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Amorphous Al90FexCe10Àx alloys: X-ray absorption analysis of the Al, Fe
and Ce local atomic and electronic structures
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X-ray-absorption fine structure~XAFS! above the FeK edge, the CeL3 edge, and the AlK edge in
amorphous Al90FexCe102x ~x53, 5, and 7! alloys have been measured and analyzed. Quantitative analyses of
the FeK-edge and CeL3-edge extended XAFS spectra are limited to local structure parameters of the first
coordination sphere. Comparison of experimental x-ray-absorption near-edge structure~XANES! spectra with
theoretical multiple-scattering~MS! XANES spectra for model compounds, such as crystalline FeAl6 and
CeAl4 , allows one to determine the local structure around the aluminum, iron, and Ce sites in ternary amor-
phous alloys. Using the theoretical MS approach, we show that the Fe and AlK-edge XANES are sensitive to
the structure of coordination spheres, which extend up to nearly 4.4 and 3.3 Å, respectively. The CeL3-edge
XANES, on the other hand, is sensitive to the structure that extends up to 3.15 Å.

DOI: 10.1103/PhysRevB.65.134207 PACS number~s!: 61.10.Ht, 61.43.2j, 71.23.2k
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I. INTRODUCTION

Liquid-quenched amorphous Al90FexCe102x ~x53, 5, and
7! alloys combine the properties of a metal with the sho
range order of a glass.1 Their structural characteristics led t
a number of remarkable mechanical,2 magnetic,3 and
corrosion4,5 properties. These alloys have high strength, h
ductility, low density, and high resistance to corrosion.
fundamental understanding of the atomic structure and e
tronic nature of these alloys is essential in order to expl
the origin of their properties. Hence, the structure of th
alloys was investigated by pulsed neutron and x-ray sca
ing methods.1 The structure around the Fe and Ce sites
vapor-quenched amorphous Al10022xCoxCex (x58 – 10) and
Al80Fe10Ce10 alloys was investigated by x-ray-absorptio
fine-structure~XAFS! analysis.6 So far, to our best knowl-
edge, XAFS local geometry for Al in these alloys as well
details of the interaction between electronic states in the c
duction band have not been studied. It has been shown
the density of Al electronic states in quasicrystalli
Al 63Cu25Fe12 alloys is rather sensitive to the Al local atom
arrangements.7 In this alloy, the Al p-d states interact with
the transition-metald states near the Fermi level. For close
related decagonal Al65Cu15Co20 and Al70Co15Ni15 quasicrys-
tals, the Alp states overlap with the nickel and cobalts and
d states in the conduction band and form significa
pseudogaps in the Al 3p and 3s d states near the Ferm
level.8

X-ray-absorption near-edge structure~XANES! spectros-
copy at the AlK edge provides a unique tool for studying th
density of Al unoccupied electronicp states.9 The above-
mentioned sensitivity of the unoccupied Alp states with re-
gard to local geometry leads to the fact that the AlK-edge
XANES differs significantly from one compound t
another.10 But in order to extract the necessary informati
0163-1829/2002/65~13!/134207~8!/$20.00 65 1342
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from the experimental spectra one needs to perform a th
retical analysis of the AlK-edge XANES data. In a study o
the geometry and electronic structure of aluminum silica
and oxides on the basis of analysis of the AlK-edge XANES,
Cabaretet al.11 showed that a full multiple-scattering ap
proach is one of the most successful methods for theore
analysis. In the present investigation, the Fe and AlK-edge,
and the Ce L3-edge XAFS spectra of amorphou
Al90FexCe102x ~x53, 5, and 7! alloys have been measure
and analyzed. The goal is to determine the best model for
local structures of Al, Fe, and Ce in the Al90FexCe102x sys-
tem and to study the peculiarities of the electronic struct
of these alloys using XAFS analysis. Fourier transforms
the FeK- and CeL3-edge extended XAFS~EXAFS! spectra
~not shown here! display prominent contributions from th
first coordination spheres of Fe and Ce, respectively, with
significant contributions from higher coordination spher
due to the amorphous nature of these alloys. Hence, qu
tative analyses of EXAFS spectra are limited to the first
ordination spheres of Fe and Ce~Table I!. The local structure
parameters for Fe are independent of the composition ra
investigated here. Fe is coordinated with approximately
Al atoms at a distance of 2.46 Å. The disorder for the Fe
sphere is within the range expected for crystalline materi
such as those for metallic Cu and Fe.12 The Ce-Al coordina-
tion sphere, on the other hand, consists approximately o
Al atoms at a distance that increased from 3.13 to 3.18 Å
going fromx57 to 3. The Ce-Al coordination is characte
ized by a high degree of structural disorder suggestin
distribution of Ce-Al distances in close proximity of eac
other. We have also included the structure parameters
crystalline ~c! Al90Fe3Ce7 for comparison purposes with
amorphous~a! Al90Fe3Ce7 . Clearly, the Fe-Al distance in
creased from 2.46 to 2.56 Å in going froma-Al90Fe3Ce7 to
c-Al90Fe3Ce7 without a significant change in the Fe-Al co
©2002 The American Physical Society07-1
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TABLE I. Structure parameters for Fe and Ce as determined from analysis of the FeK- and the Ce
L3-edge EXAFS spectra for amorphous~a! and crystalline~c! alloys. N, R, and s2 are the coordination
number, distance, and mean-square relative displacement, respectively.N ands2 are accurate to610% and
R to 60.02 Å. Thec-Al90Fe3Ce7 alloy was obtained by heating thea-Al90Fe3Ce7 alloy.

