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Absolute helicity-dependent photoabsorption cross sections of Fe thin films
and quantitative evaluation of magnetic-moment determination
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Energy and helicity-dependent absolute photoabsorption cross sections at the FeL2,3 edge, measured in
transmission from a supported ultrathin Fe film, are presented. These cross sections and semiempirical total-
electron-yield~TEY! equations are used to show that the effects of saturation/self-absorption in the TEY
spectra, as reflected in the quantitative evaluation of magnetic moments, can be quite severe. These conclusions
are confirmed by directly comparing the data obtained simultaneously by TEY and transmission.
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The extraction of reliablequantitativeresults from mea-
sured x-ray-absorption spectra often requires the determ
tion of absolute photoabsorption cross sections. Magn
circular dichroism ~MCD!, a variant of x-ray-absorption
spectroscopy~XAS!, is a relatively new technique that relie
heavily upon the determination of accuratehelicity-
dependentphotoabsorption cross sections. The MCD spec
which is the difference in the absorption of left- and righ
circularly polarized photons, can be used to extract elem
specific magnetic-moment information.1–3 Such measure
ments allow for the determination of the orbital,ml5^Lz&,
and spin,ms522 ^Sz&, contributions to the total magneti
moment of each constituent element.4–9

There are three commonly used methods for quantita
XAS measurements: transmission yield~TY!, fluorescence
yield ~FY!, and total-electron yield~TEY!. The TY method
is the most direct and accurate, assuming that the reflect
is small ~satisfied for nongrazing photon incidence angle!,
while the latter two methods are indirect and suffer from
number of artifacts. There is ample evidence that the
method suffers from spin-dependent decay channel com
cations, making it unsuitable for quantitative helicit
dependent photoabsorption cross sections,10–12 while the
TEY measurements may suffer fromintrinsic spin-
dependent transmission asymmetries~as the emitted elec
trons traverse magnetic overlayers! and from anextrinsicde-
tection efficiency imbalance due to external/stray magn
fields. Despite their shortcomings, the indirect methods
usually preferred since the transmission method is often
practical at spectroscopically interesting soft-x-ray energ
due to small photon penetration depth.

One of the major challenges in the determination of ac
rate XAS spectra has been the correction of the collec
TEY and FY spectra for saturation and self-absorption
fects ~nonlinear deviations of the measured photoabsorp
cross sections from the ‘‘true’’ values with effective samp
thickness!. The general method of extracting the correct v
ues from the XAS spectra collected either via FY or TEY
to use semiempirical, phenomenological yield equations
correct the measured spectra.7–11,13,14 In these corrected
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spectra, even small deviations from the actual absorp
cross sections may result in significant errors in the extrac
quantities that require energy integration of the XAS
MCD spectra, as is required for magnetic-moment deter
nation.

In this article, we present experimental helicity-depend
XAS ~and hence MCD! spectra, measuredsimultaneouslyin
transmission and in TEY. We show conclusively that, ev
in cases where traditional XAS line shape based criteria s
gest the effects to be minimal, the saturation/self-absorp
effects can indeed be severe in MCD. We begin by pres
ing a method to directly determineabsolute helicity-
dependentphotoabsorption cross sections at theL edges of
the 3d transition metals from transmission measureme
and use it to determine the corresponding cross sections
bcc Fe. Second, utilizing these experimental cross sect
combined with a semiempirical, phenomenological desc
tion of TEY, we calculate the anticipated XAS and MC
spectra to illustrate the extent to which saturation/se
absorption effects alter the measured TEY spectra. Fina
we compare the experimental TEY results to our calcu
tions.

~1!. Determination of absolute helicity-dependent pho
absorption cross sections. The TY method, while the mos
straightforward for determining the energy-dependent pho
absorption cross sections, is the most difficult, since at th
soft-x-ray energies employed in transition metal studies,
photons have a very small penetration depth. For this rea
the magnetic material and the underlying substrate mus
sufficiently transparent to allow significant transmission
the incident flux. This can be accomplished by either prep
ing free-standing magnetic films of,200 Å thick, or by de-
positing a thin magnetic film onto a suitable substrate wh
is mechanically strong but is relatively transparent with fe
tureless absorption spectrum in the energy regions of in
est. Since free-standing, high-purity films of this thickne
are difficult to manufacture, the use of a supportive substr
a ;1 mm-thick semitransparent parylene, (C8H8)n , was pre-
ferred for this study.

