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We show that the absorption spectra of magnetic iron oxides (Fe3O4, a-Fe2O3) exhibit strong angular-
dependent saturation effects when measured in the total electron yield mode. We analyze quantitatively the
impact of saturation by independent evaluations of the probing depth~d!, the absorption length~l!, and their
ratio (l/d). Our estimates ared'50 Å, l(L3)5170 Å, andl(L2)5525 Å. The ratiol(L2)/d'9 at theL2

edge indicate that the extent of saturation is comparable to that observed in pure metallic Fe. In contrast, at the
L3 edge, saturation is considerably increased because of the reduced value ofl(L3)/d'3.5. As a consequence,
quantitative magnetic studies based on linear and circular dichroism at the 2p edges of Fe in magnetic oxides
must take into account and correct for saturation effects.
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The problem of saturation effects related to indirect d
tection of the x-ray absorption spectrum~XAS!, like total
electron yield ~TEY! or fluorescence yield measuremen
was brought up several years ago. However, recent app
tions of x-ray magnetic linear and circular dichroism spe
troscopies~respectively, XMLD and XMCD! have pushed to
a better understanding of this phenomenon. XMLD a
XMCD find an increasing number of applications as tec
niques capable of supplying element-specific magnetic in
mation. The consequences of saturation effects can be q
severe in dichroism studies, where weak magnetic signals
used to quantify parameters related to the ground-state m
netic properties. XMCD studies on Fe, Co, and Ni using
L-edge TEY spectra1,2 have shown that saturation can cau
errors in excess of 100% on the extracted magnetic mom
values.

Saturation occurs when the measured signal is no lon
proportional to the photoabsorption cross section and in
sities of prominent absorption peaks are reduced or ‘‘sa
rated.’’ In the TEY detection mode, XAS is measured
collecting the electrons that escape from the surface a
result of the decay of the core hole.3,4 The ease of detection
and the intense signals make TEY an extensively used t
nique. Although the elementary scattering processes
PRB 620163-1829/2000/62~7!/4187~4!/$15.00
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volved in TEY can be treated exactly, it is very difficult t
account for the ensemble of events that can take pla
Therefore, the way of predicting the probing depth, and
related surface sensitivity, for a given material remains t
large extent unclear.

Following the description given by Tholeet al. in Ref. 5,
the TEY intensity for an infinitely thick layer is given by

I ~a,E!5
Ad

d1l~E!sina
, ~1!

where A is the number of electrons produced per phot
which run in the direction of the surface,a is the angle of
incidence of the x rays defined relative to the sample surfa
d is the probing depth, andl(E) is the absorption length.

The relevant parameter for angle-dependent saturation
fects is the ratio betweend andl(E)sina, the effective ab-
sorption length projected along the surface normal. Fo
givena and ford!l(E)sina, the measured yield is invers
proportional to the absorption length and thus proportiona
the absorption coefficient~m!.

I ~a,E!'
Ad

l~E!sina
}

1

l~E!
5m~E!. ~2!
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If d cannot be neglected with respect tol(E)sina, i.e.,
for grazing incidence of the photons and/or for strong
sorption, this direct proportionality betweenI andm is lost.
The proportionality term will then be a function of the ph
ton energyE and of the angle of incidencea, giving rise to
angular-dependent saturation. For evaluating the exten
which TEY spectra can be considered representative of
sorption, one can rewrite Eq.~1! as

I ~a,E!sina5
A

coseca1l~E!/d
. ~3!

Indeed,I (a,E) scales as cosec(a) to account for the dif-
ferent photon path length into the active thicknessd when
the angle of incidence is varied. Therefore,I (a,E)sin(a)
gives a normalized intensity per absorbing atom that isa
independent as long as the coseca!l(E)/d condition is sat-
isfied.