Sample X-Y pair N R ~Å! s2 (1023 Å 2)

a-Al90Fe7Ce3 Fe-Al 6.6 2.46 7.7
Ce-Al 14.0 3.13 18.5

a-Al90Fe5Ce5 Fe-Al 6.6 2.46 7.5
Ce-Al 13.4 3.15 18.7

a-Al90Fe3Ce7 Fe-Al 6.7 2.46 7.7
Ce-Al 13.9 3.18 20.6

c-Al90Fe3Ce7 Fe-Al 7.7 2.56 8.4
Ce-Al 12.3 3.25 8.1
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ordination and disorder. The Ce-Al distance increased fr
3.18 to 3.25 Å in going froma-Al90Fe3Ce7 to c-Al90Fe3Ce7
without a significant change in coordination. However, t
Ce-Al disorder decreased from 0.0206 to 0.0081 Å2 in going
from a-Al90Fe3Ce7 to c-Al90Fe3Ce7 . Clearly, the Ce-Al en-
vironment has a higher degree of structural disorder rela
to that of the Fe-Al environment only in the amorphous sta
On the basis of the metallic state atomic radii@r (Al)
51.43, r (Fe)51.26, andr (Ce)51.81 Å#, the anticipated
Fe-Al and Ce-Al distances are estimated to be near 2.69
3.24 Å, respectively. Clearly, the observed Fe-Al and Ce
distances in the amorphous state are significantly less
those estimated on the basis of the atomic radii. This is a
true in the case of the Fe-Al distance forc-Al90Fe3Ce7 . The
observed Ce-Al distance forc-Al90Fe3Ce7 , on the other
hand, is close to that of the Ce-Al distance anticipated on
basis of the metallic state atomic radii.

Hence, the objective is to explore the XANES regions
the Al and FeK edges and the CeL3 edge and determine i
additional structural information with regard to higher coo
dination spheres can be obtained on the basis of multi
scattering ~MS! analysis. The MS approach used in t
present investigation has been successfully applied to in
pret a large number of XANES spectra for vario
materials.13–18 The analysis has been found rather power
for the case of ordered alloys like Ni3Al and NiAl3 ,19 but no
such analysis has been applied to the study of amorph
Al90FexCe102x alloys. We show that analysis of XANES da
enabled us to select a suitable structural model includ
symmetry for the alloys investigated.

