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X-ray Kerr rotation and ellipticity spectra at the 2 p edges of Fe, Co, and Ni
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We present resonantly enhanced longitudinal magneto-optical Kerr rotation and ellipticity spectra measured
across the @ absorption edges of amorphous Fe, Co, and Ni. The Kerr spectra are acquired by a complete
polarization analysis of linearly polarized synchrotron radiation upon reflection from the ferromagnetic films.
We observe large Kerr rotation angles of up#t@4°, more than two orders of magnitude larger than detected
in the visible energy range. Spectral contributions stemming from atomic transitions could be separated from
interference effects by simulations based on the optical constants, which have been determined through inde-
pendent experiments. For grazing incidence, we show theoretically and experimentally that the longitudinal
Kerr rotation and ellipticity spectra are related to transversal Kerr effect spectra and x-ray magnetic circular
dichroism reflection spectra, respectively.
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[. INTRODUCTION of left-, right circularly polarized light, or, equivalently, two
inverted magnetization directions with components parallel
X-ray magneto-optical spectroscopies such as the x-rato the lights’ wave vector of one helicity tyge.
magnetic circular dichroism(XMCD),*? the Faraday A practically uninvestigated magneto-optical phenomenon
effect®>* the magnetic linear dichroistiXMLD),> and the in the soft x-ray regime is the longitudinal magneto-optical
x-ray \Voigt effect are cutting-edge research methods for theKerr effect (L-MOKE), which is quite distinct from
investigation of magnetic properties. These spectroscopi€-MOKE. L-MOKE is characterized by the rotation of the
techniques enable, for example, element-selective investiggolarization plane and the appearance of elliptical polariza-
tions and imaging of magnetic domain structirésat are  tion when linearly polarized light is reflected from samples
not possible with visible light. Magneto-x-ray spectroscopiesthat have a magnetization component parallel or antiparallel
are, as a consequence, highly suitable tools for the investigde the propagation direction of the light. A longitudinal Kerr
tion of new and technologically important magnetic materi-measurement requires a full polarization analysis of the light
als such as magneto-resistive, spin-valve, and exchangefter its interaction with the material. The polarization analy-
biased material®. Among the available spectroscopies sis reveals information not only on the intensity, but addi-
resonant magnetic scattering and specular reflectometry dibnally on the phase of the lighit:® with these data the real
circularly and linearly polarized soft x rays>on single lay-  and imaginary part of the magneto-optical constant can com-
ers as well as on multilayefs *®have gained increasing im- pletely be determined, something that is not possible with a
portance since the resonantly enhanced cross sections at aRgle intensity measurement, such as T-MOKE or XMCD in
sorption edges lead to large magnetic responses which caaflection. In the visible range L-MOKE is a widely ex-
exceed those observed in XMCD absorption experiments ploited standard technique for the characterization of magne-
The large size of the dichroic effects observable in reflectioriism and for microscopy of magnetic domains. While
over a wide range of incident angles, as well as their sensik-MOKE is small in the visible range, having typically ro-
tivity to layer thickness and interface roughness, designateition angles of the order of 16 to 10" * degrees;’ %! siz-
these spectroscopies to be appropriate for the study aible effects are expected for the soft x-ray range due to the
element-specific magnetic depth profiles of magnetic films oresonant enhancement occurring at th@ 2dges of
multilayers?’ 3d-transition metals* or at the 31 edges of rare-earth ele-
At present two reflection-type spectroscopies are mostlynents. In spite of this promising feature no experimental soft
employed: the XMCD in reflection and the transversalx-ray L-MOKE spectra exist, which is due to the lack of
magneto-optical Kerr effe¢-MOKE).>*® For T-MOKE the  sensitive polarization detectors in this energy range. So far
reflectanceRt.- of linearly p-polarized light is measured for only one measurement of hysteresis loops at a fixed energy
two inverted magnetization directions each transversal to thand fixed grazing incidence angle was reported that showed
scattering plane. The magnetic signal is defined by the nosmall Kerr rotation angles up to 1.52.
malized differencéAr= (R, —Ry_)/(Rr; +Ry_). For the Here we present an experimental Kerr rotation and ellip-
XMCD in reflection the magnetic signal is given by ticity spectra measured at thg 2dges of Fe, Co, and Ni in
=(Rcy+—Rc_)/(Rei +Re_), whereR¢ is the reflectance L-MOKE geometry. We shall show that the Kerr spectra can
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be described quantitatively by simulations using a macro- 1

