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Resonant reflectivity from a Ni„110… crystal: Magnetic effects at the Ni 2p edges using linearly
and circularly polarized photons
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Alessandro Mirone
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We have measured the magnetization dependence of the resonant reflectivity at the 2p edges of Ni in a
Ni~110! single crystal. Experiments were performed using both circularly and linearly polarized photons. Large
magnetic effects on the reflectivity were observed in both experimental configurations over a wide angular
range. A simple model, using the absorption of elliptically polarized light as input, gives results in very good
agreement with our data as a whole. We also show that angular- and energy-dependent reflectivity at resonance
enhances fine spectroscopic signatures and increases the experimental information concerning the ground state
properties of magnetic materials.@S0163-1829~98!05013-9#
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I. INTRODUCTION

Resonant magnetic scattering of polarized x rays i
fairly new technique that is rapidly expanding and diversi
ing both in its applications and experimental approach1

First experiments were performed in the hard x-ray ran2

measuring the Bragg diffraction from crystalline samp
containing magnetic elements. Typical examples are the
earths~2p edges! and the actinides~3d edges!. Soon after,
large magnetic effects in the resonant reflectivity from Fe3,4

Co,5 and Ni ~Ref. 6! were observed for soft x rays~2p
edges!. At the price of losing structural information, resona
reflectivity has the advantage over Bragg diffraction of n
suffering from constraints on the lattice spacing. Thep
edges of 3d transition metals give very large magnetic e
fects in resonant scattering, but the corresponding wa
lengths would not allow, for instance, Bragg diffraction fro
metallic single crystals. Reflectivity also makes it possible
cover a wide set of interesting samples~e.g., amorphous ma
terials! that would not give suitable Bragg peaks. Recently
few examples of resonant Bragg diffraction studies in
soft x-ray region have been reported, where the samples w
magnetic multilayers containing 3d transition metals.7–9

In this paper we present the results of a series of reso
reflectivity experiments at the Ni 2p edges of Ni~110!, per-
formed using either elliptical or linear polarization of the
rays. Large magnetic effects have been observed in both
perimental conditions, with specific angular and polarizat
dependence. Resonant reflectivity curves have also been
culated by directly solving Maxwell’s equations for a diele
tric tensor constructed from the experimental absorpt
curves.

Finally our data give some new indication about t
ground state magnetic properties of Ni. This we will discu
in the last section.
570163-1829/98/57~14!/8408~8!/$15.00
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II. EXPERIMENTAL DETAILS

The experiment was carried out at the SA-8 beam line
the SuperACO storage ring in LURE~Orsay!, using the un-
focused radiation from a bending magnet and a double b
~101̄0! crystal monochromator giving a resolution of abo
300 meV at the Ni 2p edges. Entrance slits were used
select the vertical accepted angle: symmetric with respec
the orbit plane in the ring for linearly polarized photons a
below ~or above! the plane for elliptically polarized light
with positive~or negative! helicity. In the latter case, we se
the slits 0.5 mrad below plane, obtaining in the range of
2p edges of Ni a circular polarization rate of about 0.4 af
the monochromator. Two adjustable jaws delimited the ho
zontal size of the beam at the sample position in order
keep it about half the size of the projected sample surfac

The reflectivity measurements were performed in
ultrahigh-vacuum chamber already described in Ref. 10,
following the same cleaning procedures for the sample. T
Ni~110! crystal was mounted on a soft iron horseshoe m
net with the field applied along the@11̄1# direction in the
~110! plane. The crystal-magnet ensemble could be moun
with the@11̄1# direction either parallel or perpendicular to th
scattering plane, the former solution being used for the
cular polarization experiments, the latter for the linear pol
ization ones.