Equation~3! indicates that, for a given angle, saturati
effects depend onl/d. As both quantities change when g
ing from pure metals to oxides, saturation effects are
pected to be, for a given element and absorption resona
different for metallic or oxide compounds.6 However, a clear
trend for different materials~oxides vs metals! has not been
identified yet.

Previous works have estimated saturation effects for m
als at absorption resonances having large cross sections
the L2,3 edges of transition metals~TM! ~Refs. 1, 2 and 7!
and theM4,5 edges of rare earths~RE!.8–11 Resultingd val-
ues were found to be strongly material dependent and m
shorter than expected. In contrast, quantitative studies
cerning saturation effects in insulating materials and oxi
are scarce.6,9

Magnetic oxides are currently the focus of considera
interest because of their applications in spin electronic12

Oxide-based magnetic tunnel junctions are expected to m
possible in the future the design of a new generation of r
heads for magnetic recording and nonvolatile magn
memories.12,13 The potential of XMLD and XMCD for
studying their magnetic properties has been rece
shown14–16 and, as a consequence, the impact of satura
effects needs to be considered also for this class of mater

In this paper we address the problem of saturation effe
at the FeL2,3 resonances of magnetic iron oxides though
independent evaluation of (l/d), l, andd. Our study con-
cerns both antiferromagnetica-Fe2O3 and ferrimagnetic
Fe3O4. Experimental procedures and analysis will be d
cussed in detail for the later, while results fora-Fe2O3 will
only be given in the conclusions.

The samples were thin Fe3O4 layers epitaxially grown on
a-Al2O3 ~0001! single crystals by atomic oxygen assiste
MBE ~molecular beam epitaxy!. The thickness of the Fe3O4
layers ranged from 5 to 240 Å. Layers exhibit good qual
LEED ~low-energy electron diffraction! and RHEED~reflec-
tion high-energy electron diffraction! patterns correspondin
to Fe3O4~111!. The composition of the films was controlle
by XPS ~x-ray photoemission spectroscopy! at the Fe 2p
core level. The absolute film thickness scale was calibra
independently by RHEED and by RBS~Rutherford back-
scattering spectroscopy!. A detailed description of the films
preparation procedure and characterization can be foun
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previous papers.17–19 The samples were brought up to a
before transferring to the measuring chamber. Compariso
XPS spectra taken on the same samples as prepared and
air exposure showed that, apart from someC contamination,
no changes occurred in the film composition and stoichio
etry.

The experiments presented in this paper were condu
at the Advanced Light Source storage ring in Berkeley, us
beamline 6.3.2.20 The beamline, based on a Hettrick
Underwood design, has no entrance slits to the monoc
mator and uses a varied line spacing grating. Beamline 6
was operated to give linearly polarized photons with a
solving power ofE/DE;2000. The spot size at the samp
position is about 150/30mm horizontal/vertical. The angle o
incidence of the beam on the sample could be varied c
tinuously with a high precision, always keeping the phot
polarization vector parallel to the sample surface. FeL2,3
spectra were obtained by measuring the sample drain cur

Figure 1 shows the maximum intensity corrected for t
angle of incidence~a!, at theL3 and theL2 resonances for an
Fe3O4 layer 240 Å thick. In absence of saturatio
I (a,E)sin(a) should be independent ofa. On the contrary,
we observe a strong reduction when the angle of incide
decreases. For a givena, the intensity is more severely re
duced at theL3 than at theL2 edge. The two experimenta
curves are fitted with the expression of Eq.~3! usingA and
l/d as free parameters. We found that the best fits co
spond tol/d53.560.3 at theL3 edge and tol/d5960.6
at theL2 edge, meaning that thed!l(E)sina condition is
better satisfied in the latter case. However, an order of m
nitude betweenl andd at theL2 edge does not seem suffi
cient to guarantee the proportionality of the TEY spectrum