scopic light-propagation formalisthand independently de- 5~ 5 Act COS Im{r ps\/N?—ng/nor2d, (33
termined magneto-optical constants. This procedure allows

the separation of contributions stemming from magneto- 1

optical transitions and from interference effects. Further- ~_ , 2= nZ/nar2.1.

more, the relation between the L-MOKE spectra and simple °p 2AC+COS¢' 1T 7= N/ ppl (30
intensity T-MOKE and XMCD spectra is shown by analyti-

X ' . These are valid at grazing incidence where approximations
cal expressions and confirmed experimentally.

for small angles are applied. The relations reveal that the
Kerr rotation is proportional to the T-MOKE signal, which is
Il. THEORY obtained with an entirely different experimental technique.
) o . ) Analogously, the Kerr ellipticity can be related to the XMCD
To describe the longitudinal Kerr effect it is convenient {0, yefiection, which is obviously also measured in a different
decompose the incident linearly polarized light into equal-get.yp as well as with circularly polarized light. These rela-
amplitude left and right circularly polarized waves. The iions can be used to test the accuracy of L-MOKE spectra by
propagation of these waves in the material is governed by th@omparing to T-MOKE and XMCD reflection spectra ob-

complex magneto-optical constant®i.. =1-(5,=A0)  tained from independent measurements.
+i(B1xAB), where the subscripts= refer to parallel/

antiparallel orientation of photon helicity and sample magne-
tization. Heres; and 8, account for the nonmagnetic disper-
sion and absorption, respectively, while5 and A account The experiments were performed at the undulator beam-
for the respective magnetic contributions. The dichroic con{ines U49-1-PGM and UE56-1-PGM-1 of BES&Y.The
tribution can be expressed by the Voigt param&ewhich  spectral resolution at the p2 edges was roughlyE/AE
adopts for L-MOKE the fornQ=(n,—n_)/(nsin¢y), with  =2500. The degree of polarization was measured separately,
n=1/2(n. +n_) and ¢ is the complex angle of refraction giving P ;,>0.99 for the L- and T-MOKE measurements
measured with respect to the surface normal. Utilizing theand P;,.=0.9 for the XMCD reflection measuremeffs.
Fresnel reflection coefficientsss, rpp, andrps for s- or  \We used the BESSY ultra-high vacuum polarimeter
p-polarized light, incident under the anglg the expression chamber® which allows experiments with variable angle of

IIl. EXPERIMENT

for the longitudinal Kerr effect can be derivéd: incidence frome; =90° (grazing to 3° (near normal inci-
dence. Two magnetic coils supply variable magnetic fields
—ingnQ cosg; tang; between+/—500 Oe oriented in the sample’s plane, either

Ostiss=—Tps/Tss™ (n2—n2) cog ¢ — &y’ (1a parallel (longitudina) or perpendicular(transversg to the
0 e plane of incidence.

