cullen and Caﬂéxy includ- The threedxy-' dyx' and dyz-oo states are energetica“y de-
ing the triple degeneracy dbg orbitals appropriate foB  generate, and the electronic structure becomes one-
sites in FgO4. The Hamiltonian is written as dimensional once one of the OO state is realized, which is
particular to the spinel structure. For example thg-OO
state has 1D arrays of sites connected by the largest transfer
H=2> > th'cl ¢+ 2 2 Unn,+> Vnn, integralt,, which are along th¢110] and[110] directions
(i) wv bouty ) for xy planes withz coordinatesz=(4n+1)/8 andz= (4n
@) +3)/8, respectivelysee Fig. L
In a metallic state with the presence of thig-OO, the
where ciTﬂ (¢i,) andn;, denote the creatiofannihilation  expectation values of the charge density for all sites are
and number operators of the electron atittesite of orbital ~ (nj,,)=0.5 and(n;,,) =(ni,,)=0. As for the CO state, i.e.,
., respectively, where the orbital indices takg, yz, or  the coexistent state of OO and CO, planes with 1D arrays of

A. Three-band model
I 20
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(Nixy)=0.5+ 6 and those with(nj,)=0.5— &, correspond- 700
ing to F€" and Fé", respectively, are stacked alternatively 600
along thez direction, where the CO pattern is the one pro-
posed by Verwey. Heré is the amount of charge dispropor- 500
tionation, which rapidly increases as the value\bfs in- e OO metal
creased fromV., and reaches around 0.9 fot=1.0 eV. ) 400
The other twod,, andd,, orbitals are also almost empty in (~ 300
the CO state.
In contrast to conclusion of Mishrat al. that this CO 200 0OO+BD
state is realized in magnetite, recent experimental proposals 100 .
of the absence of CO, mentioned in Sec. |, suggest that the insulator
former OO metallic state should be relevant to the actual 01 s " . 3
system, and that the origin of the insulator is other than CO. 1/K (eVl)

The destabilization of the CO state may be due to the screen-
ing of the long-range Coulomb interaction and/or the effect 5 3 Mmean-field phase diagram of the three-band Peierls-

of frustration amongV;; mentioned abOVéll- Actually, the  Hyppard model foB sites, on the plane of temperatuFeand the
melting of CO due to frustration amondg;’s was demon- jnyerse of the lattice elastic coupling constant 100 and BD

strated theoretically in 1D systerfisthough we will not dis- represent orbital-ordering and bond dimerization, respectively.
cuss such possibilities in magnetite further in this paper.

Here we will concentrate on how the OO metallic stateyphard model of quarter-filling with dimerization in the
shows instability toward an insulating state, and its possible.,nsfer integrald? is mapped in the limit of infinite values
consequence on the lattice structure in this insulating phasgs on-site Coulomb interactions onto a half-filled spinless

fermion model with dimerized transfer integrafayhere the
B. Peierls instability in an orbital ordered state Mott insulating state in the former model corresponds to the

In the following we consider the case of ttg,-O0 me- BD state in the latter.

tallic state. The properties of this ferro-OO state can be ex-
tracted by an effective noninteracting 1D spinless fermion C. Peierls-Hubbard model

system,H1p=Sty(c/c 4 1+ H.c.) with a half-filled band] To investigate the stability of the BD state in an actual
being the site index along the 1D directidrid 0] or[110].  three-dimensional system, we include the lattice degree of
This model should be valid fdd>t,>t,,t5 in Eq. (1), with  freedom by adding a Peierls-type coupling to Eg, i.e., we
Vi;=0. Itis well known that such a half-filled 1D band has a treat the Peierls-Hubbar@H) model for magnetite. This is
Peierls instability with a wavelength two times the inter- expressed as

atomic distancé? i.e., aninstability toward the BD state

This will alternate the atomic displacements along the 1D

direction, resulting in an alternation in the transfer integrals

ast;—t;(1+(—1)'u), whereu represents the degree of BD. Heu= 2>, X th"(1+u;j)cl,c;,