The experiments were conducted at the NRL/NSLS U
5312 © 1998 The American Physical Society
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57 5313ABSOLUTE HELICITY-DEPENDENT PHOTOABSORPTION . . .
beamline at the National Synchrotron Light Source.15,16 The
Fe films were depositedin situ at 10210 Torr pressure from
e-beam evaporators onto a parylene substrate held at r
temperature. For the transmission measurements, the at
ation of the soft-x-ray flux was determined by measuring
incident flux I 0 by using a highly transmitting Au grid, an
measuring the transmitted flux with a Si photodiode. Sim
taneously, the photocurrent drain on the sample was m
sured to determine the TEY spectra. A schematic of the
perimental arrangement for the measurements as we
representative absorption spectra for an Fe thin film
shown in Fig. 1. To minimize the electric/magnetic fiel
dependent variations in the sample photocurrent, the m
surements were made with the sample magnetized in r
nance~95–100%!, i.e., at zero applied magnetic field, wit
an extraction grid biased at a positive high voltage~typically
500–1000 V! placed near the front of the sample, away fro
the incident photons’ path. At each photon energy, the
and TEY intensities were measured for a fixed pho
helicity, first after a positive field sufficient to satura
the moments of the film was applied and then turned
prior to signal collection, and then after a similar negat
field pulse.

The determination of the helicity-dependent absorpt
cross sections require the measurements of the transmi
spectra for two opposite magnetization directions,I 6 , nor-
malized to incident-photon flux, for theL2,3 white lines of Fe
as well as the corresponding substrate spectrumI s , taken
prior to the Fe deposition. The absorptivity of the film for th
two photon helicities can easily be derived from these sp
tra:

m6d5m tot6
dm

2
5

1

2
~r11r2!6

1

2

~r12r2!

pc sin~u i !
~1!

with r652 ln(I6 /Is). I 6 is the transmission spectra for th
Fe film plus the parylene substrate after normalization to
incident flux andI s is the corresponding normalized spe
trum for the uncovered parylene film. The first term in E
~1!, m tot , is the total photoabsorption cross section, while
second term,dm/2, is the helicity-dependent contribution t

FIG. 1. Absolutem1 and m2 for Fe thin film, normalized as
described in text to the published tables of cross sections~symbols!.
The inset shows the experimental arrangement.
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the XAS, which must be corrected for the photon inciden
angleu i , measured from surface normal and incomplete c
cular polarizationpc .

The determination of absolute photoabsorption cross s
tions in transmission is complicated by the presence of s
tered light and second and higher-order light~that follows
the same optical path as the first-order light! from the grating
monochromators. Typically, the higher-order and scatte
light contribute less than 1% to the total photon flux but m
have a noticeable effect on the measured spectra nea
absorption thresholds as they are less severely attenu
than the first-order light.17–19 A simple method to determine
the absolute cross sections is to normalize the meas
spectra with a constant offset, to correct for any contributio
from this unwanted light, and scale the pre-L3 and post-L2
edge regions of Fe to previously published absol
measurements.20 The m6 spectra, thus normalized, ar
shown in Fig. 1, along with published tabulated value20

~that do not include near-edge autoionization resonances,
white lines!.

~2!. Saturation/Self-Absorption effects. At the XAS white-
line resonances, the photoabsorption cross sections incr
markedly and the resulting photon penetration depth at
energy becomes comparable to the sampling volume~deter-
mined by the secondary electron escape length!. As a result,
at these white-line energies, the measured to
decay-product yield intensity is reduced from the act
atomic absorption cross section. In addition, due to
significant difference between the respective mean-free p
of the incident photons at theL3 and L2 white lines,
this reduction is larger at theL3 energy, resulting in
the distortion of the spectra. The situation is more sev
for the MCD spectra. Since the helicity-depende
absorption cross sections at a white line are significan
different ~up to 50% at theL3 absorption edge!, as the
circular polarized radiation penetrates into the samp
the remaining flux is reduced more quickly for one helic
than the other, more strongly affecting the resultant MC
spectra.

The measured XAS signal at incident photon energyE,
normalized to the incident flux,Sx(E)/I 0(E), can be de-
scribed by the following equation:7,10,13,14

Sx~E!

