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EXAFS spectroscopic analysis of the Verwey transition in FO,.
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We present an extended x-ray absorption fine structure study at tkesfige of the local structural changes
in F&;0O, across the Verwey transition &t,~ 120 K. The local structure of the Fe@ctahedra is distorted
below Ty, and remains unaltered during the transition, the local distortions being already present in the
pseudocubic phase aboVg. The phonon modes responsible for the lattice distortion are those associated with
displacements of the octahedral Fe-Fe chains. We propose that the metal-insulator transition is then caused by
a change in the regime of the local distortions from a static regime at low temperatures to a dynamical one at
high temperatures, the lattice dynamics abdyebeing the origin for the electrical conductivity.
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I. INTRODUCTION ergy gap at the Fermi level, explaining the MIT. However,
the fact that if the charge disproportionations found in the
Metal-insulator transitiondMIT) are one of the most insulating phase are of an electronic origi@O) or deter-
characteristic features of the electronic conduction inmined by the structural distortions, is still disputed. On the
transition-metal oxide systemsThe large variety of pro- other hand, Motf adopting Verwey’s concept, suggested that
posed mechanisms leading to MIT makes difficult to fully magnetite can be better described as a Wigner glass above
establish an adequate theoretical framework to describe thefy, Where each electroripolaron or bipolarop is in an
propeﬂy? The Verwey transition in magnet|té:eso4) at Andel’son-localized state. Nearest'neighbor pOlaron hOppIng
aboutT,~ 120 K is one of the classical examples of a first- 1S then proposed as most likely mechanism for conduction.
order MIT in transition-metal oxides?® Fe,O, is thought to At T=Ty, the Wigner glass transforms discontinuously into a
be a half metal abov&, showing a record Curie temperature WIgner crystal. Despite this great number of models, there is
(Te) of 860 K. At T, the conductivity decreases abruptly by not a CO %atteﬁh ~"able to expll7a|n the measured physical
two orders of magnitude. This MIT is related to a lattice prqperUes’E Furthermorg, NMPR - and x-ray resonant scat
. . 9 : . iy tering experiment$1° disagree with the presence of CO for
d|stort|on_ of the high-temperature phase that is cufie T<T,. Moreover, recent electrical resistivity measurements
verse ;pmel structure;-d-3m s. g). The Iow-te.m.perature on magnetite under high presstftshow that the Verwey
phase is thought to be monoclini€c s. g), but it is note-  ansition is intrinsically a MIT and the ground state is me-
worthy that it has not been fully resolved yet.Verwey'®  ajlic at ~8 GPa, discarding a polaronic conduction.
described this transition as an order-disorder electronic tran- These results force us to reconsider the mechanism of
sition based on the cation distribution on the octahedral sitegonductivity in FgO,. The main clear fact at the Verwey
of the inverse spinel structure. The formal chemical formularansition is the existence of a structural phase transition. The
is Fe;’;3[Fe+3,Fe+2]BO4‘2, whereA andB refer to the tetrahe- crystal structure changes from cubic to at least monoclinic
dral and octahedral sites, respectively. The disordered stateith decreasing temperature. The unit cell is doubled along
above Ty is metallic due to the motion of the “extra’d3 the c direction due to small displacements of the atoms at
electrons, hopping between the octahedral sites. Bdlpw T,.”® This structural change is also accompanied by a sharp
these extra electrons become localized and a long-rangiscontinuity in several physical properties as the electrical
charge orderingCO) sets on theB sites in alternaté0021) resistivity, heat capacity, elastic constants or magnetization.
planes. It is also quite interesting that magnetite seems to maintain
A large amount of experimental and theoretical works hadocally this low-temperature structure even at temperatures
been devoted to the study of this electronic CO transitiorabove Ty. Neutrorf* and x-ray? diffuse scattering experi-
since the Verwey’s model was reported but no consensus hasents together with the entropy change at the trangitiare
been reached so far. Several models were proposed to egensistent with the existence of short-range correlations of
plain the “metallic” behavior abové&,, namely, a collective the low-temperature phase abolig Approaching the prob-
electron-band mod&*2 and a narrow polaron-band lem of the Verwey MIT from the structural point of view, we
model®® For example, Cullen and Call€nproposed a could suppose that the loss of symmetry in the unit @gu-
simple band model where interatomic Coulomb repulsion isling of the ¢ axis) is the responsible for opening an elec-
the only relevant interaction among electrons. This modetronic gap. In other words, the cubic symmetry abdve
predicts multiple-ordering states at the Verwey transition depermits a crossing of the bands and a finite density of states
pending on the ratio between interatomic Coulomb repulsiorat the Fermi level whereas beloW,, the broken symmetry
and bandwidth. Recently, the issue of CO has been exploregpens a gap. Accordingly, a band electronic model, as occurs
using band structure LDAW calculations in both cubié in a generalized Peierls transition, would be an adequate
and monoclinié® phases. They show the opening of an en-model. Photoemissidf?° and optical spectroscoffystudies
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are in agreement with the opening of a 140 meV gap below XANES spectra were normalized to the high part of the
Ty. However, they also report indications that short-rangespectrum(around 100 eV above the absorption edgker a
correlations exist just abovg, in the metallic phase. linear background subtractidA EXAFS spectrd (k)] were

