Prolegomena to Magnetic Circular Dichroism in X-ray Absorption Spectroscopy

Christian Brouder Laboratoire de minéralogie cristallographie Universités Paris 6, Paris 7, Case 115, 4 Place Jussieu 75252 Paris Cedex05 and Jean-Paul Kappler IPCMS-GEMME, 23, rue du Loess, 67037 Strasbourg

19 décembre 2002

Résumé : This chapter gives an overview of the magnetic circular dichroism in x-ray absorption spectroscopy. After a historical introduction, we review the dependence of MCD as a function of temperature, external magnetic field, detection method, etc.

1 Introduction

This article is a short overview of the results concerning magnetic circular dichroism in x-ray absorption spectroscopy. The subject is now exploding, and the relevant literature is scattered in many journals, books and conference proceedings. More detailed introductory presentations can be found in Refs.[1, 2, 3, 4, 5, 6]. Furthermore, this review is restricted to x-ray absorption spectroscopy, although circular dichroism was observed in many other core spectroscopies (see Ref. [7] for a recent overview).

To give an idea of the present status of this subject, we can observe that a total of 1243 experimental spectra and 501 calculations were published (including publication multiplicity: the K-edge of iron was published 47 times). MCD was measured at 79 edges of 32 elements for a total of 451 different spectra.

We start with some historical details and the description of our convention. Then comes an experimental part, followed by some remarks on questions relevant to XMCD (detection method, quadrupole transitions, normalisation of experimental spectra, angular dependence, temperature dependence, field dependence). The theoretical aspects are developed in other chapters and will not be touched upon here. 1

1.1 History

The influence of magnetism on x-ray absorption spectra was very early sought for and experimentally investigated. To cite just a few examples, Chapman in 1913 [8], Forman in 1914 and 1916 [9, 10], Kurylenko in 1940 [11] tried to measure (with or without alleged success) the influence of the magnetic state of an iron foil on its absorption spectrum. The first serious approach to the problem was made by Bennett, Erskine and Stern [12, 13] who calculated MCD at the M_{23} edges of nickel using a band-structure formalism. Other people have considered the action of the magnetic state on XAFS. In 1980, Rothberg [14] discussed spin-dependent EXAFS, but the physical mechanism he describes is not clear. In 1983, Schütz and coll. [15] measured the “spin-dependent contribution to the photoabsorption in iron”, but their set-up was not sensitive enough to find an effect at the available energies. In 1984, Keller and Stern [16] measured magnetic absorption at the Gd L_3-edge of Gd_{18}Fe_{82} amorphous alloy. Although they claim to have a sensitivity of 0.2%, they failed to observe MCD (Kobayashi et al. [17, 18] observed a MCD effect with an intensity of 2% on a similar sample). In 1985, Thole and coll. [19] made an atomic calculation of linear magnetic dichroism at the M_5-edge of Dy. This effect was observed at the M_5-edge of Tb in Tb_3Fe_5O_{12} by van der Laan and coll. [20]. In 1986, Baryshevskii and coll. [21] calculated atomic paramagnetic XMCD, but they assumed to be far from the absorption edges, which makes their results doubtful. XMCD was finally observed for the first time by Schütz and coll. [22] in 1987.

1.2 Conventions

Various names were proposed to call MCD in the x-ray range. The Dutch group proposed magnetic x-ray dichroism (MXD) because x-ray dichroism was already used to describe angular effects in non-cubic crystals. The German group chose spin-dependent absorption spectroscopy (SPAS), then other names were used. Counting the number of publication using each name, we obtained the following list : XMCD (and variants, such as x-ray MCD) : 46, CMXD : 40, MCXD : 26, SPAS or SPASS (an acronym which is funny in German) 15, MXCD : 7, Magnetic XANES : 3, XCMD : 1. Recently, it appears that more and more authors choose to include this phenomenon into the general class of magnetic circular dichroism and use X-ray MCD or XMCD. We shall also use this last name.

Concerning the polarisation, two definitions are standard. We use the convention of optics [23], and call left-circularly polarised an x-ray with a polarisation vector ϵ̂^+ such that ϵ̂^+.r = −(x + iy)/ √ 2 for an x-ray propagating along Oz [24]. According to this convention, x-rays emitted from a bending magnet are left-circularly polarized when the charges (electrons or positrons) seem to turn left (counterclockwise) from the point of view of the sample [25]. Left-circularly polarised x-rays correspond to a +h̄ helicity (or photon “spin”). The opposite convention for left and right is used by particle physicists [26] and in many XMCD articles. Notice that the helicity convention is unambiguous.

A further source of confusion comes from the fact that, in some papers, initial and final states are inverted. This has the consequence of changing the sign of the dichroic effect. The correct formula for x-ray absorption cross-section is:

σ(ϵ̂) = 4π^2α_0h̄ω ∑ f |⟨f|ϵ̂.r|i⟩|^2δ(E_f − E_i − h̄ω) i.e. the initial state is on the right and the final state on the left. 2

As explained in detail in the next section, some confusion can also be observed in the convention used in experimental spectra.

In this article, we assume that circular dichroism is entirely of magnetic origin. Natural magnetic dichroism in the x-ray range was calculated to be very small [27, 28], although probably measurable at low energy (e.g. K-edge of carbon) with present day synchrotron radiation sources. Experimentally, the search for natural magnetic dichroism in a stereogenic Ti complex did not meet clear success [28].