I 0~E!
5

A

r 2 Cx•DxE
0

d mx~E,z!

cosu i
expF2E

0

zS m tot~E,z8!

cosu i

1
m tot~Ex ,z8!

cosue
Ddz8Gdz, ~2!

where the subscriptx denotes a decay process within th
detection energy window atEx ; A/r 2 is the solid angle sub-
tended by the detector~active area,A, and distance from
sample,r !; Cx and Dx are the relative detection efficienc
and decay mode probabilities, respectively;d is the film
thickness;u i (ue) is the photon incidence~emission! angle
measured from sample normal; andm(E,z)’s are the energy-
and depth-dependent photoabsorption cross sections.

In the special case of uniform, homogeneous film
m(E,z)→m(E) and, Eq.~2! reduces to
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Sx~E!

I 0~E!
5

A

r 2

CxDxmx~E!

S m tot~E!1m tot~Ex!
cosu i

cosue
D

3H 12expF2S m tot~E!

cosu i
1

m tot~Ex!

cosue
DdG J . ~3!

For TEY, mx→m tot , sinceall absorption processes con
tribute to the TEY signal. Also, if one assumes thatall elec-
trons are collected, thenm tot(Ex)/cosue→me51/j, wherej is
the phenomenological ‘‘mean-escape depth’’ for second
electrons. Thus,

Se~E!

I 0~E!
}

m tot~E!

S m tot~E!1
cosu i

j D H 12expF2S m tot~E!

cosu i
1

1

j DdG J .

~4!

There are a variety of criteria to monitor for the presen
of saturation/self-absorption effects in indirect techniqu
Sincem tot is much larger at theL3 white line than the corre-
spondingL2 white line, one indication of the presence
saturation is a thickness- or angle-dependent variation in
L3 :L2 white-line intensity ratio in XAS. As discussed abov
an even larger variation in theL3 :L2 white-line intensity
ratio is present in the difference of them1 andm2 spectra,
dm (5m12m2). Therefore, a more sensitive indicator f
the presence of saturation effects is a thickness/an
dependent variation in theL3 :L2 intensity ratio of the MCD
peak heights.

With the experimentally determined absolute cross s
tions presented above, the changes in the XAS spectra,m tot
5(m11m2)/2, as a function of photon incidence angle c
be calculated to quantitatively address the important issu
saturation/self-absorption effects manifested in TEY. Usin
realistic mean-escape depth for secondary electrons,j, of 10
Å, and the film thickness,d530 Å, we can calculate the
XAS and the corresponding MCD spectra at each incide
angle, shown in Fig. 2. Note that varying the film thickne
would also result in a reduction in peak intensities~but func-
tionally different!.

A number of observations can immediately be ma
First, as anticipated, even at normal photon incidence
thin film exhibits some saturation. Second, the XAS a
MCD spectral shapes remain nearly unchanged for incide
angles less than;50° and thereafter visible saturation b
gins to occur and the white-line intensities begin to decre
rapidly. Third, although this is a relatively thin sample, sa
ration in XAS is expected even above the edge, indicat
that normalizing the data from different measurements~e.g.,
samples with different thicknesses or different measurem
geometries! to values above the edge can cause errors.

~3!. Comparison with experiment. To verify the ideas pre-
sented in the previous section, we measured helic
dependent photoabsorption cross sections from a thin 3
Fe film, measured simultaneously in TY and in TEY. T
avoid the necessary complications due to sample-to-sam
variations in a multiple-thickness measurement, the effec
thickness of the thin film was changed by varying t
incident-beam direction, similar to the calculations depic
ry
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in Fig. 2. The symbols in Fig. 3 show the TEYL3 :L2 inten-
sity ratios for XAS and MCD, normalized to the correspon
ing ratios for TY, as the photon incidence angle is vari
from 15°–75° from sample normal, which corresponds to
effective thickness variation of 31–116 Å. Note that, as s
gested by the calculations, the measured data exhibit sa
tion effects even near normal incidence and that for in
dence angles of<50°, the ratios do not change significantl
Starting at;50°, both ratios start to deviate more rapid
away from unity. Note that the onset angle at which t
saturation effect increases more rapidly will depend stron
on the actual thickness of the film and on the material us

FIG. 2. Calculations showing the effect of saturation on XA
~top! and MCD ~bottom! for a 30 Å Fe film with j510 Å. The
unsaturated XAS,m tot and MCD,dm, spectra measured in transmi
sion are also shown for reference.