Several theoretical approaches have been made to intasbtained by removing the smooth atomic absorption coeffi-
pret these results. The model of molecular polarons byient (ug) by means of a cubic spline fit. The structural
Yamadd’ is based on the electron-phonon coupling as Mott'sanalysis was performed in thespace fitting mode using the
model, but describes the Verwey transition as a cooperativEEFF 8.10 packag®. Theoretical amplitudes and phases
ordering of molecular polarons. They are composed of twavere calculated from the crystallographic data of®geand
extra electrons and a local displacement mode of oxygensinFe,O,. The model used to fit the A¢ edge data includes
within the fcc primitive cell. Se@t al?® also disagree with  single scattering paths up to 4 A, i.e., the first Fe-O and the
an electronic CO model but propose that the Verwey transisecond Fe—FeMn) coordination shells. It is noteworthy
tion arises from a bond dimerization of thegHens without  that a multisite-multishell analysis was performed in@g
charge separation. due to the presence of non-equivalent irAnand B sites.

In order to shed light on this phase transition, we presentwo distributions for the first oxygen coordination shell
a spectroscopic study of the Verwey transition inGgby  (Fe;-O and Fg-O) and three distributions for the second
using the extended x-ray absorption fine struciizgAFS) iron coordination shell(Fe;-Fes, Fey-Fey and Fa-Fey)
technique at the F& edge. EXAFS technique is ideally were then considered.
suited for determination of the dynamic local structure
around a specific absorbing atom due to the short interaction . RESULTS

time (~107'°s) of the photoabsorption process. EXAFS  Figure 1 shows the EXAFS spectra and the modulus of
spectra were measured up to 16'An the wave vectok  the Fourier transform for R®, and MnFgO, at the Fe
range with high signal-to-noise ratio in order to obtain reli- K-edge aff=60 K. The EXAFS spectra extend up to 16A
able structural data. Data from §& and MnFeO, samples  with high signal-to-noise ratio. The Fourier transfoffT)
were compared to ensure that the results for magnetite aigf the k-weighted EXAFS spectra was calculated between
statistically significant. However, EXAFS analysis of£g 3.0 and 16.0 A! using a Gaussian window and structural
remains complicated due to the presence of two nonfeatures are noticeable up to 6 A. We mainly observe two
equivalent(octahedral and tetrahedrde sites in the crystal features. One peak at about 1.4 A, corresponding to the first
structure. These two oxygen shells of neighbors must bgxygen coordination shell and two further peaks between 2
taken into account separately in order to make a reliablgnd 3.5 A mainly related to the nearestgFand Fa/Mnj,
analysis of the data. We found that the local structure aroungleighbors, respectively. The comparison betweeyDFand
the Fe atoms in magnetite is nearly the same above and bgtnFe,0, shows that the first Fe-O peak is less intense and
low the Verwey transition. This result indicates that the diS-more asymmetric for the former Compound_ Similar trend is
tortion of the low-temperature monoclinic phase is alreadyohserved for the second peak. The main difference between
present in the high-temperature cubic phase, suggesting thggth samples concerns to the Fe site distribution. M@gés
the electrical conductivity abov&, should be mediated by g normal spinel and Fe atoms mainly occupy the octahedral
electron-phonon coupled states. sites whereas R®, is an inverse spinel and Fe atoms oc-
cupy both, octahedral and tetrahedral sites. Therefore, the
differences observed in the EXAFS spectra and their respec-
Polycrystalline samples of k&, and MnFgO, were ob- tive FT are related to the interference effect between the two
tained from crushing a piece of the respective single-crystatontributions of the tetrahedral- and octahedral-site environ-
grown by floating zone method.The samples were charac- ments around the Fe atoms insBg that it is absent in
terized by x-ray diffraction and magnetization measurement$InFe,0,.
ensuring the right oxygen stoichiometry. Both samples are EXAFS spectra of F€®, and MnFgO, were measured at
single phase at room temperature with lattice parameters dixed temperatures from 60 K up to 250 K. The spectra at
8.396 A for FgO, and 8.499 A for MnFgD,, respectively.  temperatures above 60 K were also collected in a wide en-
X-ray absorption experiments were performed at theergy range up to 1 keM~16 A™Y) with similar spectral
beam line BM2%° of the European synchrotron radiation signal-to-noise. This high data quality is required to deter-
facility (ESRF, Grenoble, FrangeThe storage ring operates mine tiny changes in the structural parameters across the
at electron beam energy of 6 GeV with a maximum storechhase transition. The temperature evolution of the
current of about 200 mA. A fixed-exit @i11) double-crystal  k-weighted FT spectra of MnE®, and FgO, is reported in
monochromator was used, the estimated resolution beinBigs. 2a) and Zb), respectively. Both samples show a con-
AE/E~8X107° at Fe K edge. Harmonic rejection was ventional behavior for the second shell peaks, the peak
achieved by 50% detuning of the two crystals from the parheight decreases as the temperature increases. On the other
allel alignment. Absorption spectt&0 K<T=<250 K) were  hand, the intensity of the first oxygen shell peak is almost
recorded in the transmission mode using ionization chambersonstant for FgO, and it slightly decreases for Mnk@,. It
as detectors. Pellets were prepared by dilution with cellulosés noteworthy that a small discontinuity in the evolution of
and the amount of material was calculated to optimize thehe second peakFe;-Fe; bond distancesis observed in
expected signal-to-noise ratio. A Fe metal foil was simulta-Fe;,0, at the Verwey transition, as it is displayed in detail in
neously measured for energy calibration. the inset of Fig. &).

