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Electron-yield saturation effects in L-edge x-ray magnetic circular dichroism
spectra of Fe, Co, and Ni
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Saturation effects are determined in x-ray magnetic circular dichroism spectra, acquired by electron yield
techniques. It is shown that sum-rule extraction of the number ofd holes, orbital moment, and spin moment are
affected for Fe, Co, and Ni. In particular, errors in the extracted orbital moment values due to saturation effects
can be in excess of 100% and even yield the wrong sign for films as thin as 50 Å. They are significant even for
film thicknesses of a few monolayers. Errors for the derived values for the number ofd holes and the spin
moment are considerably smaller but may be of the order 10–20 %. Correction factors are given for quantities
obtained from sum rule analysis of electron yield data of Fe, Co, and Ni as a function of film thickness and
x-ray incidence angle.@S0163-1829~99!01009-7#
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I. INTRODUCTION

With the continued success in the utilization of x-r
magnetic circular dichroism~XMCD! spectroscopy to ex
tract element-specific magnetic information from heterom
netic systems, there is an increasing need to obtain reli
quantitative results from measured helicity dependent ph
absorption cross sections. As a variant of x-ray absorp
spectroscopy, XMCD spectroscopy first introduced in 1981

has been extensively used to determine element specific
and orbital moments,2–12 identify moment orientations in ul
trathin films and monolayer magnetic materials,13,14and even
characterize anisotropy in the orbital moment vector and s
density.15–17

As the analysis procedures become increasingly m
powerful and sophisticated through sum rule analysis,18,19,15

concerns over the presence of small systematic errors in
measured data have naturally risen. One area of repe
concern is the possible presence of saturation effects in
acquired data. Typically, saturation effects are discusse
conjunction with fluorescence or electron yield detection
x-ray absorption spectroscopy.20–23,9,10,24 They are also
called self-absorption effects22 and in conjunction with x-ray
transmission measurements they are commonly ter
thickness effects.25–28 Saturation effects result in a recorde
signal which is not proportional to the photoabsorpti
cross-section as the photon energy is varied. In particular
intensities of prominent absorption peaks are reduced
‘‘saturated.’’

For the important 3d transition metals Fe, Co, and Ni so
x-ray absorption studies at the respectiveL edges are of par
ticular interest and, for experimental convenience such m
surements are typically carried out by means of elect
yield detection.3–11 Saturation effects arise if the electro
yield sampling depth is larger than or comparable to
PRB 590163-1829/99/59~9!/6421~9!/$15.00
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absorption depth of the incident x rays. Owing to the sm
probing depth~of order 20 Å! in electron yield absorption
measurements, which is a direct consequence of the s
electron mean free path in solids,29 it was originally thought
that saturation effects would be insignificant. However, it
now known from careful transmission measurements30 that
in Fe, Co, and Ni the x-ray absorption lengths at theL2,3
edge thresholds~‘‘white line’’ positions! are quite short
~about 200 Å!. The impact of saturation effects on extract
data from electron yield XMCD spectra must therefore
re-examined. The great sensitivity to saturation effects i
consequence of the requirement of accurate determinatio
theL2,3 resonance intensities for sum rule extraction of ma
netic moments.18,19

In this paper we examine theoretically and experimenta
the impact of saturation effects on electron yield XAS a
XMCD measurements for extracting relevant material p
rameters such as the number ofd holesN3d ~energy integral
of the polarization-averaged absorption curve!, and the or-
bital morb, and spinmspin, moments~integrals of the XMCD
difference curves!. By using polarization dependent tran
mission spectra as absolute measures of the photoabsor
cross sections of Fe, Co, and Ni, and from measured va
of the electron yield sampling depth we find that the satu
tion effect has a large impact on the orbital moment extr
tion and is significant even for films as thin as a few Å
Under unfavorable circumstances the derived orbital mom
may even have the incorrect sign. The effect on the deri
values for the number ofd holes and the spin moment ar
considerably smaller but may be of the order 10–20 %.