Actually the system can be mapped onto Be1/2 XY i

chain via a Jordan-Wigner transformation, so that our metal- 1

lic state here corresponds to the spin liquid state, which +2 2 Unini,+ > KU, 3
shows an instability toward the spin Peierls-state, that is, the bontv T2

BD state in spin system. Thus, once electron-phonon inter-
action is present, the OO state in magnetite will undergo avhereu;; andK are the lattice distortion between a nearest-
BD transition to gain kinetic energy by making a gap at theneighbor site paitij) and the coupling constant for the elas-
band center, resulting in @nsulatingstate. We propose this tic energy, respectively. The intersite Coulomb interaction
scenario to be the origin of the insulating ground state oferm is neglected here since it is not relevant in our discus-
magnetite, FgO,. Such a state will be realized if it is not sion, as mentioned in Sec. Il A. The on-site Coulomb inter-
destroyed by the interchain interactionsand ts, which is action termU is treated within the mean field approximation,
investigated in Sec. Il C. as in Eq.(2), and self-consistent solutions are obtained. We
We should note that this Peierls instability is different restrict ourselves to the casewnf=(—1)'u associated with
from the usual one in a 1D electron system of weak couthe three kinds of transfer integrals along 0] and
pling, since the assumption of the spinless fermion here i§110] directions and tay; =0 for the other directions. This
due to the ferrimagnetic spin ordering realized in the limit of provides the BD state discussed in Sec. llBpeing the
infinite value of on-siteintraorbital Coulomb interaction. degree of BD, and the value af is determined for each
One may say that the BD state here is rather analogous to tlehoice of parameters so as to minimize the energy. We note
Mott insulator in quarter-filled compounds noted in Sec. I,that the calculated energy does not depend on different BD
where the origin is also the interplay between the strongatterns, since the effect of the lattice distortion on the lattice
on-site Coulomb interaction and the dimerizati8ctually  elastic energy and on the transfer integrals is restricted in
the minimal model for such compounds, i.e., a one-baneach chains.
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02 ——F——71— T T T should be the most important factor, since the BD produces
T~ large lattice distortion so that it moderately affects the lattice
015 L AN i energy. The influence of the BD on the the interchain transfer
integrals is small, so the difference in the kinetic energy be-
_____ N\ tween different BD states is neglected in the following dis-
B 0TI \ ] cussion.
s The lattice elastic energy in E@,, &4, can be estimated
0.05 F "~ =- ~. \\ \ . by the sum of K/2)(Au)? for all nearest-neighbor Fe-O
I, , bonds, where\u is the deviation of the Fe-O distance from
ol N v h o JTTTIK =20 ev’ that in the equilibrium position above, andK is the elastic
012 ————- 20 constant. The value df should take common valuds, for
N 2.5 the Fe@)-O bonds andg for the Fe@)-O bonds, since all
01 1 _\' 30 the Fe@)-O bonds as well as FB)-O bonds are crystallo-
~ 008 L ] graphically equivalent above, . Thusé,; can be expressed
% \ asépait Epiat for Fe(A)-0O and FeB)-O bonds, respectively,
E 0.06 L7777 \ . where
S .
©h 0.04 - . \ 4 K
S e |- Ena=2 = (AUpo)?, (4
—-_. iR N ‘|
0 AR [ | !
0 100 200 300 400 500 600 700 Kg
T(K) Esa= 2 — (AUg.o), ®

FIG. 4. Temperature dependences of the degree of (B@nd

the band gap for several values oK1/ where Au,.o and Aug.o are Au for the Fe@)-O and

Fe(B)-O bonds, respectively.