II. EXPERIMENTAL

155103-2



EXAFS SPECTROSCOPIC ANALYSIS OF THE VERWEY

PHYSICAL REVIEW B 71, 155103(2005

0.2 0.4 — —
: r / (a) MnFe204 ]
o
~ H 110K
= 0.3 130K .
é 0.1 L 190 K
E 250K
2 005} = I ]
w L = 02 f .
L E L ]
3 o
(]
-0.05( 0.1 |- ]
-0.1
(a) 0 ‘ bl !
0.4 0 1 2 3 4
C R (A)
0.35 [ 0.4
[ n T T T T T T T T T T T T T T T
L L 1.02 T T T T
03 F . . (b) Fe O,
[ g o8 ot 60K
0.25 ¢ I oo ey 85K
= t 3L Zomf 100K _|
& [ 0.3 = ZZ: . 110 K
E 0.2} 5 120K
B r = 09[ 130 K
0.15 | 08} 150 K
[ = 086 [ 190 K
: 6 02 - 0 5‘0 1(‘)0 I.‘i() Z(I)U 2.‘50 300 230 K 7
0.1F} E T(K)
0.05 |
0 L R 0.1
0 1 2 3 4 5 6
{b) R(A)
FIG. 1. (Upper panel EXAFS (x(k)) spectra at the F& edge 0 S
for Fe;04 and MnFgO, samples measured d=60 K. (Lower 0 1 ) 3 4
pane) Fourier transform modulugFT) of the experimentaky(k) R(A)

signal for these samples, without phase-shift corrections.
FIG. 2. (a) Fourier transform modulu§~T) of the k-weighted

The main results of the quantitative structural analysis fOEXAFS spectra of MnFg, at the FeK edge as a function of
the first and second coordination shells are summarized itemperaturg60 K=< T= 250 K). (b) Fourier transform modulus of
Tables | and Il, respectively. The overall reduction factg?r S the k-weighted EXAFS spectra of @, at the FeK-edge as a
was fixed to the value obtained for Mnfe, at low tempera-  function of temperaturg60 K<T=<250 K). Inset: Temperature
ture in such a way that the variables in the fit were the energgvolution of the maximum intensity of the fe-ez peak normal-
E,, the interatomic distances and their Debye-Wallew)  ized to the value aT=60 K for F&O,.
factors. For each sample, fits at different temperatures were
also performed with a fixed value ofBbtained from the fit lar tetrahedral environment around the,F#om, without a
at the lowest temperature, to make the comparison of theignificant spread of Fe-O distanc8sWe note here that
interatomic distances and DW factors as a function of temthere is a strong correlation of the crystallographic distortion
perature statistically significant. The validity of the analysisbetween Fg-O and Fg-O interatomic distances and the
is proved as the best-fit interatomic distances resulted in exralues of the respective DW factors. This introduces some
cellent agreement with crystallographic dé&t&We are able restrictions in the fit and can explain the large statistical er-
to distinguish two Fe- O distancésctahedral and tetrahedral rors found for the DW factors of the Fe-O distance for the
siteg in Fe;O, (Table ). The local structure around the tet- tetrahedral site.
rahedral Fg atoms remains unaltered in the whole tempera- In the following, we will discuss in detail the results ob-
ture range. However, a rather low value of the DW factor oftained for the local structure around the octahedrgldtem,
the Fg-O distance is obtained compared to the one of thavhere major changes are expected to occur at the Verwey
Fe;-O distance. This can be understood in terms of the regutransition. The temperature dependence of the average Fe
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TABLE |. Best-fit structural parameters of the first oxygen coordination shell of Mofand FgO, at
the FeK edge.N is the coordination numbeffixed), Reqp).0 and Rega).0 are the average interatomic
distances for the octahedrBland tetrahedrah site, respectively and? are the Debye-Waller factors. The
overall reduction factor § was fixed to 0.72 and numbers in parenthesis are statistical errors in the best
significant digit.

MnFe,O,

T RegB)-0 a?x 1073
(K) N A) (A?)