2 Review of experimental results

There exists now quite a few beam lines over the world were XMCD experiments are possible. Experimental XMCD spectra are presented in various ways. The measurement is defined when the direction of the magnetic field with respect to the x-ray beam wavevector and the type of circularly polarisation are specified. Let σ^+(B) (σ^+(−B)) be the spectrum measured with positive helicity x-rays and with the external magnetic field parallel (antiparallel) to the x-ray beam direction. After some fluctuation, the convention used for experimental XMCD spectra is the difference between spectra for right minus left polarisations, when the magnetic field is along the x-ray wavevector (see Ref.[5] for details):

σ_{MCD} = σ^+(−B) − σ^+(B) = σ^+(−B) − σ^−(−B) = σ^−(B) − σ^−(−B) = σ^−(B) − σ^+(B).

These equations used the identity σ^+(B) = σ^−(−B), which means that one obtains the same spectrum when reversing the external magnetic field and the circular polarisation. This statement is proved in Appendix and was checked experimentally [29, 30, 31, 32, 33, 34]. However, some difference between the two methods were observed for TbNi_2Co_3 [35] because of the hysteresis properties of this compound.

When comparing experimental spectra, the reader should pay attention to the fact that the plotted spectra can be σ_{MCD}, σ_{MCD}/2 or σ_{MCD}/(σ^+ + σ^−), as well as to possible normalisation factors (degree of circular polarisation, “polarisation of the photoelectron”, incomplete saturation of magnetic moment, angle between magnetic moment and x-rays).

Most experiments were carried out on ferro- or ferri-magnetic materials, although some paramagnets, such as Ho_2O_3 [36], various forms of pyrococcus furiosus rubredoxin [37], ferredoxin [38], Cu(II) plastocyanin [39] and an Fe complex [40] were also measured.

The detection method is relevant because it is not clear when different detection methods give the same MCD spectra. For instance, it was shown that spectra obtained by fluorescence and transmission are different for nickel [41], sulfur [42], cobalt [43], dysprosium [44], manganese [45] and copper [46], and that MCD at the K-edge without spin-orbit coupling on the photoelectron is possible in fluorescence detection [47, 48] and not in absorption [49]. The role of Coster-Kronig transitions in fluorescence detection was stressed in Ref. [50]. The normalisation method is relevant because, in the hard x-ray range, Schütz’ team has presented MCD spectra as a ratio. This normalisation method, which was only scarcely followed, makes it difficult to compare with experimental spectra normalised differently. 3

2.1 The detection method

Various methods are used to measure XMCD.

2.1.1 Transmission mode detection

The most direct measurement of the absorption cross-section is through the detection of the photon flux before and after the sample. This is usually used in hard x-rays and sometimes also in soft x-rays. In principle, transmission is the most reliable detection method, although the strong absorption of soft x-rays makes it experimentally difficult at low energy. Its use, below 1000 eV, is only limited by the possibility to prepare transparent thin films : for example about 200Å thickness for Fe-L2,3 edges experiments. A few experiments were carried out, especially at the L2,3 of 3d metals [51, 52, 53, 54] and at the Ce-M4,5 edges [55] which give results very similar to sample current detection. This identity is due to the fact that, in the soft x-ray range, almost all the decay channels are non-radiative [43]. The major advantage of this technique is the insensitivity of the surface effects. The detectors used are either ionisation chambers in hard x-rays or sensitive photodiodes in soft x-rays.

2.1.2 Electron yield detection

The first quantitative analysis of Total Electron Yield (TEY), Gudat and Kuntz [56], demonstrates that the TEY is proportional to the absorption coefficient as long as the absorption length of the incoming photons is much larger than the average escape depth of the photoelectron. More recently, Stöhr [57] has proposed a simple model which takes into account all the various complicated electron scattering processes. It is demonstrated that the primary electrons generated inside the sample is given by h̄ωσ(ω)ML where M is material constant describing the conversion efficiency into low-energy electrons and L the effective electron escape depth, to first order independent of the photon energy and estimated to be about 50Åin the 300-1500eV energy range.

According to [29], sample current and total electron yield Y (ω) are not strictly proportional to the absorption cross-section, even when normalized to the incident photon flux. They use the approximate expression Y (ω) ∝ h̄ωσ(ω). Moreover, the probing depth of secondary electrons is estimated to be around 20Å[29, 58], which makes sample current and total electron yield strongly surface sensitive. Note that these two techniques were observed to give equivalent results for nickel [59]. Saturation effects must be taken into account when the sample is measured at glancing angles [60, 29, 61]. When these effects are properly considered, total yield and transmission detection seem to give the same spectra, although additional phenomena, such as spin-dependent electron mean free path [62, 63], could modify this conclusion. O’Brien and Tonner [29] have also tested the applicability of the dichroism sum rules to XMCD measured by TEY. It was observed by Vogel and coll. [59] that total electron yield and sample current detection give identical spectra. Partial electron yield might introduce further non-linearities because it selects a specific range of decay channels.