Low-angle reflectivity was measured using a linear dio
array ~each diode integrating over 0.1°! covering the 0°–5°
range inu ~grazing angle!. The reflectivity around 2u545°
was monitored using a series of microchannel plates an
resistive anode,11 forming a low-noise two-dimensiona
position-sensitive detector. The signal from the resistive
ode was integrated over an area corresponding to 0.3°.
tried to determine absolute values of the reflectivity at d
ferent angles by comparing the signal on anI 0 monitor ~0.8
mm Al foil ! with the reading of the diode receiving the dire
beam in the absence of the sample, and then keeping thI 0
8408 © 1998 The American Physical Society



hi
lu

e

m
e
re
n

ng

.

tic
ri-
pa
za
t
p-

t
o
e

he
x-

n
d

o
t o
e

ur
he
-

g

lid,
s-

in a

d at
-

on-

c

ht
ton

the
-
at
ed

de
at
s
he
for

57 8409RESONANT REFLECTIVITY FROM A Ni~110! . . .
monitor as a reference for the absolute incoming flux. T
procedure does not allow a precise determination of abso
values, but we obtained a set of data~from 0.5 reflectivity at
1° to 1–231025 at 22.5°! consistent with a mean surfac
roughness of about 4 Å for the Ni crystal.

In order to minimize spurious effects on the dichrois
the magnetization of the sample was reversed at each en
point by a 2 A current pulse in the electromagnet. Measu
ments were usually performed under remanence conditio

Together with reflectivity, i.e., using the same incomi
photon, we also measured the total electron yield~TEY!

from the sample. With adequate precautions,10,12 the TEY
provides information concerning the absorption spectrum

III. CALCULATION OF THE REFLECTIVITY

In order to simulate the reflectivity curves for magne
Ni, we first built the dielectric tensor starting from expe
mental absorption curves measured for parallel and anti
allel alignments of photon helicity and sample magneti
tion. The imaginary partk6 of the helicity-dependen
refractive indexn6 can be obtained directly from the absor
tion coefficient~k5ml/4p), while the real partn6 was ob-
tained from the Kramers-Kronig transformation ofk6. Hav-
ing definede6 as ~n6)2 and assuming that Ni does no
exhibit any linear dichroism~Ni has cubic structure and n
magnetic linear dichroism has been observ
experimentally13!, the dielectric tensore has the following
elements:

ey8z852ez8y852
i

2
~e12e2!,

ex8x85ey8y85ez8z85
1
2 ~e11e2!,

ex8z85ez8x85ex8y85ey8x850,

where x8 identifies the magnetization axis. To obtain t
reflectivity at the vacuum/nickel interface we solve Ma
well’s equations in the form

detUk0
2e2~kx

21kz
2!I 1S kx

2 0 kxkz

0 0 0

kxkz 0 kz
2
D U50, ~1!

where the coordinate system is defined byx, the intersection
between sample surface and scattering plane,y, normal to
the scattering plane, andz, normal to the sample surface. I
Eq. ~1!, I is the identity matrix,e the dielectric tensor define
above written in the~xyz! coordinate system,u is the grazing
angle,kx(5k0cosu) and kz are thex and z components of
the wave vector in nickel, andk0 is the modulus of the wave
vector in a vacuum. Equation~1! gives a polynomial of
fourth degree inkz , whose four roots can be split into tw
couples of solutions according to the sign of the real par
kz : positive for the two waves propagating in the negativz
direction ~into the nickel!, negative for the two along the
positive z direction ~towards vacuum!. The electromagnetic
field in the Ni is written as a linear combination of the fo
waves with coefficients determined by imposing at t
Ni/vacuum interface the condition of continuity of the com
s
te

,
rgy
-
s.

r-
-

d

f

ponents ofE and B parallel to the interface. Finally, the
reflectivity is obtained by imposing the condition of outgoin
waves in the substrate.

This description refers to the case of a semi-infinite so
a model that applies to the reflectivity from a thick Ni cry
tal. The same method has been developed and integrated
computer code for a general stacking of~magnetic! layers of
finite thickness along thez direction.