_ The linear polarization of the incident or the reflected
—ingnQ cos¢; tand, 1b beam was analyzed by rotating a W/Si reflection multilayer
(n?—n3) cos ¢+ )’ (1b) (150 periods of 1.12-nm thickness each, angle of incidence

set close to the Brewster anglaround the azimuthal angle
whered , is the rotation over which the polarization plane is 7. While the reflected intensity was monitored by a GaAs:P
tilted andss , is the Kerr ellipticity. The indices stand fer ~ diode. The analyzer can be moved in to the reflected beam
or p geometry, respectively. The influence of the cap layer o@Nd alignedn situwhich permits the polarization analysis to
of the vacuum enters by the index of refraction Since the € performed at any angle of incidence. Alternatively, for
optical contrast 12— n(z)) at the reflecting interface appears intensity measurements the reflected intensity was monitored
in the denominator, it can enlarge spectral structures, an ef?y moving a diode in to the beani situ exchange and
fect that is not observed in absorption measurements. removal_ of ;amples e.nables a.qug3|3|multaneously intensity

The longitudinal Kerr data and s, that are obtained by or polarization analysis of the |nC|d'ent and Qf the reercFed
polarization analysis, can be related to T-MOKE and reflecPeam. The samples used for reflection experlments conS|stgd
tion XMCD intensity-type measurements. We can use anal(—)f amorphous magnetron sputter deposited Fe, Co, or Ni
lytical expressions for T-MOKE and the XMCD in laYers of 30-n_m thlckness on Si wafers, capped with 3-nm Al
reflectior?®® to derive the following relations between the t© Prevent oxidation.
different dichroic quantities fos and p geometries, respec-
tively: IV. RESULTS AND DISCUSSION

Optie,=—rgplrpp~

In the following we outline first the experimental proce-
0s=Ar Re{cog ¢ — ¢y)/4 cos} dure and analysis in some detail for the case of Co. Results
_ 52 . for Fe and Ni are presented further below. In Fig. 1 the

Ar Re[no/4yn“—no+cosd; /4}, (23 polarization measurements for Co are shown. The photon
energy was set to 783 eV, just above the @g,2absorption

0p=At Re[COY ¢+ ¢)/4 COSh} edge where large effects are obserysde the ins¢t The
> normalized angular distribution of the incident beam as a
~Ar Re{ng/4n“—ng—cosé; 14}, (2b)  function of the analyzer angle shows a maximum intensity
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FIG. 1. (Color onllne_ Measurement procgdure _for the x-ray > of $—$H_y .Ir-ﬁ%.; 3 1
longitudinal magneto-optical Kerr effect. The intensity of the light S 3 f\ l; ‘T‘% 1
reflected from a Co sampléilled circles at an energy close to the 8 3 i ﬁffr
Co 2p absorption edgésee insgtand that of incident lightopen W 25 & L o4
circleg are recorded. The continuous lines result from least square 770 780 790 800
fits. Energy (eV)

FIG. 2. (Color online The reflectance and x-ray L-MOKE spec-
ra measured at thep?absorption edge of an amorphous Co sample.
op: reflectance spectruRs. Middle: longitudinal x-ray Kerr ro-

aty=0° and 180° corresponding to a horizontal polarization
plane. Since the i?cident radiation is known to be completel
lfl(;fr?(;h{[opg?giia( Rti]_e ;p r;?éﬁ'i%;@’g%?f él%jcneﬂyﬁirmls tat?on spectrum._Bottom: x-ray K(_arr ellipticity spgctrum. The filled
. L points are experimental data, while the open points result from cal-