The TEY signal can be collected by :

- either a channeltron or spiraltron electron multiplier, which should be located near the sample and excluded the presence of static magnetic field , 4

- or by the measure of the sample drain current with the help of an electrometer (in the 10^{−12}A range). In this situation the sample must be electrically isolated (R_{sample} > TΩ), which requests low level DC measurement instruments. The theoretical limit of sensitivity is determined by the ideal noise generated by the resistance involved in the circuit and then need the choose of the best insulators. Sapphire is one of the best insulators with very little charges generated in when stressed mechanically. Its use is also recommended in the case of cooling sample. However its cost and the difficulty to machine and form restrict its use,

- or by collecting the photoelectrons from a high-voltage (around 200V) grids located near the sample.

2.1.3 Fluorescence detection

The fluorescence yield (FY) is especially useful in the investigation of dilute samples and thin layers; in these cases the FY signal is directly proportional to the absorption coefficient and not surface sensitive. For concentrated bulk samples the FY signal can exhibit strong non-linearities improperly called ”self absorption effects” [64]. The non proportionality is known for a long time (see [42, 65] and references therein) and was observed for XMCD at the L-edges of transition metals [66]. Moreover, strong saturation effect was observed at the L-edges of Fe [67]. That does not condemn this measurement technique because fluorescence detected spectra can be calculated [41], when the geometry of the detector (position with respect to the incident beam, accepting angle) is known. Saturation effects can also be estimated [67]. In the case of U-M_{4,5} the FY single lines observed can be corrected in a straightforward manner by comparison with the TEY spectra, considering the line intensity as a free adjusting parameter [68]. Gas proportional counters or Si photodiode detectors [69] can be used to detect the FY signal; mounted at different angles of view with respect to the sample surface, they permit to increase the solid angle of fluorescence photon collection and then to monitor the possible geometry dependent self absorption effects.

2.2 The normalisation of experimental spectra

As the XMCD signal results from a difference, the normalisation of the experimental spectra taken for two different polarisations or magnetic fields is a difficult problem. For metallic samples of transition metals one can normalise the spectra so that they match before and after the absorption edges. In the case of rare earths and transition metals, the background can be very small and this normalisation process is difficult to use. Moreover, the normalisation depends of the detection modes. For example, in the case of TEY in principle the magnetic field inversion does not introduce any asymmetry in the trajectory of the photoelectron, especially when this inversion results of a current inversion. However, non perfect symmetric positions of the beam and the sample lead to different efficiency factors of the sample current detector in function of the direction of the magnetic field. Then, the only possible correction corresponds to a normalisation coefficient between the two spectra. The knowledge of the isotropic absorption spectrum is of prime importance in XMCD analysis, especially for the sum rules application. This spectrum σ_0(ω) can be obtained by measuring: σ^+(ω) or σ^−(ω) at B=0, where σ^+(ω) (σ^−(ω)) are the absorption spectrum for left (right) circularly polarised x-rays; this is strictly true if remanent effects 5 are negligible, σ(ω) in linearly polarised light, on powder and polycrystalline sample, σ(ω) far away the T_C temperature, σ_0(ω) = [σ^+(ω) + σ^+(ω)]/2, in the case of d systems, as discussed in the following. Note that in the case of highly localised systems (4f) where the dichroic effect can be reasonably obtained by a local atomic model, this relation is not valid [70]. In some cases, the spectrum is identical when the sample is rotated around the magnetic field axis and the x-ray axis (e.g. when the sample is a powder or a polycrystal and the applied magnetic field is parallel to the x-rays). In this case, it can be shown that σ_0 = (σ^+ + σ^−)/2 [71]. This relation is valid also when the x-rays are elliptically polarised, as well as partly unpolarised. This relation between three spectra is a strong constraint that enables us to check that normalisation is correct. A possible difficulty in applying this formula comes from the fact that, when the slits opening is too large, the apparent resolution can be different in the orbit plane and out of it, for beging magnets or asymmetric wiggler. This is because the distribution of photon intensity out of the plane can act as an effective slit smaller than the real one. To avoid this effect one must work with slits such as the photon intensity does not vary much over the slit heighth.

2.3 Magnetic field

The choice of the magnetic field mode depends on the nature of the experiments. Measurements can be made either in remanence mode or with an applied external field. The first mode enables to use electron detection, concerns only a few cases of high remanent materials, as thin films of 3d metals. In the general cases the magnetic field is created by a current either in resistive coils ( 0.1T), in electromagnet ( 2T) or in superconducting coils ( 7T). For the most part, in the experimental set-up the direction of the applied field corresponds to the x-ray propagation direction. The experimental environment (UHV, low temperature, pressure) affects the choice of the magnetic field system. The ideal solution for the majority of experiments is to reverse the magnetic field at each photon energy step, but this imposes only a moderate magnetic field. As explained in [2], this procedure gets rid of constant measurement drifts and leads to signal to noise ratio better than 10^4 in transmission mode. In the sample current mode the application of an external magnetic field increases the measured current and then improves the signal to noise ratio.

