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Charge ordered structure of magnetite FgO, below the Verwey transition
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The crystal structure of highly stoichiometric magnetite 4B below the Verwey transition has been
refined from high-resolution neutron and synchrotron x-ray powder-diffraction data. The refined model has a
monoclinicP2/c symmetry cell with orthorhombiPmcapseudosymmetry constraints on the atomic positions,
and contains four independent octahedalite iron atoms. Charge ordering is evidenced by the presence of
expanded and contracte®lOg octahedra, and by the distribution 8tB distances resulting from unequal
Coulombic repulsions between the differeédtsite charges. Th&-B distances are inconsistent with dimer
formation. Competition between tH& O andB-B interactions results in polar displacements of two of Bhe
site cations. The charge ordering has a predomif@0t] density modulation, which relieves a nesting insta-

bility in the electronic density of states, but a sec@ﬁ@%] phase modulation also occurs. The monoclinic
distortion at the Verwey transition is consistent with a macroscopic rhombohedral magnetostriction, driven by
the localization of orbitally degenerate¥e coincident with the microscopic charge ordering distortions that
have an orthorhombic lattice symmetry.
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. INTRODUCTION This is consistent with charge ordering of thé Fand Fé*
states on théB sublattice, and an orthorhombic superstruc-
The magnetic properties of magnetite ¢6g) minerals  ture model(Verwey model was proposed.Despite much
were first recorded by Greek writers800B.C. and magne-  research, no conclusive structural model of the low-
tite lodestones were used as a compass by early navigatoigmperature phase has emerged. The Verwey model was ap-
During the twentieth century, derived materials such a)arently confirmed by neutron diffractiGnhowever, later

y-F&0; for magnetic recording and the spinel ferrites for yogearch showed that multiple-scattering effects flawed this
high-frequency applications in transformers, inductors, a”%xperiment and disproved the model

r_adio antenna were develop_ed.. The magnetor_esistive PTOPET™ iy rther observations of superstructure reflectioirs
ties of polycrystalline and thin films of magnetite are of cur- dexed as If,k,I+ 1), on the cubic unit celithe “c” sub-

rent interest for spin electroni¢sThe ferrimagnetism and script refers to the high-temperature cubic cell throughout

moderate electrical conductivity<(10"2 € cm at 300 K of .
magnetite arise from its inverse spinel-type crystal structure"?md not predicted by the Verwey model, show the symmetry

This is formally written as F&'[F& " F&** O, to show that to be monoclinic. The low-temperature stlructure was shown
the first(A type) Fé* is tetrahedrally coordinated, whereas 1© have av2a.xv2a X 2a, crystallographic supercell with
the bracketed Pé and F&* ions occupy(B type) octahe- SPace grop;f,c, frgm a neutron-diffraction st.udy of a par-
drally coordinated sites. At ambient temperatures, the incomt@lly detwinned single crystdi.The observation of mono-
plete cancellation of the twB site magnetic moments by the clinic lattice symmetry was also confirmed by a single-
antiparallelA site cation moment results in ferrimagnetism, crystal x-ray study. The observation of a magnetoelectric
and delocalization or hopping of the minority-spin “extra” effect®indicated the symmetry in the low-temperature phase
electron between the site Fé* and Fé" ions renders th®  should be no higher tha1, and an x-ray topography
sites structurally and spectroscopically equivalent, and givestudy" showed twins that were interpreted as being due to a
rise to the electronic conductivity. triclinic distortion. However, a recent spectroscopic investi-
Followed an earlier report of a heat-capacity anoraly, gation failed to observe the Raman and infrared phonon
Verwey made the fundamental discovery that magnetite unmodes that should be active if the low-temperature phase
dergoes a sharp, first-order transition on cooling betel20  lacks inversion symmetr# Thus, the question of the sym-
K, at which the resistivity increases sharply by two orders ofmetry of the low-temperature phase remains controversial,
magnitude® and the structure distorts from cubic symmetry. although any distortion from th€c monoclinic cell is ac-
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cepted to be very small, compared to the distortion from (440)
cubic to monoclinic symmetry.

The most detailed structure refinement beldwresulted
from a neutron-diffraction study of an almost fully de-
twinned single crystal by lizumét al!® The authors used an
a./v2xa.lv2x2a. subcell of the unit cell identified above
and imposed orthorhombic symmetry constraints on the
atomic positions to reduce the number of free parameters in
the low-temperature crystal structure. Centric space group
Pmca(a nonstandard setting ¢fbcm and acentrid®Pmc2, T=130K
refinements were reported. By grouping the observed super- i ,
structure reflections according to symmetry requirements it 19.0 19.1 19.2 19.3
was shown that these higher-symmetry models account for
the bulk of the atomic displacements, and any further distor-
tions are very small. Although large atomic displacements of
Fe and O atoms were found, no charge ordered arrangement
was identified in the refined structure.

Diffuse streaking has been reported in electtbrand
neutron®® scattering experiments abovg,, evidencing a
marked softening of the phonon modes at temperatures up to
200 K. Diffuse resonant x-ray scattering at the lkeedge
aboveT,,, that disappeared when the energy was tuned away
from the edge?® was explained as a 1®r 3:1) ordering of
Fe&" and F€" ions along[ 110], directions, suggesting that _
the charge disproportionation is coupled to the phonon mode ‘ ' *
softening aboveT,,. DAFS (differential anomalous fine 270 271 272 273 274
structur@ measurements of th@02) and (004 reflections 20
aboveTy, indicate that the octahedral sites are equivalent on
a time scale of 10'®s,'7 suggesting that the valence elec- fro
trons are delocalized, rather than hopping rapidly abbye
DAFS measurements beloW, (Ref. 18§ place an upper
limit of any charge disproportionation at25%, provided In the absence of a definitive structure, many theoretical
thatCc symmetry and the Anderson criteri¢see beloware ~ models for the low-temperature structure og®ghave been
fulfilled. However, (04%) superstructure peak intensities Proposed. Purely electroriicand electron-phonon models
measured as a function of x-ray energy around thi Edge for charge ordering have been describ&® A bond dimer-

in a different study showed features that strongly suggeé?ed ground state without charge separation has also been
charge ordering? proposed recentf}.

Mossbauer spectra demonstrate that localizet!” Fand . The problems of mult|ple'-scatter|ng, extinction, and twin-
%wg effects, which beset single-crystal studies of magnetite

Intensity

(440)
(440)

T=90K

Intensity

FIG. 1. (440 and (800 synchrotron x-ray-diffraction peaks
m FeO, below (90 K) and above&130 K) the Verwey transition.
The 90 K data are displaced above the 130 K data for clarity.