Then, as will be explained in detail below, there are two

The results show that the BD state can actually be stabicandidates for the BD states costing much less elastic energy
lized when 1K exceeds a critical value. In Fig. 3, the ob- than the others, as shown schematically in Figs) &nd
tained phase diagram within the finite-temperature means(b). In the former the dimerization pattern between adjacent
field approximation is shown for the case of fixddl 1D chains in thexy plane is in phase; thus we call this the
=4.0 eV, the same as in the calculation of Misletaal?®  in-phase BD state, where the unit cell is unchanged from a
mentioned in Sec. Il A. The ground state is OO metallic withcubic unit cell aboveT,,. On the other hand, in the latter
u=0 below 1K<1.9 eV'!, whereas the OO state with  pattern the BD is antiphase, which is called antiphase BD
+0, i.e., the BD state, is stabilized forKi»1.9 ev'!,  state in the following. Here the unit cell becomes large as

where the system is insulating. BeloWiso=6000 K, which  V2X+/2x2 of the cubic cell, as shown in Fig. 5. We will see
is well above the temperature range shown in F|g 3,be|0W that a Competition between two BD states arises de-

ferro-OO is present, and the para-orbital state is stabilize@€nding on the relative value &, andKg, and our pro-
only aboveT . posal is that the antiphase BD pattern is realized in the actual
The optimized value ofi and the band gap in the BD state cOmMPound.

are plotted as functions dfin Fig. 4. It can be seen thatthe 10 Se€ this competition, let us calculate a semiphenom-

lattice dimerization and the band gap decrease as the terﬁpological Landau—type.free energy by taking into account
P : . oth in phase and antiphase BD states. We consider the
perature is increased, and vanish continuouslyl &T,

) : ... _amount of lattice distortion for the BD in the F&) ions to
showing a second-order insulator-to-metal phase transitio

. . 'be uniform along each chain, denoted by and u,, for
On the other hand, the charge density for each orbital statgIternate chains gi]n they planes. Then theyin-phasze BD is
does not change noticeably frogmi,)=0.5 and (n;,,)

L \ . characterized by, =u,, while the antiphase BD is charac-
=(n;,, =0, for all sites in the temperature range with which 4 izeq byu, = — U,, as shown in Figs. @) and &b), respec-
we are concerned_. In other wor_d_s, the OO is not affecteqlivewl The motions of oxygens are approximated to be per-
through the metal-insulator transition. pendicular to the chains in they planes, parametrized by

Upz andugpy, for the chains with BD’s ofi; andu,, respec-
tively. Within these approximations, the Rg(ions all be-
lll. BOND DIMERIZATION PATTERN come crystallograhpically equivalent, and we allow their mo-
tions in any direction, thus represented by the, and z
The three-dimensional BD pattern in the actual compounadomponents of the displacement vectarg,, Uay, andua,,
cannot be determined by the preceding calculation alonegspectively(see Fig. 6.
since the calculated energy does not depend on the interchain Then the free energy per formula unit of&g, F, can be
configuration, as mentioned above. To discuss the stability ofomputed, where there are four Pg{O bonds for€, and
different BD states theoretically, the lattice elastic energyl2 Fe®)-O bonds forfg s, as
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(a) in-phase BD state (a) in-phase BD (b) anti-phase BD
z=1/8

-o---oMo---0--

(b) anti-phase BD state
z=1/16 z=9/16

FIG. 6. Schematic representation of the ionic displacements in
(a the in phase BD pattern aritd) the antiphase BD pattern. Only
two Fe[B),0; and Fef\) layers each are shown, and the directions
of displacement are represented by arrows. The motions ofAthe
sites in(a) which are along the direction, are not shown.

2 2
Ka , 1
5A|at:7[ \/UAx+ E*‘UAy_Um) 5T Ua;
2
\f
4
+ uix“l‘ __uAy+U02) + +UAZ)
2 2

3
FIG. 5. Schematic representation @) the in phase BD state B \[Z
and (b) the antiphase BD state, both coexisting with thg-OO.