II. EXPERIMENT AND METHOD OF CALCULATION

Amorphous samples in the form of 25-mm thick ribbons
with nominal compositions Al90FexCe102x ~x53, 5, and 7!
were prepared by rapid solidification from the liquid phase20

The room-temperature FeK- and CeL3-edge XAFS spectra
were measured in the transmission mode on beamline X-
at the National Synchrotron Light Source. Details of the e
perimental setup were published elsewhere.5 The energy
resolution in the measured energy range is about 1.0 eV

X-ray-absorption spectra near the AlK edge were mea
sured at the Jumbo beamline~BL3-3! of the Stanford
13420
m

e
.

nd
l
an
o

e

r

e-

r-

l

us

g

A
-

synchrotron-radiation laboratory with Stanford positron ele
tron accelerator ring~SPEAR! operating at an electron en
ergy of 3 GeV and an injection current near 100 mA. Roo
temperature spectra were collected in the total electron y
mode using a YB66(400) double-crystal monochromato
with an energy resolution of about 0.6 eV. Energy calibrat
was done relative to pure aluminum foil. Spectra were c
rected taking into account the variations of the current in
storage ring.

The algorithm of the scattering wave method was d
scribed earlier.16 The local structure around the iron and c
rium sites for the family of Al90FexCe102x ternary alloys was
treated using structural models based on the structure
crystalline FeAl6 ,21 CeAl4 ,21 and FeAl3 ~Ref. 22! binary
alloys. Fe in FeAl3 has five nonequivalent sites. In this cas
the theoretical spectrum represents the weighted averag
contributions from all nonequivalent sites. The theoreti
spectra for Fe were calculated using actual atomic distan
for crystalline FeAl6 and crystalline FeAl3 as well as those
for FeAl6 reduced by 3.4%~see Table II!. The theoretical
spectra for Ce were calculated using actual atomic distan
for crystalline CeAl4 as well as those reduced by 6%~Table
III !. To study the local geometry around the Al atoms, t
theoretical spectra were calculated using actual atomic
tances in crystalline FeAl3 and crystalline FeAl6 as well as
those for crystalline FeAl6 reduced by 3.4%.

Phase shifts of the photoelectrons were calculated in
framework of the crystal muffin-tin~MT! potential scheme
with touching MT spheres. The MT radii and constants we
obtained according to an established procedure of MT po
tial construction.16 The MT approximation according to th
Mattheiss prescription with the exchange parameter equa
1.0 was used while constructing the crystal potential. Atom

TABLE II. Structure parameters for Fe in crystalline FeAl6 with
interatomic distances reduced by 3.4% from the actual ones.

Shell number Number and type Shell radii~Å!

1 10 Al 2.460
2 10 Al 4.061
3 6 Al 4.379
7-2
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charge densities were obtained with the help of a s
consistent Dirac-Slater method.

It is well known23 that within the dipole approximation
the x-ray-absorption coefficient,a(E), for the FeK edge, is
given by

a~E!;umL~E!u2Np
Fe~E!, ~1!

whereNp
Fe(E) is the partial density of unoccupied Fe stat

with p symmetry andmL(E) is the normalized dipole transi
tion matrix element given by

mL~E!5

E drf l~r ,E!D~r !Cc~r !

F E drF l
2~r ,E!G1/2 , ~2!

whereF l(r ,E) is a solution of the radial Schro¨dinger equa-
tion at energyE for the MT potential~l 51 for theK edge!,
D(r ) is the electron-photon interaction operator, andCc(r )

FIG. 1. Experimental FeK-edge XANES in amorphous
Al90FexCe102x ~x53, 5, and 7! alloys.

TABLE III. Structure parameters for Ce in crystalline Al4Ce
with interatomic distances reduced by 6% from the actual ones

Shell number Number and type Shell radii~Å!

1 16 Al 3.141
2 2 Al 3.577
3 4 Ce 4.112
13420
f-

is the coreK-level wave function. In the calculation, phas
shifts with orbital momentum~l! up to 4 have been include
even though there is almost no change in the spectra w
compared with those calculated withl up to 2. For the Ce
L3-edge XANES, the situation is more complicated. The
are two dipole allowed channels~p→d andp→s!, so the Ce
XANES corresponds to the density of unoccupied states w
s andd symmetries. However, the transition matrix eleme
for thep→s transition is about 50 times smaller than that f
the p→d transition. Hence, it is sufficient to take into a
count only the contribution of thep→d transition.