Fe* are present at the octahedral sites, and a recent stu lowT <6 to th ¢ der-diffracti wud
resolved two environments for each cation in addition to the e oW 'v. gave rise to the present powder-difiraction study.
ultiple scattering is much reduced in a powder sample due

tetrahedral F&" signal?® An 5’Fe NMR study* has resolved the reduced size of the crvstalli firary extinetion
8 tetrahedral and 15 octahedral iron environments, in keep: ¢ 'cduced size ot the crystajites, primary extinction usu-
ally has a minimal effect on the reflection intensities, and

ing with the 8 uniqueA and 16 uniqué sites expected in the awinning is irrel © We h iously i tiaated th
monoclinic Cc symmetry supercell. However, the chemical Wr':nggt'sr;:jeee\éigéncg oﬁlr?eprggloéjosr%olrr;vbeoshg;; d'steor-
shifts of the octahedral cations were intermediate betweeff ' PEratu P pseu '

those of normal B& and F&*. More recenf’Fe NMR data 1N in the Iow—tem?erature structure of J&&, using neutron

from a single crystal have resolved all 16 octahedral sit ovv_der dlffraqtlorﬁ Loss of information due to peak over-

signals and measured their angular depend&hce. ap is th_e main chsadvantage of_ powder methods. To over-
Several proposed charge ordered modefS have been come this, very high-resolution diffractometers are used, and

compared to electron-diffraction data. Reference 25 providegov\’dfz"r x-ray and neutron data from th? same sample may be
a useful list of models for charge order on the 16 octahedra(fom.blned in the Rietveld data analysis. We_ report here the
sites in the crystallographic unit cell and space gr@g detailed structure of R®, at 9.0 K from cgmblned lsyrlwchro-.
which satisfy the Anderson criteridhfor minimal electro- 7O X-ray and neutron studies of a highly st.og)shmmetrlc
static repulsion. The octahedilsites in the spinel structure sample. Initial results have been reported previotisly.

make up a network of corner-sharily tetrahedra, and the
Anderson criterion is that each tetrahedron contains two
Fe&" and two Fé" states. These constraints allow only ten A highly stoichiometric magnetite powder (£& 0,
possible charge ordered models wifle symmetry. with 6~0.000) was obtained by grinding single crystals

II. EXPERIMENT
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Fd3m P2/m P2/c Ce

FIG. 2. Relationships between the unit cells referred to in the text.

grown by the skull melter technique. A trace of,Pg (0.8  further distortions were required to account for the peak
wt % by Rietveld analysijs perhaps arising from surface oxi- broadenings and splittings. Figure 2 shows the relationships
dation of the powder during grinding, was found in the dif- between the unit cells in the low- and high-temperature
fraction patterns for this sample. High-resolution neutronphases.

powder-diffraction data were collected at 90 and 130 K using Numerous superstructure peaks were identified by com-
the high-resolution neutron powder-diffractometetRPD)  paring the 90 and 130 K profiles. All of these superstructure
instrument at the 1SIS spallation source, United Kingddm. peaks were indexed on the monoclinic unit cell previously
Approximately 10 g of sample was loaded into a vanadiumproposed, which hasCc symmetry and axes;

sample can and mounted in a closed-cycle refrigerator to

maintain temperature control while retaining a low instru- am=~(a+bo),
mental background. Data were collected at 90 K for a total of by = (ac—by)
460 uA h and at 130 K for 33QA h in a time of flight(ToF) m= (&~ Dc),

range of 15—215 ms, which corresponds @hspacing range

of 0.31-4.45 A. Data from the backscattering detector bank

were summed and corrected for the incident neutron speddowever, the reduced cell witta=a,/2, b=b,/2, and

trum and detector efficiency. c=c, was able to account for all observed superstructure
Synchrotron x-ray powder data were collected at 90 andntensities except for three very weak reflections. This

130 K for approximately 18 h at each temperature using theeduced cell was used in the previous single-crystal neutron-

BM16 instrument at European Synchrotron Radiation Facildiffraction study*®> Unit-cell parameters determined by

ity (ESRP, Grenoble, Franc& The sample was ground fitting the 90-K synchrotron x-ray peaks wer@

manually to reduce the particle size and ensure a good pow=5.944412), b=5.9247%2), and ¢c=16.77508(6) A,

der average. A wavelength of 0.49395 A, defined bl B)  and 8=90.236%2)°. The thermal evolution of the(440)

monochromator and G&l1) analyzer crystals, was used to x-ray peak(Fig. 3) shows that the first-order structural tran-

minimize absorption, and the sample was spun in a 0.7 mrgition from monoclinic to cubic symmetry occurs rapidly be-

capillary cooled by an Oxford Cryosystems cryostreamiween 116 K andr, =122 K.

Rapid temperature scans were also carried out for 2 min per

pattern in the angular range#25.0°-23.5°, warming B. Structure refinements

in steps of 2.3 K from 102 K through the transition. The

General Structure Analysis System package was used for Fitting the x-ray intensities was initially problematic,
Rietveld fits to the data. since the peaks displayed significant tails that could not be

accounted for using standard functions. However, the shapes

were described well by a sum of two Lorentzian functions
lll. RESULTS with different full widths at half maximum. Figure 4 illus-
trates the improvement in fit achieved using this peak shape
description. This effect reflects the exceptionally high instru-

Figure 1 shows th¢800 and (440) reflections from the  mental resolution of BM16; the second, broader, Lorentzian

synchrotron x-ray data at 130 and 90 K. A large 1:1 splittingresults from the Ge analyzer crystals and the presence of a
of the (440) peak is observed, confirming that the distortiontaj| of very small crystallites in the mechanically ground
of the unit cell is principally rhombohedral. The unequal sample. The neutron-diffraction peaks were described by a
widths of the(440 and (44) peaks, and the shoulder on the standard ToF peak shapegconvoluted with a Lorentzian
(800 peak, result from the smaller monoclinic distortion. No sample broadening function.

Cm=2C;.

A. Unit-cell metric
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independently. However, we found that good fits were ob-
tained with the moments remaining along tbeaxis and
fixed the moment directions accordingly. Significant mag-
netic intensities are only observed at loshgpacings, due to
the magnetic form factor, and the majority of superstructure
peaks did not fall into this range. All octahedikites were
therefore constrained to have the same magnetic moment
o 1307 value, since the HRPD data did not give stable refinements
S 123 of independent moments for the various octahedral sites.
Initial attempts at refinement of the low-temperature
structure in space group2/c (Fig. 2) were unstable and the
data did not support such a large number of variable param-
10%9 " T eterg. Pseudosymmetry. constraints were necessary in ordgr to
' 00) 19.30 obtain a convergent refinement. Combined refinements with
both the x-ray and neutron data were carried out in order to
FIG. 3. Thermal evolution of the magnetit®l04 x-ray- Maximize the observations to parameters ratio for the low-
diffraction peak through the Verwey transition. temperature phase. A number of space groups that may be

derived from a descent in symmetry frdrd3m were tested.

