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X-ray-absorption fine structuré€XAFS) above the FeK edge, the Cd.; edge, and the AK edge in
amorphous AJFe,Ceq , (x=3, 5, and 7 alloys have been measured and analyzed. Quantitative analyses of
the FeK-edge and Cé ;-edge extended XAFS spectra are limited to local structure parameters of the first
coordination sphere. Comparison of experimental x-ray-absorption near-edge st(¥&NIES) spectra with
theoretical multiple-scatteringMS) XANES spectra for model compounds, such as crystalline FaAd
CeAl,, 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 dtedde XANES are sensitive to
the structure of coordination spheres, which extend up to nearly 4.4 and 3.3 A, respectively. Thede
XANES, on the other hand, is sensitive to the structure that extends up to 3.15 A.
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[. INTRODUCTION from the experimental spectra one needs to perform a theo-
retical analysis of the AK-edge XANES data. In a study of
Liguid-quenched amorphous fFe,Ce;o_, (x=3, 5, and the geometry and electronic structure of aluminum silicates
7) alloys combine the properties of a metal with the short-and oxides on the basis of analysis of thekAédge XANES,
range order of a glassTheir structural characteristics led to Cabaretet all* showed that a full multiple-scattering ap-
a number of remarkable mechaniéalmagneticc and proach is one of the most successful methods for theoretical
corrosiort® properties. These alloys have high strength, highanalysis. In the present investigation, the Fe an&Addge,
ductility, low density, and high resistance to corrosion. Aand the Ce Lz-edge XAFS spectra of amorphous
fundamental understanding of the atomic structure and ele@lqFgCeo_, (X=3, 5, and 7 alloys have been measured
tronic nature of these alloys is essential in order to exploreand analyzed. The goal is to determine the best model for the
the origin of their properties. Hence, the structure of thesdocal structures of Al, Fe, and Ce in thegfffg,Cep_, SYys-
alloys was investigated by pulsed neutron and x-ray scattetem and to study the peculiarities of the electronic structure
ing methods. The structure around the Fe and Ce sites ofof these alloys using XAFS analysis. Fourier transforms of
vapor-quenched amorphous;4_,,Ca,Ceg (x=8-10) and the FeK- and Cel ;-edge extended XAFEXAFS) spectra
AlgFe Ce alloys was investigated by x-ray-absorption (not shown heredisplay prominent contributions from the
fine-structure(XAFS) analysis® So far, to our best knowl- first coordination spheres of Fe and Ce, respectively, with no
edge, XAFS local geometry for Al in these alloys as well assignificant contributions from higher coordination spheres
details of the interaction between electronic states in the cordue to the amorphous nature of these alloys. Hence, quanti-
duction band have not been studied. It has been shown thtative analyses of EXAFS spectra are limited to the first co-
the density of Al electronic states in quasicrystallineordination spheres of Fe and Ceable ). The local structure
Alg:CuysFe) 5 alloys is rather sensitive to the Al local atomic parameters for Fe are independent of the composition range
arrangementS.In this alloy, the Alp-d states interact with investigated here. Fe is coordinated with approximately 6.6
the transition-metadl states near the Fermi level. For closely Al atoms at a distance of 2.46 A. The disorder for the Fe-Al
related decagonal AICusCo,, and Al,Co;sNi s quasicrys-  sphere is within the range expected for crystalline materials,
tals, the Alp states overlap with the nickel and cobsiand  such as those for metallic Cu and ¥élhe Ce-Al coordina-
d states in the conduction band and form significanttion sphere, on the other hand, consists approximately of 14
pseudogaps in the Al and 3 d states near the Fermi Al atoms at a distance that increased from 3.13 to 3.18 A in
level® going fromx=7 to 3. The Ce-Al coordination is character-
X-ray-absorption near-edge structUdéANES) spectros- ized by a high degree of structural disorder suggesting a
copy at the AIK edge provides a unigue tool for studying the distribution of Ce-Al distances in close proximity of each
density of Al unoccupied electronip states’ The above- other. We have also included the structure parameters for
mentioned sensitivity of the unoccupied Alstates with re-  crystalline (c) AlggFe;Ce; for comparison purposes with
gard to local geometry leads to the fact that thekAédge amorphous(a) AlgFe;Ce;. Clearly, the Fe-Al distance in-
XANES differs significantly from one compound to creased from 2.46 to 2.56 A in going fromAlgoFe;Ce; to
another® But in order to extract the necessary information c-AlgFe;Ce; without a significant change in the Fe-Al co-
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TABLE |. Structure parameters for Fe and Ce as determined from analysis of thke &ed the Ce
L;-edge EXAFS spectra for amorpho(@ and crystalline(c) alloys. N, R, and ¢ are the coordination
number, distance, and mean-square relative displacement, respetiagig.c? are accurate ta-10% and
Rto +0.02 A. Thec-AlgFe;Ce; alloy was obtained by heating tlze Al jFe;Ce; alloy.