60 6 2.0193) 5.4(4)

85 6 2.0122) 5.4(4)

110 6 2.0183) 5.4(4)
130 6 2.0183) 5.5(4)
190 6 2.01%) 5.8(4)
250 6 2.01%) 6.34)
Fe;0,

T RreB)—0 o?x 1073 Reea)_0 o2x 103
(K) N2 A) (A?) N& A) (A?)
60 4 2.0625) 6.5(8) 1.34 1.8915) 2.1(10)
85 4 2.0625) 6.5(8) 1.34 1.8905) 2.0(10)
100 4 2.0625) 6.6(8) 1.34 1.8905) 2.2(10)
110 4 2.06%5) 6.7(8) 1.34 1.89%5) 2.0(10)
120 4 2.06%5) 6.6(8) 1.34 1.89%5) 2.1(10)
130 4 2.06%5) 6.4(8) 1.34 1.8915) 2.1(10)
150 4 2.06%5) 6.4(8) 1.34 1.8915) 2.2(10)
190 4 2.0645) 6.7(8) 1.34 1.8925) 2.1(10)
230 4 2.0645) 7.2(8) 1.34 1.89%5) 2.1(10)
250 4 2.0665) 7.58) 1.34 1.8945) 2.2(10)

aThe coordination numbers in the EXAFS analysis of@gare 4 instead of 6 for the octahedBbkite and
1.34 instead of 4 for the tetrahedvakite since EXAFS averages over all the Fe atoms in magnetite and only
two-thirds of the Fe atoms occupy octahedral sites, the remaining one-third occupies the tetrahedral ones.

-O interatomic distance and its DW factor for &g and  distances display a standard thermal evolution, becoming
MnFe,O, are compared in Fig.(8) and 3b), respectively. A lower as the temperature is lowered and the phonon vibration
larger value of the average g€ distance is obtained for decreases. The same can be deduced fowthef the Fg
Fe;0,. This increase is correlated to the decrease in the for=Fe, distance in FgO,. On the other hand, a slight anomaly
mal valence state of the octahedral Fe ion for this compoundn the ¢2(T) variation is observed at the phase transition for
namely, F&*° whereas it is F& for MnFe,0,. In both  he Fe-Fea; bonds in FgO,. Moreover, a rather larger? of
samples, the average &~© distance remains almost con- {hase Fg-Fe, distances is obtained for g8, than for

stant in the whole temperature range within the experimenta}[/m,:ezo4 in the whole temperature range, suggesting a larger
error. Therefore, no discontinuity is observed across the Ver,

e : Spread of such distances in the former compound.
wey transition in FgO,. The evolution of the DW factor of
the Fg-O distance o?(T), shows a tiny discontinuity af
for Fe;O, whereas MnF£O, displays the usual decrease as
the temperature decreases due to the smaller thermal motion Starting from the point that the Verwey MIT in magnetite
[Fig. 3(b)]. Figure 4 compares the relevant structural paramis strongly correlated to the structural phase transition, the
eters of the second coordination shell around FeFe;0, main task of this work was to explore the local structure
and MnFgO, obtained by EXAFS. The interatomidez;  around the octahedral Fatom above and beloW, and how
-Fes and Fg-Fe(Mn),] distances remain almost constant in it changes in the MIT. Let us begin with the low-temperature
the whole temperature range for both compounds although iasulating phase. The EXAFS data®t 60 K (Table |) give
small discontinuity is observed &k, for the Fg-Fg; dis- an average RgO distance of 2.062+0.005 A with an un-
tance in the case of @, [Fig. 4@)]. Figure 4b) shows the usually high DW factor of about 6.5+0:810% A2 This
temperature dependence of for both, Fg-Fe; and value agrees with the different crystallographic
Fes—Fe(Mn), bonds in FgO, and MnFgO,. For determination§® and it is bigger than the one obtained for
MnFe,0,, DW factors of either the ReFe; or Fes-Mn,  MnFe0, 2.019+0.003 A with a DW factor of about

IV. DISCUSSION
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TABLE II. Best-fit structural parameters of the second coordination shell of MbFand FgO, at the FeK edge.N is the coordination
number(fixed); Regp)-ra): ReeB)-mn: ReaB)-Fea), @NdRega)_rea) are the respective average interatomic distanceso@rate the Debye-
Waller factors. The overall reduction fact062$vas fixed to 0.72 and numbers in parenthesis are statistical errors in the best significant digit.

MnFe,O4

T ReeB)-FeB) 2% 1073 Ree(B)-Mn a?x 1073
(K) N A) (A?) N A) (A?)