IV. RESULTS AND DISCUSSION

A. Refractive index at the 2p edges of Ni

Figure 1 shows the raw absorption spectra measure
the Ni 2p edges with elliptically polarized photons imping
ing at 22.5° with respect to the@11̄1# magnetization direction
of the sample. In this geometry, saturation effects were c
sidered negligible~less than 3% change in intensity at theL3
maximum betweenu522.5° and 90°). The x-ray magneti
circular dichroism~XMCD! spectrum~difference between
magnetization parallel and antiparallel to helicity! is also re-
ported. After correcting for the polarization rate of the lig
and for the misalignment between magnetization and pho
propagation directions~a factor of 2.7 in the difference!,
these spectra were scaled to the tabulated values14 for ab-
sorption at 800 and 920 eV and then used to construct
dielectric tensore for Ni according to the procedure de
scribed in Sec. III. All the calculated reflectivity curves th
we will show in the rest of the paper have been obtain
starting from these absorption data. The real partn of the

FIG. 1. Ni 2p absorption curves measured in the TEY mo
using elliptically polarized photons of negative helicity incident
22.5° with respect to the@11̄1# magnetization axis. Open square
and solid circles refer to opposite magnetization directions. T
difference curve has been multiplied by a factor of 2.7 to correct
the incomplete polarization of the light~degree of circular polariza-
tion of 0.4! and for the angle of incidence.
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8410 57MAURIZIO SACCHI AND ALESSANDRO MIRONE
complex refractive index across the Ni 2p edges as obtaine
from the Kramers-Kronig transformation is shown in Fig.
for parallel and antiparallel orientations of helicity and ma
netization. As mentioned in Sec. II, TEY spectra were
ways collected together with reflectivity, but due to the ve
grazing geometry, they are very difficult to exploit in ord
to construct the dielectric tensor, since they are affected
strong saturation10,12and by the reflectivity itself.15 To verify
our procedure for building the dielectric tensor, we a

FIG. 2. Real part of the refractive index obtained by Krame
Kronig transformation of the absorption curves~see Sec. IV A! for
the two magnetization-helicity orientations. The difference curve
reported in the bottom panel.
-
-

y

started from another set of TEY spectra collected atu510°.
In this case the saturation was large enough~about 15% at
theL3 maximum! to require corrections, but the final resul
agreed with the data reported in Figs. 1 and 2.

B. Reflectivity of elliptically polarized light

A comparison between experimental and calculated
flectivity of elliptically polarized photons is given in Fig. 3
for a scattering angle 2u of 4.6°. For these measurements t
geometry is such that the magnetization~@11̄1# direction in
the crystal surface! and the longer axis of the ellipse de
scribed by the electric vector of the light are both within t
scattering plane. The magnetization averaged experime
curve in Fig. 3~a! has been scaled to exactly match the c
culation and the same multiplying factor has been applied
the difference curve in Fig. 3~b!. The asymmetry ratio~dif-
ference divided by the sum! reported in Fig. 3~c! is obtained
directly from raw data after subtracting the dark current
the diode. This operation is rather delicate for determin
the asymmetry ratio close to the minimum of the reflectiv
curve. Figure 4 shows that, to the best of our corrections
the dark current, we systematically obtain at the reflectiv
minimum a smaller asymmetry ratio than calculated. It is n
clear to us at present whether to ascribe this discrepanc
experiment or to calculations.

Nevertheless we want to stress that the agreemen
rather good over the explored angular range, especially c
sidering that no free parameter is introduced either in
calculation or in deriving the experimental values of t
asymmetry ratio.

C. Reflectivity of linearly polarized light

We also measured the resonant reflectivity of linearly p
larized light, with the electric vector in the scattering pla

-

s

ports the
lculations
FIG. 3. Reflectivity of elliptically polarized photons from the Ni~110! crystal for a scattering angle 2u of 4.6°. The left panel shows the
magnetization-averaged percent reflectivity and the central panel its variation with the magnetic field direction. The right panel re
asymmetry ratio~in percent! defined as the difference divided by the sum. Squares are experimental data and dashed lines are ca
~see Sec. III!.
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FIG. 4. Experimental~squares! and calculated~lines! asymmetry ratio curves for elliptically polarized light and different scatter
angles.
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~p polarization! and the magnetization of the sample o
thogonal to it. This experimental geometry~characterized by
the three vectors of polarization in, polarization out, a
magnetization! has a defined handedness~left or right! that
depends on the sign of the magnetization~up or down!. Con-
sidering the resonant contribution to the scattering amplit
and following the formalism of Hannonet al.,16 the asym-
metry ratio in this configuration is given by

I ↑2I ↓

I ↑1I ↓
5

Im$a%sin~4u!

