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Scattering-path analysis and magnetic scattering properties of Fe/Ag(100) films:
A temperature-dependent magnetic EXAFS study
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Magnetic extended x-ray absorption fine structure (MEXAFS) is the spin-dependent counterpart of the well
established extended x-ray absorption fine structure (EXAFS) technique. By means of MEXAFS, it is not only
possible to analyze the local magnetic structure but also to probe magnetic fluctuations. For a fundamental
understanding of this technique, we studied bulklike Fe films on a Ag(100) single crystal substrate by com-
paring the experimental data to ab initio calculations. The measurements were carried out at different tempera-
tures. To model the temperature dependence, originating from lattice vibrations and spin fluctuations, the rigid
band model was applied. The present study enables us to understand the differences in the fine structure of
spin-averaged and magnetic EXAFS, to identify the scattering paths contributing to the EXAFS signal, and to
reproduce the experimental spectra even with a simple rigid band model separating spin fluctuations from

lattice vibrations.
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I. INTRODUCTION

Studies providing information related to local dynamic
disorder and magnetic ordering are of immense interest, par-
ticularly for systems that show magnetic phase transitions.
X-ray absorption spectroscopy in the extended energy range
using linear and circularly polarized light has become the
technique of choice to draw such kind of information.'~® The
temperature dependences of extended x-ray absorption fine
structure (EXAFS) and magnetic extended x-ray absorption
fine structure (MEXAFS) yield the local dynamic disorder
(lattice vibrations) and magnetic disorder (spin fluctuations).
For systems containing 3d elements, measurements at their
L, 5 edges are of relevance since, thereby, the important 3d
states can be probed. In the past, we have conclusively es-
tablished that the overlap between L, and L; edges can be
described accurately by ab initio calculations.'®!" Further-
more, a procedure to deconvolute the experimental spectra
into their L; and L, edge contributions was developed,!!
which enabled us to study higher order spin-spin correla-
tions.

In this work, we present high quality EXAFS and MEX-
AFS spectra at the L, 5 edges of a Fe bce film of 13 ML
(monolayers) on Ag(100). This is a common system with
respect to its magnetic and structural properties (see, e.g.,
Refs. 12 and 13). The Ag substrate was chosen since no other
absorption edges of the substrate are found in the Fe (M)EX-
AFS range. As the regular EXAFS is automatically recorded
when measuring magnetic EXAFS, an attempt is made to
directly compare structural properties with the local mag-
netic structure. A detailed scattering-path analysis including
paths with an effective path length R.z=5 A is done for this
Fe bcece lattice. The rigid band model was applied here to
model the temperature-dependent fine structure of the experi-
mental 3d-metal MEXAFS including the respective Fourier
transforms. This is crucial in order to disentangle spin fluc-
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tuations from lattice vibrations, both contributing to the
damping of the MEXAFS signal. This will be important for
future studies of the local spin correlations close to the Curie
temperature in two dimensional Fe films.

II. EXPERIMENT AND ANALYSIS

The Fe films (13 ML) were prepared and measured in situ
(base pressure p<3X107'2 mbar). The Ag single crystal
was cleaned by repeated cycles of sputtering with Ar* atoms
(0.5 keV) and subsequent annealing (850 K). The cleanli-
ness and the long-range order were checked with Auger elec-
tron spectroscopy and low energy electron diffraction, re-
spectively. The films were grown at room temperature by
electron beam evaporation with a rate of typically about
0.5 ML/min.

The absorption spectra were recorded at the helical undu-
lator beamline UE56/1-PGM of BESSY using the total elec-
tron yield. The degree of circular polarized light in the EX-
AFS range of the Fel,; edges was about 90%. All
measurements were carried out in the presence of a magnetic
field (B=18 mT) for two different temperatures (7=300 and
80 K). This field is sufficient to magnetically saturate the Fe
film. Since the easy axis of the sample magnetization lies in
plane, we measured at grazing incidence of ¢=20° to the
surface plane. The absorption spectra were recorded in an
energy range of E=690-1300 eV. In the upper part of Fig.
1, the spin-averaged absorption for 7=80 K is shown. The
spectrum is normalized to the signal to background ratio
(edge jump Jg). The EXAFS signal is about 10% of the edge
jump. The lower part of Fig. 1 shows the corresponding mag-
netic absorption. In comparison to the near edge x-ray mag-
netic circular dichroism signal, the amplitude of the MEX-
AFS oscillation is much smaller (about 1.2% of the edge
jump). For clearer representation it is magnified by a factor
of 100 in Fig. 1.
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FIG. 1. Experimental EXAFS and MEXAFS spectra w(E) and
mm(E) at T=80 K. The spectra are normalized to the signal to back-
ground ratio.