Only the FeB),0, layers are shown, where the thick B¢¢Fe(B) 1 2 2
bonds represent the dimers. The thick squares show the unit cell in + ——UpxtUpr| + uiy+ > qu)
thexy plane, and the coordinates indicate the fraction of unit-cell \/E
size along the direction. The unit-cell remains unchanged from the 2
cubic one aboveT, shown in Fig. 1 for the in phase BD _ \ﬁ
pattern, while it becomeg2x 2x 2 of that for the antiphase BD 4
pattern.
\/ ( 1 2 2
+ _+qu_u02 +UAy+ = —Uaz
F=Fept Enlart Epats (6) V2 2
2
\F ®
Fop=a(T=To)(ui+uj), ) al )
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(b) K, =0.5, Ky = 0.3
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FIG. 7. Calculated free energy for (a) Kn=0.1Kz=0.3, and(b) K,=0.5Kg=0.3 at several temperatures, as a function of the degree
of dimerization for adjacent chains,i{,u,). Note that the contour plot in the base is guide for eyes.
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where the lattice constant of the cubic unit cell is set to 4, so
that the lengths of F&)-O and FeB)-O bonds without any
distortion are 3/4 and 1, respectivelygp describes the in-
stability toward the BD state along each chain as the tem-
perature decreases, discussed in Sec. Il.

In Fig. 7, F as a function of @4,u,) is plotted for the
optimized positions of the F&) and O ions, obtained by
minimizing it numerically by varying other variablas,,,

Uay, Uaz, Uo1, andup,. It is plotted for two sets of elastic
constants(a) K,=0.1Kz=0.3 and(b) K,=0.5Kg=0.3 at
several temperatures. Above , the shape of the parabolic
curvature becomes deeperBsis approached, almost sym-
metrically alongu;=u, and u;=—u, suggesting that the
fluctuations of both in phase and antiphase BD states de-
velop. BelowT,, for the parameters in Fig.(&, the mini-
mum of the free energy appears alang=u,, that is, the in
phase BD state is stabilized, while in Figbythe mimimum

is alongu, = —u, which means that the antiphase BD state is
realized. Note that the phase transition is a second-order one.
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(a) T -
2 BD fluctuation
g' 120K | v
O =Ty OO0 metal
Fe(B) O

FIG. 8. Schematic view of the lattice displacements in the
Fe(B)-O cubes connecting adjacent Bg{O, layers when the BD .
state is stabilized. In the in phase BD pattern only the displacement / anti-phase

pattern(a) is realized, while in the antiphase BD pattéap, (b) and % BD /
(c) are realized with a ratio of 2:1:1. ////

The stability of these BD patterns can be understood as K small < > K large
follows. In the presence of an in phase BD pattern, all the ID< > 3D
Fe(B),0, cubes?® connecting the F&),0, xy planes, | ; >
show ionic displacements as shown in Figa)8 where alll 0 8 GPa

the interlayer FeB)-O pairs move in the same direction,

providing smallAugo's. Thus the lattice elastic energy of _ FIG- 10. Schematic phase diagram for magnetitgCze The
the Fe@)-O bonds, &g, should be the lowest for the in- OO0 and BD denotes the orbital-ordered and bond-dimerized states,

éFspectively. The vertical axis is the temperatlirevhile the hori-
zontal axis can be interpreted either as the presguthe “rigid-

. . . . . ness” of the lattice represented by the lattice constanor the
8(c), with both FeB) pairs forming dimers or both being effective dimensionality. The bold line is the Verwey transition tem-

i_nterdimer FeB) pairs, respectively. F,O" example, the Qn- peratureT,,, varying as a function of such parameters.
tiphase BD shows all of these three kinds of cubes, realized

with a ratio of 2:1:1 in order, thus costing highgg,; than ) . . 27
in-phase BD. pointed out in another spinel compoundvAD,.“" This an-

On the other hand, the F&J-O tetrahedra would be quite tiphase BD state provides the correct unit cell determined

deformed in the presence of the in phase BD, which is showﬁXpe”mema"f as will be discussed below.
in Fig. Ya), providing a large lattice elastic energy of the

phase BD states with such configuration, compared to oth
BD patterns containing cubes as shown in Fig&) &nd

