related phenomena

Diffraction anomalous fine structure of Fe-O distance is very close to the Fe-O distance in the cubic
. . . structure, suggesting an absence of charge localisation. Recent NMR

forbidden Bragg reflections: Charge results (Novak eal., 2000) are in accordance with the monoclinic

localization and structure of the octahedral symmetry, more important, only one relaxation time was found for

iron on the B site thus suggesting that no charge localization occurs
below Tv. Magnetite was the first material in which a charge
ordering transition was proposed to explain the metal insulator
H. Renevier, *° Y. Joly, * J. Garcia, ° G. Subias,° M.G. phase transition. The classical mechanism to describe this transition
Proietti. *° J. L. Hodeau. ® J. Blasco. ° states that the distribution of octahedraf'Fend F&" ions changes

' ' ' from dynamical disorder to long range order by lowering the
temperature. Verwey stated that charge localization could manifest
with alternating F& and Fé" in the [001] direction leading to
superlattice reflections like the 002 (Verwey, 1939). Nevertheless,
this point has not yet been demonstrated. We report the observation
of the 002 and 006 forbidden reflections, below and above the
Verwey transition (125K), by means of X-ray resonant scattering at
the iron K-edge. Note that if the scattering is isotropic (Thomson
scattering), the 002 and 006 reflections are forbidden above Tv

Resonant X ray scattering has been used to investigate charg@cause of the d-glide plane of the spaceig=d3 m.
localization on the octahedral iron atoms in magnetite below and

above the Verwey temperature. We have measured the DAF2 Resonant scattering

spectra of the 002 and 006 “forbidden" Bragg reflections permitte%,[omiC

site in magnetite
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resonant scattering f'+if" (or atomic anomalous
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by the anisotropy of the iron anomalous scattering factor. We ] ) i .

performed ab initio calculations which are in fair agreement with theScattering) results from virtual multipole transitions when  the

experiment in the near edge region and demonstrate the sensitivif§coming x-ray beam energy is close to an abs9rpt|on threshold.

of the DAFS spectra to tiny structural and electronic changes. N&onsidering only the dipole and quadrupole terms :

change is observed, in the energy and azimuthal dependences, whén+if" = (hoo)2 X

the sample is cooled down below the Verwey temperature. Charge

ordering can be definitely excluded and different charge localisation <(,U W ¢ ><wf wg>

schemes discarded. Ab initio simulations, performed by using the

: . (€]

refined crystallographic structure proposed for the room temperatur hw-E¢ +Eq +i%

phase, do not show a good agreement with the experiment in the'd ] o

extended region of the DAFS spectrum. This point is beingWhere fand grepresent the final and initial (1s) states,

investigated. £o.ke,Es, ks the polarization and wave numbers of the incoming

Keywords: Diffraction Anomalous Fine Structure magnetite and ?HtQOIng xray tleafns' Expression (1) Showf tt]at— th—e dipole

charge ordering transition depends od,,€s and quadrupole one 0&g, ke, &g, K.
Thomson scattering (isotropic) only depends on the scattering vector

Q. Also important is the energy level of the initial statg. It is

1. Introduction

Mixed valence transition metal oxides exhibit many interesting
properties such as superconductivity, colossal magnetoresistan®ée!l known that atomic resonant scattering factbfs-if” are very

and metal insulator phase transitions. Generally, the description afensitive to charge localization because the 1s energy of the initial
the electronic state of these compounds is made on the basis of tbeate (E ) as well as the nearest neighbour distances, strongly

ionic model apq itimplies the spatial or temporal charge Iocalizatiqndepend on the charge localization in the 3d orbitals. For instance an
on the transition metal atoms (Goodenough, 1963). Magnet't?ncrease of the formal valence results in a shift of the resonant

gﬁ%“gézg%ﬁof%ﬁ1kr;<c;vzr,\‘l£?gf§2(8:)n}?t§§:|baengotrrl]seic?é'rggﬂs'\ltﬁilenergy toward high values due to the decrease of both the distances