In order to perform a direct comparison with experimen
data one must take into account two factors. One factor is
filling of the occupied states following the Fermi distribu
tion. The other factor is the broadening of experimental sp
tra due to the core hole lifetime, the finite mean free path
the photoelectron, and the experimental resolution. For
bandwidth of the core hole, 1.25 eV for the FeK-edge
XANES, 0.42 eV for the AlK-edge XANES, and 3.48 eV fo
the CeL3-edge XANES were used.24 The energy-dependen
function obtained by Muller, Jepsen, and Wilkins23 was used
for the mean free path of the photoelectron. For the exp
mental energy resolution a value of 1.0 eV was used for
Fe K- and the CeL3-edge XANES while a value of 0.6 eV
was used for the AlK-edge XANES. These factors wer
treated as contributions to the imaginary part of the s
energy term.

In addition, one must compare the experimental data w

FIG. 2. Experimental FeK-edge XANES for a-Al90Fe3Ce7

compared with theoretical XANES for model compounds: cryst
line FeAl3 , FeAl6 , and FeAl6 with distances reduced by 3.4%.
7-3
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the theoretical calculation made using a relaxed poten
~i.e., taking into account the presence of the core hole!. This
effect was treated in theZ11 approximation13 and it was
found that for theK edge the contribution of the core hole
rather small, while for the CeL3 edge, the core hole effect i
more important.25 Since Ce is not in the tetravalent state
the alloys under study,5 one does not need to take into a
count many-body effects like in the case of tetravalent Ce
CeO2.25

III. RESULTS AND DISCUSSION

In Fig. 1, we present the experimental FeK-edge XANES
of Al90Fe3Ce7 , Al90Fe5Ce5 , and Al90Fe7Ce3 . The spectra
are similar in nature. This result is expected, taking into
count the small differences in the stoichiometry of these
loys.

In Fig. 2, we show a comparison of the experimental
K-edge XANES for amorphous Al90Fe3Ce7 and the theoret-
ical FeK-edge XANES calculated for two binary model a
loys: crystalline FeAl3 and crystalline FeAl6 ~with actual
atomic distances and those reduced by 3.4%!. The theoretical
XANES for both models are qualitatively similar. Howeve
according to the energy position of peakC as well as the
double A-A8 structure, the FeAl6 model with atomic dis-
tances reduced by 3.4% gives a better agreement with

FIG. 3. Theoretical FeK-edge XANES spectra calculated as
function of cluster size using structure data for crystalline Fe6

with atomic distances reduced by 3.4%. Origin of the energy s
corresponds to the zero of the MT potential.
13420
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experimental XANES data. Hence, we conclude that the
cal structure around the Fe site ina-Al90Fe3Ce7 is close to
the one deduced from crystalline FeAl6 with atomic dis-
tances reduced by 3.4%. It is to be noted that the Fe
distance ina-Al90Fe3Ce7 is reduced by 3.9% from that in
c-Al90Fe3Ce7 ~Table I!.

In Fig. 3, we present a comparison of theoretical XANE
spectra calculated using structural data for the crystal
FeAl6 as a function of cluster size. The calculations we
made using interatomic distances for crystalline FeAl6 re-
duced by 3.4%. Clearly, the XANES features are domina
by the contribution from the first shell of atoms~cluster size
of 2.46 Å!. However, expanding the cluster size to inclu
the second and the third shells is essential in order to re
duce all of the features observed in the experimental
K-edge XANES for the amorphous alloys. While peaksB
andC do not change by increasing the size of the cluster,
low-energy shoulder is split into two components:A andA8.
In the low-energy region, the mean free path of the pho
electron is large and the inclusion of the multiple scatter
within a large cluster of atoms around the absorbing one
the theoretical simulation is essential. Thus, the low-ene
region of the XANES spectrum contains information per
nent not only to the first shell of atoms, but also to fair
distant atoms.

Another factor ~beyond phase shifts and cluster loc

le FIG. 4. Experimental CeL3-edge XANES for amorphous
Al90FexCe102x ~x53, 5, and 7! alloys.
7-4
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structure! that determines the XANES is the transition mat
element ~2! that influences the relative intensity of th
XANES features. Since the energy dependence of the di
transition matrix element is nonoscillatory in nature in t
region above 30 eV from the absorption threshold, one
use the FeK-edge XANES of these alloys to study the de
sity of unoccupied Fe states withp symmetry in the conduc
tion band.

