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Electric quadrupole transitions are revealed through the angular degure 1

pendence of X-ray absorption spectra in a cubic crytal. Data coGrystal structure of pyrite. Iron atoms aredg site of multiplicity 4, oc-
lection was achieved at the irdt-edge in pyrite (Fe§ by using tahedrally coordinated to sulphur atoms. The octahedra are tilted from
the angular moment method developed for X-ray Natural Circuhe crystallographic gxis b_y about23rhe ori_entqtion of the wave vec-

lar Dichoism (XNCD) measurements. The natural linear dichroisrfP" k @nd the two orientations of the polarisation vectoieading to
(XNLD) was found to be around 0.5 % of the edge jump. Experi-maXlnnulrn dichroic signal, are represented.

mental results are compared with monelectronic and multilectronic

calculations. Calculations allow to quantitatively determine the pros . .
portion of quadrupolar transitions in the pre-edge structure and tl‘?e Experiment and data analysis

anisotropy is explained in terms of structural and electronic pararficcording to group theory, for a cubic crystal, the angular depen-
eters. dence of the X-ray absorption can be written as:

0 1
keywords : Electric quadrupole transitions, pyrite o(&,k) = o0+ (XK + 7k + sk — 5)‘71°
whereoy is the isotropic cross section aadis a purely quadrupo-
1. Introduction lar transition.é and k are the X-ray polarisation and wave unit
vectors respectively. As was noticed bydggret al. (1988), the

Electric quadrupole transitions in X-ray absorption spectra have,sximum variation may be obtained by turning the crystal around
become quite important in the past few years because of their largge [110] direction alined witk and by subtracting the absorption
contribution to X-ray Magnetic Circular Dichroism (Caredal,  gptained withe//[001] from the one obtained witk//[110]. The
1993). More recently X-ray Natural Circular Dichroism has beencrystal structure of pyrite and the orientation of the single crystal
measured in various gyrotropic crystals and has revealed interfej the X-ray beam are illustrated in Fig. 1.
ences between electric dipole and quadrupole transitions (Goulon The experimental data were collected at the ESRF beam
et al, 2000, and references therein). In this paper, we investigatg,e ID12-A, dedicated to polarisation dependent spectroscopies
experimentically r_;lrld theoretically an effect which is due to purely(Gou|on et al, 1998). The absorption is measured by eight pho-
quadrupole transitions : the angular dependence of X-ray absorgygiode fluorescence detectors symmetrically set around the X-ray
tion in a cubic crystal. wave vector. A natural single crystal of pyrite, from Minas Victoria,

Electric quadrupole transitions are simpler to measure in cubi¢ ogrofio (Spain) was oriented, then placed on a rotating holder and
crystals, because the electric dipole transitions are isotropic. Howurned around the [110] direction, parallel to the X-ray beam di-
ever the expected quadrupole dependence was not found for neitheiction. Angle 0 corresponds &#/[110]. The measurements were
bccFe, nor pyrite (Dageret al., 1988). More recently the situation not carried out at two angles but, at each energy, the fluorescence
changed and a quite strong anisotropy (2 %) was detected in singigtensity was measured by the eight detectors, for 121 angles from
crystals of NiO and FeO (Heumaenal,, 1997), by still measuring 0 to 360, by step of 3.
the absorption in transmission mode at two angles. For experiments carried out at tHeedge of transition metals in

For this study, we chose the case of pyrite for several reasonsingle crystals, it is necessary to be careful with the artefacts com-
Pyrite crystallises in the cubic system, space grBa®(T;?). Iron ing from the presence of diffraction peaks. Fig. 2 shows the inten-
sits in a slightly distorted octahedron of sulphur atoms (point grougsity recorded by the eight fluorescence detectors for 120 angles at a
Cs). In pyrite, iron is divalent and in low-spin states. Thus the t fixed energy. The diffraction peaks can come from a diffracted ray
orbitals of the metal are completely filled. Consequently, in pyritethat strikes a fluorescence detector or from diffraction that occurs
the quadrupole transitions involved at the ikredge are expected inside the crystal. The presence of diffraction peaks may have a
to be 5 — 3d-e5. From a theoretical point of view, because of the devastating effect on the measurements of absorption spectra. The
strong covalence of iron with sulphur, we expect that the irdn 3 fact that the data were collected at many angles makes possible to
orbitals are not too strongly localized and that a one-electron modeajet rid of these artefacts and to use a filtering algorithm based on
can work successfully and better than in transition metals oxides.the angular momentum method developed by Goeloal. (1999)
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to measure X-Ray Natural Circular Dichroism. The angular depensiné and co® components is strongly decreased, especially be-
dence of the intensity recorded by each detector is fitted as a sinlbw 7120 eV. In other words the eight detectors average out this
soidal function of the general form: dependence. It should be noticed that such a result could not be ob-
tained with multiple detectors not symmetrically set around the X-
f(#) = a+ bcosh + csiné + dcos D + esin 2, (1) ray beam. Concerning the quadrupole angular dependence, Fig. 3
) ) ) ) shows the coefficient of sin 29 is quite small. This is consistent
wheref is the rotation angle. In Eq.drepresents the isotropic part it the orientation of the single crystal such that [110] direction
of the signal, the dependence on éaand sirg describes the fact g along the X-ray beam and 10] corresponds t6 — 0. Conse-
that the rotation axis could be not perfectly alined with the X'rayquently the XNLD signal is given by coefficiedtof Eq.1. It con-
beam and the fact that the sample could be not perfectly homogg;sis in a single positive peak located in the pre-edge region and its
neous, and the dependence_ on_tﬁ)arm sin 2 should describe the intensity represents about 0.5 % of the edge jump (the XNLD and
angular dependence. The filtering algorithm operates as follows. 4he XANES are both plotted in Fig. 4).
naive fit to the data is carried out, giving a root mean square error
o. Then, each point in turn is selected from the experimental data
and a fit is obtained skipping point For each of these fits a root
mean square erraf; is calculated. The experimental point causing
the largest error is determined by choosigguch thaioi is the 0.003
smallest among thei. Then the ratio® is calculated. If the ratio