The refined models at 130 K were used to generate startFhe orthorhombic groufPmca(as used by lizumet al*®)
ing models at 90 K by transforming the unit cell to spacegave a much better fit than any other space group. We were
group P2/m with conventional monoclinic axeéFig. 2).  unable to fit the superstructure reflections using higher sym-
Fd3m symmetry constraints were applied to the atomic pa-metries, and removal of any of temcapseudosymmetry
rameters, so that there was still only one variable positionaglements such as the inversion centerich results in
parameter(the oxideu coordinate. Table | summarizes the Pmc2; symmetry led to instabilities. Refinements were
results of the Rietveld refinements with pseudocubic symmestarted by applying small random displacements to the
try. All of the intense peaks in the 90 K data sets were fittedatomic positions to avoid ill-conditioning of the least-squares
well by this model, although it does not account for the su-matrix. The refinements iRmcawere found to be robust and
perstructure peaks. returned to the same minimum after atoms were displaced

Magnetic moments in the low- and high-temperatureaway from the refined positions. Several pairs of sites in the
models were aligned along tleeaxis, which is coincident for P2/c cell were constrained to have equivalent coordinates by
the cells(Fig. 2). For the cubic phase, neutron powder datathe Pmca symmetry operators; these sites are labeled “a”
are insensitive to moment directions, since only their relativeand “b”, e.g., B(1a) andB(1b), in Table Il. The four in-
orientations affect the intensities. The magnitudes of the moequivalent site88(1)—B(4) in our model each represent an
ments for theA and B sites are in keeping with the inverse averaging over 4 of the 16 unigu® sites in the largeCc
FE[FETFe"]0, charge distribution. In the low- supercell.
temperature phase, the approximately rhombohedral cell dis- Atomic coordinates, thermal displacement parameters,
tortion allows components of the moments parallel and perand magnetic moments are listed in Table Il with a compari-
pendicular to the pseudothreefold axis to be refinedson to the values obtained previousiynteratomic distances

are listed in Table Ill, and bond valence sutBd/S’s) (cal-
10000 culated from standard paramet®sand renormalized va-

"é" lencesV are given in Table IV. The renormalized valences
3 8000 were obtained by setting the tetrahedral sites-®and res-
S 6000 caling theB site values to average t62.5, in keeping with
g the accepted inverse charge distribution betweeritand B
S 40004 sites in FgO,. The profile fits are displayed in Fig. 5, using
E a logarithmic intensity scale to make the superstructure
2000+ peaks visible. Figure 6 shows a comparison of the structures
0 refined at 90 K with cubic an®mcasymmetry constraints.
sttt e The distortions from th&d3m structure have been exagger-
-2000- T e ated by a factor of 3 to make the displacements more obvi-
-4000 , , l l ous:
13.0 13.2 13.4 13.6 13.8 14.0

209
IV. DISCUSSION
FIG. 4. Fits to the F¢D, (400 x-ray-diffraction peak afT

. - . . A. Evidence for Charge Order
=130 K using a pseudo-Voigt functidiower difference curveand g

a sum of two Lorentziangupper difference curye The difference The primary structural evidence for a charge ordering
curves are shown as 5Qdifference/e.s.d.) (e.s#estimated stan- transition is the appearance of distinct metal sites with sig-
dard deviatioh nificantly different mean distances to the surrounding anions
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TABLE I. Results from initial Rietveld fits to powder neutréHRPD) and x-ray(BM16) data using a standard spinel model wit3m

symmetry at 130 KA site Fe af(, 3, 3); B site Fe af(3, 3, 3); O at (G+u, 2+u, 3+u)]and a monoclinid®2/m cell (Fig. 2) at 90 K with

Fd3m symmetry constraints on the atomic positions. Cell parameters, residuals, the O cooudiisateopic thermal parameters, and
magnetic moments for the neutron fits are listed. Distances and bond valencéBM®® from the 130 K HRPD refinement are also given.

HRPD HRPD BM16 BM16
Variable T=90K T=130K T=90K T=130K

alA 5.94191) 8.39392) 5.944 412) 8.390 40%3)

b/A 5.9251(1) 5.924 722)

clA 8.38581) 8.387 543)

BI° 90.255%5) 90.23 6%2)

R, (%) 8.29 7.67 6.02 4.29

Rup (%) 9.26 7.51 8.26 5.35

G 11.50 4.75 6.80 3.18

u(x 1000) 5.075) 4.905) 5.21(5) 5.21(3)

U A 0.161) 0.1178) 0.0513) 0.1343)

(X100 B 0.541) 0.3079) 0.2653) 0.2982)

A2 ) 0.251) 0.28511) 0.2809) 0.3956)

wlpg A 4.444) 4.2003)

B —4.102) —3.972)

130 K (HRPD) results:
DistancesA) A-O (X4) 1.88856) B-O (X6) 2.05824) B-B (X6) 2.96771)
BVS A 2.82 B 2.57 0 1.99

in the low-temperature phase. The meBssite-to-oxygen may explain why the differences between average Fe-O dis-
distances(Table Ill) or the equivalent BVS calculations tances were not thought to evidence charge order. Although
(Table IV) show that the octahedral iron sites are split intosome of the previously determined coordinates differ signifi-
two groups below the Verwey transition with=2.4 and 2.6, cantly from ours(see Table ), the mean Fe-O distances of
as discussed previousl§The magnitude of the charge sepa- 2.071, 2.039, 2.053, and 2.062 A for sitB$1)—-B(4), re-
ration is only 20% of that expected for ideal’feand Fé* spectively, in the previous model do not differ significantly
states. This may result in part from structural averagingfrom the values in Table Ill. However, the distribution of
since eackB site in thePmcamodel is averaged over four these mean distances is less bimodal than in our model, per-
inequivalent subsites in the largeZa,xv2a,x 2a, Ccsu-  haps making the charge ordering less apparent.
percell, so that our largeB(1) andB(4)] andsmall[B(2) .The reason why the apparent charge separatipn in metal
and B(3)] subsites could, respectively, be averaged ovePXides is so reduced from the expected value is an unre-
four F€* and four F&* subsites(which we refer to as solved issue requiring further theoretical analysis. One pos-
class-l charge ordgr or over (three F&*+Fé**) and sible explanation is that the mixing of the ionic ground state
+ + i FE"...Fé"...Fé"...Fé"... with excited states such as
(FE" +three F&") subsites(class-Il charge ordgr Hence, _ _ _
in the class-Il models the charge separation would be 40% iﬁe’-*...I_:eZ*...Fe?*_...Féﬂ.., etc. is strong in charge dis-
the full Cc superstructure, but is averaged to 20% in ourProportionated oxides, because the symmetry equivalence of
Pmcaconstrained subcell. The Anderson criterion is not megites is broken only by the charge order. Other explanations
by either class. such as strained charge states or intersite disorder may also
In comparing several transition-metal oxides that undergd®® relevant. However, since the magnitude of the apparent
a Verwey-like transition from a high-temperature charge-charge separation in k@, is comparable to that in other
averaged state to a low-temperature charge ordered®4tatecharge ordered oxides, it is justifiable to describe magnetite
the charge separation estimated from bond distances @sbelng charge ordered insofar as any transition-metal oxide
BVS's ranges from 24%in Y,Ni?*Ni**Qg) to 60% (in IS considered to be charge ordered.
YBaCd " Co®*Os) of the ideal value. Forty percent of the
ideal separation between ¥e and Fé* is found in
TbhBaFeOs.38 The charge disproportionation is significantly ~ The P2/c a./v2ZXa./v2X2a, cell used in the present
reduced from the ideal value in all experimentally deter-refinement has the sanwecell vector as the larg€c super-
mined structures. The observed charge difference of 20%ell, but only half thea and b vector lengths. Hence, the
(for class-I charge ordgmor 40% (for class-1) of the ideal periodicity of the charge ordering alongis evident, but
value in FgQ, is therefore not anomalous in comparison toab-plane modulations in th€c structure are mostly lost by
other oxides. This effect was not known when the previousaveraging in theP2/c cell and by the imposition oPmca
low-temperature refinement of &, was published® which ~ symmetry constraints.