II. ELECTRON AND FLUORESCENCE YIELD
IN MAGNETIC MATERIALS: SPIN DEPENDENT

EFFECTS

The x-ray absorption cross section of an atom is direc
proportional to the number of core holes created in the
6421 ©1999 The American Physical Society
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6422 PRB 59REIKO NAKAJIMA, J. STÖHR, AND Y. U. IDZERDA
sorption process.31 Any process which is a true measure
the number of created core holes can therefore be used
quantitative x-ray absorption spectroscopy. For Fe, Co,
Ni core holes are created in the 2p core shell which is sub-
sequently filled by Auger electron~99.2%! or fluorescence
~0.8%! decay.32 In magnetic materials the valence band
split into minority and majority spin subbands with unequ
populations. In such cases the Auger and fluorescence de
become spin dependent33,34 and one needs to consider th
effects of spin dependent deexcitations and, for elect
yield detection, spin-dependent transport. We shall disc
them, in turn, below.

We shall first consider spin-dependent decay effects
valence electron into a core hole. The absorption of cir
larly polarized x rays creates spin polarized core holes.35 The
subsequent Auger~Coulomb operator! and fluorescence
~dipole operator! decays then involve different matrix ele
ments for transitions to final states with different spin co
figurations. For fluorescence decay spin flips are forbid
and the spin polarized core hole can only be filled by vale
electrons of the same spin. In Auger electron decay the
trix element leading to a singlet final state~two valence holes
with opposite spin! is larger than that leading to a triplet fina
state and the emitted Auger electrons exhibit a signific
spin polarization.33 Simple two-step models for core t
valence excitation and valence to core (3d→2p)
deexcitation33,34would then predict that neitherLa,b fluores-
cence yield norLM4,5M4,5 Auger electron yield measure
ments are equivalent to XMCD absorption measurements
particular, spin-resolved Auger electron yield measureme
are predicted to yield enhanced XMCD effects and ev
spin-integrated measurements are expected to show d
tions from the true absorption signal. However, a more re
istic description of the fluorescence yield in terms of an
elastic scattering process, involving interference
intermediate states, shows quantitative agreement betw
the fluorescence yield signal and the x-ray absorption c
section in magnetic materials.36 More sophisticated model
for the spin-integrated Auger electron intensity are also
pected to yield a direct proportionality to the x-ray abso
tion cross section. For total electron yield detection, the c
tributions of the various Auger decay channels~e.g., all
LMxM y channels wherex and y may be valence or core
states! furthermore average out spin-dependent matrix e
ment effects in the core hole decay.

The second effect caused by the spin-dependent b
structure of magnetic materials is spin-dependent transp
Of particular interest in conjunction with total electron yie
XMCD measurements, performed without spin analysis
the electron yield sampling or escape depth. In our case
electron escape depthle is the average depth from which th
measured spin-up and spin-down electrons originate.
further away the excited atom is from the surface, the l
likely the primary and secondary Auger electrons will esca
from the sample. The total electron yield signal from t
sample is dominated by the inelastically scattered elec
cascade~secondary electrons! originating from the primary
spin polarized Auger electrons.37,31 Measurements of the
transmission of spin polarized electrons through a ferrom
netic metal reveal that high-energy~above about 50 eV!
spin-up and spin-down Auger electrons produce an eq
for
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number of secondary electrons per primary electron.38 There
is no spin filter effect, unlike for low-energy elasti
photoelectrons.39 This fact is the reason for the difficulty o
building a spin detector for electrons in the 100–1000
range. The total~spin-up plus spin-down! number of second-
ary electrons is therefore proportional to the number of e
tic Auger electrons created in the core hole decay and it
good measure of the x-ray absorption cross section.

In summary, the above discussion shows that in magn
materials the spin-integrated total electron yield signal i
quantitative measure of x-ray absorption. In the following w
can therefore ignore the electron spin in the discussion
electron yield saturation effects in XMCD spectra.