60 6 3.0122) 3.33) 6 3.5344) 3.1(4)

85 6 3.01%2) 3.52) 6 3.5373) 3.54)

110 6 3.012) 3.503) 6 3.53%4) 3.505)

130 6 3.012) 3.73) 6 3.5354) 3.805)

190 6 3.01:) 4.303) 6 3.5365) 4.505)

250 6 3.01®3) 4.93) 6 3.5365) 5.4(6)
Fe0,

T N& ReeB)-FaB) o?x 1073 N2 ReeB)-FeA) o2x 1073 N& Rre(a)-Fe(A) 2% 1073
(K) A) (A?) (A) (A?) (A) (A?)
60 4 2.9825) 8.27) 8 3.4813) 4.44) 1.34 3.6363) 4.44)
85 4 2.9825) 8.27) 8 3.4813) 4.403) 1.34 3.6363) 4.43)
100 4 2.9875) 8.27) 8 3.4813) 4.6(3) 1.34 3.6363) 4.63)
110 4 2.9875) 8.27) 8 3.4813) 4.7(4) 1.34 3.6363) 4.7(4)
120 4 2.9876) 8.27) 8 3.4824) 4.94) 1.34 3.6374) 4.94)
130 4 2.9775) 7.8(7) 8 3.4823) 4.84) 1.34 3.6373) 4.8(4)
150 4 2.9775) 7.8(7) 8 3.4823) 5.2(4) 1.34 3.6313) 5.2(4)
190 4 2.9765) 8.0(7) 8 3.4823) 5.6(4) 1.34 3.6313) 5.6(4)
230 4 2.9775) 8.37) 8 3.4833) 6.2(5) 1.34 3.6383) 6.2(5)
250 4 2.9775) 8.7(7) 8 3.4833) 6.5(5) 1.34 3.6383) 6.505)

aThe coordination numbers in the EXAFS analysis of@gare calculated from the crystallographic ones on the basis that EXAFS averages
over all the Fe atoms in magnetite and only two-thirds of the Fe atoms occupy octahedral sites and the remaining one-third occupies the
tetrahedral ones.

5.4+0.4x 1072 A2, according to the distinct formal valence ous results support the presence of a pure mixed-valent oc-
state. The fact that few Mn atoms could replace Fe ones dahedral Fe in F®,, even belowT,.181°

the octahedral site in MnE®, would induce an apparent Upon heating, the first-order structural transition from the
increase of the DW factor. This could explain the high valuedistorted monoclinic phase at low temperatures to the room-
resulted for the DW factor of the EeO distance in temperature cubic phase occursTgtwhere the resistivity
MnFe,0O, despite a regular octahedral environment isabruptly decreases by two orders of magnitude. Our EXAFS
present. Furthermore, the® of the Fg-O distance is even analysis shows no significant variation in the local structure
higher for FgO,. This result can be understood due to thefor the FeQ octahedra above and beloW, (see Fig. 3,
expected higher distortion of the Fg@ctahedra in F&,. contrary to the expected behavior for the melting of the CO
We note here that MnE®, only has formal Fé" in a cubic  state. This means that the local distortions are already present
structure with a unique ReO distance, whereas §@, has in the pseudocubic phase abokgand change from dynamic
Fe; atoms in a mixed valence state distributed over at leadb static at the Verwey MIT. To check this result, we have
16 nonequivalent FeQlocal environment&® The absolute subtracted the EXAFS spectra at the different temperatures
value of ¢? in Fe;0, agrees well with the static distortion up to 250 K from the spectrum at=60 K. The FT of the
below Ty, determined by several crystallographic studids. k-weighted difference spectra were calculated between 3.5
Figure 5 shows the fit of the first-shell EXAFS signal of and 16 A* using a Gaussian window and they are displayed
Fe;0, at T=60 K, considering a unique EeO and a unique in Fig. 6. There is no peafout of the noise levelbetween 1
Fe,—O, distances for the octahedral and tetrahedral sitesgnd 2 A, which corresponds with the first coordination shell
respectively. The excellent agreement with the experimentadf 6 O atoms, confirming that the average kd@ral envi-
data prevents us the use of further contributions. Howeveronment remains unaltered through the transition. Moreover,
we attempted to simulate the experimental signal using twXANES spectra acros$y are alike. The maximum differ-
kinds of octahedrgnamely, Fé'Ogz and FE*Og with average  ence between the spectra at various temperatures crossing the
Fe-O distances of 2.160 and 2.025 A, respecti¥ehgsult-  transition is less than 0.2% of the total absorptisae Fig.

ing in a remarkably worse agreement. Therefore, the previ7). Accordingly, the local electronic and geometric structure
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FIG. 3. Temperature dependence (af interatomic Fg-Q dig- FIG. 4. Temperature dependence @ interatomic Fg-Fes
tance andb) Debye-Waller factor of the Fe-O bond distribution (squaresand Fg-Fe(Mn), (up-triangles distances anéb) Debye-
around the octahedral gatoms determined by EXAFS. Closed \yjjier factors of the second coordination shell around the octahe-
and open circles indicate data forf&g and MnFeO,, respectively. .4 Fe, atoms determined by EXAFS. Closed and open symbols

around the octahedral Fe atom barely changes across the V'er}(-j'cate data for g9, and MnFeO, samples, respectively.

wey MIT in Fe0,, in line with previous x-ray scattering the instability mainly concerns the octahedral Fe chains and
experimenté? However, differences are clearly detectable in phonon modes with displacements along these chains will
the Fourier transform of the difference spectra between 2.play an important role in the dynamics of this system.