Sample X-Y pair N R(A) a? (102 A?)
a-AlgFeCey Fe-Al 6.6 2.46 7.7
Ce-Al 14.0 3.13 18.5
a-AlgFeCe, Fe-Al 6.6 2.46 75
Ce-Al 13.4 3.15 18.7
a-AlgFe,Ce, Fe-Al 6.7 2.46 7.7
Ce-Al 13.9 3.18 20.6
c-AlgoFe;Cey Fe-Al 7.7 2.56 8.4
Ce-Al 12.3 3.25 8.1

ordination and disorder. The Ce-Al distance increased fronsynchrotron-radiation laboratory with Stanford positron elec-
3.18 to 3.25 A in going froma-Al ggFe;Ce; to c-AlggFe;Ce,  tron accelerator ringSPEAR operating at an electron en-
without a significant change in coordination. However, theergy of 3 GeV and an injection current near 100 mA. Room-
Ce-Al disorder decreased from 0.0206 to 0.008lidgoing  temperature spectra were collected in the total electron yield
from a-AlggFe;Ce; to c-AlggFe;Ce;. Clearly, the Ce-Al en- mode using a YB(400) double-crystal monochromator
vironment has a higher degree of structural disorder relativavith an energy resolution of about 0.6 eV. Energy calibration
to that of the Fe-Al environment only in the amorphous statewas done relative to pure aluminum foil. Spectra were cor-
On the basis of the metallic state atomic ragii(Al) rected taking into account the variations of the current in the
=1.43, r(Fe)=1.26, andr(Ce)=1.81 A], the anticipated storage ring.
Fe-Al and Ce-Al distances are estimated to be near 2.69 and The algorithm of the scattering wave method was de-
3.24 A, respectively. Clearly, the observed Fe-Al and Ce-Alscribed earliet® The local structure around the iron and ce-
distances in the amorphous state are significantly less thaium sites for the family of AJoFe,Ceyo_, ternary alloys was
those estimated on the basis of the atomic radii. This is alstreated using structural models based on the structure of
true in the case of the Fe-Al distance foiAlgoFe;Ce;. The  crystalline FeAd,?* CeAl,,?t and FeA} (Ref. 22 binary
observed Ce-Al distance foc-AlggFe;Ce;, on the other alloys. Fe in FeA has five nonequivalent sites. In this case,
hand, is close to that of the Ce-Al distance anticipated on théhe theoretical spectrum represents the weighted average of
basis of the metallic state atomic radii. contributions from all nonequivalent sites. The theoretical
Hence, the objective is to explore the XANES regions forspectra for Fe were calculated using actual atomic distances
the Al and FeK edges and the Cle; edge and determine if for crystalline FeAd and crystalline FeAl as well as those
additional structural information with regard to higher coor-for FeAls reduced by 3.4%see Table I. The theoretical
dination spheres can be obtained on the basis of multiplespectra for Ce were calculated using actual atomic distances
scattering (MS) analysis. The MS approach used in thefor crystalline CeAl as well as those reduced by 6%able
present investigation has been successfully applied to intett ). To study the local geometry around the Al atoms, the
pret a large number of XANES spectra for varioustheoretical spectra were calculated using actual atomic dis-
materials-*~!8 The analysis has been found rather powerfultances in crystalline FeAland crystalline FeAl as well as
for the case of ordered alloys like Ml and NiAl;,*°but no  those for crystalline FeAlreduced by 3.4%.
such analysis has been applied to the study of amorphous Phase shifts of the photoelectrons were calculated in the
AlggFe Ce oy alloys. We show that analysis of XANES data framework of the crystal muffin-tifMT) potential scheme
enabled us to select a suitable structural model includingvith touching MT spheres. The MT radii and constants were