Fe(A)-O bonds,ENa[, while the antiphase BD pattern cause IV. COMPARISON WITH EXPERIMENTS
the O ions surrounding the F&) ions to show displace- . _ .
ments as in Fig. @), where the cost irf, Will be rather Based on the discussion above, our proposal for the physi-

smaller. This is because the motion of the oxygens are in theal properties in magnetite @, can be summarized in Fig.
same direction for the latter pattern, so that theAjeions 10, which has the following interesting features: the exis-
can adjust their position to loweXu, o, as can be seen in tence of OO inB sites at all temperatures below room tem-
Fig. 9b). To summarize, one can say th&, favors an Pperature, BD fluctuationgboth the in phase and the an-
in-phase BD state whilé,,, favors an antiphase one. tiphase BD’3 above the Verwey transition temperardre,
These naive discussions are consistent with the above caind an antiphase BD stabilized in the insulating phase as a
culation of the Landau-type free energy. There, we have obconsequence of compensation by the lattice elastic energy of
served that a competition arises between the in phase ari@e whole system. These are compared with the known ex-
antiphase BD states, stabilized fsi,<Kg and K,=Kg,  Perimental facts in the following.
respectively. We propose that the latter is the case in magne- Below the Verwey transition temperature, the existence of
tite, since, in general, large deformations are hardly realizem0-OO is supported by dielectric measurements showing
in the tetrahedra of oxygen surrounding tAesites of the large anisotropy? Above Ty, in contrast, crystal structure
spinel structure, which may be due to its tight packing com-analyses show no evidence of the lowered symmetry from
pared to theB sites?® The importance of such ionic displace- the cubic phase, apparently contradicting our prediction of
ment of the O ions surrounding tiesites in determining the ferro-OO even in the metallic phase. However, the symmetry

electronic properties in the ground state was recently als# the electronic structure has been pointed out to be lower
than the cubic on® based on magneto-crystalline anisotropy

(a) in-phase BD (b) anti-phase BD measurementsand on recent resonant x-ray scattering mea-
surements at room temperatdfeconsistent with the OO
state.

Fe(A) As for the BD, there is a strong support from a neutron-

scattering measurement by Shapétoal.>? who observed a

1D correlationaboveT,,, not explained by CO but consis-
tent with the present BD picture. This 1D nature of the BD
FIG. 9. Schematic view of the displacements in theAJe@  transition can naturally provide an explanation for the critical
tetrahedra fofa) the in phase BD pattern arftl) the antiphase BD fluctuation aboveT,, observed in a large temperature range
pattern. up to room temperature, such as in the pseudogap structure

0]
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of the optical conductivit? and in neutron-scattering facts is the order of the phase transition: experimentally it is
measurement, where it was actually realized that atomic first order, while it is second order in our calculations in
displacement plays an important role. Moreover, our sceSecs. Il and Ill. This discrepancy may be due to the simpli-
nario, that the Verwey transition is a phase transition fronfied approximation we made for the strucural change as dis-
OO metal to the coexistent state of OO and BD, explains theussed in Sec. Ill. In an actual compound, the lattice distor-
entropy change oA S=Rlog2 per mole of FgO, estimated tion will be more complicated than in our calculation,
from specific-heat measuremeftsarising from the degree represented as in Fig. 6, e.g., the lattice distortion ofBhe
of freedom for dimerization. This excludes the order-sites along the chain should take a period of four sites which
disorder-type CO picture of Ref. 3, predictidgs=2Rlog2 is contained in the unit cell, asuf,—up,us,—Ug,Uy,
as well as simultaneous OO and BD transition witils  —uy, ...),rather than ¢,—u,u,—u, ...) as in ourcalcu-
=2Rlog3 from the orbital degree of freedom. lation. This should make the crystal symmetry of a BD insu-
The crystal structure in the presence of antiphase BD prolating phase lower than that in our calculation, which may
vides the correct unit-cell size beloW, in the actual com- lead to a first-order phase transitith.
pound, namely,/2x \2x 2 of the cubic unit cell abov@,, Finally, it is noted that the recent findings of possible
shown in Fig. 128 which is also supported by the double charge disproportionation in tHé sites by x-ray anomalous
period modulation along the axis observed in electron scattering® does not contradict with our proposal here. The
diffraction®® and neutron scatterin.Furthermore, the diffu- antiphase BD state gives rise to crystallographically indepen-