. - ! and the 1s energy. Expression (1) also tells us that the symmetry of
{)rototypte of the |n\/t¢trse spltne”I' ferrlte.téBrtT]bers, b1'995). AL rO0Miy e |ocal environment may give rise to an anisotropy of the resonant
emperature magnetite crystallizes wi € cubic space grou%cattering (Anisotropy of the Tensor of Suceptibility, ATS). This
Fd3 m ; the tetrahedral A sites contain one third of the iron ions aphenomenon, known as the Templeton's effect was extensively
Fe* and the octahedral B sites contain the remaining Fe ions witlstudied (Templeton etl. 1980, Dmitrienko, 1983), it is responsible
equal numbers of Fé and Fé&" (Fleet, 1981). Below 851K for the appearance of forbidden reflections reported in this study. A
magnetite is ferrimagnetic with A sites moments aligned antiparalleDAFS experiment consists in measuring the scattered intensity
to the B-sites moments. Above the so-called Verwey temperaturgvhich is proportional to the modulus square of the structure factor,
(Tv=125K), both NMR and Mossbauer spectroscopies detect onlys function of energy (Crossadt, 2000).
one kind of iron cations on the B sites indicating that the charge
carriers are delocalised (note that the characteristic time of NMR iS. Experimental results
10%s). Below Tv, the crystal symmetry is lowered to monoclinic and
the electric conductivity drops by two order of magnitude.

Refinement of the crystal structure could be made only in th y the floating zone method using halogen lamps. The crystal was
orthorhombic system (Izumét al., 1982) and the very complex oriented and polished to obtain a flat clean (100) surface. The

crystallographic distortions are not yet fully understood. The.

. ) . .~incident beam was monochromatized by Si(111) double crystals.
distortions were described as the result of few phonon condensatlorllhe enerav resolution was about 0.5 eV. The incident polarization
Although the B iron local environment is slightly distorted the mean 9y ’ ’ P

vector was perpendicular to the diffraction plare iQcident

Experiments were performed at the beamline BM2-D2AM at the
SRF (Ferrer etl., 1998). A single crystal of magnetite was grown
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related phenomena

geometry) ands—o polarisation analysis of the scattered beam wasimprove the agreement with the experimental curve. Analysis of
performed using an MgO (222) crystal analyzer with a scatteringEXAFS data is underway for comparison. As can been seen in
angle of 45.811 ° at the iron K edge (7.112 keV). The energyigure 2 simulations agree quite well in the near edge region but not
dependence of the intensity of the 002 and 006 reflections, with thabove 100eV.

x-ray beam polarisation along the [110] direction, at 20 K and at
room temperature is shown in fig. 1 together with the fluorescence

100.0 T

spectrum. As it can be observed, the energy dependence of the 002
scattered intensity is the same for both temperatures. No detectable —— qrulation
intensity below the absorption edge was observed. Three main 100 \ — experiment ]
features can be distinguished on the spectra as a function of the \
energy : a) a resonance at the pre-edge peak energy of the 3 10 |
fluorescence spectrum corresponding to a virtual excitation-de- o
excitation through dipolar-quadrupolar channels at the tetrahedral '?5" o1 |
iron atom (A site) b) a strong resonance at the 1s-4p energy
transition, due to the anisotropy of the dipolar scattering factor of
the trigonal (-3m) octahedral iron atoms (B site) c) the extended part 00 ¥
above the edge that has the same origin as the main resonance ant
shows an oscillatory behaviour as a function of the energy. 0.0
-50 0 50 100 150 200
Energy (eV)
2.0
Figure 2
Full Multiple Scattering calculation with FDMNES of the 002 DAFS
15 [ spectrum. Only the dipolar contribution is shown.

gﬁ The crystallographic structure may be not exactly the correct one or

> 10 the simulation fails to reproduce the data that corresponds in this

@ region to a very tiny anisotropy difference. Investigation of that

E point is underway. The experimental curves were corrected for

o
3

absorption using an absorption spectrum of a powder recorded in
transmission mode. It should be noted that except at the edge, DAFS
oscillations at “forbidden” reflection are barely affected by self

0.0 R E absorption, even in the case of a bulk sample with a high
7.1 7.15 7.2 7.25 concentration of anomalous atoms, such as magnetite. As a matter of
Energy (keV) fact there is no contribution of the Thomson scattering to the

absorption effect and the relative absorption correction is small in

] the extended region. Inelastic losses were taken into account with
Figure 1 ) ) _the Sea and Dench formula and a 0.5eV core hole broadening was
Intensity versus photon energy of 002 and 006 forbidden reflections with th%sed The dependence of the experimental dipole contribution (a and
incident light polarization vector parallel to the [110] crystallographic ’ . . .
direction. The spectra have been recorded at 20K (dashed line) and rocth féatures on figure 1) as a function of the azimuthal aggle
temperature (solid line). The fluorescence spectrum is also shown (grafp!lows as a whole, the theoretical azimuthal dependence calculated
curve). The fluorescence background was subtracted but the spectra are myt assuming that all iron on the B sites have identical local
corrected for self-absorption environment and valence. In that case, the azimuthal dependence of
the 002 diffraction spectrum can be obtained as follow. Iron on the
B sites sits on a centre of inversion and a 3-fold axis. The dipole