and 3.5 A. We observe changes in both, the first peak- Based on the former discussion, we propose a new picture
tered near 2.97 Rcorresponding to the shell of 6 fFatoms  for the Verwey MIT. FgO, has a local distortion of the
and the second peafcentered near 3.5)Apredominantly  Fe;Og octahedra that it is dynamic aboVe. In other words,
arising from both, the 6 Fegatoms around the B sites and the the high-temperature structure is similar to the low tempera-
12 Fg atoms around the A sites. We observe that the intenture one but the lack of coherence in the dynamic local dis-
sity of the two peaks increases with increasing temperatureortions among the different unit cells, makes the average
as expected from the standard behavior of thermal vibrationsattice show a higher symmetry, namely, the cubidt-3m.

It is noteworthy that there is a discontinuity in the tempera-Below Ty, a long-range order of the local distortions is es-
ture range of 120—-130 K, crossifg,, giving direct signa- tablished giving rise to the monoclinic structure. The exis-
ture of the phase transition. This result suggests that the Vetence of this short-range structural ordering ab®dyés sup-

wey MIT in magnetite must be correlated with instability in ported by neutron and x-ray diffuse scattering
the local structure beyond the first oxygen coordination shellexperiment&-?? although we have shown that it does not
i.e. associated with the Fe-Fe second coordination shell. Thienply electronic CO. On the other hand, if the low-
structural analysis of the second coordination shell reveals atemperature local structure remains near unaltered crossing
anomalously high Debye-Waller factor for thegF€e; octa- Ty, we will expect to find at least more than one octahedral
hedral distance in R®, compared to MnF£, in the whole  and one tetrahedral Fe atoms in the cubic phase. However,
temperature ranggFig. 4b) and Table I]. This means that NMR346 and Mossbaué? experiments only observe two
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FIG. 5. First-shell Fourier filtered EXAFS sign@otted ling of rrrrTTe A
Fe;0, at the FeK edge aff=60 K (below Ty) compared to best-fit eo#~ s }?ggfg};{ 7
(solid line) obtained using only two Fe-O shells, one for the octa- B - 120K-110K 7
hedral and the other one for the tetrahedral Fe sites. 5 0002 - e 7
a 50K-130K
m »,
different Fe atoms abovg, (octahedral and tetrahedyahp- 8 0
parently contradicting this result. It is noteworthy that the §
characteristic time for these experiments~i407® s, longer @ 0:002
than for XAFS measurements-1071° s) so they cannot dis- A i 7
criminate fluctuations of the order of thermal vibrations. 0004 - . ‘ | . ‘ )
After discarding the order-disorder-type electronic CO 7“'0‘ B ‘;12‘0‘ - "713‘0‘ 0 ”714‘0‘ - "7150
model, it is still intriguing the conduction mechanism of Energy (¢V)

Fe;0,. Magnetite is an electrical insulator beldly, as the

rest of spinel ferrites. Why does it become conductor above FiG. 7. Upper panel: Normalized XANES spectra of;Bg at

Ty? According to our model, the Verwey transition is anthe FeK edge at temperatures closeTia Lower panel: A compari-
order-disorder-type structural phase transition where locadon of the differences between the XANES spectra at successive
distortions are dynamically disordered in the metallic phas@emperatures across this MIT transition.

(high-temperatune The insulating phaséow-temperatur ) . .
g P o 9 phasd P B results from the ordering of these local distortions by the

0,05 condensation of particular phonon modes. Then, the lattice
T T ] dynamics is responsible for the transport properties. In other
[ ] words, charge carriers are coupled to the phonon modes as-

ooal ?3?;20‘1 } 1 sociated with the stabilization of the local distortions in such
s -=-~ 110K-60K i 1 a way that the vibrational atomic motion determines the mo-

120K-60K li ‘3‘\ bility of these carriers. The opening of a gaplgtdue to the
130K- 60K softening of these phonon modes should then cause the in-

= 05 ¢ igggggﬁ ] sulating state below,. This conduction mechanism has al-
é o ;ggiggi ready been proposed to explain the electrical behavior of
= - ’ LaMnO; across the so-called orbital orderiidahn-Telley

G0z | transition atT;;~ 750 K36 LaMnQ; is an insulator below

T, and an abrupt drop in the electrical resistivity occurs at
T,7, the system becoming metalfi€.As in magnetite but
even much more evident, the Jahn-Teller¥ion is already
dynamically distorted aboveé;; fluctuating among the three
equivalent tetragonal configurations of the MnOctahe-
dron. BelowT;, these tetragonal distortions are periodically
ordered(static phasg The electronic orbital of the, elec-
tron couples to the three possible distortions giving rise to
FIG. 6. Fourier transform modulus of the difference obtained bythree degenerate vibronic states. The electron thermally ex-
subtracting thek-weighted EXAFS spectra of 8, at the FeK  cited jumps between these state§ atT;rand is localized in
edge taken at fixed temperatures from 85 K up to 250 K from thean ordered state beloW;; due to the ordering of the local
spectrum aff =60 K. tetragonal distortions. Similar results were also obtained for