11Re$a%cos~4u!
, ~2!

wherea contains the oscillator strengths giving the abso
tion of circularly polarized photons as a function of the
helicity ~see also Refs. 17 and 18!. The relation between
dichroism in the reflectivity ofp-polarized light and in the
absorption of circularly polarized light is then well esta
lished.
e

-

Figure 5 shows the asymmetry ratio curves obtained
two different scattering angles, together with the correspo
ing calculations. As for circular polarization, the agreeme
is rather good, even if now the experimental input for t
model calculation has been obtained in a completely diff
ent geometry and, in particular, using photons of a differ
polarization state.

From Eq.~2!, the dichroism is expected to increase wi
the scattering angle and change sign when passing thro
2u590°, where it has to go to zero.17 The reflectivity and
asymmetry ratio obtained for 2u545° are shown in Fig. 6:
Even if affected by the small signal-to-noise ratio, our resu
agree fairly well with the corresponding calculations. Fittin
our data using Eq.~2! over the available angular range an
leavinga ~complex! as a free parameter, we could predic
maximum in the magnetic signal for 2u values around 70°–
80° degrees. Unfortunately, these scattering angles imp
further reduction of about two orders of magnitude in t
reflectivity, making the measurement unrealistic with our e
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FIG. 5. Experimental~squares! and calculated~lines! asymmetry ratio curves for linearly polarized light and different scattering angl
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perimental setup. Nonetheless, resonant magnetic reflect
using p-polarized light at high scattering angles represen
in our view, an important tool for a semiquantitave eleme
selective magnetometry if one disposes of high-intensity s
chrotron sources, since it can give very high relative m
netic effects. Figure 7 compares the results of three diffe
measurements, all performed atu522.5°: absorption~TEY!
and reflectivity of elliptically polarized photons~0.4 circular
polarization rate!, and reflectivity of linearlyp-polarized
photons. For each measurement, two spectra were colle
reversing the magnetization along the@11̄1# axis of the Ni
ity
s,
-
-
-
nt

ed,

crystal. The sums are reported in the left panel~they are all
normalized between 0 and 100! and the difference spectr
appear in the right panel. The difference in the absorpt
remains much smaller than in reflectivity even when norm
ized to a rate of 100% circular polarization. The differen
curves for the two reflectivity experiments are of compara
magnitude after polarization correction.

D. Abundance of structure in resonant reflectivity spectra

In this last section we will discuss, using Ni as an e
ample, how dichroism in reflectivity can help us understa
FIG. 6. Magnetization-averaged reflectivity~left! and asymmetry ratio~right! for linearly polarized light and 2u545°. Squares are
experimental data, and lines are calculations.
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FIG. 7. Comparison between the TEY and reflectivity measured with elliptically polarized light and reflectivity for linearly pol
light around the Ni 2p edges~left panel!. All curves are obtained for an angle of incidenceu522.5° and normalized to the same pe
intensity. The right panel compares the corresponding difference curves obtained upon reversal of the magnetization along@11̄1#
direction of the Ni crystal.
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the electronic and magnetic properties of materials and re
parametrized model calculations.

The absorption and circular dichroism spectra at thep
edges of metallic Ni have been extensively discussed in
past.19–25 Following the notation introduced in Ref. 20, th
2p3/2 absorption presents a main peak~located at 853.4 eV in
our case; see Fig. 1! followed by a weaker satelliteA about
6.3 eV higher in energy. The main feature of the XMC
spectrum more or less coincides in energy with the abs
tion peak~853.3 eV! while the satelliteB in the dichroism is
about 4 eV higher in energy and no magnetization dep
dence is observed in correspondence to satelliteA.10,20These
experimental results have been discussed both in terms
one electron approach21,24 and according to the Anderso
impurity model with configuration interaction.22,23 The latter
was capable of explaining the experimental results by de
ing the ground state of metallic nickel as an admixture
3d8, 3d9v and 3d10v2 configurations. Jo and Sawatzky22 and
van der Laan and Thole23 obtained different relative weight
of the d9 andd10 contributions in their calculations. In Re
22 a value of 65% for 3d9 was determined by compariso
with the experimental 2p absorption data.20 In Ref. 23, the
best agreement with the results of an ensemble of 2p and 3p
absorption and photoemission experiments was found u
a 3d9 weight of 49%. Moreover, van der Laan and Tho
indicated in their work that a non-negligible magnetic sign
should appear in correspondence to satelliteA, a feature that
was not observed experimentally.10,20