2.4 External field dependence

The variation of XMCD with external magnetic field intensity has been measured in various ways. In the first method, an XMCD spectrum is measured for various applied fields. This was used for Ni(110) [59] and Fe/Gd multilayers [72, 73] and for intermetallic rare earth compounds [70]. In the second method, called “Element Specific Magnetic Hysteresis” (ESMH) by his inventors, x-ray absorption is measured at a fixed energy where MCD signal is strong, and the absorption coefficient as a function of the applied magnetic field is measured. It was used for Co/Cu/Fe [74, 51], for Ni(110) [59] and for Fe(001) [75]. In the third method, the monochromator is also set to a fixed energy, but a small oscillating magnetic field is used and magnetic susceptibility is measured by lockin detection. It was used for Co/Cu(100) [76], Ni/Cu(100) [77, 78], Co/Ni/Cu [78] and Gd/W [78]. No change in the MCD spectral shape with external magnetic field intensity was ever observed.

2.5 Angular dependence

Angular dependence of XMCD was investigated in the atomic model by Altarelli [79, 80]. In practice, there are two kinds of angular dependence for XMCD. Either the magnetic field is fixed with respect to the rotated sample, or the magnetic field is fixed with respect to the incident beam and only the sample rotates. In the first case, general arguments can be invoked to investigate the angular dependence. Writing σ = ∑ ϵ^∗_i ϵ_j σ_{ij} and assuming that the magnetic field is along a symmetry axis of order greater than 2 (taken as the z-axis) one obtains: σ = σ_{xx} iσ_{xy} 0 −iσ_{xy} σ_{xx} 0 0 0 σ_{zz} where all quantities are real, σ_{xx} and σ_{zz} are even functions of B and σ_{xy} is an odd function of B. Then σ^+ − σ^− = −2σ_{xy} cos θ (where θ is the angle between the x-ray and the magnetic field, i.e. the z-axis). It was shown in Ref.[81] that this cos θ angular dependence of XMCD spectra is true for all point groups except C_1 and C_i (it should be noticed that the invariance point group in question includes the magnetic field, so that one has a C_1 or C_i symmetry group when the magnetic field is not aligned with a symmetry axis of the sample). This first angular dependence was observed on Fe [29], Co [29, 61] and during the search for quadrupole transitions (see section 2.7).

The second angular dependence would measure the magnetic anisotropy of the sample. In M_{IV,V} of rare earths the shape of XMCD does not change with orientation (only its intensity). The same was found for octahedral molecular Ni [82]. This change of shape with magnetic field direction was investigated within the tight-binding approach for Nickel and found to be small [83].

2.6 Temperature dependence

An obvious dependence of XMCD on temperature comes from the temperature dependence of the magnetic moment. Assuming a proportionality between XMCD and some local magnetic moment, the shape of the spectrum does not change and its intensity is multiplied by a temperature dependent factor. This was observed in Nd/Fe multilayers [84, 2], Gd_3Fe_5O_{12} [85], CeFe_2 [86], Fe/Cu(001) [87], Ni/Cu(001) [88, 89], Co/Cu(001) [76], Fe_{73.6}Ni_{28.4} [90], HoCo_2 [91], Fe/Gd multilayers [72, 92], Fe/Ho multilayers [93], Ce(Fe_{0.8}Co_{0.2})_2 [86], Gd [94], in Er_2Fe_{14}B [95], in Nd_2Fe_{14}B [95, 96], in TbNi_5 [97], in Tb(Ni_{0.4}Co_{0.6})_5 [97].

However, it was also observed that the shape of XMCD spectra can change with temperature. In Fe_{72}Pt_{28} [98], this was attributed to a spin transition, in YbFe_2 [99] and ErFe_2 [100] this is due to quadrupole transitions.

The temperature dependence of XMCD was also calculated within the atomic multiplet approach in Ref.[101].

2.7 Quadrupole transitions

Carra and Altarelli pointed out that electric quadrupole transitions might be sizeable in the MCD L_{II,III} spectra of rare earths [102]. Further calculations confirmed the relevance of quadrupole transitions [103]. However, the angular dependence characteristic 7 of quadrupole transitions was not observed for a long time. Evidence for a quadrupole contribution was finally found in [104, 105], indirect evidence was found by Krisch et al. [106].

3 Appendix

In this appendix, we would like to give a proof of the frequently alleged statement that inverting the external magnetic field and the circular polarisation gives the same spectrum. This result is a consequence of the time reversal symmetry of the operators and states involved in the problem. A hand-waving argument runs as follows. A magnetic field can be considered as a rotating current. I know that my global system (sample, external magnetic field and x-ray source) is time-reversal symmetric. When reversing time, the current loop goes the other way round, which reverses the magnetic field, and the x-ray polarisation vector as well. Therefore, time-reversal inverts magnetic field and polarisation direction without changing the measured spectrum. This yields σ^+(B) = σ^−(−B) and σ^+(−B) = σ^−(B), which are the required relations.

A more formal argument runs as follows [71]. The total system Hamiltonian, including external magnetic field, is time reversal invariant. Therefore, if ψ(r; B) is an eigenstate of the system with external field B, then the time-reversed state ψ^′(r; B) = ψ^∗(r; −B) is again an eigenstate of the same system [107]. Writing:

σ(ϵ̂, B) = ∫ f^∗(B)ϵ̂.ri(B) ∫ f(B)ϵ̂^∗.ri^∗(−B)

and using the identity between eigenstates, we obtain

σ(ϵ̂, B) = ∫ f(−B)ϵ̂.ri^∗(−B) ∫ f^∗(−B)ϵ̂^∗.ri(B).

which yields :σ(ϵ̂, B) = σ(ϵ̂^∗, −B), the required relation. This reasoning was made in a non-relativistic framework, but can be carried out along the same line with Dirac spinors, using the time-reversal symmetry: ψ^′(r; B) = βψ^∗(r; −B).