B. Periodicity of the charge order
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TABLE II. Refined atomic coordinates for E@, at 90 K with values from the previous 10 K refinement
(Ref. 13 shown underneath in italics for comparison. The cell has monock&ikc symmetry, but the
coordinates were constrained by the symmetry operations of orthorhombic spacePgneapResiduals:
Ryp=6.86%, R,=4.87%, Rg2=9.23%, and x?=5.99. Cell parameters:a=5.944407(14), b
=5.924701(17), and=16.77515(14) A, angg=90.23632)°.

Atom X y z Uso (A% w (ug)
A(1) 1/4 0.00344) 0.063667) 0.000 0%4) 4.443)
0.0049(3) 0.0635(1) 0.0006(5)
A(2) 1/4 0.50612) 0.188618) 0.000 0%4) 4.444)
0.5067(2) 0.1887(1) 0.0006(5)
B(1a) 0 1/2 0 0.000 71@) —4.172)
0.0016(6)
B(1b) 112 12 0 0.000 7G) ~4.172)
0.0016(6)
B(2a) 0 0.00963) 1/4 0.000 703) —4.172)
0.0099(3) 0.0018(6)
B(2b) 112 0.00963) 1/4 0.000 7(8) —4.172)
0.0099(3) 0.0018(6)
B(3) 1/4 0.265%) 0.380109) 0.000 7G3) ~4.172)
0.2643(4) 0.3789(1) 0.0013(6)
B(4) 1/4 0.752(2) 0.376599) 0.000 703) ~4.172)
0.7549(5) 0.3746(2) 0.0001(4)
o(1) 1/4 0.26377) ~0.00233) 0.002 278)
0.2630(6) ~0.0027(2) 0.0020(8)
0(2) 1/4 0.74616) —0.00293) 0.002 278)
0.7477(6) —0.0009(2) 0.0016(8)
0(3) 1/4 0.244718) 0.25423) 0.002 278)
0.2461(7) 0.2450(2) 0.0034(8)
o(4) 1/4 0.77388) 0.25253) 0.002 278)
0.7696(6) 0.2427(2) 0.0025(6)
O(5a) —0.00914) 0.0095%6) 0.127712) 0.002 278)
~0.0116(6) 0.0089(3) 0.1295(2) 0.0022(6)
O(5b) 0.49094) 0.00956) 0.37232) 0.002 278)
0.4884(6) 0.0089(3) 0.3705(2) 0.0022(6)
0(6a) —0.00814) 0.50486) 0.12482) 0.002 278)
~0.0067(6) 0.5050(3) 0.1244(1) 0.0014(6)
QO(6b) 0.49194) 0.504&6) 0.37542) 0.002 278)
0.4933(6) 0.5050(3) 0.3756(1) 0.0014(6)

The arrangement of the twlB cation charge states in the metal chalcogenides, so that electrons are essentially local-
refined model is shown in Fig. 7. Two charge modulationsized on distinct Fe sites. This forces a second charge modu-
parallel toc are apparent. The average charge density has @tion because the nodal planes of fl#®1], wave contain
[001]. modulation, as reported previousfyBand-structure  chains ofB site irons az=1, 3, etc. Ordering of electrons on

calculationg® of the cubic phase show nesting on the Fermi | tes in th hains leads 6 h 4
surface at th¢001], (X) point, corresponding to an instabil- 2lternate sites in these chains leads [ @ ] charge modu-

ity in the states of the “extra{minority-spin t,, electrons. ~lation, singe the ordering at=5 has the opposite phase to
The small[001], deformations open up a gap in the energythat atz=; [see Fig. 7@]. Thus, the charge order in mag-
spectrum (estimated to be 150 meV from photoemissionnetite is described by botf001], and[00%]. vectors. The

studie$?) leading to the observed loss of conductivity at the ;46 density has tH@01], modulation while the phase of
Verwey transition. This is essentially a charge-density wave

(CDW) mechanism, but with strong electron-lattice coupling"e ¢harge order in the001]; nodal planes has the0z ],

that leads to a commensurate CDW as electrons are localizet¢ctor. The condensation §001], (X-type) and[003 ], (A-

at atomic sites. A frozef001], charge-density wave model type) phonons at the Verwey transition has been reported

has recently been proposed from NMR measurements hgreviously, and these distortions result from the charge order

Mizoguch?? and the observed critical scattering abdlg  as discussed later.

strongly supports such a mechaniém. Two classes of charge ordering over the 16 Fe sites in the
The electron-lattice coupling in oxides such as magnetitéCc supercell are consistent with the 4 obser@esites in the

is much stronger than in classic CDW materials such agresentPmcarefinement. There is a single class- model
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TABLE lIl. Fe-O distances in F©, at 90 K with mean values -l models. We estimate the average difference in Fe-O dis-
for the AQ, tetrahedra an®0Og octahedra shown. tances between the pres@&rhcaaveraged model and a fully
charge ordered class-Oc structure(with 40% of the ideal
Bond Length(A) Bond Length(A) Fet/Fe" size differenceto be 0.012 A, and this represents
A(1)-0(1) 1.8984) A(2)-0(4) 1.9135) the uncertainty limit in approximating the “trueCc struc-

ture by theP2/c subcell when discussing the structural fea-

28;822; i:gig 222822; iggg tures in later sections. The difference of 0.012 A is only

A(1)-0(2) 1'89(2(4) A(2)-0(3) 1.895{5) about three times the typical refinement error in Fe-O dis-

(A(1)-O) 1-886{3) (A(2)-0) 1l89Q4) tances(Table 1l), so the deviations of the present structure

: ' from the “true” Cc structure are marginal within the error

B(1)-O(1) x2 ~ 2.0423)  B(2)-O(5) x2  2.0523) estimates. This is corroborated by the very weak x-ray and
B(1)-O(6) x2 ~ 2.0913)  B(2)-O(4) x2  2.04Q3) neutron intensities of th€c superstructure peaks, only three
B(1)-0(2) x2 2.0823) B(2)-0(3) x2 2.0384) of which were observed in our data.