The EXAFS signal y(E) is due to Coulomb scattering of
the photoelectron at the surrounding atoms. Depending on
the photoelectron energy, there is constructive or destructive
interference between the outgoing and backscattered electron
waves. The conventional way of EXAFS analysis is to ex-
tract the oscillatory part y(k) from the original absorption
spectra according to x(k)=[u(k)— uo(k)]/Jz, where u is the
so-called atomic background and k=+2m,(E-E,)/h*> the
photoelectron wave number. To determine the atomic back-
ground function, the AUTOBK code!* was used. The experi-
mental y(k) can be described as a superposition of all scat-
tering shells j, where each shell contributes according to

)= 3 N Do PR AR] g
J

2
R;

Here, N; and R; are the number and distance of atoms in the

shell, F(k) and (k) are the scattering amplitude and phase,
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and Ay(k,T) is a damping factor including the EXAFS-
Debye-Waller factor exp(—20°k?), where o is the mean
square relative displacement of the scattering atoms due to
lattice vibrations. Commonly, x(k) is Fourier transformed
into real space with R as the distance between the absorbing
atom and the various backscattering atoms [shifted by the
scattering phase shift 8(k)]. In other words, the Fourier trans-
form (FT) of the EXAFS oscillations is related to the radial
pair distribution functions of each scattering shell.

For the MEXAFS studies, circularly polarized x-rays are
used. So the photoelectrons carry a spin polarization (o).
This leads, in addition to the Coulomb potential, to an ex-
change interaction. The scattering amplitude for a photoelec-
tron with spin parallel (+) and antiparallel (=) to the sample
magnetization is then given by the EXAFS scattering ampli-
tude F plus an additional magnetic contribution (o ,)F,;. For
a multiple scattering process, the scattering amplitude is
given by the product of the separate scattering events. Hav-

ing n identical atoms, the product reduces to the power of
515
n>

F
F*=(Fex(0.)F)y)" = F'g( 1+ n((TZ)F—M) . 2)
c
The approximation is derived from potential series. Hence,
for MEXAFS, the multiple scattering paths will be enhanced
by the factor n of the scattering events.

III. RESULTS AND DISCUSSION

One main purpose of the present investigation is to study
the scattering paths of the photoelectron (originating from a
2p state) in real space and the influence of normal potential
(Coulomb) and spin-resolved (exchange) scattering on these
paths. This is of interest to understand the magnetism of
ultrathin ferromagnetic Fe films.

In Fig. 2, the normalized EXAFS [x(k)] and MEXAFS
[xu(k)] oscillations measured at 80 and 300 K and their cor-
responding Fourier transforms are shown. In ,,(k), the rela-
tive amplitude in the range of the “high frequency” oscilla-
tion at k<6 A~! is significantly larger than in y(k). This is
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FIG. 2. Experimental oscillations x(k) and

xu(k) of EXAFS and MEXAFS recorded at 80

and 300 K (left). The corresponding Fourier
transforms (FTs) are shown on the right hand
side.
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also visible in the FT, where the longer distance contribu-
tions (R>3 A), especially the second and third peaks lo-
cated at R=~3.8 and 4.7 A, are enhanced compared to the
first peak at R=2.2 A. The enhancement of multiple scatter-
ing contributions was discussed in a qualitative manner in
Ref. 5. In contrast, in the present work, we analyzed this
enhancement quantitatively by studying the individual scat-
tering contributions (see below). We show that the differ-
ences between the EXAFS and MEXAFS signals are due to
(i) the overlapping of the L,; edges and (ii) the enhanced
multiple scattering contributions. Apart from this, significant
intensities for R>6 A in the FT of y(k) and x,,(k) can be
observed, which have been identified very clearly here. For
the x,,(k) data, an increased noise contribution can be de-
tected at larger k values in Fig. 2. However, this noise does
not affect the reproducibility of the peaks in the Fourier
transform for the two temperatures even at distances larger
than 6 A. This indicates that these contributions indeed stem
from scattering phenomena and are no artifacts of the in-
creased noise.