III. DESCRIPTION OF SATURATION EFFECTS

Figure 1 depicts the mechanisms of transmission and e
tron yield measurements of x-ray absorption. Figure 1~a!
shows the transmission method, where the transmitted p
ton intensity decays exponentially as a function of sam
thicknesst with a decay constantm, the linear absorption
coefficient. The x-ray absorption coefficientm is directly ob-
tained from transmission absorption measurements and is
scribed by the familiar equation

I ~\v!5I 0 e2mt, ~1!

whereI is the intensity of the transmitted photons,I 0 is the
incoming photon intensity,m is a function of photon energy
\v, andt is the sample thickness. We see here that transm
sion measurements give the x-ray absorption coefficienm
from measuringI /I 0 as a function of photon energy\v,
since m52(1/t)ln(I/I0). To maintain a measurable photo
intensity after transmission, the sample must be of fin
thickness~less than about 2/mmax, wheremmax is the maxi-
mum value of the energy-dependent absorption coefficien
the energy range of interest.40! With transmission measure
ments, saturation in the signal occurs when either the sam
thicknesst or the absorption coefficientm is too large. At
these conditions, the transmitted intensityI ‘‘saturates’’ at
zero, no matter what the variation in the energy-dependenm
spectra might be. However, this is usually not a proble
since the sample thickness can typically be adjusted.

Figure 1~b! shows the electron yield method, where t
number of electrons~and hence the rate of absorption! can be

FIG. 1. Qualitative description of~a! transmission and~b! elec-
tron yield methods for x-ray absorption measurements.
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FIG. 2. Illustration of saturation effect for Fe. Left: The difference in the x-ray intensity arriving at depthz5le517 Å is shown,
compared to the incident x-ray intensity atz50 (I 051). Center: Probability of electron escape, plotted in a horizontal bar graph
function of depthz. The probability of escape is unity at the sample surface (z50) and drops to 1/e at z5le . Right: Hypothetical electron
yield spectra generated from the absorbed photons in layers at a depthz50 andz5le . The measured total electron yield spectrum outs
the surface consists of contributions from the various layers weighted by the probability of escape from the surface~shown in center!.
t
-
b
h
d

tr
f

e

th
tr
c
in
u
o
le
n

th

i

le
y

on
re
su
th
t
th

nts
e-

nt

e-

hey
p of

e-
ron
2.
-

he
ec-

rgy
tion

n
r
ns-

pe
er-
t as

the
measured by counting the electrons which escape from
surface of the sample31 ~however, this signal may not accu
rately reflect the rate of absorption, as will be discussed
low!. In total electron yield measurement the intensity of t
escaped electrons is recorded with a channeltron electron
tector or, more simply by direct measurement of the elec
cal current from the sample to the ground by means o
picoammeter. In Fig. 1~b!, u is the x-ray incidence angle
from the surface normal,lx is the x-ray penetrationlength
~also called the x-ray attenuation length! which is the inverse
of the absorption coefficient (lx51/m), lx cosu is the x-ray
penetrationdepth, andle is the electron sampling or escap
depth discussed in the previous section.

A. Illustration of saturation effects

The degree to which saturation of the signal occurs in
electron yield signal depends on the relative photon pene
tion depth and electron escape depth. The saturation me
nism in electron yield can be illustrated from an example
the extreme case where the x-ray penetration depth is m
shorter than the electron escape depth. All incident phot
will be converted into photoelectrons and therefore the e
tron signal is proportional only to the incident photon inte
sity I 0 and not to the absorption coefficientm. Hence we see
that the electron yield signal has completely saturated in
limit le@lx cosu.