(B(1)-0) 2.0743) (B(2)-0) 2.0433)

B(3)-O(5) X2  2.0923)  B(4)-O(5) X2  2.0943)

B(3)-0(6) X2  2.0183)  B(4)-0(6) X2  2.0533) C. Lattice Distortion

B(3)-0(2) 1.9645) B(4)-0(1) 2.0335) A sharp, first-order structural change occurs at the Verwey
B(3)-0(3) 2.1165) B(4)-0(4) 2.0865) temperature. The structural symmetry is lowered from cubic
(B(3)-0) 2.0504) (B(4)-0) 2.0694) Fd3m to a monoclinicCc, v2a.Xv2a.X 2a, supercell al-

though the previods and the current structure refinements
show that virtually all the diffracted intensity is described by
with F€" at theB(1) andB(4) sites, and F&" atB(2) and a smallera./v2 X a./v2X2a, cell (the P2/c cell in Fig. 2.
B(3), 32 class-Il models with(three F&*+Fe**) at the  The symmetry and periodicity of this cell are consistent with
B(1) andB(4) sites, and (Fe +three F") at theB(2)  two consequences of electron localization on Ehsites at
andB(3) sites. Class-Il models appear more plausible thanhe Verwey transition. The first of these is the charge order
the class-l arrangement, since they can account for the largéFig. 7), which, as described above, gives rise Xedype

Cc superstructure, the 1B site resonances seen by NMR, [001], and A-type [00%], modulations and lowers the cell
and have lower electron-electron Coulombic repulsions. Th%ymmetry to orthorhombi®mca a /vZx a,/v2x 2a,. The

. . . C C*
latter is clearly not a strong constraint, since the Andersonegiing” microscopic distortions are discussed in the next
criterion Is not safusfled by any of the (_:Iass-l or li models. soction. Furtherab-plane charge order according to the
However, calculations of the electrostatic energies show thalj << || models can account for the largea, xv2a
one class-Il model minimizes the repulsions between the los supercell ¢ ¢
callzed.electrons, and we previously proposecé#hls 'model as A;econd consequence of charge localization is that Fe
a plausible charge ordered structure for magnétiReliable g o j 5 magnetically ordered material can give rise to a

intensities for the additionaCc superstructure reflections agnetostriction, as the orbital moment couples to the mag-

would be required to distinguish between the 33 class-I an etization easy axis, which [€11], below the Verwey tran-

TABLE IV. Bond valence sum¢BVS's) and renormalized va- sition. The low-temperature cell can be described to a first

lences ) for all sites in the refined 90 K structure of &, . approximation by ar-3m rhombohedral cell, with param-
etersa,=8.390 A, «=89.82° for the present §®, sample
Atom BVS Vv at 90 K. Magnetostrictions are usually observed when insu-
lating materials are cooled through a magnetic ordering tran-
A(1) 2.80 3.00 sition, for example, cubic FeO undergoes a rhombohedral
A(2) 2.77 3.00 distortion at the 200 K e transition. The low-temperature
B(1a) 2.49 2.38 structure can be described as,®¢ having anF3 symmetry
B(1b) 2.50 2.39 cell with parametersa,=8.629 A, «=89.42° for near-
B(2a) 2.73 2.61 stoichiometric FeO at 10 K2 The magnitudes of the rhom-
B(2b) 2.73 2.61 bohedral distortions per E& ion are comparable for the two
B(3) 271 2.59 materials, showing that the rhombohedral distortion igdze
B(4) 2.52 241 is consistent with the single-ion magnetostriction from local-
o) 2.04 2.00 ization of Fé". Large magnetostrictions have been observed
0(2) 2.06 2.00 in doped magnetites with Eé localized onB sites, for ex-
0@3) 1.97 2.00 ample, CrFe0, (FE[FE€"Crr"]0,).* The coupling of a
o4 1.97 2.00 magnetic field to the Verwey cell distortion was used to de-
O(5a) 1.94 2.00 twin the crystal in the previous stud.
O(5b) 1.96 2.00 The combination of the orthorhombic charge ordering dis-
0(6a) 2.03 2.00 tortion and the rhombohedral magnetostriction lowers the
0(6b) 2.05 2.00 lattice symmetry to monoclinic. The magnetostriction is a

macroscopic lattice distortion and so is the predominant fac-

214422-7



WRIGHT, ATTFIELD, AND RADAELLI PHYSICAL REVIEW B 66, 214422 (2002

10° 102
210t Z 10
c =
3 5
S ]

z s
210° £10°
2 c

E 3

X £

o

[~

T ¥
2.0 25 3.0 35 4.0 2.0 25 3.0 35 4.0
d-spacing (A) ) d-spacing (A)

Ditf/esd

10°
2
21 3
Q 2
> k)
3 c
3’ 2
E
X
=3
10 [ "o '
IEmE CHES SISININ RIGHRAE S INIMAN W SN 18 0 W [T IR T BT )
2
S U RRSENN SEENRES RISIMEN W N0 O 3 W MW NN N 10 10 1:2 1{4 1{6 1!8 20
10 T .
10 12 14 16 18 20 d-spacing (A)

d-spacing (A)

Ditf/esd

-

10%

semm pEmE wiem" [ TR}

1
10 U T T T T 2
0.5 0.6 0.7 0.8 0.9 1.0 10
d-spacing (A) 05 0.6 07 0.8 0.9 1

d-spacing (A)

FIG. 5. Observed, calculated, ardffset below difference/e.s.d. curves for the simultaneous Rietveld fifajosynchrotron andb)
neutron 90 K powder-diffraction data of f@,. Observed and calculated intensities are plotted on a logarithmic scale. 130 K data are shown
for comparison, offset one decade above the 90 K profiles for clarig0fEnpurity peaks are marked.

Diff/esd
R
OO0 00O
Diff/fesd
R L
coocoo

@ (b)

tor in the cell distortion, but is not apparent in the internal D. B site Fe-Fe distances

distortions. The charge order leads to large microscopic dis- The pattern oB-B distances is important as it enables the
tortions that are evident in the internal coordinates, but givegossibility of Fe-Fe dimerizatiofito be investigated. A large
only a small lattice distortion that lowers the symmetry fromrange ofB-B distances, from 2.86 to 3.05 A, is observed in
rhombohedral to monoclinic. our model(Table V), comparable to the dispersion BFfO
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would formally be F&"-Fe** bonds with a critical distance

the high-temperature cubic phase, tBecations all have
averaged+2.5 formal charges and are located at inversion
centers, so the repulsions from neighboring cations cancel

‘ out. However, in the low-temperature phase, charge ordering
<

O

o1 Bl oS? A
of ~2.77 A, which is 0.1 A below the shortest observed
Bl N distance.

