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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 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 reliablguantitativeresults from mea- spectra, even small deviations from the actual absorption
sured x-ray-absorption spectra often requires the determinaross sections may result in significant errors in the extracted
tion of absolute photoabsorption cross sections. Magnetiquantities that require energy integration of the XAS or
circular dichroism (MCD), a variant of x-ray-absorption MCD spectra, as is required for magnetic-moment determi-
spectroscopyXAS), is a relatively new technique that relies nation.
heavily upon the determination of accurateelicity- In this article, we present experimental helicity-dependent
dependenphotoabsorption cross sections. The MCD spectraXAS (and hence MCIDspectra, measuresimultaneouslyn
which is the difference in the absorption of left- and right- transmission and in TEY. We show conclusively that, even
circularly polarized photons, can be used to extract elemenin cases where traditional XAS line shape based criteria sug-
specific magnetic-moment informatidon® Such measure- gest the effects to be minimal, the saturation/self-absorption
ments allow for the determination of the orbitah,=(L,), effects can indeed be severe in MCD. We begin by present-
and spinmg=—2 (S,), contributions to the total magnetic ing a method to directly determin@bsolute helicity-
moment of each constituent elemé&nt. dependenphotoabsorption cross sections at theedges of

There are three commonly used methods for quantitativéhe 3d transition metals from transmission measurements
XAS measurements: transmission yi€ldy), fluorescence and use it to determine the corresponding cross sections for
yield (FY), and total-electron yieldTEY). The TY method bcc Fe. Second, utilizing these experimental cross sections
is the most direct and accurate, assuming that the reflectivitgombined with a semiempirical, phenomenological descrip-
is small (satisfied for nongrazing photon incidence angles tion of TEY, we calculate the anticipated XAS and MCD
while the latter two methods are indirect and suffer from aspectra to illustrate the extent to which saturation/self-
number of artifacts. There is ample evidence that the FYabsorption effects alter the measured TEY spectra. Finally,
method suffers from spin-dependent decay channel compliwe compare the experimental TEY results to our calcula-
cations, making it unsuitable for quantitative helicity- tions.
dependent photoabsorption cross secttSn& while the (1). Determination of absolute helicity-dependent photo-
TEY measurements may suffer fronintrinsic spin-  absorption cross sectiondhe TY method, while the most
dependent transmission asymmetri@s the emitted elec- straightforward for determining the energy-dependent photo-
trons traverse magnetic overlayeasid from arextrinsicde-  absorption cross sections, is the most difficult, since at these
tection efficiency imbalance due to external/stray magneticoft-x-ray energies employed in transition metal studies, the
fields. Despite their shortcomings, the indirect methods ar@hotons have a very small penetration depth. For this reason,
usually preferred since the transmission method is often ndhe magnetic material and the underlying substrate must be
practical at spectroscopically interesting soft-x-ray energiesufficiently transparent to allow significant transmission of
due to small photon penetration depth. the incident flux. This can be accomplished by either prepar-

One of the major challenges in the determination of accuing free-standing magnetic films ef200 A thick, or by de-
rate XAS spectra has been the correction of the collectegositing a thin magnetic film onto a suitable substrate which
TEY and FY spectra for saturation and self-absorption efis mechanically strong but is relatively transparent with fea-
fects (nonlinear deviations of the measured photoabsorptioureless absorption spectrum in the energy regions of inter-
cross sections from the “true” values with effective sampleest. Since free-standing, high-purity films of this thickness
thicknes$. The general method of extracting the correct val-are difficult to manufacture, the use of a supportive substrate,
ues from the XAS spectra collected either via FY or TEY isa ~1 um-thick semitransparent parylene,gtG),,, was pre-
to use semiempirical, phenomenological yield equations tderred for this study.
correct the measured spectral'®!*In these corrected  The experiments were conducted at the NRL/NSLS U4B
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the XAS, which must be corrected for the photon incidence
angled;, measured from surface normal and incomplete cir-
cular polarizationp, .