We believe that resonant reflectivity at the 2p edges of Ni
can supply further experimental information as far as
detailed modeling of the Ni ground state is concerned. T
presence of interference terms containing an angular de
dence makes the reflected intensity a very sensitive prob
the constituting transitions forming the 2p edges. Figure 8
shows the angular dependence of the XMCD curves in
e

e

p-

n-
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-
f

ng

l

e
e
n-
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flectivity for elliptically polarized photons. The curves a
normalized on an arbitrary scale in order to better comp
the line shapes. One can note in Fig. 8 the existence of a
of optimized angular range over which specific structures
emphasized. For instance, structureB of XMCD spectra in
absorption is usually no more than a shoulder to the m
peak, but in reflectivity and for grazing angles around 2°
can represent the strongest and sharpest peak of the di

FIG. 8. Magnetic part of the reflectivity of elliptically polarize
photons from the Ni~110! crystal as a function of the scatterin
angle 2u. The curves are arbitrarily scaled for a better comparis
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8414 57MAURIZIO SACCHI AND ALESSANDRO MIRONE
ism spectrum. On the other hand, the analysis of the m
netic effects in the pre-edge region~840–850 eV! which are
related to the magnetic part ofn ~see Fig. 2! can take advan-
tage of the angular range below 2°.

This behavior can be qualitatively understood rememb
ing that, given a certain grazing angleu, we can define a
critical valuenc of the real part of the index of refraction fo
having total external reflection. Sincen51 for vacuum,nc is
always lower than 1 and decreases withu. Around 2.3°, for
instance,nc is about 0.9992: According to Fig. 2 total exte
nal reflection in the region of theL3 edge of Ni can only
occur above 854 eV, i.e., above the absorption maxim
Hence at this angle the reflectivity will be relatively su
pressed below 854 eV and enhanced between 854 and
eV. The same qualitative argument holds for explaining
enhanced magnetic effects in the satellites energy re
over a certain angular range.

Between 2° and 3° we can indeed observe a slight m
netization dependence in the energy region correspondin
satelliteA of the absorption spectrum. Figure 9 compares
reflectivity and the corresponding dichroism curves for
u55.5°. Two remarks can be made:~i! At the same energy
as satellite B of XMCD spectra a shoulder in th
magnetization-averaged reflectivity is observed~see also Fig.
3!. In Refs. 21 and 24 the authors stated ‘‘It is provocat
that theB feature appears prominently in the MCD spectru
but is imperceptible in the total absorption spectrum.’’ O
data show that featureB does not appear in the absorptio
spectrum because it is too close to the intense main pea
suggested in Ref. 23, but it can be relatively enhanced
reflectivity by choosing an appropriate angle.~ii ! In the en-
ergy region of satelliteAwe can clearly identify a small pea
in the XMCD curve, as predicted by van der Laan and Th
in Ref. 23. It is located on the high-energy side ofA ~the
separation between the maxima is about 1 eV!, suggesting
that only part of the transitions constitutingA contributes to
the difference curve, i.e., shows a magnetization depende

FIG. 9. Sum and difference of the 2u55.5° reflectivity curves
for opposite magnetization directions along the@11̄1# axis. The en-
ergy range corresponds to theL3 ~2p3/2) edge of Ni. Vertical dotted
lines help to locate the magnetic satellites on the magnetizat
averaged spectrum.
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We believe that these observations, the latter in particu
introduce a new experimental input for model calculatio
that should motivate further theoretical investigation. It
rather straightforward, once a model has been develope
in Refs. 22 and 23, to calculate reflectivity curves in additi
to absorption, and a detailed comparison with experim
would certainly increase the understanding of the grou
state properties of nickel.