Références

[1] G. Krill. In Proceedings of the Workshop Rayonnement synchrotron polarisé, électrons polarisés et magnétisme, pages 115–169, 1989.

[2] F. Baudelet, Ch. Brouder, E. Dartyge, A. Fontaine, Ch. Giorgetti, G. Krill, J.-P.

Kappler, and S. Pizzini. Magnetic Multilayers. World Scientific, 1994.

[3] F.M.F. de Groot. J. Electron Spectrosc. Relat. Phenom., 67(4):529–622, 1994.

[4] F. Sette. In Proceedings of the NATO Advanced Study Institute “New Directions in Research with Third-Generation Soft X-Ray Synchrotron Radiation Sources”, pages 251–79, 1994.

[5] J. Stöhr and Y. Wu. In Proceedings of the NATO Advanced Study Institute “New Directions in Research with Third-Generation Soft X-Ray Synchrotron Radiation Sources”, pages 221–50, 1994. 8

[6] H. Ebert. Circular magnetic x-ray dichroism in transition metal systems. In H. Ebert and G. Schütz, editors, Spin-Orbit Influenced Spectroscopies of Magnetic Solids, volume 466, pages 159–77, Berlin, 1996. Springer.

[7] B. Schmiedeskamp. Acta Phys. Polonica A, 86(5):675–93, 1994. [8] J.C. Chapman. Phil. Mag., 25:792–802, 1913. [9] A.H. Forman. Phys. Rev., 3:306–13, 1914. [10] A.H. Forman. Phys. Rev., 7:119–24, 1916. [11] C. Kurylenko. J. Physique Le Radium,???:133–45, 1940. [12] H.S. Bennet and E. A. Stern. Phys. Rev., 137:A448–61, 1965. [13] J.L. Erskine and E.A. Stern. Phys. Rev. B, 12(11):5016–24, 1975. [14] G.M. Rothberg. J. Magn. Magn. Mat., 15-18:323–4, 1980.

[15] G. Schütz, E. Zech, E. Hagn, and P. Kienle. Hyperfine Interaction, 16:1039–42, 1983.

[16] E. Keller and E.A. Stern. In Proceedings of the EXAFS and Near Edge Structure III Conference, 1984.

[17] K. Kobayashi, H. Maruyama, H. Maeda, and H. Yamazaki. Jpn. J. Appl. Phys., 32:311–3, 1993.

[18] K. Kobayashi, H. Maruyama, H. Yamazaki, Y. Watanabe, S. Nanao, and S. Ishio.

J. Magn. Magn. Mat., 140-144:283–4, 1995.

[19] B.T. Thole, G. van der Laan, and G.A. Sawatzky. Phys. Rev. Lett., 55:2086–8, 1985. [20] G. van der Laan, B.T. Thole, G.A. Sawatzky, J.B. Goedkoop, J.C. Fuggle, J.-M.

Esteva, R. Karnatak, J.P. Remeika, and H.A. Dabkowska. Phys. Rev. B, 34(9):6529– 31, 1986.

[21] V.G. Baryshevskii and S.A. Maksimenko. Opt. Spectrosc. (USSR), 61(5):606–8, 1986.

[22] G. Schütz, W. Wagner, W. Wilhelm, P. Kienle, R. Zeller, R. Frahm, and G. Materlik.

Phys. Rev. Lett., 58(7):737–40, 1987.

[23] M. Born and E. Wolf. Principles of Optics. Pergamon Press, Oxford, sixth edition, 1980.

[24] This mathematical description is safer than the physical one, where the x-ray goes into the eye of the observer, with a polarisation vector turning anticlockwise.

[25] F. de Bergevin, private communication.

[26] F. S. Crawford Jr. Waves, volume 3 of Berkeley Physics Course. Mc Graw-Hill, New York, 1995. 9

[27] L. Alagna, S. Di Fonzo, T. Prosperi, S. Turchini, P. Lazzaretti, M. Malagoli, R. Zanasi, C.R. Natoli, and P.J. Stephens. Chem. Phys. Lett., 223(5-6):402–10, 1994.

[28] J. Goulon. Jpn. J. Appl. Phys., 32:284–9, 1993.

[29] W.L. O’Brien and B.P. Tonner. Phys. Rev B, 50(17):12672–81, 1994.

[30] W.L. O’Brien and B.P. Tonner. Phys. Rev. B, 50(5):2963–9, 1994.

[31] C. Giles, C. Malgrange, J. Goulon, F. de Bergevin, Ch. Vettier, E. Dartyge, A. Fontaine, Ch. Giorgetti, and S. Pizzini. J. Appl. Cryst., 27:232–40, 1994.

[32] C. Giles, C. Malgrange, J. Goulon, F. de Bergevin, Ch. Vettier, A. Fontaine, E. Dartyge, and S. Pizzini. Nucl. Inst. and Meth. A, 349:622–5, 1994.

[33] C. Giles, C. Malgrange, J. Goulon, F. de Bergevin, Ch. Vettier, A.Fontaine, E. Dartyge, S. Pizzini, F. Baudelet, and A. Freund. Rev. Sci. Instr., 66(2):1549–53, 1995.