Figure 2 illustrates the electron yield saturation effects
more detail. Our model calculations used parametersle and
m for Fe ~see below! and assumed an x-ray incidence ang
of u50°. In this figure, the horizontal lengths of the gra
bars in the center represent the ‘‘weight’’ of the electr
yield signal for each layer—i.e., the length of the bar rep
sents the number of electrons which actually reach the
face and escape if the rate of electron production were
same for every layer. The number of electrons that reach
surfacedYe(z) decays exponentially as a function of dep
of the original x-ray absorption process41
he
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dYe~z!5dYe,0~z! e2z/le, ~2!

where z is the depth from the surface anddYe,0(z) is the
number of electrons produced in a layer of thicknessdz at
depthz. In the center panel of the figure, each bar represe
a dz52 Å thick layer of Fe, and the two darker bars repr
sent the layers at the surface (z50) and at one electron
escape depth (z5le517 Å! below the surface.

In Fig. 2, it is assumed that the incident flux is consta
over the photon energy region of theL edge~top left!. At the
surface layer, therefore, the electron yield will exactly r
semble the shape of the true Fe absorption spectrum~top
right!. As the photons pass through the various layers, t
are absorbed. In the bottom left figure, we see a 10% dro
the incident x-ray intensity at theL3 absorption edge at a
depthz5le , whereas there is hardly any drop in the pr
edge region. This reduced flux directly affects the elect
yield from this layer as shown in the bottom right of Fig.
We see a 10% drop at theL3 edge in the hypothetical elec
tron yield ~unweighted for escape probability! from this
layer. The total electron yield signal is simply the sum of t
contributions from the various layers weighted by the el
tron escape probability shown in the center.

B. Quantitative description of saturation effects

The two important parameters which describe the ene
dependence of the electron yield are the x-ray penetra
depthlx cosu, and the electron escape depthle . The x-ray
penetration lengthlx is the inverse of the x-ray absorptio
coefficientm, and its values for theL2,3 absorption edges fo
the elements Fe, Co, and Ni, obtained from reported tra
mission data,30 are shown in Fig. 3. The electron esca
depths for bulk Fe, Co, and Ni were experimentally det
mined by preparing a wedge sample for each elemen
shown in Fig. 4 and measuring the respectiveL-edge elec-
tron yield spectra at various sample thicknesses. From
measured spectra we determined theL3 andL2 and the con-
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6424 PRB 59REIKO NAKAJIMA, J. STÖHR, AND Y. U. IDZERDA
tinuum ~40 eV aboveL3 energy! edge jumpsJ,41 defined as
the differences in spectral intensity at the three energies r
tive to those below theL3 edge. For our wedge structures th
Fe, Co, and Ni edge jumps increase with the thicknesst of
the magnetic layers according to

J5J`@12exp~2t/le!# ~3!

assuming that the x-ray penetration depth is much lon
than the electron yield sampling depthlx cosu @le. HereJ`

is the edge jump value in the limit of large sample thickne
t@le . Within experimental error bars (;10%) we obtained
the same values forle from fits of the three edge jump
curves, indicating that for the present analysis the appr
mationlx cosu @le is adequate. The results for the thickne
dependent post-edge minus pre-edge jumps, normalize
J`51, are shown in Fig. 4. From the fits we determine el
tron sampling depths of 176 2 Å for Fe and 256 3 Å for Co
and Ni. We note that, in general, the electron sampling de
depends on the crystallographic and electronic structure.
the transition metals the most important parameter appea
be the number ofd holes42,43 which is approximately con-
stant for different crystallographic phases of the metals
Co, and Ni, respectively. We therefore believe the abo
values forle , within the quoted error bars, to be represe
tative for the three metals.

The electron yield signal is comprised of photoelectro
Auger electrons, and secondary electrons generated from

FIG. 3. X-ray penetration length at theL3,2 edges of Fe, Co, and
Ni, obtained from transmission data~Ref. 30!. The penetration
depth is about 6000 Å in the pre-edge region~not shown!, where
the photon absorption rate is small.
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inelastic cascade process of the high energy primary e
trons ~we ignore secondary processes such as the reabs
tion of emitted fluorescence photons from core-hole rel
ation!. The high-energy Auger electrons created in the c
hole decay are predominantly responsible for the second
electron signal which dominates the total electron yield37

The number of Auger electrons created in the sample~in-
cluding Coster-Kronig transitions! at depthz within thick-
nessdz per unit time isdYe,0(z), and is given by41

dYe,0~z!5I 0e2mz/cosu
m dz

cosu
. ~4!