V. CONCLUSIONS

We have measured the specular reflectivity from
Ni~110! crystal over the photon energy range including t
2p edges of Ni. Magnetic effects on the resonant reflectiv
have been observed in two different geometries:~i! using
elliptically polarized photons and orienting the@11̄1# magne-
tization axis in the scattering plane and~ii ! using linearly
polarized photons with the electric vector oriented in t
scattering plane and the@11̄1# direction of the crystal or-
thogonal to it. In both cases a change in the magnetiza
direction along the@11̄1# axis corresponds to the same sym
metry operation, i.e., a reflection with respect to the~11̄1!
plane.

The ensemble of the experimental results was reprodu
within a simple model based on the solution of Maxwel
equations for a plane wave propagating in a dichroic m
dium. To construct the dielectric tensor for Ni we started o
using experimental polarization-dependent absorption cu
measured with elliptically polarized light. The calculation
reproduce, with very good accuracy, the magnetic dichro
in the reflectivity of both elliptically and linearly polarize
light.

The magnetic reflectivity of linearlyp-polarized light
shows a strong angular dependence of the magnetic as
metry ratio, which can be much higher than in circular p
larization absorption experiments. At the price of a reduc
signal intensity, we are able to obtain, in this configuration
much better magnetic contrast, while maintaining elem
selectivity as in absorption spectroscopy. It is also wo
remembering that the standard polarization state of x r
from a storage ring is linear polarization, and hence it
easier to obtain.

Our results clearly show also the richness of resonant
flectivity spectra, as pointed out in Sec. IV D. In terms
fundamental properties, reflectivity spectra do not cont
much more independent information than~polarization-
dependent! absorption. Still it is obvious from the previou
presentation that the ensemble of the reflectivity spe
~angle, polarization, and energy dependent! contains an
amount of structure that allows a deeper and finer discus
of the fundamental properties and a certainly more relia
refinement of parametrized models. Maybe theabundance of
structureis not a well-defined concept, but Figs. 8 and 9 a
a good example of what we mean.

To conclude, we want to underline a few relevant tech
cal aspects that we did not take advantage of in this wo
but which contribute to make resonant reflectivity an int
esting tool for magnetic studies. It is element selective, si
we work at the resonance of a specific element, just a
absorption. It is a photon-in–photon-out process, and he
not affected by the presence of external magnetic fields,

n-
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57 8415RESONANT REFLECTIVITY FROM A Ni~110! . . .
even strong and/or time-dependent fields~thus, for instance,
element-specific hysteresis curves may be drawn6,26!. It has
the necessary sensitivity for studying coverages of less
one atomic layer on a clean surface,26 yet its field of view
extends well below the surface, allowing us to investig
buried layers also. Ultrahigh vacuum is not required, and
analysis can be performed in a controlled atmosphere
study dynamical processes~deposition, corrosion, etc.!.

Overall, these characteristics make resonant reflectivity
important tool for both fundamental and applied research
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magnetic materials and a technique that in many asp
complements others in the field of magnetic dichroism.

ACKNOWLEDGMENTS

We thank Coryn Hague and Jean-Michel Mariot~Labora-
toire de Chimie-Physique, Paris! for interesting and usefu
discussions, for their critical reading of the manuscript, a
for lending us their position-sensitive detector.
ct

l.

an
J.

ys.

P.
. B

r

ev.
1See, e.g., D. B. McWhan, J. Synchrotron Radiat.1, 83 ~1994!,
and references therein.

2D. Gibbs, D. R. Harshman, E. D. Isaacs, D. B. McWhan,
Mills, and C. Vettier, Phys. Rev. Lett.61, 1241 ~1988!; E. D.
Isaacs, D. B. McWhan, C. Peters, G. E. Ice, D. P. Siddons, J
Hastings, Ch. Vettier, and O. Vogt,ibid., 62, 1671~1989!.