02 — 4‘ The pattern oB-B distances can be rationalized by con-

B os Al sidering only the Coulombic repulsions between ordered

05 A;/ 3 ‘ B site charges. EacB cation is at the shared apex of two
6 B3 .03 B, tetrahedra and so has six nearest-neighbor cations. In

05,
o4
B2

Prend
BZT

B2

>*§2 breaks the symmetry at theB sites. The
FE"-F&TIFe¢"-FeT/Fe"-Fe&" interactions are rela-
. 1 52 tively attractive/neutral/repulsive in the low-temperature
oSy phase and their Coulombic forces are in the ratio 4:@r8.
tegral charge states are assumed for descriptive convenience,
: although the apparent magnitude of the charge separation is
B f smaller) Hence, the magnitude of the FeFe** repulsion
' is greater than the B&-Fe¢’' attraction, relative to the
F&"-F&" interactions. The six Fe-Fe interactions around
each octahedral site cancel out for 8l) sites, but lead to
resultant forces in thgz plane(neglecting the deviation g8
from 909 for the other sites, as shown in Fig.[&he repul-
sions within theB(1) andB(2) chains parallel t@ are also
unequal, but lattice symmetry imposes the condition that the
B(1)-B(1) andB(2)-B(2) distances both equal2.] The
observed pattern of long and short distances, also shown, is
XOS consistent with these nearest-neighbor forces. The strong
Fe"-F&" repulsion betweerB(2) andB(3) cations dis-
placesB(3) directly towards theB(1) chains, resulting in
shortB(1)-B(3) and longB(2)-B(3) distances. The weaker
F&"-F&" attraction betwee(4) andB(1) reduces their
separation and lengthens tB¢4)-B(2) distances, but by a
smaller amount than the former repulsion. The displacements
of B(3) andB(4) towards theB(1) chains lead to alternat-
ing long and shorB(3)-B(4) separations in thk direction.
Hence, the pattern dB site Fe-Fe distances in the low-
06— | Sos temperature structure corroborates the charge ordered ar-
° Al 05 rangement inferred from the mean Fe-O distan&site
b Bl &2 dimerization is not consistent with the observBeB dis-
or tances, nor with the formation of expanded and contracted
07 Bl o1 FeQ, octahedra, and so we reject the dimerization hypoth-
esis.
Bl The oxygen and th8 site Fe atoms define a network of
distortedB,O, cubes consisting of interpenetratiiy and
O, tetrahedra. The cubes share corners through the Fe atoms
so that everyBOg octahedra is divided between two cubes,
with three oxygens participating in each. Outfmca
constrained refinement model contains two crystallographi-
distances. In a dimerization scenario, one-in-six of B8 cally independenB,O, cubes. TheB-B andB-O distances
distances are short and five-out-of-six are long, with eBch within each of these are shown in Table V. There is a striking
site participating in one of the short bonded contacts. This isegregation of th8-B distances between the two cubes as a
not supported by the observed pattern of distari€able V)  result of the unequal Coulombic repulsions described above.
in which three of the twelveB-B distances are notably Although the model symmetry constrains the cubes to have
shorter than the rest, and these all originate at the same sitene value in commoifithe a/2 B(1)-B(1) andB(2)-B(2)
B(3). Goodenougff estimated the critical distances below separatiofy the other five distances are all larger than this
which metal-metal bonding occurs in oxides to be 2.58 Avalue in one cube but smaller in the other. The aveBge
for Fé"-Fe’" and 2.95 A for F&"-F&". Dimers in FgO,  distances in the two cubes differ by 0.1 A. There is also a

XO'_’,Q_g

[
I

B2

9
A\

B2

o5

[0}

¥

FIG. 6. Pattern of atomic displacements in the 90 K refined
Fe;0, model (filled circles compared to the high-temperature cu-
bic phase positiongopen circles The displacements have been
exaggerated by a factor of 3 for clarity.
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FIG. 7. The arrangement of charge states in the refff@d cell. TheB(1) andB(4) sites = +2.4) are shown as filled circles and
B(2) andB(3) (V= +2.6) as open circles. The chains®sites parallel toc or y are shown in@). The mean charges at eaxheight, shown
relative to the averag@mplitudeq=0.1 e/at.), define thE001]. charge-density wave. The additiormo%]C modulation is apparent from

the phase of the charge order in me% andg planes.(b) shows the arrangement of electron-rictark shadingand -poor(light shading
Fe, O, cubes.

smaller difference of 0.02 A between the mean Fe-O diSapparent structural paradox. The electron_ric}z(:ﬁecubes
tances in the two cubes. The smalleelectron-rich”) cube  contract because of the diminished Fe-Fe repulsions, leading
contains the higher electron (9 concentration, with three tg a mean Fe-O distance for the cusowthe global struc-
V=2.4 and oneV=2.6 B sites at its apexes. The larger ra| average, and yet the electron-ricti=¢2.4) B sites at
(“electron-poor”) cube is defined by on¥=2.4 and three three.quarters of the cube corners were identified from the
V=2.6 B sites. The structure consists of alternating double;poye averagere-O distances within their octahedra. The
layers of electron-rich and poor cubgsig. 7(b)]; this is  gpposite is true for the electron-poor cubes, which have an
another description of thed01]. charge-density wave. above averagenean Fe-O distance and yet are defined by
The appearance of large and smal,®g cubes could be  ¢ontracted(V=2.6) octahedra at three-quarters of the cor-
in keeping with the formation of electron clusters, with the ners.
extra electrons delocalized unequally o®esites within the This apparent paradox reveals why the low-temperature
electron-rich cubes. This cannot be ruled out on the basis afirycture is highly distorted internally. Charge order in the
structural studies alone, however, we note that a purelyﬁgmy constrained spinel network, whictunlike perovs-
charge ordered scenario is sufficient to explain the expansiogites) contains short distances between charge ordered cat-
and contraction of the cubes from the imbalance of electrojons in addition to the shortest cation-anion bonds, leads to a
static repulsions between nonbondgdite Fe ions. competition between Coulombic cation-anion and cation-
cation interactions. Electron localization creates ar’Fe
state, which tends to expand the six Fe-O bonds around it,
The above description of the low-temperature magnetitdut also tends to contract the six Fe-Fe distances. Con-
structure in terms of electron-rich and -poor cubes creates aversely, an electron-unoccupied SFetends to contract the

E. Octahedral distortions

214422-10



CHARGE ORDERED STRUCTURE OF MAGNETITE §®©,. .. PHYSICAL REVIEW B 66, 214422 (2002

TABLE V. B site Fe-O and Fe-Fe distances in the two structurally distingDfeubes.