symmetry for the alloys investigated. obtained according to an established procedure of MT poten-
tial construction'® The MT approximation according to the
Il. EXPERIMENT AND METHOD OF CALCULATION Mattheiss prescription with the exchange parameter equal to

) o 1.0 was used while constructing the crystal potential. Atomic
Amorphous samples in the form of 2&m thick ribbons

with nominal compositions AlFeCeq x (X=3, 5, and J

were prepared by rapid solidification from the liquid ph&e.
The room-temperature H& and Cel ;-edge XAFS spectra
were measured in the transmission mode on beamline X-11A

TABLE IlI. Structure parameters for Fe in crystalline FgAlith
interatomic distances reduced by 3.4% from the actual ones.

at the National Synchrotron Light Source. Details of the ex- Shell number Number and type Shell rati)

perimental setup were published elsewherBhe energy 1 10 Al 2.460

resolution in the measured energy range is about 1.0 eV. 2 10 Al 4.061
X-ray-absorption spectra near the Kledge were mea- 3 6 Al 4.379

sured at the Jumbo beamlindgBL3-3) of the Stanford
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TABLE Ill. Structure parameters for Ce in crystalline ,8le
with interatomic distances reduced by 6% from the actual ones.

Shell number Number and type Shell rah)
1 16 Al 3.141
2 2 Al 3.577
3 4 Ce 4,112

charge densities were obtained with the help of a self-

consistent Dirac-Slater method.

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

a(E)~|m_(E)[’NES(E), )

WhereNEe(E) is the partial density of unoccupied Fe states
with p symmetry andn, (E) is the normalized dipole transi-
tion matrix element given by

fdr¢|(r,E)A(r)‘1’c(f)

1/2 ’
U drcb,z(r,E)}

where®,(r,E) is a solution of the radial Schdinger equa-
tion at energyE for the MT potential(l =1 for theK edge,
A(r) is the electron-photon interaction operator, ahg(r)

m,(E)= 2
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FIG. 1. Experimental FeK-edge XANES in amorphous
AlgFeCep x (x=3, 5, and 7 alloys.
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FIG. 2. Experimental FeK-edge XANES fora-AlgFeCe,
compared with theoretical XANES for model compounds: crystal-
line FeAkL, FeAl;, and FeA} with distances reduced by 3.4%.

is the coreK-level wave function. In the calculation, phase
shifts with orbital momentun(l) up to 4 have been included
even though there is almost no change in the spectra when
compared with those calculated withup to 2. For the Ce
L;-edge XANES, the situation is more complicated. There
are two dipole allowed channelp—d andp—s), so the Ce
XANES corresponds to the density of unoccupied states with
s andd symmetries. However, the transition matrix element
for the p— s transition is about 50 times smaller than that for
the p—d transition. Hence, it is sufficient to take into ac-
count only the contribution of thp—d transition.

In order to perform a direct comparison with experimental
data one must take into account two factors. One factor is the
filling of the occupied states following the Fermi distribu-
tion. The other factor is the broadening of experimental spec-
tra due to the core hole lifetime, the finite mean free path of
the photoelectron, and the experimental resolution. For the
bandwidth of the core hole, 1.25 eV for the Keedge
XANES, 0.42 eV for the AK-edge XANES, and 3.48 eV for
the Cel ;-edge XANES were used. The energy-dependent
function obtained by Muller, Jepsen, and Wilkihs/as used
for the mean free path of the photoelectron. For the experi-
mental energy resolution a value of 1.0 eV was used for the
Fe K- and the Cd_3;-edge XANES while a value of 0.6 eV
was used for the AK-edge XANES. These factors were
treated as contributions to the imaginary part of the self-
energy term.