In Fig. 4, we show the experimental CeL3-edge XANES
for the amorphous alloys. Differences in the spectra of th
alloys are even less pronounced than in the case of th
K-edge XANES. The similarities in the spectra are due to
narrow range of stoichiometries presented here as well as
more localized nature of the Ced states in comparison with
the Fep states. The Ced states are more atomiclike and th
less sensitive to fine details of geometry around the cen
absorbing atom.

A comparison of experimental CeL3-edge XANES of
a-Al90Fe3Ce7 and theoretical XANES spectra calculated u
ing actual atomic distances for crystalline CeAl4 and those
reduced by 6%~Table III! is presented in Fig. 5. Clearly, th
theoretical XANES spectrum calculated with interatom
distances reduced by 6% is in better agreement with the
perimental XANES spectrum fora-Al90Fe3Ce7 . Thus, we
conclude that the local structure of Ce in the amorph
alloys is better described by the local structure parameter
Ce in crystalline CeAl4 with atomic distances reduced b

FIG. 5. Experimental CeL3-edge XANES fora-Al90Fe3Ce7

compared with theoretical XANES calculated for crystalline CeA4

using actual distances (R5100%) and those reduced by 6% (R
594%).
13420
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6%. The localized nature of the Ced states is manifested in
the data presented in Fig. 6 where no significant chang
the theoretical XANES spectra can be realized with incre
ing cluster size. The main features of the XANES spectr
are realized by including only the first shell of atoms. In sp
of this localization character of Ced states, in some case
~like the CeO2 system25!, the distant atoms of the second an
third shells affect the shape of the CeL3-edge XANES.

In Fig. 7, we present the experimental AlK-edge XANES
spectra for the three alloys under study. The spectra are c
to each other, as one expects taking into account the c
stoichiometries of the alloys and the dominance of the
component of composition. Since the signal-to-noise ra
of the spectra for the Al90Fe7Ce3 and Al90Fe3Ce7 alloys are
significantly smaller than that of the spectrum for t
Al90Fe5Ce5 alloy, the theoretical analysis will be limited t
the spectrum of the Al90Fe5Ce5 alloy.

As in the case of the FeK-edge XANES, we used two
binary model alloys: crystalline FeAl3 and crystalline FeAl6
~with actual atomic distances and those reduced by 3.4!.
For the FeAl6 model compound, Al has four nonequivale
sites with relative weights~or multiplicities! of 1:2:2:1 for
sites 1, 2, 3, and 4, respectively. In Table IV, we present
structure parameters for the cluster used for the calculat
The theoretical spectrum is a weighted sum of four spe

FIG. 6. Theoretical CeL3-edge XANES spectra calculated as
function of cluster size using structure data for crystalline Ce4

with atomic distances reduced by 6%. Origin of the energy sc
corresponds to the zero of the MT potential.
7-5
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calculated for each of the Al sites. However, in order to
agreement with the experimental XANES spectra, especi
the relative heights of theB and B1 structures, the relative
weights for the Al sites used in the theoretical calculat
was set to 2:1:1:2. This departure from the actual rela
weights for the Al sites enhances the Al-Al contributio

FIG. 7. Experimental Al K-edge XANES for amorphous
Al90FexCe102x ~x53, 5, and 7! alloys.

TABLE IV. Structure parameters for the four nonequivalent
sites in crystalline FeAl6 with interatomic distances reduced b
3.4% from the actual ones.

Shell number Number and type Shell radii~Å!