0.01 |
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the so-called CO manganit&sThese samples show a dy- sulating phase due to the formation of bond dimerization of
namical distorted octahedron around the Mn atoms in thewo Fe; ions through a Peierls lattice distortion beldiy.
paramagnetic(high-temperature phase. Upon decreasing This model provides a nice mechanism for the appearing of
temperature, the distortion is frozen giving rise to the so-an insulating state in magnetite. However, it cannot be con-
called charge-ordered phase. A discontinuity of the electricadidered as a general solution because there are no experimen-
conductivity is observed at this phase transition that can bey| evidences of a lower symmetry than the cubic one for the
explained as arising from the change of the lattice dynamicsyigh-temperature phase, which directly contradicts the pre-

Obviously, the proposed conduction mechanism isyjciion of a ferro-orbital ordered metallic phaseTat Ty.
phonon-mediated but it cannot be considered as polaronic

either in terms of a narrow polaron-band mddedr in terms

of “large polarons” as in Yamada'’s molecular polaron V. CONCLUSION
model?’ It is more suitable to speak in terms of collective
electron-phonon coupled stat@sbronic statelin the sense In summary, we conclude that the local structure around

that the electrical conduction should be mediated by formaliFither the octahedral or tetrahedral Fe atoms in magnetite

“large polarons,” extending beyond an interatomic Fe-O disremains nearly unaltered crossing the Verwey transition. The

tance. The importance of the electron-lattice interactions offNase transition is caused by a change in the regime of the
the Verwey transition mechanism has already been noted pcal distortions from a static regime at low temperatures to
studying the heat capacity, neutron scattering and elastic coidynamical one at high temperatures, i.e., an order-disorder
stants on slightly doped and nonstoichiometric magnetit&tructural type. Phonon modes associated with displacements
(Ref. 39 and references contained thereinwas found that  of the octahedral Fe-Fe chains are responsible for the lattice
the character of the Verwey MIT changes from first to secondlistortion. We propose that the dynamics of the local distor-
or higher order with doping or oxygen nonstoichiometry, dis-tions aboveT,, are the origin of the electrical conductivity.
appearing beyond a critical composition. This result indicateginally, this kind of vibronic conductivity mechanism pro-
that a minimum correlation length is needed for the occurvides a new framework to understand the electronic conduc-
rence of the MIT and confirms that electronic localizationtion in other transition-metal oxides.

cannot occur at the atomic level as it has been previously

§tat_ed. A recent Woﬂﬁ_has also tried. to overcome the local- ACKNOWLEDGMENTS
ization on the atom, i.e., the CO picture, based on a strong
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Verwey transition can be considered as a transition from £ICyT MAT02-01221 project and DGA. We also acknowl-
ferro-orbital ordered metallic phase at-T, toward an in- edge the ESRF and BM29 beam line for granting beam time.

*Corresponding author. Email address: jgr@unizar.es Verwey and P. W. Haayman, Physi¢dmsterdam 8, 979
IN. Tsuda, K. Nasu, A. Yanase, and K. Siratdlectronic Con- (1941).
duction in OxidegSpringer, Berlin, 1990 113. R. Cullen and E. R. Callen, Phys. Rev.718397 (1973.
2M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phyg0, 1039  12Z. Zhang and S. Satpathy, Phys. Rev4B, 13 319(1991); V. .
(1998. Anisimov, |. S. Elfimov, N. Hamada, and K. Terakura, Phys.

3N.F. Mott, in Proceedings of the International Meeting on Mag- Rev. B 54, 4387 (1996; A. Yanase and N. Hamada, J. Phys.
netite and Other Materials Showing a Verwey Transition, Cam-  Soc. Jpn.68(5), 1607(1999.

bridge, 1979 (Philos. Mag. B42 (3) (1980, special issuk 137. Szotek, W. M. Temmerman, A. Svane, L. Petit, G. M. Stocks,
4J. M. Honig, inThe Metallic and Non-Metallic States of Matter and H. Winter, Phys. Rev. B8, 054415(2003; I. Leonov, A.
edited by P. P. Edwards and C. N. RéFaylor and Francis, N. Yaresko, V. N. Antonov, M. A. Korotin, and V. |. Anisimov,
London, 1985, p. 261 Phys. Rev. Lett.93, 146404(2004; H. T. Jeng, G. Y. Guo, and
5 N. F. Mott, Metal-Insulator Transitions2nd ed.(Taylor and D. J. Huang, Phys. Rev. Let@3, 156403(2004).
Francis, London, 1990 14M. Mizoguchi, J. Phys. Soc. Jp4, 1501(1978; J. Phys. Soc.