reﬂeCta.nce meas“'femer.“s s or p-polarization geometry, . culations utilizing independently determined optical and magneto-
respectively. Afte;r |r!sert|ng th? Co sample at grazing InCI'optical refractive indicegsee Fig. 3. Error bars as indicated or
dence, the polar!zatlpn plane is rotated_&g/. The rotayon smaller than the symbols.
angle and the ellipticity of the reflected light are obtained by
a least-squares fit to the intensityl(y)=Ig[1 result from the interplay of three individual contributions,
+ P inPaCc0Os 2¢/+ 691, with the fit parametersg, P i, and  which we discuss here for the Kerr rotation spectrum. These
fs. Assuming fully polarized light the ellipticity is calcu- contributions are as follow$1) The large Kerr rotations val-
lated from the degree of linear polarizati®h;,, applying ues of up to 14°, that are found right above the,2 absorp-
sin(2e)=Pgire=+1— qun-zs After reflection, the circular tion edge and below thep3,, absorption edge, are induced
polarization increases tBc;,.=0.49, as shown by the de- by the magnetic contributionds and AB, entering by the
creased modulation depth of the analyzer spectrum. Severdpigt parameteiQ [see Eq.(1)]. This is demonstrated with
of suchy scans across the Cqp2dge were taken to deter- independently measured spectra of these magnetic parts of
mine the Kerr rotation and ellipticity spectra, which are the refractive indexsee Fig. 3, top TheseAs andAg spec-
shown together with the reflectance in Fig. 2. The reflectancéa were determined by resonant magnetic Bragg scattering
(top) is resonantly enhanced at thes, and 2, edges. Of circularly polarized light from a Co/C multilayerd(
Below the 23/, edge, a minimum appears due to destructive=4.1 nmP=100) employing a procedure described in Ref.
interference of rays, reflected from the top surface and th@6. These data are confirmed by results from Faraday mea-
interface between Co and the Si substrate. This interferencgirements on a 50-nm Co film according to a technique de-
structure is found to depend on the angle of incidefrmt  scribed in Ref. 3(2) Between the P edges the Kerr rotation
shown. The longitudinal Kerr rotation and ellipticity spectra displays a large maximum although the magnetic contribu-
are plotted in the middle and bottom panels, respectivelytionsAdandAg are small. Here the index of refractionof
The measured x-ray Kerr rotation and ellipticity data arethe material as well as the optical constagtof the non-
about two orders of magnitude larger than those observed fanagnetic top layer comes into play. The spectral shape is
Co in the visible rang&® A similar finding has been reported dominated by the denominatani— n2) [see Eq(1)], which
previously for soft x-ray Faraday experimeftdhis en- is close to zero between th@ 2dges. Indeed our experimen-
hancement of the x-ray magneto-optical effect is due to theally determined refractive indice®, and §; of Co are close
strong spin-orbit coupling present for thg Zore states in  to By and 5, of the Al cap layer(see Fig. 3, bottomnas taken
connection with the intensep23d excitations. We further ~from tabulated value¥. Such a large magneto-optical signal
note that our observed Kerr rotation values are one order dh between the edges is not observed in Faraday spectra,
magnitude larger than the only one existing measuremensince the expression for the Faraday effect does not contain
which showed rotations of up to 1.2, the denominatorr>—n3). A considerable enhancement of

The shape of the L-MOKE spectra can be analyzed tahe x-ray polar Kerr rotation between the edges was recently
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FIG. 3. (Color onling Optical and magneto-optical refractive Energy (6V)

indices determined across the Cp 2dges by Faraday measure-

ments and Bragg scattering. Top: the magnetic contributiohand FIG. 4. (Color online@ Comparison of x-ray L-MOKE spectra
Ap of Co. Bottom: the nonmagnetic refractive pajitand the ab-  ijth spectra obtained from reflectivity measurements. Top: the lon-
sorptive partg; of Co. The refractive and absorptive paisand  gijtudinal Kerr rotation and T-MOKE spectra across the Qo 2
Bo of the Al cap layer(Ref. 27 are shown by the dotted curves.  edges. Bottom: the Kerr ellipticity and XMCD reflection spectra.

celled out by the normalization according to the definition.