[34] J.G. Tobin, G.D. Waddill, D.P. Pappas, E. Tamura, P.A. Sterne, X. Guo, and S.Y.

Tong. J. Vac. Sci. Technol. A, 13(3):1534–8, 1995.

[35] C. Giles, C. Malgrange, J. Goulon, F. de Bergevin, Ch. Vettier, A.Fontaine, E. Dartyge, S. Pizzini, F. Baudelet, and A. Freund. Physica B, 208-209:784–6, 1995.

[36] Ph. Sainctavit, D. Lefebvre, M.-A. Arrio, Ch. Cartier, J.-P. Kappler, J.-Ph. Schillé, G. Krill, Ch. Brouder, and M. Verdaguer. Jpn. J. Appl. Phys., 32:295–8, 1993.

[37] C.Y. Ralston, J. Chen, G. Peng, S.J. George, J. van Elp, and S.P. Cramer. Physica B, 208-209:203–8, 1995.

[38] J. van Elp, G. Peng, Z.H. Zhou, S. Mukund, and M.W.W. Adams. Phys. Rev. B, 53(5):2523–7, 1996.

[39] S.J. George, J. van Elp, Jie Chen, Gang Peng, Sudipa Mitra-Kirtley, O.C. Mullins, and S.P. Cramer. In Proceedings of the International Conference on Synchrotron Radiation in Biosciences, pages 313–332, 1994.

[40] G. Peng, J. van Elp, H. Jang, L. Que Jr., W.H. Armstrong, and S.P. Cramer. J.

Am. Chem. Soc., 117:2515–9, 1995.

[41] F.M.F. de Groot, M.-A. Arrio, Ph. Sainctavit, Ch. Cartier, and C.T. Chen. Fluorescence yield detection: why it does not measure the x-ray absorption cross section. Solid State Commun., 92:991–5, 1994.

[42] F. Gel’mukhanov and H. Ågren. Polarization features of x-ray absorption spectra measured in the resonance inelastic x-ray scattering mode. Phys. Lett. A, 185:407– 11, 1994.

[43] L.-C. Duda, J. Stöhr, D.C. Mancini, A. Nilsson, N. Wassdahl, J. Nordgren, and M.G. Samant. Phys. Rev. B, 50(22):16758–61, 1994.

[44] S. Tanaka, K. Okada, and A. Kotani. Resonant x-ray emission spectroscopy in dy compounds. J. Phys. Soc. Jpn., 63(7):2780–7, 1994. 10

[45] F.M.F. de Groot, S. Pizzini, A. Fontaine, K. Hämäläinen, C.C. Kao, and J.B. Hastings. Phys. Rev. B, 51(2):1045–52, 1995.

[46] A. Hiraya, M. Watanabe, , and T.K. Sham. Electron and x-ray fluorescence yield measurements of the Cu L_{2,3}-edge x-ray absorption fine structures: A comparative study. Rev. Sci. Instrum., 66:1528–30, 1995.

[47] P. Rennert. Theoretical analysis of magnetic dichroism in the x-ray-resonance scattering of cubic systems at the k and l edges. Phys. Rev. B, 48(18):13559–68, 1993.

[48] A.V. Soldatov, I.E. Stekhin, A.P. Kovtun, and A. Bianconi. Spin-dependent mn x-ray absorption near-edge structure of mnf_2: full multiple-scattering analysis. J. Phys.: Condens. Matter, 6:9817–24, 1994.

[49] Ch. Brouder and M. Hikam. Phys. Rev. B, 43(5):3809–20, 1991.

[50] C.F. Hague, J.-M. Mariot, G.Y. Guo, K. Hrikovini, and G. Krill. Coster-kronig contributions to magnetic circular dichroism in the L_{2,3} x-ray fluorescence of iron. Phys. Rev. B, 51:1370–3, 1994.

[51] C.T. Chen, Y.U. Idzerda, C.-C. Kao, L.H. Tjeng, H.-J. Lin, and G. Meigs. J. Mater.

Sci. Engineer. B, 31:49–56, 1995.

[52] C.T. Chen, Y.U. Idzerda, H.-J. Lin, N.V. Smith, G. Meigs, E. Chaban, G.H. Ho, E. Pellegrin, and F. Sette. Phys. Rev. Lett., 75(1):152–5, 1995.

[53] F. Yubero, S. Turchini, F.C. Vicentin, J. Vogel, and M.Sacchi. Solid State Commun., 93(1):25–8, 1994.

[54] Y.U. Idzerda, C.T. Chen, H.-J. Lin, H. Tjeng, and G. Meigs. Physica B, 208- 209:746–50, 1995.

[55] M. Finazzi, F. de Groot, A.-M. Dias, B. Kierren, F. Bertran, Ph. Sainctavit, J.- P. Kappler, O. Schute, W. Felsch, and G. Krill. Direct evidence of the role of hybridization in the x-ray magnetic circular dichroism of α-Ce. Phys. Rev. Lett., 75(25):4654–7, 1995.

[56] W. Gudat and C. Kunz. Close similarity between photoelectric yield and photoabsorption spectra in the soft-x-ray range. Phys. Rev. Lett., 29(3):169–172, 1972.

[57] J. Stöhr. NEXAFS Spectroscopy, volume 25 of Springer Series in Surface Sciences.