Here, I 0 is the number of photons incident on the samp
I 0e2mz/cosu is the same quantity at depthz of the sample,
z/cosu is the distance traversed by the photons through
sample before they reach depthz, u is the x-ray incidence
angle from the surface normal, andm dz/cosu is the fraction
of photons absorbed within thicknessdz. We assume negli-
gible x-ray reflection at the sample surface which is a go
assumption for x-ray incidence angles within the range 1
,u<90°, and that the probability for the emission of a
Auger electron due to the filling of the vacancy is unit
which is true for the x-ray energy range in interest~500–
1000 eV! for Fe, Co, and Ni.41

The net total electron yieldYe of a sample of semi-infinite
thickness can be described by substituting Eq.~4! into Eq.
~2! and integrating over the depthz from z50 to z5` and
accounting for the electron cascading process and escape
vacuum we obtain

Ye5C S 1

11le /lxcosu D m. ~5!

FIG. 4. MeasuredL-edge jump as a function of Fe, Co, and N
layer thicknesst using the wedge structure shown on top. T
L-edge jump was defined as the difference in electron yield int
sity in the pre-edge and post-edge regions of the measured spe
The jumps are fit to an exponential function of the form 12e2t/le,
as discussed in the text, to determine the electron yield samp
depthle .
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PRB 59 6425ELECTRON-YIELD SATURATION EFFECTS INL-EDGE . . .
The proportionality constant is given byC5I 0Gle /cosu
where the electron gain functionG, which is proportional to
the photon energy, describes the average number of elec
produced through a ‘‘cascade’’ process initiated by a sin
Auger electron.41 C increases with the electron samplin
depthle and through the cosu term it is enhanced at glanc
ing x-ray incidence because the photons are absorbed c
to the surface and produce more photoelectrons.

The saturation effect in Eq.~5! is explicitly expressed by
the correction factor

f ~u,lx ,le![
1

11le /lxcosu
, ~6!

which is a function of the ratiole /(lx cosu) as discussed
earlier. Whenlx cosu @le, then f 51 and Ye5Cm, and
there is no saturation effect, but whenle@lx cosu, then f
'lx cosu/le andYe5C/le5const, and we have total satu
ration.

We can examine the dependency of this correction fa
on the escape-to-penetration depth ratio and the x-ray i
dence angle. Figure 5~a! showsf as a function of the ratio o
the electron escape depth to x-ray penetration depth, fo
<(le /lx cosu)<1. For the correction factor to approac
unity within 1%, le /lx cosu must be less than 0.01. In th
range 0.01,le /lx cosu,1, the electron yield signal is nei
ther directly proportional tom nor completely saturated, an
this is the range where most of the resonance absorption
lies.

Figure 5~b! shows the correction factor as a function
the x-ray incidence angleu at selectedle /lx ratios. Here the
valuesle /lx50.003, 0.02, and 0.10 correspond to the p
edge, post-edge, andL3 peak energies in the Fe XAS spe

FIG. 5. Correction factorf (u,lx ,le) as a function of~a! the
electron escape depth to x-ray penetration depth ratiole /lx and~b!
the x-ray incidence angleu ~for various values ofle /lx). The
plotted le /lx values 0.003, 0.02, and 0.10 correspond to the p
edge, post-edge, andL3 peak energies in Fe, respectively.
ns
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trum, respectively. As the x-ray incidence angle increa
~approaches more grazing angles relative to the surface!, the
x-ray penetrationdepth lx cosu is made artificially shal-
lower, although the x-ray penetrationlengthlx , remains un-
changed. In such cases, the electron escape depth to
penetration depth ratio increases dramatically, and we
that the saturation effect is larger at grazing angles tha
normal x-ray incidence.