predicted byab initio calculations, which unambiguously This is also confirmed by our simulations, based on the op-
identified the denominator to be the origi8) The singular-  tical constants. The similarity of the longitudinal Kerr rota-
ity present at 778.5 eV is related to a third contribution. Attion and T-MOKE as well as that of the Kerr ellipticity and
this low energy no corresponding structure is found in theXMCD in reflection assure the accuracy of the measured
magneto-optical datas and A and neither ing; and§;  x-ray L-MOKE spectra. For grazing incidence the techni-
(see Fig. 3. Also, the denominaton(z—ng) cannot account cally more involved polarization measurement of the Kerr
for this singularity. This sharp peak turns out to be an inter£llipticity can be substituted by the simpler XMCD intensity
ference structure which is related to the interference minimeasurements, something that can be of practical impor-
mum in the reflection spectrum at 778.5 eV. An inverse proiance. The Kerr rotation is related to the T-MOKE spectrum,
portionality of the L-MOKE data and the reflectance however, the proportionality factor contains batrandng,
spectrum follows from Eq(1). which may introduce an energy dependence of the pre-factor.

In order to achieve a quantitative description of the Kerr  The results for F¢see Fig. $ are comparable to those of
spectra we have to take into account all three aboveCo. A similarity is observed for the reflectance as well as for
mentioned contributions. We developed therefore a computer
code, based on the formalism of Zak al?® for magnetic Tk e e s

layer systems. In Fig. 2 the results of these calculations are 1x102 - Fe % ¢, =80° |
shown, which were computed using the experimentally de- a2
termined optical constants plotted in Fig. 3. A quantitative x®

agreement with the experimental L-MOKE spectra is ob-
tained, even in the pre-edge region where interference effects |
are dominant. The reflectané¥, is reasonably reproduced. 0
With this tool a separation of spectral features induced by [
magneto-optically active atomic transitions and structural- 0.2
related interference effects is possible. I
According to our theoretical consideratiofsgs. (2) and < I
(3)] we expect a correlation between the longitudinal Kerr oo 0.0
rotation and the T-MOKE signal and between the Kerr ellip- I g
ticity and the XMCD reflection signal, respectively, for graz- - &
ing incidence. Indeed, this is experimentally observed as 2= J00
shown in Fig. 4. The intensity data are scaled by the angular
dependent prefactor. Both data sets show a good agreement