In addition, one must compare the experimental data with
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function of cluster size using structure data for crystalline EeAl
with atomic distances reduced by 3.4%. Origin of the energy scale FIG. 4. Experimental CelLs-edge XANES for amorphous
corresponds to the zero of the MT potential. AlgFeCeo, (x=3, 5, and 7 alloys.

the theoretical calculation made using a relaxed potentiadxperimental XANES data. Hence, we conclude that the lo-
(i.e., taking into account the presence of the core)hdlkis  cal structure around the Fe site arAlqFe;Ce; is close to
effect was treated in th&+ 1 approximatio’® and it was  the one deduced from crystalline FgAnith atomic dis-
found that for theK edge the contribution of the core hole is tances reduced by 3.4%. It is to be noted that the Fe-Al
rather small, while for the Ck; edge, the core hole effectis distance ina-Al goFe;Ce; is reduced by 3.9% from that in
more important® Since Ce is not in the tetravalent state in c-AlgFe;Ce; (Table ).
the alloys under studyone does not need to take into ac- | Fig. 3, we present a comparison of theoretical XANES
count many-body effects like in the case of tetravalent Ce inspectra calculated using structural data for the crystalline
CeQ,. % FeAls as a function of cluster size. The calculations were
made using interatomic distances for crystalline Fe/rd-
IIl. RESULTS AND DISCUSSION duced by 3._4%._ Clearly, the XANES features are dominated
by the contribution from the first shell of atonduster size
In Fig. 1, we present the experimental keedge XANES  of 2.46 A). However, expanding the cluster size to include
of AlgoFe;Ce;, AlggFesCes, and AbgFe;,Ce;. The spectra the second and the third shells is essential in order to repro-
are similar in nature. This result is expected, taking into acduce all of the features observed in the experimental Fe
count the small differences in the stoichiometry of these alK-edge XANES for the amorphous alloys. While pedks
loys. andC do not change by increasing the size of the cluster, the
In Fig. 2, we show a comparison of the experimental Feow-energy shoulder is split into two componemsandA’.
K-edge XANES for amorphous 4fe;Ce; and the theoret- In the low-energy region, the mean free path of the photo-
ical FeK-edge XANES calculated for two binary model al- electron is large and the inclusion of the multiple scattering
loys: crystalline FeA and crystalline FeAl (with actual  within a large cluster of atoms around the absorbing one in
atomic distances and those reduced by 3.4Phe theoretical the theoretical simulation is essential. Thus, the low-energy
XANES for both models are qualitatively similar. However, region of the XANES spectrum contains information perti-
according to the energy position of pe@kas well as the nent not only to the first shell of atoms, but also to fairly
double A-A’ structure, the Fefgl model with atomic dis- distant atoms.
tances reduced by 3.4% gives a better agreement with the Another factor (beyond phase shifts and cluster local
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compared with theoretical XANES calculated for crystalline GeAl
using actual distancesRE&E100%) and those reduced by 6% ( FIG. 6. Theoretical C& ;-edge XANES spectra calculated as a
=94%). function of cluster size using structure data for crystalline GeAl
with atomic distances reduced by 6%. Origin of the energy scale
structure that determines the XANES is the transition matrix corresponds to the zero of the MT potential.
element (2) that influences the relative intensity of the
XANES features. Since the energy dependence of the dipolé%. The localized nature of the Gkstates is manifested in
transition matrix element is nonoscillatory in nature in thethe data presented in Fig. 6 where no significant change in
region above 30 eV from the absorption threshold, one cathe theoretical XANES spectra can be realized with increas-
use the FeK-edge XANES of these alloys to study the den-ing cluster size. The main features of the XANES spectrum
sity of unoccupied Fe states wighsymmetry in the conduc- are realized by including only the first shell of atoms. In spite
tion band. of this localization character of Ceé states, in some cases
In Fig. 4, we show the experimental Cg-edge XANES (like the CeQ systen?®), the distant atoms of the second and
for the amorphous alloys. Differences in the spectra of thesthird shells affect the shape of the Cg-edge XANES.
alloys are even less pronounced than in the case of the Fe In Fig. 7, we present the experimental kdledge XANES
K-edge XANES. The similarities in the spectra are due to thespectra for the three alloys under study. The spectra are close
narrow range of stoichiometries presented here as well as tHe each other, as one expects taking into account the close
more localized nature of the Gkstates in comparison with stoichiometries of the alloys and the dominance of the Al
the Fep states. The Cd states are more atomiclike and thus component of composition. Since the signal-to-noise ratios
less sensitive to fine details of geometry around the centraif the spectra for the gjFe,Ce; and AbFe;Ce; alloys are
absorbing atom. significantly smaller than that of the spectrum for the
A comparison of experimental Ces-edge XANES of AlggFe;Ces alloy, the theoretical analysis will be limited to
a-AlggFe;Ce; and theoretical XANES spectra calculated us-the spectrum of the AjFe;Ce; alloy.
ing actual atomic distances for crystalline CgAlnd those As in the case of the F&-edge XANES, we used two
reduced by 6%Table Ill) is presented in Fig. 5. Clearly, the binary model alloys: crystalline Fefland crystalline FeAl
theoretical XANES spectrum calculated with interatomic (with actual atomic distances and those reduced by B8.4%
distances reduced by 6% is in better agreement with the ex-or the FeA} model compound, Al has four nonequivalent
perimental XANES spectrum foa-AlggFe;Ce;. Thus, we  sites with relative weightgor multiplicities) of 1:2:2:1 for
conclude that the local structure of Ce in the amorphousites 1, 2, 3, and 4, respectively. In Table 1V, we present the
alloys is better described by the local structure parameters aftructure parameters for the cluster used for the calculation.
Ce in crystalline CeAl with atomic distances reduced by The theoretical spectrum is a weighted sum of four spectra
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AlgoFeCeo_, (x=3, 5, and 7 alloys.