Jable 1 tomic scattering fact be written in the crystallographic f
Multipole contributions of the two iron sites to the resonant scattering ?.omlc Scattering tactor can be written In the crystallographic frame
Site symmetry Dipole/Dipole Dipole/Quadr. Quadr./Quadr.
Oh (-3m) 1 0 cod(26) fox fxy fxyH Ho fxy OH
Th (-43m) 0 cos{(26) 0 f=0fy, fx fxyO and Fogp=16i0f, 0 OO, where F is

. - o iy Ty Ho o of
Table 1 shows the multipole contributions of the two iron sites to the Xy Xy XX U U
resonant scattering. The symmetry of the tetrahedral site being cubihe structure factor obtained by summing over the B sites. The
tnrzr?;ﬁ%ﬁ'd:EOIicion;ngﬂgggr:s ?;fg;cgfec:égmg:f dfgéi')?ueflfjhrgpmescattered intensity is proportional |!QF§e|2. For the 002 reflection
centrosymmetry of the octahedral site preclude a dipole-quadrupolghe same holds true for the 006) the intensity indbe and o-0
contribution. Simulation of the spect(a were performed using th&nannels are I&’,’zz|16fxy|2cosz(2w)sin2(9) and
program FDMNES (Joly, 1999) which takes into account the
polarisation and wave vector of the incoming and outgoing x-ray|gg2=|16fxy|zsin2(2w) respectively. From that point on, one can
beams, as well as charge localization and shift in energy due to
different oxidation states and site symmetry. The calculations werd€monstrate thatf,, =1/3(f, - f; where // andl refer to the
done using the crystallographic structure at room temperature with scattering in the trigonal axis frame. The anomalous scattering
valence a 2.5+ (3d) for all iron in the octahedral sites. Figure 2 factors can be written  f; 5 =Afjee@+ Xy o ) and
shows the best Full Multiple Scattering (FMS) calculation (Green's ’ ’
formalism) obtained with a cluster size of radius 3.5A, i.e. including
up to the third shell. Increasing the size of the cluster does not
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change in the relative intensities of the peaks. For a shift of 4eV, the

. 2 .
il = Bore(1+ Xiy,0) » this allows to expan{jfxy| overscattering  majn peak starts to split, leading also to the conclusion that a

paths in the extended region : random charge disproportionation at a given temperature, that would
AAZ + 0 lead to a chemical shift greater than 4eV, can be discarded.
2 - o ) Simulations also show that charge ordering along the [001] direction
|fxv| = (8f6re )B E can clearly be ruled out. In that case, the chemical shift would
Dz 28A- DA cos[2k(rr = 1p) + (Br ‘5r')]|] ; ' : :
e a change the spectrum not only in the near edge region but also in the

extended part. Moreover, in the near edge region, XANES spectra of
) - ) different cations as Beand F&" are quite different from each other,
resonant electronic transition alone,(rr ) the distances from the  |eading to a constant intensity that we did not observe.

central atom,0r (Jr ) the atomic phase shifte\A- = A, — A; and

I a scattering path.
Expression (2) shows that the oscillatory signal comes from theyve have shown that : a) thel08TS reflections are very sensitive
addition of cosine terms whose frequencies are twice the differencg tiny distortions, displacements and electronic changes at the B
between different coordination shells. Indeed, simulations show thadite b) no change of energy and azimuthal dependences is observed
barely any contribution is obtained in the extended part with onlywhen cooling down the sample below the Verwey temperature. One
one shell consisting of an oxygen octahedron slightly stretchedan definitely discard different charge localization schemes above
along the [111] direction (rhombohedral distortions). Expression (2)and below Tv. There is no evidence of charge ordering or random
charge localization at the octahedral sites. As a consequence, the
360 [T metal-insulator transition is likely produced by the crystallographic
] distortion rather than charge localization. Further simulations are in
300 m =t 0eV | progress to understand the pre-edge peak intensity change. On the

o F _iex ] other hand more work should be done to find the structural phase
. A — e

where Afge, is the contribution to the Fe scattering factor of the

4, Conclusion

transition that leaves the local structure of the B sites unchanged.
200 [
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diffraction intensity. As an example simulations of random charge

disproportionations obtained by averaging atomic scattering factors

with chemical shifts of 0, 2 and 4eV are shown on figure 3. A value
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