6V. A. M. Brabers,Progress in Spinel Ferrite Research in Hand- Jpn. 44, 1512(1978.
book of Magnetic Materialsedited by K. H. J. Buschow %J. Garcia and G. Subifas, J. Phys.: Condens. Mdt6rR145
(Elsevier Science B. V., Amsterdam, 19950l. 8, p. 189. (2004).

M. lizumi, T. F. Koetzle, G. Shirane, S. Chikazumi, M. Matsui, 16P. Novak, H. Stepankova, J. Englich, J. Kohout, and V. A. M.
and S. Todo, Acta Crystallogr., Sect. B: Struct. Crystallogr. Brabers, Phys. Rev. B1, 1256(2000.

Cryst. Chem.38, 2121(1982. 7M. Mizoguchi, J. Phys. Soc. Jp¥0, 2333(2007).
8J. M. Zuo, J. C. H. Spence, and W. Petuskey, Phys. Re¢2B  18J. Garcia, G. Subias, M. G. Proeitti, H. Renevier, Y. Joly, J. L.
8451(1990. Hodeau, J. Blasco, M. C. Sanchez, and J. F. Bérar, Phys. Rev.
9J. P. Wright, J. P. Attfield, and P. G. Radaelli, Phys. Rev. L&T. Lett. 85, 578 (2000; J. Garcia, G. Subias, M. G. Proeitti, J.
266401(2002; J. P. Wright, J. P. Attfield, and P. G. Radaelli, Blasco, H. Renevier, J. L. Hodeau, and Y. Joly, Phys. Re63B
Phys. Rev. B66, 214422(2002. 054110(2001).

10E, J. W. Verwey, NaturgLondon 144, 327 (1939; E. J. W.  19G. Subias, J. Garcia, J. Blasco, M. G. Proietti, H. Renevier, and

155103-8



EXAFS SPECTROSCOPIC ANALYSIS OF THE VERWEY PHYSICAL REVIEW B 71, 155103(2005

M. C. Sanchez, Phys. Rev. Le®3, 156408(2004). Application, Techniques of EXAFS, SEXAFS and XANE®RYy,
20S. Todo, N. Takeshita, T. Kanehara, T. Mori, and N. Mori, J.  New York, 1988.

Appl. Phys. 89(11), 7347(2001). 313.J. Rehr and R. C. Albers, Rev. Mod. Phy2, 621(2000; see
2LY. Fujii, G. Shirane, and Y. Yamada, Phys. Rev. B, 2036 http://FEFF.phys.washington.edu/

(1975; S. M. Shapiro, M. lizumi, and G. Shirane, Phys. Rev. B s2\te: EXAFS analysis of the first oxygen coordination shell of

14, 200(1976. . . -
22T, Toyoda, S. Sasaki, and M. Tanaka, Jpn. J. Appl. Phys., Part 1 %nFQo“ at the ZQK edge gives a similar .value 200
36, 2247(1997. =0.0024+0.0004 A at room temperature. It is noteworthy that

231 Matsui, S. Todo, and S. Chikazumi, J. Phys. Soc. }2(5), ZnFe0, is a normal spinel, as Mni®,, and Zn atoms occupy
1517(1977; S. Takai, Y. Akishige, H. Kawaji, T. Atake, and E. __ the tetrahedral sites. _
Sawaguchi, J. Chem. Thermody@6, 1259 (1994. 33R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,

24A. Chainani, T. Tokoya, T. Moritomo, T. Takahashi, and S. Todo, Theor. Gen. Crystallogr32, 751(1976.

Phys. Rev. B51, 17976(1995. 34N. N. Kovtum and A. A. Shamiakov, Solid State Commui8,

253, H. Park, L. H. Tjeng, J. W. Allen, P. Metcalf, and C. T. Chen,  1345(1973; K. Yanai, M. Mizoguchi, and S. lida, J. Phys. Soc.
Phys. Rev. B55, 12813(1997. Jpn. 50, 65 (1981).

263 K. Park, T. Ishikawa, and Y. Tokura, Phys. Rev.5B, 3717  >®*W. Kiinding and R. R. Hardrove, Solid State Commuf.223
(1998. (1969.

27y, Yamada, N. Wakabayashi, and R. M. Nicklow, Phys. Rev. B3¥M. C. Sanchez, G. Subias, J. Garcia, and J. Blasco, Phys. Rev.
21, 4642(1980. Lett. 90, 045503(2003.

284, Seo, M. Ogata, and H. Fukuyama, Phys. Rev6B 085107  37J.-S. Zhou and J. B. Goodenough, Phys. Rev6® R15002
(2002. (1999.

29A. Filipponi, M. Borowski, D.T. Bowron, S. Ansell, A. Di Cicco, 38G. Subias, J. Garcia, J. Blasco, M. C. Sanchez, and M. G. Proietti,
S. de Panfilis, and J.P. Itie, Rev. Sci. Instrurd, 2422(2000. J. Phys.: Condens. Mattelrd, 5017 (2002.

30D, C. Koningsberger and R. Prin;ray Absorption: Principles, 3°Z. Kakol and A. Koslowski, Solid State Sc®, 737 (2000.

155103-9