) . FIG. 8. Experimental AlK-edge XANES for amorphous
calculated for each of the Al sites. However, in order to getNgO,:ejCa5 compared with theoretical XANES for model com-
agreement with the experimental XANES spectra, especialljoynds: crystalline FeAl pseudo-FeAl, and pseudo-Felwith
the relative heights of th® and B, structures, the relative gistances reduced by 3.4%.
weights for the Al sites used in the theoretical calculation

was set to 2:1:1:2. This departure from the actual relative = o .
weights for the Al sites enhances the Al-Al contributions relative to the Al-Fe contributions since the number of Al-Fe

bonds for sites 1 and 4 is half that for sites 2 and 3. The
TABLE IV. Structure parameters for the four nonequivalent Al €nhancement of the Al-Al bonds relative to the Al-Fe bonds
sites in crystalline FeAl with interatomic distances reduced by IS essential to account for the fact that the number of Al-Fe

3.4% from the actual ones. bonds in the amorphous alloys should be smaller than the
number of Al-Fe bonds in the FeAmodel since the Fe/Al
Shell number Number and type Shell ragh) ratio in the amorphous alloys is significantly less than that of

the FeAl model. Hereafter, we refer to the FgAhodel with

Site 1 the modified multiplicities of the Al sites as the psuedo-
1 1Fer2 Al 2434 FeAls model. In Fig. 8, we present a comparison of the ex-
2 8Al 2.732 perimental spectrum with the theoretical simulations for the

3 2A 3.278 above-mentioned models. As one can see, the fanidel

Site 2 gives a spectrum that does not show a split or double peak
1 2 Fet2 Al 2.555 for the B structure as observed in the experimental spectrum
2 7Al 2.796 and hence, can be excluded. On the other hand, the theoret-
3 4 Al 3.277 ical spectrum for the pseudo-FeAmodel shows a clear