sive spot abov@,, of the corresponding wave vector (G, dent FeB) ions, which should make the charge density on

observed in a neutron-scattering measurement showing a cﬂje B sites @fferent, where the amount C.)f charge dispropor-
vergent behavior toward,,,'2 can be assigned to the an- tionation will be not so large but where it can be detectable

tiphase BD fluctuation developing abo¥e seen in the cal- in a sensitive probe such as x-ray anomalous scattering mea-

culation of Sec. Ill. On the other hand, the analysis ofSurements. .
Yamadaet al®” of their neutron-scattering data abolig ap- Although we have seen that known experimental facts are

parently seems to correspond to the in phase ﬂuctuatiorpracticallyin agreement with our picture here, further experi-

where the ionic motions of the FBJ-O cubes are proposed rhental studies are surely necessary for confirmation, espe-
to be as in Fig. &). This might be the observation of the cially an accurate determination of the atomic positions be-

fluctuation of the in phase BD mode, which is also seen idogve;:—r;énésogog aua%?i?\f):r:(sasgl ?ritial\;%e;ntsthsgr)c/mgnt?\e
our palculatlon, though a long-range order of_th|s mgde is nof epan field may be nqeeded e for,the analysis of tr{e critical
achieved. We have seen that such a competition arises due wati by T ob ’ ?jb diff ty . al
the existence of two kinds of elastic energi€ggy and&giat, ucbua ion ?. oved Vbo served by ditierent expenmenta
which may be consistent with the experimental findings bypro €s mentioned above.
Shapiroet al. that “two types of interacting dynamical vari-
ables are taking part in the neutron scatterifg.” V. CONCLUSION

The observed pressure-induced metallic beha¥zan be In conclusion, we have theoretically proposed a model for
naturally understood, since the pressure should effectivelyye mechanism of a Verwey transition in magnetitg@ig It
increase the value &€ in Eq. (3) [f’f KA,,andKB in Eas.(4) s not a charge ordering transition, as has been believed for
and(5)] making the lattice more “rigid,” and/or increase the oy than half a century, but a bond dimerization induced by
three dimensionality of the system, both expected to destabipe peieris instability in a one-dimensional state as a conse-
lize the BD state, which is represented in Fig. 10. This isyyence of ferro-orbital ordering due to strong electronic cor-
analogous to the case of spin-Peierls transition, the mapp&d|ation. The actual bond dimerization pattern is predicted to
state of the BD state as mentioned in Sec. Il B, known to bge an antiphase pattern, based on discussions on the lattice
destroyed by enhancement in the electron-lattice coupling|asiic energy of the system. This model seems to be able to

constant and/or the three dimensionalftye point out the  hrovide the explanation for the long lasting mystery of the
possibility that a three-dimensional BD pattern may beVerwey transition in this compound.

changed under different environments such as pressure and
temperature, since there are two competing phases, the in
phase and antiphase BD states, as seen in Sec. lll. A search
for such transitions between these phases under uniaxial We thank Y. Fuijii, T. Katsufuji, N. Md, N. Nagaosa, Y.
pressure is also interesting, since these states are highly aNakao, K. Ohwada, H. Takagi, and S. Todo for valuable
isotropic. Another possibility is that incommensurate phasesliscussions and suggestions. We also thank T. Katsufuji and
may be stabilized as a consequence of such competition, 8 Toyoda for providing us with Refs. 27 and 43, respec-
observed in dielectricdeN(CHs) ,],M Cl, (Ref. 39 as well as tively, and A. Himeda and T. Koretsune for technical support
in CO systems such as perovskite Ni oxidé®ef. 40 and  of numerical calculations. This work was supported by a
NaV,0s,** due to competing different states. Grant-in-Aid from the Ministry of Education, Science,
One discrepancy between our theory and the experiment&8ports and Culture of Japan.
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