Site 1
1 1 Fe12 Al 2.434
2 8 Al 2.732
3 2 Al 3.278

Site 2
1 2 Fe12 Al 2.555
2 7 Al 2.796
3 4 Al 3.277

Site 3
1 2 Fe16 Al 2.590
2 3 Al 2.822
3 2 Al 3.299

Site 4
1 1 Fe14 Al 2.493
2 6 Al 2.824
3 2 Al 3.279
13420
t
ly

e
relative to the Al-Fe contributions since the number of Al-
bonds for sites 1 and 4 is half that for sites 2 and 3. T
enhancement of the Al-Al bonds relative to the Al-Fe bon
is essential to account for the fact that the number of Al-
bonds in the amorphous alloys should be smaller than
number of Al-Fe bonds in the FeAl6 model since the Fe/Al
ratio in the amorphous alloys is significantly less than tha
the FeAl6 model. Hereafter, we refer to the FeAl6 model with
the modified multiplicities of the Al sites as the psued
FeAl6 model. In Fig. 8, we present a comparison of the e
perimental spectrum with the theoretical simulations for
above-mentioned models. As one can see, the FeAl3 model
gives a spectrum that does not show a split or double p
for the B structure as observed in the experimental spectr
and hence, can be excluded. On the other hand, the the
ical spectrum for the pseudo-FeAl6 model shows a clea
double-peak structure in the energy interval around 1600
~componentsB andB1! in agreement with the experimenta
data. The energy positions of both theB andC maxima in the
theoretical spectrum of pseudo-FeAl6 , however, differ from
the experimental values. The energy positions of peaksB and
C in the theoretical spectrum match the corresponding p
tions in the experimental spectrum only when the interatom
distances of the crystalline pseudo-FeAl6 model are reduced
by 3.4%. Hence, we conclude that the local geometry aro

FIG. 8. Experimental Al K-edge XANES for amorphous
Al90Fe5Ce5 compared with theoretical XANES for model com
pounds: crystalline FeAl3 , pseudo-FeAl6 , and pseudo-FeAl6 with
distances reduced by 3.4%.
7-6
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FIG. 9. Projected density o
unoccupied states for the
Al90FexCe102x alloys. Origin of
the energy scale corresponds
the zero of the MT potential.
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the Al sites in Al90Fe5Ce5 is close to that of the Al sites in
the crystalline pseudo-FeAl6 model with interatomic dis-
tances reduced by 3.4%.

In the energy interval up to 50 eV above the Fermi lev
the value of the dipole transition matrix element for the
K-edge XANES changes by a factor greater than 10. Th
one cannot use the AlK-edge XANES to study the distribu
tion of Al p states in the conduction band of the investiga
alloys. Therefore, we have calculated the density of
p-unoccupied states using the same crystal potential, w
we showed provided good agreement between the theore
and the experimental XANES. In order to study the mut
influence of the Alp states with the states of other atoms
the system, we also calculated the density of unoccupied
d and Ced states. The results are presented in Fig. 9. In p
aluminum, electrons in the conduction band can be descr
in a nearly-free-electron model and their density-of-sta
curve is a square-root function of the energy. In the al
under study~with 5% Fe and 5% Ce!, we find a specific
interaction of unoccupied Alp states with Fed and Ced
states. The more localized Ced and Fed states push the Alp
states from the energy interval of their maxima. As one c
see in Fig. 9, the Alp states have minima in the energ
intervals where Ced ~and Fed! states have maxima. Th
only exception is in the energy interval labeledC, where
both the Al p and the Fed have maxima. Note that thi
region displays the main minimum of the most localized
d states. Thus, in the case of the Alp states in the
Al90FexCe102x alloys, the chemical interactions are n
simple hybridization resulting in an admixture of electron
states, but a more complex phenomenon, close to the
found in the conduction band of CeO2 ~Ref. 25! and
transition-metal oxides.26 This result agrees with recen
findings27 that the addition of Ce into the Al90Fe10 alloy re-
sults in the appearance of certain covalent contributions
the chemical bond of the alloy. According to its specific fe
tures, the covalent part of the chemical bond
Al90FexCe102x alloys increases the difficulty of crystalliza
13420
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tion and thus favors glass state formability. The possible
fluence of the Als- andp-states, and transition-metald-state
hybridization on the stability of another Al-based syste
namely, Al60Cu20Co20 has been mentioned recently.28

IV. CONCLUSIONS

Theoretical analysis of experimental XAFS on the ba
of multiple scattering has been applied to study the peculi
ties of the local atomic and electronic structure of amorph
Al90FexCe102x alloys. Results from analysis of EXAFS spe
tra were limited to local structure parameters of the fi
shell. Comparison of experimental and theoretical XANE
above the Fe and AlK edges enabled us to determine t
local structure around the Fe and Al sites up to the third s
of atoms. Comparison of experimental and theoreti
XANES above the CeL3 edge proved that the experiment
Ce XANES is dominated by contributions from the first sh
of atoms. It is to be noted that the fine structure of the Fp
and Al p densities of unoccupied states in the low-ener
region evolves from a large cluster, which includes at le
three shells.
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