FIG. 3. Experimental TEYL3 :L2 ratios for XAS and MCD as
well as theml /ms ratios for a 30 Å Fe film. The solid and dashe
curves are the calculations as described in text withj510 and 17
Å, respectively.
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57 5315ABSOLUTE HELICITY-DEPENDENT PHOTOABSORPTION . . .
Since, in MCD, the primary aim is to obtain quantitativ
information on the magnetic moment, it is imperative to a
sess the consequences of this saturation on the determ
orbital and spin moments,ml andms . While determinedml
and ms are model-dependent,4 their ratio,ml /ms , only de-
pends on experimental quantities, i.e., on the relative s
and signs of theL3 andL2 peaks in the MCD spectrum, an
hence is of the more robust material parameters that ca
obtained from the MCD data.3,4,21Note that, since saturation
primarily affects the determined orbital moments,ml , the
changes in theml /ms ratios will reflect the corresponding
saturation inml . Theml /ms values obtained from TEY data
normalized to the values obtained from transmission, are
shown in Fig. 3. It is immediately apparent that while th
deviation in theL3 :L2 intensity ratios is small~but present!
near normal-incidence angles, the resulting errors on
ml /ms values are significantly larger. More importantly, th
deviation from unity increases much more rapidly than t
corresponding deviation in theL3 :L2 intensity ratios. This
clearly demonstrates that the extent and the severity of
saturation effect can be strongly underestimated if one re
only on theL3 :L2 intensity ratios as a criterion for saturatio
correction. Furthermore, since saturation is present at nor
incidence, using normal-incidence spectra as ‘‘referenc
for correcting the saturated spectra will also result in err
in the determinedml /ms values.

We can directly compare our experimental results w
calculated values. The solid curves in Fig. 3 illustrate t
calculated values for the three ‘‘saturation criteria’’ me
tioned above, with the two free parameters in Eq.~4!, i.e., d
andj, set to 30 and 10 Å, respectively. The top solid cur
was obtained by calculating theL3 :L2 ratio for each XAS
spectrum, after subtracting a continuum background.4 The
middle solid curve depicts the saturation in theL3 :L2 peak
intensity ratio in MCD, revealing that it is larger than i
XAS and deviates from unity more rapidly. Finally, the bo
tom solid curve illustrates the corresponding saturation in
determined ml /ms ratio. Note that the film thickness
(3065 Å) was determined by a combination ofin situ ab-
sorption strength~in transmission! at theL3 peak energy and
s-
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ex situx-ray fluorescence spectroscopy. On the other hanj
is largely unknown and was determined by comparing
simulatedL3 :L2 saturation to the measured ones.

Previously published results from related studies of
and Ni single crystals or thin films indicate a value of 17–
62 Å for j.7–9 For reference, calculations usingj517 Å are
also included in Fig. 3~dashed curves! and show a worse
agreement with the experiment. The lower value forj in-
ferred in the present study can be understood by conside
that Fe has a larger density of empty states of both s
characters that would result in enhanced inelastic elect
scattering, and hence a smaller escape depth. More troub
however, is the fact that the measured values for theml /ms
ratio are substantially less severely saturated than what
simulations find. In the calculations, the relative electron d
tection efficiency and decay mode probability were assum
to be energyindependent, which is not true. In fact, if partial
fluorescence yield can be used as an indicator, near st
white lines, the decay probabilitiesD, vary considerably
with energy,12 which may result in variations in TEY. Fur-
thermore, the probability for electron escape and detec
~related to the detection efficiency,C! may also depend on
the incident-photon energy. If the energy dependence
these processes, which is largely unknown, is signific
enough to measurably affect the TEY and MCD spectra, th
the attempts at correcting measured spectra will be e
more severely hampered. In addition to these ener
dependent processes, there may be spin-dependent proc
that affect the measured TEY spectra. It is well known th
the decay processes, which ultimately contribute to the T
intensity, are spin-dependent.12 This spin dependence of th
decay and a possible spin dependence in the electron cas
process may result in a helicity-dependent mean-electr
escape depthj6 , further complicating attempts to model an
correct for saturation.
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