Springer Verlag, Berlin, 1992.

[58] J. Vogel, M. Sacchi, F. Sirotti, and G. Rossi. Appl. Surf. Sci., 66(1-4):170–4, 1993.

[59] J. Vogel and M. Sacchi. Phys. Rev. B, 49(5):3230–4, 1994.

[60] J. Vogel and M. Sacchi. Experimental estimate of absorption length and total electron yield (tey) probing depth in dysprosium. J. Electron Spectrosc. Relat. Phenom., 67:181–8, 1994.

[61] J. H. Dunn, D. Arvanitis, M. Mårtensson, M. Tischer, F. May, M. Russo, and K. Baberschke. J. Phys.: Condens. Matter, 7:1111–9, 1994. 11

[62] Y. Lassailly, H.-J. Drouhin, A.J. van der Sluijs, G. Lampel, and C. Marlière. Spindependent transmission of low-energy electrons through ultrathin magnetic layers. Phys. Rev. B, 50(17):13054–7, 1994.

[63] J.C. Gröbli, D. Guarisco, S. Frank, and F. Meier. Spin-dependent transmission of polarized electrons through a ferromagnetic iron film. Phys. Rev. B, 51:2945–9, 1995.

[64] S. Eisebitt, T. Böske, J.-E. Rubensson, and W. Eberhardt. Determination of absorption coefficients for concentrated samples by fluorescence detection. Phys. Rev. B, 47(21):14103–9, 1993.

[65] F. Gel’mukhanov and H. Ågren. Structures of surfaces and amorphous samples obtained by exafs measurements in the x-ray raman-scattering mode. Phys. Rev. B, 50(15):11121–31, 1994.

[66] Y.U. Idzerda, C.T. Chen, S.-F. Cheng, W. Vavra, G.A. Prinz, G. Meigs, H.-J. Lin, and G.H. Ho. J. Appl. Phys., 76(10):6525–7, 1994.

[67] Y.U. Idzerda, C.T. Chen, H.-J. Lin, G. Meigs, G.H. Ho, and C.-C. Kao. Nucl. Inst.

Meth. A, 347(1-3):134–41, 1994.

[68] S.P. Collins, D. Laundy, C.C. Tang, and G. van der Laan. An investigation of uranium M_{4,5} edge magnetic x-ray circular dichroism in US. J. Phys.: Condensed Matt., 7(48):9325–41, 1995.

[69] C. Gauthier, G. Goujon, S. Feite, E. Moguiline, L. Braicovich, N.B. Brookes, and J. Goulon. Modulated detection of multibeam dichroism using photodiodes. Physica B, 208&209:232–4, 1995.

[70] J.-Ph. Schillé, J.-P. Kappler, Ph. Sainctavit, Ch. Cartier dit Moulin, Ch. Brouder, and G. Krill. Experimental and calculated magnetic dichroism in the Ho 3d x-ray absorption spectra of intermetallic HoCo_2. Phys. Rev. B, 48(13):9491–6, 1993.

[71] We thank Philippe Sainctavit for the help he provided us in the derivation of this formula.

[72] F. Itoh, M. Nakamura, and H. Sakurai. J. Magn. Magn. Mat., 126(1-3):361–3, 1993.

[73] F. Itoh, M. Nakamura, H. Sakurai, H. Kiriake, M. Nawate, S. Honda, and H. Kawata.

Jpn. J. Appl. Phys., 32:326–8, 1993.

[74] C.T. Chen, Y.U. Idzerda, H.-J. Lin, G. Meigs, A. Chaiken, G.A. Prinz, and G.H.

Ho. Phys. Rev. B, 48(1):642–5, 1993.

[75] V. Chakarian, Y.U. Idzerda, G. Meigs, E.E. Chaban, J.-H. Park, and C.T. Chen.

Appl. Phys. Lett., 66(24):3368–70, 1995.

[76] M. Tischer, D. Arvanitis, A. Aspelmeier, M. Russo, T. Lederer, and K. Baberschke.

J. Magn. Magn. Mat., 135:L1–6, 1994.

[77] M. Tischer, D. Arvanitis, A. Aspelmeier, M. Russo, F. May, J.H. Dunn, and K. Baberschke. Vacuum, 46:1211–4, 1995.

[78] A. Aspelmeier, M. Tischer, M. Farle, M. Russo, K. Baberschke, and D. Arvanitis.

J. Magn. Magn. Mat., 146:256–66, 1995.

[79] M. Altarelli and P. Carra. In Proceedings of the Ascona Workshop on Synchrotron Radiation : Selected Experiments in Condensed Matter Physics, pages 19–23, 1990.

[80] M. Altarelli. In Proceedings of the National School on Magnetic Properties of Matter, pages 341–349, 1991.

[81] G. van der Laan. J. Phys. Soc. Jpn., 63(6):2393–400, 1994.

[82] M.-A. Arrio, Ph. Sainctavit, Ch. Cartier, Ch. Brouder, T. Mallah, M. Verdaguer, Y. Journaux, and F.M.F. de Groot. In Compte-rendu des Journées Grand-Est, pages 23–7, 1994.

[83] N.V. Smith, C.T. Chen, F. Sette, and L.F. Mattheiss. Phys. Rev. B, 46(2):1023–32, 1992.