Site 3 double-peak structure in the energy interval around 1600 eV
1 2 Fet+6 Al 2.590 (component8 andB,) in agreement with the experimental
2 3Al 2.822 data. The energy positions of both tBandC maxima in the
3 2 Al 3.299 theoretical spectrum of pseudo-FgAhowever, differ from

Site 4 the experimental values. The energy positions of p&asd
1 1 Fet+ 4 Al 2.493 C in the theoretical spectrum match the corresponding posi-
2 6 Al 2.824 tions in the experimental spectrum only when the interatomic
3 2 Al 3.279 distances of the crystalline pseudo-FgAiodel are reduced

by 3.4%. Hence, we conclude that the local geometry around
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the Al sites in AbgFe;Ce; is close to that of the Al sites in tion and thus favors glass state formability. The possible in-
the crystalline pseudo-FeAlmodel with interatomic dis- fluence of the Als- andp-states, and transition-metdistate
tances reduced by 3.4%. hybridization on the stability of another Al-based system,
In the energy interval up to 50 eV above the Fermi level,namely, AkCl,C0,, has been mentioned recertfy.
the value of the dipole transition matrix element for the Al
K-edge XANES changes by a factor greater than 10. Thus,
one cannot use the A-edge XANES to study the distribu- IV. CONCLUSIONS
tion of Al p states in the conduction band of the investigated
alloys. Therefore, we have calculated the density of Al Theoretical analysis of experimental XAFS on the basis
p-unoccupied states using the same crystal potential, whichf multiple scattering has been applied to study the peculiari-
we showed provided good agreement between the theoreticti¢s of the local atomic and electronic structure of amorphous
and the experimental XANES. In order to study the mutualAlggFe Ceo_ alloys. Results from analysis of EXAFS spec-
influence of the Alp states with the states of other atoms intra were limited to local structure parameters of the first
the system, we also calculated the density of unoccupied Fshell. Comparison of experimental and theoretical XANES
d and Ced states. The results are presented in Fig. 9. In pur@ibove the Fe and AK edges enabled us to determine the
aluminum, electrons in the conduction band can be describedcal structure around the Fe and Al sites up to the third shell
in a nearly'free'electron model and their density'of'state%f atoms. Comparison Of experimenta| and theoretica'
curve is a square-root function of the energy. In the alloyx ANES above the Cé ; edge proved that the experimental
under study(with 5% Fe and 5% Oe we find a specific ce XANES is dominated by contributions from the first shell
interaction of unoccupied Ap states with Fed and Ced  of atoms. It is to be noted that the fine structure of thepFe
states. The more localized @eand Fed states pushthe Al and Al p densities of unoccupied states in the low-energy

states from the energy interval of their maxima. As one canegion evolves from a large cluster, which includes at least
see in Fig. 9, the Alp states have minima in the energy three shells.

intervals where Cal (and Fed) states have maxima. The
only exception is in the energy interval label€&] where
both the Alp and the Fed have maxima. Note that this
region displays the main minimum of the most localized Ce
d states. Thus, in the case of the Al states in the We are thankful to Professor S.J. Paamiversity of Vir-
AlgoFeCeo_, alloys, the chemical interactions are not ginia) for providing the amorphous alloys for analysis.
simple hybridization resulting in an admixture of electronic A.N.M. acknowledges financial support by the Carderock
states, but a more complex phenomenon, close to the orivision of the Naval Surface Warfare Center’s in-house
found in the conduction band of CeORef. 25 and Laboratory Independent Research Program sponsored by the
transition-metal oxide® This result agrees with recent ONR, administrated under program Element No. 0601152N.
findings” that the addition of Ce into the e, alloy re-  The support of the U.S. DOE under Contract No. DE-AS05-
sults in the appearance of certain covalent contributions int80-ER-10742 for its role in the development and operation of
the chemical bond of the alloy. According to its specific fea-beamline X-11A at the National Synchrotron Light Source
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