3C.-C. Kao, J. B. Hastings, E. D. Johnson, D. P. Siddons, and
C. Smith, Phys. Rev. Lett.65, 373 ~1990!.

4V. Chakarian, Y. U. Idzerda, C.-C. Kao, and C. T. Chen, J. Ma
Magn. Mater.165, 52 ~1997!.

5C.-C. Kao, C. T. Chen, E. D. Johnson, J. B. Hastings, H. J. L
G. H. Ho, G. Meigs, J-M. Brot, S. L. Hulbert, Y. U. Idzerda, an
Ch. Vettier, Phys. Rev. B50, 9599~1994!.

6M. Sacchi, J. Vogel, and S. Iacobucci, J. Magn. Magn. Ma
147, L11 ~1995!.

7J-M. Tonnerre, L. Se`ve, D. Raoux, G. Soullie´, B. Rodmacq, and
P. Wolfers, Phys. Rev. Lett.75, 740 ~1995!.

8C. F. Hague, J.-J. Gallet, J.-M. Mariot, and M. Sacchi, inRaman
Emission by X-rays, edited by D. Ederer and J. McGuire~World
Scientific, Singapore, 1996!, p. 137.

9M. Sacchi, C. F. Hague, E. M. Gullikson, and J. H. Underwoo
Phys. Rev. B57, 108 ~1998!.

10J. Vogel and M. Sacchi, Phys. Rev. B49, 3230~1994!.
11C. F. Hague, J.-M. Mariot, G. Y. Guo, K. Hricovini, and G. Kril

Phys. Rev. B51, 1370~1995!.
12J. Vogel and M. Sacchi, J. Electron Spectrosc. Relat. Phenom67,

181 ~1994!; W. L. O’Brien and B. P. Tonner, Phys. Rev. B50,
12 672~1994!.

13We have tested this point by measuring the 2p edges of metallic
Ni layers in transmission mode: To better than 1024 ~limited by
.

B.

.

.

,

r.

,

noise and instabilities! we did not observe any magnetic effe
on the absorption of linearly polarized photons@F. C. Vicentin,
S. Turchini, F. Yubero, J. Vogel, and M. Sacchi~unpublished!#.

14B. L. Henke, E. M. Gullikson, and J. C. Davis, At. Data Nuc
Data Tables54, 181 ~1993!.

15D. Alders, T. Hibma, G. A. Sawatzky, K. C. Cheung, G. E. v
Dorssen, M. D. Roper, H. A. Padmore, G. van der Laan,
Vogel, and M. Sacchi, J. Appl. Phys.82, 3120~1997!.

16J. P. Hannon, G. T. Trammell, M. Blume, and D. Gibbs, Ph
Rev. Lett.61, 1245~1988!.

17P. Carra, M. Altarelli, and F. de Bergevin, Phys. Rev. B40, 7324
~1989!; P. Carra and M. Altarelli, Phys. Rev. Lett.64, 1286
~1990!.

18C. Tang, W. G. Stirling, G. H. Lander, D. Gibbs, W. Herzog,
Carra, B. T. Thole, K. Mattenberger, and O. Vogt, Phys. Rev
46, 5287~1992!.

19L. C. Davis, J. Appl. Phys.59, R25 ~1986!, and references
therein.

20C. T. Chen, F. Sette, Y. Ma, and S. Modesti, Phys. Rev. B42,
7262 ~1990!.

21C. T. Chen, N. V. Smith, and F. Sette, Phys. Rev. B43, 6785
~1991!.

22T. Jo and G. A. Sawatzky, Phys. Rev. B43, 8771~1991!.
23G. van der Laan and B. T. Thole, J. Phys. Condens. Matte4,

4181 ~1992!.
24N. V. Smith, C. T. Chen, F. Sette, and L. F. Mattheiss, Phys. R

B 46, 1023~1992!.
25N. Mainkar, D. A. Browne, and J. Callaway, Phys. Rev. B53,

3692 ~1996!.
26M. Sacchi, Surf. Rev. Lett.4, 343 ~1997!.