The determination of absolute photoabsorption cross sec-
tions in transmission is complicated by the presence of scat-
tered light and second and higher-order ligtitat follows
the same optical path as the first-order ljghom the grating
monochromators. Typically, the higher-order and scattered
light contribute less than 1% to the total photon flux but may
have a noticeable effect on the measured spectra near the
absorption thresholds as they are less severely attenuated
680 700 720 740 760 780 than the first-order light’~*° A simple method to determine

Energy (eV) the absolute cross sections is to normalize the measured
spectra with a constant offset, to correct for any contributions
from this unwanted light, and scale the prg-and post,
edge regions of Fe to previously published absolute
measurement®. The u. spectra, thus normalized, are
shown in Fig. 1, along with published tabulated vafies
) ) ] (that do not include near-edge autoionization resonances, i.e.,
beamline at the National Synchrotron Light Soult& The  \hite lines.

Fe films were depositeih situ at 10 '° Torr pressure from (2). Saturation/Self-Absorption effectst the XAS white-
e-beam evaporators onto a parylene substrate held at roofhe resonances, the photoabsorption cross sections increase
temperature. For the transmission measurements, the atter]/H'arked|y and the resumng photon penetration depth at that
ation of the soft-x-ray flux was determined by measuring theenergy becomes comparable to the sampling vol(ueter-
incident flux1o by using a highly transmitting Au grid, and mined by the secondary electron escape lendth a result,
measuring the transmitted flux with a Si photodiode. Simul-3t these white-line energies, the measured total

taneously, the photocurrent drain on the sample was megfecay-product yield intensity is reduced from the actual
sured to determine the TEY spectra. A schematic of the exatomic absorption cross section. In addition, due to the
perimental arrangement for the measurements as well aggnificant difference between the respective mean-free paths
representative absorption spectra for an Fe thin film argf the incident photons at thé; and L, white lines,
shown in Fig. 1. To minimize the electric/magnetic field- this reduction is larger at thé., energy, resulting in
dependent variations in the sample photocurrent, the megne distortion of the spectra. The situation is more severe
surements were made with the sample magnetized in remgr the MCD spectra. Since the helicity-dependent
nance(95-100%, i.e., at zero applied magnetic field, with apsorption cross sections at a white line are significantly
an extraction grid biased at a positive high voltétyically  jifferent (up to 50% at theL; absorption edge as the
500-1000 V placed near the front of the sample, away fromjrcylar polarized radiation penetrates into the sample,
the incident photons’ path. At each photon energy, the T¥ihe remaining flux is reduced more quickly for one helicity
and TEY intensities were measured for a fixed photonpan the other, more strongly affecting the resultant MCD
helicity, first after a positive field sufficient to saturate spectra.

the moments of the film was applied and then turned off = The measured XAS signal at incident photon enefgy

prior to signal collection, and then after a similar negative,qrmalized to the incident fluxS,(E)/14(E), can be de-

field pulse. N _ scribed by the following equatioh'®%%4
The determination of the helicity-dependent absorption

cross sections require the measurements of the transmission
spectra for two opposite magnetization directions, nor- S(E) A fd w,(E,2) ;{ fz(,utot(E,Z')
= —2 X. X —_— —_ —_—

U, (MBarn/atom)
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FIG. 1. Absolutex, and p_ for Fe thin film, normalized as
described in text to the published tables of cross sectgymabols.
The inset shows the experimental arrangement.

malized to incident-photon flux, for tHe, ; white lines of Fe

as well as the corresponding substrate spectrymtaken lo(B) cos o\ cosd
prior to the Fe deposition. The absorptivity of the film for the il By 2')

two photon helicities can easily be derived from these spec- —)d ’}d i 2
tra: COS 6,

Su 1 1(pr—p_) where the subscripx denotes a decay process within the
Mtd=utoti7= > (p++p_)i§ ) (1)  detection energy window &, ; A/r? is the solid angle sub-
Pe ! tended by the detectdactive areaA, and distance from
sample,r); C, and D, are the relative detection efficiency
with p.=—In(l. /1. |+ is the transmission spectra for the and decay mode probabilities, respectivetly;is the film
Fe film plus the parylene substrate after normalization to thehickness;6; (6,) is the photon incidencéemission angle
incident flux andlg is the corresponding normalized spec- measured from sample normal; andE,z)’'s are the energy-
trum for the uncovered parylene film. The first term in Eq.and depth-dependent photoabsorption cross sections.
(1), miot, 1S the total photoabsorption cross section, while the In the special case of uniform, homogeneous films
second termgu/2, is the helicity-dependent contribution to u(E,z)— x(E) and, Eq.(2) reduces to
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For TEY, uy— uior, Sinceall absorption processes con-
tribute to the TEY signal. Also, if one assumes thHtelec-
trons are collected, them,y(E,)/c0s 0— u.=1/¢, wheref is
the phenomenological “mean-escape depth” for secondary
electrons. Thus,