The above description for samples of semi-infinite thic
ness can readily be extended to samples of finite thicknet.
Instead of Eq.~5! the electron yield is then given by

Ye~ t !5C
1

11le /lx cosu
$12e2t~1/le11/lx cosu!% m. ~7!

We shall also consider this case below.

IV. MODELING OF SATURATION EFFECTS
IN Fe, Co, AND Ni

The quantitative form of the electron yield signal given
Eqs. ~5! and ~7! shows that, in general, the removal of th
saturation effect is difficult, since this requires inverting t
nonlinear energy dependent electron yield function. T
problem is that the correction factorf is energy dependent
For example, one may fit the measured electron yield sp
trum Ye(\v) to the true absorption coefficientm in the pre-
and post-edge regions44 where according to Fig. 5~b! the
saturation effects are small, but then the white line intensi
remain saturated. In contrast, the determination of the siz
the saturation effect is an easy task if the electron mean
path le and m51/lx cosu are known, since the electro
yield can be calculated and modeled. Below we shall use
procedure to determine the effect of signal saturation in e
tron yield XAS and XMCD spectra for Fe, Co, and Ni film

In order to model the electron yield and hence its satu
tion, the absolute energy and polarization-dependent x
absorption coefficients for the relative alignment of phot

FIG. 6. Absorption spectra obtained by transmission meas
ments~Ref. 30!, corresponding to 100% circular polarization an
alignment of the photon spin and magnetization direction.

-
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6426 PRB 59REIKO NAKAJIMA, J. STÖHR, AND Y. U. IDZERDA
FIG. 7. Saturation effect modeling in electron yield mode for bulk Fe. We have plotted the fraction of the values for the number
(N3d), the spin magnetic moment (mspin), and the orbital magnetic moment (morb) obtained by sum rule analysis of electron yield da
relative to those obtained from ideal unsaturated data, as discussed in the text. Left: as a function of x-ray incidence angle, mea
respect to surface normal. Right: as a function of sample thickness, for normal (u50°) and grazing (u570°) x-ray incidence.
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spin ~helicity! and magnetic moment directions must
known near theL3,2 resonances. Data from transmissi
mode XMCD measurements,30 used to determine the cros
sections, are shown in Fig. 6. The absorption spectram theo

1

andm theo
2 for bulk Fe, Co, and Ni shown in this figure hav

been recalculated to correspond to 100% circular polar
 a-

tion and alignment of the saturation magnetization direct
along the photon spin direction. The spectra were obtaine
follows. The background signal was removed from the m
sured transmission data according to tabulated pre- and p
edge continuous cross sections.44 The dichroism difference
spectra, obtained by substraction of the measured hel
FIG. 8. Saturation effect modeling in electron yield mode for bulk Co, similar to Fig. 7.
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FIG. 9. Saturation effect modeling in electron yield mode for bulk Ni, similar to Fig. 7.
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zed
dependent absorption spectra, were then corrected for
finite angle between the photon helicity-direction and
sample magnetization direction in the transmission geom
(cos 45°) and for incomplete circular polarization~76%!.30

The corrected helicity dependent x-ray absorption spec
m theo

1 andm theo
2 , were then calculated by adding and subtra

ing the corrected dichroism difference spectra~100% polar-
ization! to the average of the measured absorption spe
(mexp

1 1mexp
2 )/2.

The saturation effect was modeled~i! as a function of
x-ray incidence angle for samples with semi-infinite thic
ness and~ii ! as a function of sample thickness, for x-ra
incidence angles ofu50° and 70°, for bulk Fe, Co, and N
For each point in the absorption spectra, Eq.~5! for semi-
infinite thickness samples and Eq.~7! for finite thickness
sample were applied~settingC51), and a new theoretica
electron yield spectrum was calculated, using thele values
obtained from the wedge sample measurements.