0.00

is greater than 0.95, then the data were considered correct. If theg 0.002
ratio is smaller than 0.95, then pointis removed from the ex- @
perimental data, and the process is started again. Once the filtering;:;’ 0.001

procedure is finished, the parameters of all detectors are summed

oe
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Energy dependence of the fit coefficients. The anisotropy of thé-Fe
edge in pyrite is given byd.
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Figure 3

3. Calculations

The calculation of the FE-XANES and XNLD in pyrite was per-
formed by using the real space non muffin-tin approach of the
FDMNES program (Jolyet al, 1999). This code calculates the
X-ray absorption cross section both in the electric dipolar and
guadrupolar approximation by using the Finite Difference Method
(FDM) to calculate the monoelectronic wave function in the final
state. The main advantage of this technique is that it does not re-
| | | quire any approximation on the shape of the potential, so the usual
0O 50 100 150 200 250 300 350 Mmuffin-tin approximation is avoided. In this study, the potential was
o constructed as follows. Within a 51 atom cluster (i.e= 5.34),
Angle 6 (°) a simple superposition of neutral atomic electronic densities was
made and the Poisson equation was then solved. To the Coulomb
Figure 2 potential so obtained, was added an exchange and correlation po-
Intensity of the fluorescence signal measyred by eight detectors fort@ntial of Hedin-Lundqvist type. The Z+1 approximation is used to
single energy at the iron K-edge in pyrite. The signal is given as a fungimulate the core-hole and screening effects.
tion of the sample holder rotation angle Both experimental (dashed line) and calculated (solid line) spec-
tra are displayed in Fig. 4. A good agreement is obtained for the
In our experimental data, the number of points suppressed bY}ANES. The XNLD although small is also correctly reproduced.
the filtering algorithm was most of the time between 0 and 10, withSince the FDM calculations allow to reproduce the anisotropy,
a maximum of 15. The fit coefficients are displayed as a functiorit is then possible to determine the isotropic part of the electric
of energy in Fig. 3. If the sample was perfectly homogeneous anduadrupole transitions. The total cross section, as shown in Fig. 4,
oriented towards the X-ray beam direction, the coefficibraadc is the sum of the electric dipole cross section and the electric
should be zero. Fig. 3 shows that through the addition of the siggquadrupole cross section, and both curves are plotted in the inset
nal received by all the fluorescence detectors, the intensity of thef Fig. 4, which a zoom to the pre-edge region is represented. The

Fluorescence intensity (arbit. units)
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isotropic electric quadrupole cross section is about 4 % of the pregeometry, one finds that the electric quadrupole dichroic signal is
edge intensity and 0.7 % of the edge jump. The pre-edge mainl$/2 times larger than the electric quadrupole isotropic signal. From
results from electric dipole transitions. the simple energy scheme where all the itgnorbitals are full
and thegy are empty the dichroism come from allowed transitions
when (e.r).(k.r)=3(x* — y*) (eg symmetry) and forbidden tran-
sitions when(e.r).(k.r)zﬁ(szr y2) (tzg sSymmetry). In order to
12— T T stick to the experiment, one needs to take into account the orienta-
. ——— Calc. 4 tion of the octahedron in the crystal as well as the multiplicity of
_____ . - the iron sites in the unit cell. When this is done, one finds that for
an octahedron with a tilt angle of 23angle between the four-fold
axis of the octahedron and tleaxis of the crystal) the dichroism
is strongly reduced by a factor ef 3 and the ratiarxnip/oiso IS
then equal to 0.8 in good agreement with both the experiment and
the monoelectronic calculations.

0.8

0.6/ 4. Conclusion

A linear dichroic signal has been measured in pyrite. Through mul-

_ tiplet calculations we have developed a simple model, that allows

B to separate the different contributions to the dichroic signal. The

origin of the effect lies as expected from the fact that iron in the

— low spin state has fully occupidgl levels and fully emptyey lev-

b els. The tilt of the iron octahedron respectively to the crystallo-

graphic axes of the crystals is responsible for a strong reduction
] of the dichroic signal. In a monoelectronic calculations, where the

i 4 70110 7113 7116 electronic structure of low spin iron, the tilt and the distortion of

.~ XNLD *100 i the iron octahedra are naturally included, one finds a nice agree-

g~ S T T T O Y S ment with experiment for the intensity as well as for the shape of
7110 7120 7130 7140 7150 the signal.
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