Se(E) Mot E) ol E) 1
IO(E)OC( cosai) [l_exr{_(cosoi +E>dH
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There are a variety of criteria to monitor for the presence
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Since uo; is much larger at thé 5 white line than the corre-
spondingL, white line, one indication of the presence of
saturation is a thickness- or angle-dependent variation in the Photon Energy (eV)
L5:L, white-line intensity ratio in XAS. As discussed above,
an even larger variation in thes:L, white-line intensity
ratio is present in the difference of the, a_n_d,u_, S_peCtra’ unsaturated XASy,; and MCD, u, spectra measured in transmis-
ou (=u,.—u_). Therefore, a more sensitive indicator for sion are also shown for reference.
the presence of saturation effects is a thickness/angle-
dependent variation in thie: L, intensity ratio of the MCD i Fig. 2. The symbols in Fig. 3 show the TEY;:L, inten-
peak heights. sity ratios for XAS and MCD, normalized to the correspond-
With the experimentally determined absolute cross secmng ratios for TY, as the photon incidence angle is varied
tions presented above, the changes in the XAS speglta, from 15°—75° from sample normal, which corresponds to an
=(u++u-)/2, as a function of photon incidence angle caneffective thickness variation of 31-116 A. Note that, as sug-
be calculated to quantitatively address the important issue Qfested by the calculations, the measured data exhibit satura-
Saturation/se|f-abSOI’pti0n effeCtS manifested in TEY. USing Qion effects even near normal incidence and that for inci-
realistic mean-escape depth for secondary elect®mg,10  gence angles 0k50°, the ratios do not change significantly.
A, and the film thicknessd=30 A, we can calculate the Starting at~50°, both ratios start to deviate more rapidly
XAS and the corresponding MCD spectra at each incidencgway from unity. Note that the onset angle at which the
angle, shown in Fig. 2. Note that varying the film thicknesssatyration effect increases more rapidly will depend strongly
would also result in a reduction in peak intensitfbat func-  on the actual thickness of the film and on the material used.
tionally differen).

FIG. 2. Calculations showing the effect of saturation on XAS
(top) and MCD (bottom for a 30 A Fe film withé=10A. The

A number of observations can immediately be made. SRR LA
First, as anticipated, even at normal photon incidence this g 3
thin film exhibits some saturation. Second, the XAS and E
MCD spectral shapes remain nearly unchanged for incidence g 3
angles less thar-50° and thereafter visible saturation be- 2
gins to occur and the white-line intensities begin to decrease - ]
rapidly. Third, although this is a relatively thin sample, satu- @ E
ration in XAS is expected even above the edge, indicating =5 [ ® Lsl,inXaS E
that normalizing the data from different measureméats., E oaf o olainMOD E
samples with different thicknesses or different measurement 5 F . Simulation: d 30A, £ = 10A E
geometriesto values above the edge can cause errors. 02;_ --- Simulation: d = 304, &= 17A E

(3). Comparison with experimento verify the ideas pre- ||||.
sented in the previous section, we measured helicity- 0 20 40 60 80
dependent photoabsorption cross sections from a thin 30 A Photon Incidence Angle (deg)