B(1a), B(1b), B(3), B(4), O(1), O(2), O(6a), O(6b) cubes(electron rich

B-B distancegA) B-O distancegA)
B(1a)-B(1b) 2.972181) B(1a)-O(1) 2.048)
B(1a)-B(3) 2.8641) B(1a)-O(2) 2.088)
B(1b)-B(3) 2.8551) B(1a)-O(6b) 2.09)
B(1a)-B(4) 2.9581) B(1b)-O(1) 2.0483)
B(1b)-B(4) 2.9501) B(1b)-0(2) 2.0883)
B(3)-B(4) 2.88G1) B(1b)-O(6a) 2.09(8)
B(3)-0(2) 1.9645)
B(3)-O(6a) 2.0193)
B(3)-0(6b) 2.0183)
B(4)-O(1) 2.0335)
B(4)-O(6a) 2.0543)
B(4)-O(6h) 2.0533)
(B-B) 2.9131) (B-0) 2.0483)
B(2a), B(2b), B(3), B(4), O(3), O(4), O(5a), O(5b) cubes(electron poor
B-B distanceqA) B-O distancegA)
B(2a)-B(2b) 2.972181) B(2a)-0(3) 2.038)
B(2a)-B(3) 3.0411) B(2a)-0(4) 2.0413)
B(2b)-B(3) 3.0501) B(2a)-0O(5a) 2.05()
B(2a)-B(4) 3.0031) B(2b)-O(3) 2.0394)
B(2b)-B(4) 3.0121) B(2b)-O(4) 2.0413)
B(3)-B(4) 3.0461) B(2b)-0O(5b) 2.05(3)
B(3)-0(3) 2.1165)
B(3)-O(5a) 2.0923)
B(3)-O(5b) 2.0923)
B(4)-0(4) 2.0855)
B(4)-0O(5a) 2.0933)
B(4)-O(5h) 2.0943)
(B-B) 3.0211) (B-0) 2.0694)

bonds to oxygen but expand the distances to neighbding three B(3)-O bonds in the electron-rich cube, and to
sites. lengthen the other thre8(3)-0 bonds in the electron-poor
The result of this competition, and the resolution of thecube. This splitting is increased because six of the twelve
apparent paradox, comes from the distortion of some of thge-O bonds in the electron-rich cupfeom the B(1)Og oc-
BOs octahedra according to whether they are shared betwegBhedron abovieare on average longer than the global mean
like (two electron-rich or two -pogror unlike (one rich and  B-O, and six of the twelve distances froB(2)O; in the
one pooj cubes. Taking the distances within ed®s oc-  electron-poor cube are on average shorter than Bi@
tahedron(Tables Ill and V in turn we find the following: mean. Hence, the thre®(3)-O bonds in the electron-rich
(i) B(1) (V=2.4) lies at the corner of two electron-rich cube are very short, and the three bonds in the electron-poor
cubes and at a center of inversion symmetry. B{&)Os  cube are lengthened to a lesser degree, so as to satisfy the
octahedron is expanded and is near regular but with a slightequirements of the cubégriven byB-B repulsiong and the
tetragonal compression. This could result from orbital ordergverall compression of the electron-podr=2.6) B(3)Os
since the Iocalizedlggeg configuration of F&" is triply de-  octahedron. The net effect of creating three long and three
generate, and tetragonal compression along the beais  short B(3)-O distances is a trigonal polar displacement of
gives orbital orderinglZ,d;,dy, within thet,y setand sois a the cation towards one face of the octahedron, which is evi-
Jahn-Teller active distortion mode. dent in Fig. 6.
(i) B(2) (V=2.6) lies at the corner of two electron-poor (iv) B(4) (V=2.4) also lies between electron-rich and
cubes, and has an almost regular, contracted octahedron. dpoor cubes, and so has a polar distortion like that of the
comparison toB(1), thelack of an orbital ordering distor- B(3)Og octahedron, although with an overall expansion of
tion is consistent with the presence of nondegeneraté.Fe the octahedron.
(i) B(3) (V=2.6) is at the shared corner of electron-rich  The observed local distortions in §&&, are thus consis-
and poor cubes. There is thus the tendency to shorten thent with the charge ordering below the Verwey transition.
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the AQ, tetrahedra. The meaA-O distances and BVS’s
(Tables 1l and 1\ and the BVS summations for the O sites
(Table IV) show a very small dispersion and are close to the
values in the high-temperature cubic phéBable I). Each O
atom is bonded to onA cation and thred3 cations, so the
AQ, distortions compensate for the changes in electron den-
sity around the oxygen atoms caused by the charge order
very effectively, subject to the constraint of maintaining the
correct bonding density around tiesite Fé* cations.

F. Displacement Modes

The low-temperature structure of §&& is shown in Fig.

6, with the atomic displacements exaggerated so as to be
visible. The lattice and local distortions described above re-
sult from the condensation of several phonons at the Verwey
transition. At least three types of phonon are needed to ac-
count for the magnetostrictiaii-type) and the charge order-

ing (X- and A-types distortions in thea,/v2Xa./v2X2a,
monoclinic supercell. An additiondl mode is present if the
structure is acentric, and further modes are needed to account
for the full v2a.xXv2a,X 2a, Cc supercell and any triclinic
distortions.

Of the two microscopic modes that are driven by the
charge ordering, thé type has been identified as the
mode?® This is an incommensuraf® 0 q] vector that be-
comes commensurate with,=3 because it condenses with
anX-type[0 0 1], mode. This was originally identified as the
X, phonon® however, subsequent diffuse scattering experi-
ments have suggested that thig mode is involved!

The Pmcasymmetry operations used here heavily con-

) O O strain the pattern of displacements so it is not possible to
distinguish decisively between the possible modes. Instead,

FIG. 8. [100] projection of theB sites(shaded as in Fig.)7an  the refined displacements have been decomposed according
the low-temperature R®, structure. Attractive Fe-Fe** (filled  to their symmetry in thexy plane to enable their wave vec-
bondg and repulsive F¥-Fe&’* (open bonds interactions are tors and amplitudes in thedirection to be compared.
shown together with the resultant Coulombic forces at the uniijue  The a.v2Xxa.v2x2a, monoclinic supercell is conve-
sites. The observeB-B distanceqA) are also displayed. niently described as a stack BO, layers in thexy plane

stacked at heightg=0, , 1, 2 etc. with the tetrahedrah
The charge localization expands the octahedra ar@(1J  sites between the layersat %, =, =, etc. TheB cations in
and B(4) but contracts those arour(2) andB(3), and eachB,O, layer are arranged in chains that are paralleh to
expands or contracts tH#&,0, cubes as a result of differing in thez=0, }, 1, etc. planes, and parallel watz=3%, £, 3,
B-B repulsions. The competition between these Coulombi&tc. The sites in each layer are listed in Table VI. Pmeca
effects leads to a polar distortion of tiB£3) andB(4) oc- constrained model allows the determination of three
tahedra. Orbital ordering is evident only at tB¢1) site, symmetry-independer,O, layers atz=0, i, and;.
since theB(4) octahedron is distorted by the Coulombic  The displacements of atoms in eaBhO, layer can be
forces. The distortions in th8,0, network inevitably distort  classified according to whether they are longitudiihg] i.e.,

TABLE VI. The B and O sites present at eaztmeight forz=0-3, with the coordinates of the central

positions relative to which the displacements of B pair and Q square are measured. The sequence

repeats forz=3—3.