The theoretical descriptions of EXAFS and MEXAFS are
quite advanced. For the ab initio calculations, the FEFF83
code'® was employed using a Fe bcc lattice with a
=2.8665 A in a cluster with radius R=10 A. All paths with a
scattering amplitude of at least 3.5% relative to the nearest
neighbor scattering contribution and a maximum of four
scattering atoms were considered. The experimental signal is
a superposition of the L3 and L, edges. An electron originat-
ing from the 2p,,, level (L,) differs in energy from the one
being excited from the 2ps, level (L3) according to the spin-
orbit splitting. So the absorption coefficient of the L,
edge can be expressed as x;o(E)=ayx;3(E+AEgy), where
AEgp=-13.1 eV. The energy shift has to be negative since
an L, electron has less kinetic energy than a corresponding
L5 electron at a specific photon energy. The total absorption
is then given by!'®

2
Xi3(E) = 5[XL3(E) + ax(E+AEgo)], (3)

with @=1/2 for EXAFS and a=-1 for MEXAFS according
to a different transition probability and spin polarization at

8 10

Distance R [A]

the two edges. This calculation is an ideal theoretical ap-
proach because it calculates the multiple scattering process in
a given real crystallographic lattice. Another possibility is to
perform a fitting procedure to the experimental data in k
space and to extract information from the fit parameters, like
recently done for Fe/V(110) by Rossner et al!” In the
present work, we will focus on contributing scattering paths
in both normal potential and spin-resolved scattering

A. Extended x-ray absorption fine structure

In Fig. 3, the experimental data are compared to ab initio
calculations, confirming a bee structure for the Fe film. We
shall first focus on the EXAFS data. The frequency and en-
veloping intensity of x(k) are reproduced quite well by
theory. However, in the FT, there are some discrepancies
between experiment and theory for R>5A. So the
scattering-path analysis is only done for paths with R
<5.05 A. The required information to identify various scat-
tering paths contributing to the EXAFS signal can be found
in the intensity and position of the related peaks in the FT. In
contrast to earlier investigations,18 the contributions of all
scattering paths are calculated separately. This is necessary to
determine the peak maximum R correctly, which differs from
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FIG. 4. (a) Scattering contributions to the EXAFS Fourier trans-
form determined from FEFF calculations for the single Fe L; edge
and (b) a schematic representation of the Fe lattice to describe the
scattering paths. The numbers in the graph correspond to the scat-
tering paths listed in Table I.
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TABLE 1. The 17 most important scattering paths to describe the EXAFS in bee Fe up to Re=5.05 A.
Here, the ratio is the scattering amplitude relative to the first single scattering path, Ris the phase shifted peak
maximum, and degeneracy D is the number of equivalent paths. The path types include “SS” single scatter-
ings, “focusing” paths with only forward scattering events except for one backscattering, and “linear” col-

linear paths with more than one backscattering event.

Rsff R taype
Path n shell Ratio D (A) (A)
1 2A-1la-A 100.00 8 2.48 2.24 S8, first shell
2 2A-2a-A 53.80 6 2.87 2.63 SS, second shell
3 3A-la-2a-A 18.30 42 3.92 3.58 triangular
4 2 A-3a-A 55.26 12 4.05 3.83 SS, third shell
5 3A-1b-1d-A 11.27 24 4.51 4.10 triangular
6 3A-la-3a-A 20.90 48 451 4.00 triangular
7 2A-4a-A 78.17 24 4.75 4.51 SS, fourth shell
8 3A-2a-3a-A 5.86 48 4.89 4.41 triangular
9 2A-5a-A 23.55 4.96 4.72 SS, fifth shell
10 3A-la-1c-A 10.33 4.96 4.66 linear
11 3A-5a-1la-A 66.69 16 4.96 4.68 focusing
12 4A-la-A-1D-A 14.42 8 4.96 4.60 dogleg
13 4A-la-A-1la-A 5.50 4.96 4.57 linear
14 4 A-la-5a-1a-A 54.43 4.96 4.65 focusing
15 3A-1c-2a-A 17.12 48 5.05 4.82 triangular
16 3A-4b-1b-A 21.57 48 5.05 4.71 triangular
17 3A-4b-2a-A 22.12 48 5.05 4.70 triangular