[84] F. Baudelet, E. Dartyge, A. Fontaine, Ch. Brouder, G. Krill, J.-P. Kappler, and M. Piecuch. Phys. Rev. B, 43(7):5857–66, 1991.

[85] G. Schütz, R. Frahm, R. Wienke, W. Wilhelm, W. Wagner, and P. Kienle. Rev.

Sci. Instr., 60(7):1661–5, 1989.

[86] Ch. Giorgetti, S. Pizzini, E. Dartyge, A. Fontaine, F. Baudelet, Ch. Brouder, Ph. Bauer, G. Krill, S. Miraglia, D. Fruchart, and J.-P. Kappler. Phys. Rev. B, 48(17):12732–42, 1993.

[87] J.G. Tobin, G.D. Waddill, and D.P. Pappas. Phys. Rev. Lett., 68(24):3642–5, 1992.

[88] L.H. Tjeng, Y.U. Idzerda, P. Rudolf, F. Sette, and C.T. Chen. J. Magn. Magn.

Mat., 109(2-3):288–92, 1992.

[89] M. Tischer, D. Arvanitis, T. Yokoyama, T. Lederer, L. Tröger, and K. Baberschke.

Surf. Sci., 307-309:1096–101, 1994.

[90] H. Sakurai, F. Itoh, H. Maruyama, A. Koizumi, K. Kobayashi, H. Yamazaki, and H. Kawata. Jpn. J. Appl. Phys., 32:329–31, 1993.

[91] G. Krill, J.-Ph. Schillé, Ph. Sainctavit, Ch. Brouder, Ch. Giorgetti, E. Dartyge, and J.-P. Kappler. Physica Scr., T49:295–301, 1993.

[92] F. Itoh, H. Sakurai, M. Nakamura, S. Takei, T. Shiraishi, and H. Oike. Research Report on Metallic Artificial Superlattice. 1994.

[93] T. Shiraishi, H. Sakurai, S. Takei, K. Hayama, H. Oike, and F. Itoh. In Proceedings of the 1st Magneto-Electronics Internation Symposium, 1994.

[94] E. Dartyge, A. Fontaine, F. Baudelet, Ch. Giorgetti, S. Pizzini, and H. Tolentino.

J. Phys. (Paris) I, 2(6):1233–55, 1992. 13

[95] J. Chaboy, A. Marcelli, L.M. García, J. Bartolomé, M. Kuz’min, H. Maruyama, K. Kobayashi, H. Kawata, and T. Iwazumi. Europhys. Lett., 28(2):135–41, 1994.

[96] J. Chaboy, A. Marcelli, L.M. García, J. Bartolomé, M. Kuz’min, H. Maruyama, K. Kobayashi, H. Kawata, and T. Iwazumi. J. Magn. Magn. Mat., 140-144:1051–2, 1995.

[97] R.-M. Galéra, S. Pizzini, J.A. Blanco, J.-P. Rueff, A. Fontaine, Ch. Giorgetti, F. Baudelet, E. Dartyge, and M.F. López. Phys. Rev. B, 51(22):15957–63, 1995.

[98] S. Stähler, M. Knülle, G. Schütz, P. Fischer, S. Welzel-Gerth, and B. Buchholz. J.

Appl. Phys., 73(10):6063–5, 1993.

[99] Ch. Giorgetti, E. Dartyge, S. Pizzini, A. Fontaine, F. Baudelet, Ch. Brouder, C. Meyer, and F. De Groot. Physica B, 208-209:777–8, 1995.

[100] E. Dartyge, F. Baudelet, Ch. Brouder, A. Fontaine, Ch. Giorgetti, J.-P. Kappler, G. Krill, M.F. Lopez, and S. Pizzini. Physica B, 208-209:751–4, 1995.

[101] J.B. Goedkoop, B.T. Thole, G. van der Laan, G.A. Sawatzky, F.M.F. de Groot, and J.C. Fuggle. Phys. Rev. B, 37(4):2086–93, 1988.

[102] P. Carra and M. Altarelli. Phys. Rev. Lett., 64(11):1286–8, 1990.

[103] J.C. Lang, Xindong Wang, V.P. Antropov, B.N. Harmon, A.I. Goldman, H. Wan, G.C. Hadjipanayis, and K.D. Finkelstein. Phys. Rev. B, 49(9):5993–8, 1994.

[104] J.C. Lang, G. Strajer, C. Detlefs, A.I. Goldman, H. König, Xindong Wang, B.N.

Harmon, and R.W. McCallum. Phys. Rev. Lett., 74(24):4935–8, 1995.

[105] Ch. Giorgetti, E. Dartyge, Ch. Brouder, F. Baudelet, C. Meyer, S. Pizzini, A. Fontaine, and R.-M. Galéra. Phys. Rev. Lett., 75(17):3186–9, 1995.

[106] M.H. Krisch, C.C. Kao, F. Sette, W.A. Caliebe, K. Hämäläinen, and J.B. Hastings.

Evidence for a quadrupolar excitation channel at the L_{III} edge of gadolinium by resonant inelastic x-ray scattering. Phys. Rev. Lett., 74:4931–4, 1995.

[107] L. Bányai and K. El Sayed. Time reversal and many-body non-equilibrium Green functions. Ann. Phys., 233(2):165–81, 1994.