FIG. 1. I (a,E)sina as a function ofa for the 240 Å-thick
Fe3O4 layer. Solid and open circles correspond respectively to
maxima of theL3 andL2 edges. Both intensity curves are norma
ized to 100 fora590°. Curve fittings with the expression of Eq
~3! usingA andl/d as free parameters are also shown. The best
yield l/d53.5 for theL3 edge~solid line! and tol/d59 for theL2

edge~dashed line!.
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the absorption coefficient. To better evaluate the interplay
l and d in producing saturation effects, we have tried
determine them individually.

d was experimentally estimated from the thickne
dependent values of theL3 intensity normalized to the back
ground before the resonance. A series of layers with th
nesses of 5, 10, 100, and 240 Å was used. Figure 2 show
normalized peak height at theL3 edge plotted as a functio
of the Fe3O4 layer thickness.

In the case of a thin film, the TEY intensity is given b
the expressionI 5(12e2x/d)I ` , wherex is the layer thick-
ness andd is the TEY probing depth.I ` is the electron yield
from an infinite thick layer, that we have approximated w
the Fe3O4 layer 240 Å thick. The curve fitting to an expo
nential function y5A(12e2x/d) results in a value ofd
54562 Å and it is also shown in Fig. 2.

It is generally assumed that the TEY signal consists
two contributions:~i! the excited photoelectrons and Aug
electrons from the decay of the core hole~elastic electrons!
and~ii ! the cascade of low-energy electrons produced in
inelastic scattering events. The mean probing depth is
general, expected to combine the escape depth of both el
and inelastic electrons. The contribution tod coming from
the primary electrons is mainly related to the inelastic me
free path of the Auger electrons, notablyLVV, LMV, and
LMM for the Fe 2p edges. For these electrons~600–700 eV!
the mean free path follows well the universal curve, w
values in the order of;10 Å. In contrast, thed value asso-
ciated to the low-energy cascade is expected to be hig
material dependent: the transport of low-energy electro
for instance, is different in a metal and in a wide gap ins
lator. In metals, low-energy electrons can always attain th
mal equilibrium by losing energy in inelastic scattering pr
cesses involving valence-band electrons. This is the rea
why d was found to be rather short in both TM and R
~10–25 Å!. Recently, Nakajimaet al. determined the TEY
probing depths of 17 Å for Fe and 25 Å for Co and Ni
metallic samples.1 In the case of TM, Siegmann proposed
model based on spin-polarized transport measureme
where the inelastic cross section is simply proportional to

FIG. 2. Normalized peak height at theL3 edge plotted as a
function of the Fe3O4 layer thickness. A series of layers with thick
nesses of 5, 10, 100, and 240 Å was used. The curve fitting to
exponential function giving the TEY intensity as a function of t
film thickness is also plotted. The best fitting using the prob
depth as a free parameter was obtained ford545 Å.
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number of holes in thed band.21 In the case of insulators, th
electrons at the bottom of the conduction band have no
fective mechanism for losing energy. Furthermore, in la
band-gap materials, the bottom of the conduction band m
be above the vacuum level, so that the electrons can rea
escape from the solid.

Our estimate ofd54562 Å for Fe3O4 is roughly three
times the value reported for pure metallic Fe (d517 Å).1

These results give further evidence of a highly material
pendent probing depth for TEY.

l(E) was derived by inversion of the absolute absorpt
intensity, obtained by scaling the experimentalL2,3 TEY
spectrum measured ata590° to the calculated atomic pho
toabsorption cross sectionma

T(E). The latter is the weighed
sum of the iron and oxygen atomic photoabsorption cr
sectionsma

T(E)5ma
Fe(E)1ma

O(E), to account for the atomic
density of the two elements in Fe3O4. Atomic values of the
off-resonance cross sections were obtained from the wor
Henkeet al.22 The resultingma