Fe film, measured simultaneously in TY and in TEY. To

avoid the necessary complications due to sample-to-sample FiG. 3. Experimental TEYL;:L, ratios for XAS and MCD as
variations in a multiple-thickness measurement, the effectivgvell as them, /m ratios for a 30 A Fe film. The solid and dashed
thickness of the thin film was changed by varying thecurves are the calculations as described in text itl0 and 17
incident-beam direction, similar to the calculations depictedA, respectively.
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Since, in MCD, the primary aim is to obtain quantitative ex situx-ray fluorescence spectroscopy. On the other hand,
information on the magnetic moment, it is imperative to as-is largely unknown and was determined by comparing the
sess the consequences of this saturation on the determinsignulatedL ;:L, saturation to the measured ones.
orbital and spin momentsn, andms. While determinedn, Previously published results from related studies of Co
and m, are model-dependefittheir ratio, m;/ms, only de-  and Ni single crystals or thin films indicate a value of 17—20
pends on experimental quantities, i.e., on the relative sizes 2 A for £7°For reference, calculations usigeg 17 A are
and signs of thé 3 andL , peaks in the MCD spectrum, and 5o included in Fig. 3dashed curvésand show a worse

hence is of the more robust material parameters that can %reement with the experiment. The lower value foin-
H 4,21 H : )

obtained from the MCD data”*'Note that, since saturation ferred in the present study can be understood by considering
prr1|marlly gffehcts ';he det_ermm.ﬁd c]’qrb'tal hmoments|,, ”(‘f that Fe has a larger density of empty states of both spin
changes n then, hms r;o\tlos V;" re SCI. t ((jafcorrespor; NG characters that would result in enhanced inelastic electron
saturation i . Them, /m; va ues obtained irom TEY ata, scattering, and hence a smaller escape depth. More troubling,
normalized to the values obtained from transmission, are alsﬂowever is the fact that the measured values fomtham

. . . . . . 1 S
Z“OYV”. In .F'gh ?_ !tL'S. |mme_d|atel_y apparenltk;that while theratio are substantially less severely saturated than what the

eviation in thel 5:L, intensity ratios is smallbut present simulations find. In the calculations, the relative electron de-

near normal-incidence angles, the resulting errors on thg,yion efficiency and decay mode probability were assumed
m; /ms values are significantly larger. More importantly, the ; pa energyndependentwhich is not true. In fact, if partial

deviation from unity increases much more rapidly than they qrescence yield can be used as an indicator, near strong
corresponding deviation in thies:L, intensity rat|os..Th|s white lines, the decay probabilitieB, vary considerably
clearly demonstrates that the extent and the severity of the.. energy'? which may result in variations in TEY. Fur-
saturation effect can be strongly underestimated if one relieg,e mqre “the probability for electron escape and detection
only onthengLz intensity ratlos asa gr|ter|on for saturation (related to the detection efficiencg) may also depend on
correction. Furthermore, since saturation is present at Normglq " incident-photon energy. If the energy dependence of
incidence, using normal-incidence spectra as “reference’ihage processes, which is largely unknown, is significant
for correcting the saturated spectra will also result in eTOr%nough to measurably affect the TEY and MCD spectra, then
in the determinedn, /m; values. _ _the attempts at correcting measured spectra will be even
We can directly compare our expgnm_ental .results Withyore severely hampered. In addition to these energy-
calculated values. The solid cur\‘{es in Elg. 3 _|IIu§t,r’ate thedependent processes, there may be spin-dependent processes
calculated values for the three “saturation criteria” men-yna; affect the measured TEY spectra. It is well known that
tioned above, with the tvxo free parameters in B, i.e.,d  he decay processes, which ultimately contribute to the TEY
and¢, set to 30 and 10 A, respec.t|vely. The top solid curvejniensity, are spin-dependelitThis spin dependence of the
was obtained by calculating the:L, ratio for eaCtL XAS  decay and a possible spin dependence in the electron cascade
spectrum, after subtracting a continuum backgroufithe  r5cess may result in a helicity-dependent mean-electron-

middle solid curve depicts the saturation in thg:L, peak  ggcape depth. , further complicating attempts to model and
intensity ratio in MCD, revealing that it is larger than in 5. ect for saturation.

XAS and deviates from unity more rapidly. Finally, the bot-

tom solid curve illustrates the corresponding saturation in the This work was partially supported by the Office of Naval
determined m;/mg ratio. Note that the film thickness Research. Work done at National Synchrotron Light Source
(305 A) was determined by a combination iof situ ab- ~ was supported by U.S. DOE, under Contract No. DE-AC02-
sorption strengtliin transmissiohat thel ; peak energy and 76CH00016.
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