the effective path length R due to the net scattering phase
shift [see Eq. (1)]. To classify the various scattering paths,
one distinguishes between single scattering (SS) and multiple
scattering (MS) paths. As can be seen from Fig. 4(a), the
main peak includes contributions from the nearest and next
nearest neighbors. The two smaller peaks at R=3.8 and
4.7 A are related to longer path lengths including multiple
scattering paths. In Table I, all paths are listed, which have
been considered in the calculation. It is clear from Fig. 4 and
Table I that the majority of peaks in the FT can be identified
by SS paths only. However, some paths, namely, Nos. 11 and
14 can be identified as forward focusing ones. This confirms
theoretical predictions (e.g., Ref. 19) and earlier experimen-
tal findings (e.g., Ref. 20). All other paths such as, e.g., the
triangular ones at R=3.58 (No. 3) and 4.00 A (No. 6) con-
tribute much less. As we will see in the following section,
this situation is different for magnetic scattering, where these
paths also contribute significantly.

B. Magnetic extended x-ray absorption fine structure

Now we turn the attention to the MEXAFS data. In the ab
initio calculation, the MEXAFS effect is explained by intro-
ducing an additive exchange contribution to the complex
multiple Coulomb scattering expansion formalism. The
lower part of Fig. 3 shows the MEXAFS calculation along
with the experiment recorded at 80 K. The overall structure
of the experimental y(k) and most of the fine structures are
reproduced reasonably well. In the FT, the enhancement of
the second and third peaks with respect to the first peak is
also reproduced.

As mentioned earlier, this enhancement is related to the
relatively large amplitude of y,,(k) in the range of the high
frequency oscillation at k<6 A~! compared to the EXAFS
x(k). As described by Eq. (2) and observed by Srivastava er
al.,*! the enhancement in intensity of the second and third FT
peaks can be partly attributed to MS contributions. To inves-
tigate this, we calculate the SS contributions separately. As
can be seen from Fig. 5(a), in this k range, there are major
multiple scattering contributions. In the FT [Fig. 5(b)], con-
tributions from MS and SS are significantly different for the
second and third peaks. In addition, the overlapping of the
L, 5 edges also influences the intensity of these peaks. This
can be understood in the following manner: The (M)EXAFS
signals x;3(E) and x;,(E) of the separate edges are basically
identical except their threshold energy E, and a factor « [see
Eq. (3)]. The energy difference shifts the L, spectrum such
that in the high frequency range (E—E,< 137 eV), the oscil-
lation x;,(E) is in antiphase with x;3(E). Hence, for a posi-
tive a (EXAFS), there is destructive interference, and for a
negative a (MEXAFS), there is constructive interference.
Since a high frequency oscillation in y(k) corresponds to a
long distance in the FT, this explains the enhanced intensity
of peaks at R>3 A with respect to the first peak in the FT of
the MEXAFS data.

To disentangle the effects of MS contributions from the
overlapping of L, ; edges, we compare the relative intensities
in the Fourier transforms of the L; EXAFS, L; MEXAFS,
and L, ; MEXAFS each by considering SS and MS+SS con-
tributions (see Fig. 6). As expected, the superposition of the
two edges enlarges the intensity of peaks at R>3 A for SS
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FIG. 5. Ab initio calculation of the MEXAFS
for the combined L, 5 edges. The solid line shows
the single and multiple scattering contributions
and is also plotted in Fig. 3. The dashed line
shows a calculation, where only single scattering
(SS) contributions are considered.
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only [Fig. 6(a)] as well as for MS+SS [Fig. 6(b)]. However,
the calculated FT for the separate L; edge is quasi-identical
for EXAFS and MEXAFS when considering SS only. Hence,
the magnetic scattering amplitude F,; scales the same for all
SS paths compared to the Coulomb scattering amplitude F.
Whereas when considering MS+SS, the intensity of peaks at
R>3 A is clearly enlarged, which now can only stem from
MS contributions. This means that the ab initio calculation
confirms Eq. (2) and in contrast to the scattering-path analy-
sis done for EXAFS, where MS contributions play a minor
role, for MEXAFS, they contribute significantly. As can be
seen from Table I, these MS contributions are mainly trian-
gular paths.