B atoms B, center(x,y) O atoms Q center(x,y)
0 B(1a), B(Lb) ) 0(1) (X2), 0(2) (x2) G 3
g B(3), B(4) ) O(5a), O(5h), O(6a), O(6b) 3
1 B(2a), B(2b) 30 0(3) (X2), 0(4) (x2) (3.0
: B(3), B(4) (i 9 0O(5a), O(5b), O(6a), O(6b) (G 7
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FIG. 10. Amplitudes of the longitudinal displacemeis) of
@ @ the A andB site Fe and the O atoms for<Oz<%: (a) the L(0), (b)
the L(1//), and(c) the L(1L) and L(2) modes.
composed into a combination of four normal modes as
@ shown in Fig. 9. The modes are the totally symmetfic
displacement; the antisymmetrid//) and (1L) modes in
which the normal to the nodal plane is, respectively, parallel
(2) or perpendicular to the chain direction; and 2 mode.
The positions of the centers of the, @quares in each layer
@ are shown in Table VI. The displacements of the paiiBof
cations around the center positions in Table VI can similarly

be decomposed into a combination(6f and(1//) modes. As
FIG. 9. TheB,0, arrangement in the=0 plane of theP2/c  an example, the (LL): OL displacement describes trans-

cell magnetite structure, showing the four modes used to describeerse,(11) symmetry, displacements of oxygen that are per-

the displacements of the oxygen atoms from the positions in th@pendicular to the chain direction.

high-temperature, cubic spinel structure. The amplitudes of the L and T displacement modes along
c are, respectively, plotted in Figs. 10 and 11. TH@)lare

parallel toc, or transverséT), perpendicular t@. The trans-  the largest longitudinal displacements, and bothArend B

verse displacements may be parallél or perpendiculatL) ~ cation amplitudes are greater than that for oxygen. These and

to the chain direction. The displacements of the square of de L(1//) modes both have 001]. periodicity, whereas the

atoms surrounding & cation in each layer have been de- L(1L) and L(2) modes have a smdlD03 |. modulation. The
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0.08 vt T(O) I leads tq an alternation _of large and snﬁ(D4_ groups along
~0.07 L B~ T " i the chains, corresponding to charge ordering on every other
2 - ol site, whereas the(IL):OL describes an expansion of all the
< 006 P =S \\,\ _ BO, groups consistent with a uniform charge density. The
?, 0.05 / o]} 7] T(1//):0L and T1L):O// displacements correspond to
g 0.04 - Yy T A I \\ B volume-preserving deformations and twists. The longitudinal
& 0.03 / NG displacements that describe expansion or compression of the
& 002 -, \ . octahedra centered in tizglane are those that do not have a
8 0.01 f \ maximum or minimum ag, and therefore have differing dis-

0 b b b L placements at+ %.
@ Y 01 02 03 04 05 The refined displacements in Figs. 10 and 11 show how
the observed expansion and compress@irarge orderpat-
tern is decomposed into the various modes. The alternation

0.06 of large B(1) sites atz=0, 3, etc. with smallB(2) sites at
- z=1%, 3 etc. is described by the(TL):OL displacement of
S 0.04 amplitude 0.016 A and the(D):O (amplitude 0.019 Aand
< L(1//):0 (amplitude 0.016 A displacements. These define
£ 002 the[ 001], charge-density wave. TH&(3) andB(4) sites are
3 | in chains of alternating compressed and expanded octahedra
3 0 in each z=3, 2, etc. plane. This is described by the
.%_O 02 T(1//):0// displacements of 0.015 A, and the half amplitudes
o~ of the L(2):0 (0.014 A and the 1(11):0 (0.005 A displace-

-0.04 ments. These define tH€03 ], charge modulation.

(o) 0 The compression of thB(1a), B(1b), B(3), andB(4)
tetrahedron and the expansion of tBé2a), B(2b), B(3),
and B(4) tetrahedron are described by the half amplitude

0.03 (0.056 A of the L(0):B mode and the {1//):B// displace-

ment of 0.041 A, in which th&(3) andB(4) cations move

S 0.02 from their ideal positions. The oth&displacements such as
g the T(0) modes reflect volume-preserving distortions of the
= 0.01 tetrahedra that result from the competing distortions from the
2 B-B andB-O interactions.
-
[=%
5-0.01 V. CONCLUSIONS

-0.02 o b b L The structure of Fg, below the Verwey transition is

0 0.1 0.2 0.3 0.4 05

© 7 described to a good approximation by a monocliaj¢v2
X a /v2x2a, model with Pmca pseudosymmetry, as first
FIG. 11. Amplitudes of the transverse displaceméAtsof the ~ proposed by lizumeit al® This structure gives a good de-
A andB site Fe and the O atoms fo@z< 3: (a) the T(0), (b) the  scription of both x-ray and neutron powder-diffraction inten-
T(1//), and(c) the T(1L) mode. sities in the present refinement. The four octaheBsites in
our refined model are split into pairs of large and small sites,

1 o providing direct evidence for charge ordering. The magni-
transverse modes mostly ha@0; ] periodicities imposed tude of this splitting is small, and is equivalent to apparent

by the space-group symmetry. However, tH@/M: OL dis- | g charges of Pé* and F&%*, in keeping with the re-
placements have [€003 ], and a[000], mode, although the duced charge separation found in other charge disproportion-
amplitude of the latter is not significant. The three transversated transition-metal oxides. The charge order is described
B cation modes have large amplitudes of 0.05-0.07Aby a dominanf001], charge-density wave, and a secondary

whereas th¢003 ], and[001].O amplitudes are in the range [0035]. modulation in the phase of the charge order at half
0.01-0.06 A. the sites. Th¢ 001], distortion relieves a nesting instability
As discussed above, the electron localization below thet the Fermi level in the high-temperature cubic phase, and
Verwey transition in FgO, imposes expansion or compres- this appears to be the primary cause of the Verwey transition.
sion of FeQ octahedra driven by3-O interactions, and ex- The charge ordering does not obey the Anderson criterion.
pansion or compression of f@, cubes driven by th&-B The complex structural distortion at the Verwey transition
repulsions. Each octahedron is made up &Q@y group ina  results from several consequences of the charge localization.
given z plane with two more oxygens at+ 3. The in-plane  These are a macroscopic magnetostriction from the coupling
displacements that describe the expansion or compression of the Fé™ orbital moments with the magnetization axis, and
the octahedra are the(17/):Oll and T1L ):OL. The former  microscopic distortions from the charge order and a small
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orbital ordering at one of the Eé sites. Changes in the supercell containing 16 uniqu#sites are likely to be much
CoulombicB-B repulsions as a result of the charge orderingSmaller,~0.01 A.

compete with the changes BrO distances, leading to polar

deformations of two of the four octahedra. TBeB dis- We thank DrsA(I;KTt?t:Z :‘SEO?]GQQEQ KE and E. Dooryhee, A
tfamces are .not consistent \l/wth dimer form.at|on. The d'Stor'Fitch, and |. Pape at ESRF for assistance during data collec-
tions result i 001]c and[ 00; ] modulated displacements of tjon, and Professor J. M. Honig for providing the sample, as
all of the atoms with amplitudes up to 0.07 A. Additional well as advice and encouragement. Beam time was provided
displacements leading to @c symmetryv2a.xXv2a.x2a, by EPSRC.
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