Once the calculated electron yield spectraYe
1 and Ye

2

were obtained, sum rule analyzes18,19,15were applied to ob-
tain the orbitalmorb, and spinmspin moments and the num
ber ofd holesN3d . For thed-hole determination we used th
white line intensity of the (Ye

11Ye
2)/2 spectra. The deter

mined values were then compared to those obtained from
correspondingm theo

1 and m theo
2 spectra, and their ratios ar

shown in Figs. 7–9, for Fe, Co, and Ni, respectively. In ea
case, the same procedures were used so that the calcu
corrections are entirely due to saturation effects.

V. RESULTS

In every case, we observe that the saturation effect res
in a decrease inN3d compared to the analysis of the tru
absorption spectra. The reduced values forN3d determined
he
e
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a,
-

ra

he

h
ted

lts

from the electron yield signal originates from signal satu
tion at the resonance peaks. The orbital and spin magn
moments behave similarly, since the dichroism signal~the
difference of thes561 photon absorption! also decreases
in size due to the saturation effect: The signal from t
higher resonance peak from one of the polarizations (s5
21 absorption atL3, for example! is saturated more than
that of the other polarization (s511 at the sameL3 peak!,

FIG. 10. Saturation effect modeling in electron yield mode a
function of degree of circular polarization for bulk Fe. We ha
plotted the fraction of the values for the spin magnetic mom
(mspin) and the orbital magnetic moment (morb) obtained by sum
rule analysis of electron yield data recorded at x-ray incidence a
u, relative to the values obtained with unsaturated 100% polari
data. The solid line is a linear fit to the calculated data points.
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6428 PRB 59REIKO NAKAJIMA, J. STÖHR, AND Y. U. IDZERDA
and hence the difference of the two, the XMCD effect,
smaller with electron yield detection compared to the t
dichroism signal.

Of the three quantitiesmorb, mspin, and N3d the orbital
magnetic moment is affected to a much larger degree c
pared to the spin moment or the number ofd holes. Since the
saturation effect is larger for theL3 than theL2 intensities
the orbital moment is more effected since it corresponds
the differencebetween the absolute dichroism intensities
the two edges, as opposed to a sum of areas for the othe
cases. For the case of Fe, we see that the orbital mag
moment can actually appear to be negative due to elec
yield saturation, for x-ray incidence angles larger than 7
On the other hand, the hole count and the spin moment
affected less by saturation effects, up to 15 and 23 %, res
tively. The degree of error for the hole count and the s
moment are related in going from Fe to Co to Ni. It is im
portant to note that saturation effects can be significant
very thin samples. The extracted orbital moment for a 10
Fe film at 70° x-ray incidence angle is only 60% of the tr
value.

In practice, almost all measured electron yield spec
contain effects due to, both, saturation and incomplete ci
lar polarization. The question arises whether the sequenc
correction for saturation and polarization effects matte
This is addressed by the results shown in Fig. 10. Here
have plotted the dependence of the saturation effect for
spin and orbital moments on the degree of circular polar
tion for the case of Fe metal. The moments determined fr
.
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the electron yield dichroism data, which contain saturat
effects, are seen to depend linearly on the degree of circ
polarization for all x-ray incidence angles. Therefore, a
cording to Figs. 7–9, the order of correction of the measu
electron yield data does not matter.

VI. CONCLUSION

We have modeled saturation effects in Fe, Co, and
L3,2-edge photon absorption spectra recorded by elec
yield detection for different sample thicknesses and x-
incidence angles, and determined their effect on the deri
values forN3d , mspin, and morb. We have found that the
values determined from electron yield data are always
than the actual values due to saturation, and that the or
magnetic moment determination may be severely in e
due to saturation effects. Smaller errors are found for
hole count and the spin magnetic moment. We have provi
plots for Fe, Co, and Ni which allow the correction of e
perimental XAS and XMCD data obtained with electro
yield detection. These should allow a more accurate dete
nation of materials parameters from electron yield x-ray
sorption spectra.
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