in the energy region at and between the étges. However, FIG. 5. (Color onling Top: reflectance across the Fe 2dge.
differences appear in the pre-edge region for the T-MOKEgottom: comparison of x-ray L-MOKE rotation spectra with
spectra where the singularity due to interference is missingr-MOKE spectra obtained from reflectivity measurements. The
Note, that Egs(2) and (3) do not take interference effects filled points are experimental data, while the open points result
into account. The absence of the sharp peak in the T-MOKErom calculations utilizing independently determined optical and
spectrum is well understood—the average reflectance is camagneto-optical refractive indicéRef. 26.
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the Kerr rotation. Both spectra are influenced by interference
which leads to a minimum in the reflectance accompanied by
an enhancement of the Kerr rotation near 706 eV. The agree-
ment of the T-MOKE spectrum, scaled with the angular de-
pendent prefactor, and the Kerr rotation spectrum is observed
also for Fe except near 706 eV. This spectral discrepancy is
explained by interference effects as discussed in detail above
for Co. We confirm this explanation by simulations using our
computer code. The used optical constants across thepFe 2
edge have been determined independently and are presented .
in detail in Ref. 26. Note that the Fe Kerr spectra have been T 0.0 ™™
measured irp-geometry. According to Eq1) a spectral de-
pendence similar to that obtained sSrgeometry is expected 0.2
for grazing incidence but with decreasing incidence angle
towards normal incidence the Kerr data will differ. For
p-polarized light a singularityi.e., a=90° Kerr rotation at Energy (eV)
the Brewster angle near 45° is expected while a smooth an- _ _
gular dependence is predicted fpolarized light. The ex- FIG. 6. (Color onling Top: reflectance across the No2dge for
perimental observation of this feature needs a polarizatiort1WO inverted transverse magnetization d|rect|oqs. Bottom: compari-
. L. -,,_son of the x-ray L-MOKE rotation spectrum with T-MOKE spec-
ar_1aIyS|s over the full angular range which is not y_et feaslbletrum obtained from reflectivity measurements.
Since the reflectance decreases nearly exponentially with the
incidence angle suffciently large signals could be recorded
only from 90° down to 80°. Thus, for future experiments the V. CONCLUSION
sensitivity of the polarization analyzer has to be improved.  gynerimental longitudinal Kerr spectra measured at the
The resglts for Ni measured at an angle of |pC|dence oﬁp absorption edges of Co, Fe, and Ni are presented, show-
83° (see Fig. 6 The top panel shows the reflection spectraing |arge values at and in between the respective edges.
for two inverted transverse magnetization directions whichgpectral contributions stemming from atomic transitions
are used for the determination of the T-MOKE signal. Nocould be separated from interference effects by numerical
interference minimum below the absorption edge is foundsimulations based on a macroscopic light-propagation for-
However a large reflectance peak is observed at §hg,2 malism, and using optical constants, which were determined
edge which may also be increased by positive interferencehrough independent experiments. Both experimentally and
The Kerr spectra have been recorded only near theg@yh2 theoretically we showed that at grazing incidence the longi-
edge, where a sufficiently high reflectance occurs. Above théudinal Kerr spectra are related to T-MOKE and reflection
edge the reflectance is considerably decreased. The polarizZdMCD spectra, obtained from simple reflectivity measure-
tion analysis could not be carried through above 864 eV witiments. These relations could be helpful if a polarization
sufficient accuracy for such low intensity. The Kerr rotation analysis of the reflected beam is not possible. These features
data differ considerably from that of Co and Fe. In particularmay be exploited for an element selective L-MOKE based
the pre-edge singularity is missing in the Kerr rotation specmicroscopy of magnetic domains with synchrotron radiation.
trum of Ni. This is well understood and can be explained by
the missing interference minimum in the reflectance spec-
trum. That this feature is not an artifact and that the The Samp|es were prepared by 0. Zaharko and H. Grim-
L-MOKE spectrum is trustworthy, is exemplified by the cor- mer, PSI-Villigen. The polarization detector has been de-
responding T-MOKE spectrum. A simulation of the Ni spec-signed by T. Noll, BESSY and the project was financed by
tra is not yet possible since the full set of optical constantshe German Federal Ministry for Education and Science
across the Ni p edge is not available. (BMBF, No. 05KS1IPB/8.

® o exp. ]

v 0.2 F
=)
'L [ —O0—A;"2.05 exp. ]

PRI [ T S R PR S S S R
860 870 880

ACKNOWLEDGMENTS

1C. T. Chen, Y. U. Idzerda, H.-J. Lin, N. V. Smith, G. Meigs, E. °S. S. Dhesi, G. van der Laan, E. Dudzik, and A. B. Shick, Phys.

Chaban, G. H. Ho, E. Pellegrin, and F. Sette, Phys. Rev. I&itt. Rev. Lett.87, 077201(2001).

152 (1995. 6H.-Ch. Mertins, P. M. Oppeneer, J. Kunes, A. Gaupp, D. Abram-
2J. B. Kortright and S. K. Kim, Phys. Rev. 82, 12 216(2000. sohn, and F. Scliers, Phys. Rev. Let87, 047401(2001).
3H.-Ch. Mertins, F. ScHars, X. Le Cann, A. Gaupp, and W. Gu- ’F. Nolting, A. Scholl, J. Stor, J. W. Seo, J. Fompeyrine, H. Sieg-

dat, Phys. Rev. B51, R874(2000. wart, J.-P. Locquet, S. Anders, J iing, E. E. Fullerton, M. F.
4J. Kunes, P. M. Oppeneer, H.-Ch. Mertins, F. Sela A. Gaupp, Toney, M. R. Scheinfein, and H. A. Padmore, Nat{rendon