T(E) of magnetite is plotted in
Fig. 3. It presents a step at the energy corresponding to
Fe 2p edge, but no fine structure related to the electro
properties. The scaled experimental TEY FeL2,3 spectrum
shown in Fig. 3 corresponds to a Fe3O4 layer of 240 Å of
thickness. The values obtained forl(E) at photon energies
corresponding to the maximum of theL2,3 edges are, respec
tively, l(L3)5170620 Å and l(L2)5525660 Å ~error
bars are mainly related to the alignment procedure!. These
values depend on the adopted photon energy resolution,
can affect width and height of the absorption peaks. Th
also rely on the hypothesis that the normal incidence sp
trum is not affected by saturation: the comparison betw
normal incidence transmission and TEY spectra of Fe~Ref.
2! and RE~Ref. 11! shows that this condition is not fully
satisfied, with saturation effects that can attain 2–5 %
TEY.

For RE and TM the cross sections can be very high,
ducing l(E) to very low values. For theM4,5 edges of Dy
~Ref. 10! Gd, Ho, and Er~Ref. 11! experimental results agre
with theoretical estimates ofl(M4,5)'110– 140 Å. For Fe,
Co, and Ni,l(L3)'200 Å andl(L2)'350 Å were reported
in the literature.23,24 In particular, the values given for pur
metallic Fe arel(L3)'170 Å andl(L2)'320 Å.1,2,23In the
oxide, the reduced density of Fe tends to increasel, whereas

an

FIG. 3. Experimental FeL2,3 spectrum of a Fe3O4 layer of 240
Å of thickness~squares!, scaled to the calculated atomic photoa
sorption cross section of Fe3O4 ~crosses!.
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that the lower 3d occupancy of Fe tends to decrease it. Sin
no systematic studies~metal vs oxides! can be found cur-
rently, it is difficult to assess the relative importance of the
two factors acting in opposite directions. As a consequen
a quantitative experimental evaluation must be done for e
material.

Taking into account the error bars associated to
obtained values of (l/d), l, andd, we find that these inde
pendent evaluations have internal coherence. On the
hand, the ratio betweenl andd values estimated individually
are l(L3)/d5170/4553.860.6 and l(L2)/d5525/45
511.762. These values are in good agreement with the
timations of the ratiosl(L3)/d53.5 andl(L2)/d59 from
the curve fitting of Fig. 1. On the other hand, we can der
d usingl(L3)5170 Å andl(L2)5525 Å ~Fig. 3! and intro-
ducing them in the ratiol(L3)/d53.5 andl(L2)/d59 ~Fig.
1!. By this procedure, we evaluated to 48610 and 58
612 Å, respectively.

Our study adds experimental evidence to one genera
pect of TEY saturation, i.e., its material dependence. I
interesting, for instance, to look at our results for Fe3O4 and
a-Fe2O3 with reference to those reported for metallic Fe.
this latter case, the values found in the literature
l(L3)/d510 andl(L2)/d519.1,2 The reduced density of F
s
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ions in iron oxides tends to increasel, hence to weaken
saturation, but the reduced 3d occupancy of Fe in the oxide
induces stronger oscillator strengths, and acts in the oppo
direction. Moreover, we have found a TEY probing depth
the oxide about three times larger than for the metal. The
result is, for a given angle, a stronger saturation for the ox
than for the metal. In the case of theL2 edge, the increase o
both l(L2) and d with respect to the metal yields compa
rable saturation effects. At theL3 edge,l(L3) is similar in
the oxide and in the metal, butd is three times larger in the
former: we have found TEY probing depths of about
and 35 Å for Fe3O4 and a-Fe2O3, respectively, givingl/d
values of 3.5 and 4.5. Such small values induce stro
angular-dependent saturation. As a consequence, quantit
magnetic studies based on linear and circular dichroism
the 2p edges of Fe in magnetic oxides must take into acco
and correct for saturation effects.

We want to stress, though, that our conclusions~oxide vs
metal! cannot be safely generalized: as long as we have
reliable way of predictingd values, quantitative experimenta
studies are required for each material.

We thank C. F. Hague, J. H. Underwood, and E. M. G
likson for their assistance during the measurements and
ALS staff for support.
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