The spin-dependent scattering of the photoelectron can be
modeled by the Coulomb potential describing the EXAFS
signal. The spin up or down potential in this case is simu-
lated by shifting the Coulomb potential in energy according
for exchange interaction between the photoelectron and the
scattering atoms. The rigid band model predicts an analogous
spin-dependent energy shift AE of the density of states
(DOS).%?? This energy shift is temperature dependent, since
for randomly oriented spins (7> T), the magnetic interac-
tion in each scattering process cancels out. Since the absorp-
tion coefficient is related to the empty DOS, one can calcu-
late the MEXAFS spectrum from the experimental EXAFS
spectrum just by shifting x(E) in energy. Recently, this
method has successfully been applied to the calculated EX-
AFS spectra for a Fe/V(110) system.!” We have modeled
MEXAFS spectra recorded at two different temperatures us-
ing this model with the experimental EXAFS spectra. The
MEXAFS signal can be expressed by a simple subtraction of
the energy-shifted spin-averaged absorptions yielding
XO(E,T) in the rigid band model:'®

X(E,T) = X(E— %AE(T)) - X(E + %AE(T)). (4)

The energy shift AE is the only free parameter and scales the
intensity. It is a direct measure for the local magnetic cou-
pling, which is the quantity we are interested in. In Ref. 10,
this model was applied to the experimental EXAFS data of a
Gd single crystal. To account for the the overlap of the L, ;

edges in a 3d transition metal, we assumed x;,3= x;3 and
extended Eq. (4) analog to Eq. (3),
X/rwb,L23(E) = X%,B(E) - X$,L3(E +AEso). &)

Using our experimental x(E) in Egs. (4) and (5) yields the
MEXAFS spectra shown in Fig. 7 with AE(300 K)

Distance R [A]

=(0.77+0.05) eV and AE(80 K)=(0.80+0.05) eV. The
agreement of experiment and this model is quite good even
for distances R>6 A in the FT. Hence, the magnetic EXAFS
can indeed be described by the density of scattering states,
which are energy shifted due to magnetic exchange coupling.
This model is applied here for the temperature-dependent
MEXAFS data of a 3d element. Thereby, the effect of spin
fluctuations can be separated from lattice vibrations since the
temperature dependence of AE(T) is only influenced by the
spin fluctuations. It is to be noted that AE(T) is nearly con-
stant as M(T) does not change significantly in this tempera-
ture range (80—300 K) for a 13 ML Fe film. Therefore, the
observed temperature dependence in the magnetic EXAFS is
mainly due to a change in the Debye-Waller factor.

IV. CONCLUSION

The present work shows high quality EXAFS and MEX-
AFS data resulting in significant intensities for distances
larger than 6 A in the corresponding Fourier transforms. The
detailed scattering-path analysis shows predominant intensi-
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0.01 |
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FIG. 6. Origin of the enhanced second and third peaks in the
magnetic EXAFS. (a) The intensity of single scattering contribu-
tions is the same for EXAFS and MEXAFS at the separate L5 edge,
where in the full calculation (SS+MS), (b) a clear enhancement is
there. The overlapping of the edges affects both single and multiple
scattering contributions. The spectra were scaled to fit the first peak.
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FIG. 7. Application of the rigid band model in
comparison to the experimental data. The solid
line spectra are calculated according to Eq. (5).
Taking into account the simplicity of the model
[Egs. (4) and (5)], we achieved an amazing agree-
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ment with the experimental data, even for dis-
tances R>6 A in the FT. The temperature-
dependent damping is mainly due to lattice
vibrations, since AE(T) is constant within the er-
ror of £0.05 eV (see text).
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ties for single and forward scattering in the case of EXAFS.
Whereas in the case of MEXAFS, also triangular paths con-
tribute significantly. This scattering-path analysis in real
space gives a very specific insight into the microscopic trav-
eling path of the photoelectron, i.e., its interaction with the
nearest neighbor potentials, on an atomic scale. It is shown
that the rigid band model works quite well to reproduce
MEXAFS data, and the energy shift AE(T) is proportional to
the sample magnetization. We have thus a powerful tool to
separate spin fluctuations from lattice vibrations in the MEX-
AFS signal. In the future, it would be very interesting to

6 8 10
Distance R [A]

study nearest neighbor coupling in the vicinity of Curie tem-
perature with this method.
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