W. Gudat, and P. Novak, Phys. Rev.68, 174417(200J. 405, 767 (2000.

064407-5



H.-Ch. MERTINSet al. PHYSICAL REVIEW B 69, 064407 (2004

8G. A. Prinz, Scienc®82, 1660(1998. Smith, and G. A. Prinz, Phys. Rev. Le@5, 373(1990.
9H.-Ch. Mertins, D. Abramsohn, A. Gaupp, F. Stéra, W. Gudat,  °C. Robinson, J. Opt. Soc. AnB3, 681 (1963.
0. Zaharko, H. Grimmer, and P. M. Oppeneer, Phys. Re&6B  2°J. M. Ballantyne, Phys. Rev. B4, 1352 (1964).

184404(2002. 213, Visnovsky, R. Krishnan, M. Nyvlt, V. Prosser, J. Magn. Soc.
103 Geissler, E. Goering, M. Justen, F. Weigand, G. &ghil Jpn.20, S1, 41(1996.

Langer, D. Schmitz, H. Maletta, and R. Mattheis, Phys. Rev. B%2J. B. Kortright, D. D. Awschalom, J. Sto, S. D. Bader, Y. U.

65, 020405(2001). Idzerda, S. S. P. Parkin, I. K. Schuller, and H.-C. Siegmann, J.

1. Seve, N. Jaouen, J. M. Tonnerre, D. Raoux, F. Bartolome, M. Magn. Magn. Mater207, 7 (1999.
Arend, W. Felsch, A. Rogalev, J. Goulon, C. Gautier, and J. F23P. M. Oppeneer, itlandbook of Magnetic Materialdited by K.
Berar, Phys. Rev. B0, 9662(1999. H. J. Buschow(Elsevier, Amsterdam, 200,1\ol. 13, pp. 229—
2p M. Oppeneer, H.-Ch. Mertins, D. Abramsohn, A. Gaupp, W.  422.
Gudat, J. Kunes, and C. M. Schneider, Phys. Re§78052401  2*M. R. Weiss, R. Follath, K. J. S. Sahwney, F. Senf, J. Bahrdt, W.

(2003. Frentrup, A. Gaupp, S. Sasaki, M. Scheer, H.-Ch. Mertins, D.
130. zaharko, P. M. Oppeneer, H. Grimmer, M. Horisberger, H.-Ch.  Abramsohn, F. Schiars, W. Kuch, and W. Mahler, Nucl. In-
Mertins, D. Abramsohn, F. Scfas, A. Bill, and H.-B. Braun, strum. Methods Phys. Res.467-8 449 (2001.
Phys. Rev. B66, 134406(2002. 25F. Schders, H.-Ch. Mertins, A. Gaupp, W. Gudat, M. Mertin, I.
141, Seve, J. M. Tonnerre, D. Raoux, J. Appl. Crystall@f, 700 Packe, F. Schmolla, S. Di Fonzo, G. Souyl\é Jark, R. Walker,
(1998. X. Le Cann, M. Eriksson, and R. Nyholm, Appl. Of38, 4074
15M. Sacchi, C. F. Hague, Surf. Rev. Le®. 811 (2002. (1999.
18M. Sacchi, C. F. Hague, L. Pasquali, A. Mirone, J.-M. Mariot, P. 2°H.-Ch. Mertins, O. Zaharko, A. Gaupp, F. Sééws, D. Abram-
Isberg, E. M. Gullikson, J. H. Underwood, Phys. Rev. L8tt, sohn, and H. Grimmer, J. Magn. Magn. Mat240, 451(2002.
1521(1998. 27| Henke, E. Gullikson, and J. C. Davis, http://www-cxro.lbl.gov/
A, Kazimirov, J. Zegenhagen, and M. Cardona, Scie?&2 930 optical_constants/asf.html
(1998. 283, Zak, E. R. Moog, C. Liu, and S. D. Bader, Phys. Rev®

18C. C. Kao, J. B. Hastings, E. D. Johnson, D. P. Siddons, G. C. 6423(1997).

064407-6



