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The local atomic structure of Co, Fe, and Ce in aluminum-rich amorphous alloys of Al,y_,,Co, Ce,
(x=8, 9, and 10) and Ce in AlgFe,,Ce,, has been investigated by x-ray-absorption fine structure (XAFS)
spectroscopy. The materials, 1- and 3-um-thick films, were prepared by vapor quenching using the dc
magnetron sputtering method. We show that the composition of the glass-forming region of these
magnetron-sputtered alloys strictly follows the theoretical limit calculated on the basis of the atomic size
criterion. From analyses of the XAFS data at the K edges of Co and Fe and the L; edge of Ce, the fol-
lowing conclusions with regard to local structure are made. The first coordination sphere of Co in
Aljgo—2xCo,Ce, (x=8, 9, and 10) consists of 5.8 to 6.4 Al atoms at a distance of 2.44 A. The local coor-
dination sphere for Fe in AlgFe ,Ce,, consists of 6.4 Al atoms at a distance of 2.47 A. Ce in both sys-
tems appears to be coordinated with roughly 5 and 9 Al atoms at distances of 2.95 and 3.15 A, respec-
tively. These results are discussed in light of the dense random packing (DRP) of hard spheres model.
Both Co-Al and Fe-Al bond lengths are anomalously short (9 and 8 % contraction, respectively) with
also anomalously low coordination numbers (45% reduction) from values based on the DRP model using
the metallic state radii. These anomalous changes indicate a strong interaction between Co or Fe atoms
and the Al atoms which perhaps may be a result of a covalently bonded environment. The Ce-Al dis-
tance in both the Al-Co-Ce and Al-Fe-Ce systems, on the other hand is smaller by only 0.17 A (a con-
traction of only 5%) and the coordination number is reduced by only 13% from expected values based
on the DRP model. The contraction in the distance and reduction in the coordination number for Ce
are much smaller than those values of the Co or Fe and, hence, the local bonding for Ce is likely to be
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metallic in character.

INTRODUCTION

Aluminum-based metallic glasses with remarkably
high Al content are relatively new materials that were
discovered independently by He, Poon, and Shiflet,! and
Tsai, Inoue, and Masumoto.? Typical composition is Al-
TM-R where TM is a late transition element such as iron,
cobalt, or nickel and R is yttrium or a rare-earth element
such as gadolinium or cerium. These amorphous alloys
can be prepared with extremely high aluminum content
either by vapor quenching using the dc magnetron-
sputtering method® or rapid solidification from the liquid
phase using the melt-spinning method.”? The amor-
phous phase is formed with an Al content as high as 84
at. % for samples prepared by the magnetron-sputtering
process and as high as 90 at. % for samples prepared by
the melt-spinning process. These materials are truly
noncrystalline alloys which combine the properties of a
metal with the short-range order of a glass. They are
very homogeneous and lack the defects such as grain
boundaries and dislocations typical of a crystalline ma-
terial. The homogeneity and the lack of grain boundaries
have led to a number of remarkable mechanical*> and
magnetic® properties.

Several factors referred to as “the alloy-chemical fac-
tors” are known to be correlated with the ease of glass
formation. These include the atomic sizes of various ele-
ments composing the alloy, valence electron concentra-
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tion, and the heat of compound formation.” Among
these factors, the atomic sizes are of relevance to the
present investigation. It is known that the glass-forming
region of melt-spun Fe-based systems extends outside the
theoretical limit based on the nominal atomic sizes. Re-
cent neutron and x-ray structural studies®® of melt-spun
AlgFe,Ce, and AlgFesCes alloys revealed a strong in-
teraction in the vicinity of the first coordination sphere of
Fe. This interaction is characterized by an anomalously
short distance and low coordination number compared to
values derived on the basis of the dense random packing
of hard spheres model. In these studies, it was argued
that the strong interaction is associated with charge
transfer from the Al to the Fe atoms.

A fundamental understanding of the effects of prepara-
tion methods and composition on the ease of glass forma-
bility through determination of the local atomic structure
is necessary so that preparation conditions can be
tailored to produce alloys with high stability. In this pa-
per, we report on the local atomic structure in the vicini-
ty of Co, Fe, and Ce in magnetron-sputtered
Aljyy_,,Co,Ce, (x=8, 9, and 10) and AlgFe;,Ceyo
amorphous alloys as determined by x-ray-absorption fine
structure (XAFS) spectroscopy from analysis of both the
x-ray-absorption near-edge structure (XANES) and the
extended x-ray-absorption fine structure (EXAFS). We
will show that the glass-forming region of magnetron
sputtered AL-Co(Fe)-Ce material strictly follows the
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theoretical limits derived on the basis of the atomic size
criterion.

EXPERIMENT

Sample preparation

Two sets of samples were prepared. In the first set,
four 1-um-thick coatings of Al,y,_,,Co,Ce, (x=7, 8, 9,
and 10) were deposited on glass slides. In the other set,
two samples of 3-um-thick coatings of Alg;Co,,Ce,q and
AlgoFe oCe,, were deposited directly on the adhesive side
of Kapton tape. Deposition of films was made by vapor
quenching using the dc magnetron-sputtering method.
Substrates were mounted on a simultaneously rotating
and revolving fixture to ensure uniformity of film thick-
ness and composition. During deposition of the films, the
substrates were kept at ambient temperature. Commer-
cial sputtering targets, fabricated from 3N pure metals
with composition AlgFe ;Ce,, and AlgyCo,,Ce;y were
obtained from Sputtered Films, Inc., Santa Barbara, Cali-
fornia. The films with compositions AlgFe,,Ce,, and
AlgCo,oCe,, were deposited from the commercial targets
of AlgFeCe;, and Alg,Co;;Ce, respectively, by
sputtering at an operating power of 400 W. Deposition
of the Alg;,CogCeq and Alg,CosCe; films was achieved by
cosputtering from a pure Al and AlgCo,,Ce,, targets at
an operating power of 400 W for the alloy and 100 and
200 W, respectively, for the pure metal. Deposition rate
is estimated to be 170 A per minute. At this rate sputter-
ing for 1 and 3 h was necessary for manufacturing 1- and
3-um-thick films, respectively. Atomic concentrations
and film thicknesses were determined using atomic ab-
sorption spectroscopy and Rutherford backscattering
methods as described by Kabacoff et al.>

XRD and XAFS measurements

The x-ray-diffraction measurements were collected us-
ing monochromatized Cu K @ x rays on a Siemens (model:
Diffrac 500) unit. The x-ray-absorption experiments were
performed on beamline X-11A of the National Synchro-
tron Light Source (NSLS) at Brookhaven National Labo-
ratory with the electron storage ring operating at an elec-
tron energy of 2.5 GeV and a stored current in the range
of 110 to 220 mA.'° Data were collected with a variable
exit double-crystal monochromator using two flat Si(111)
crystals. Harmonics were rejected by detuning the paral-
lelism of the monochromator crystals. This is achieved
by a piezoelectric transducer to adjust the top crystal un-
til the harmonic content is minimized. Spectra of the Ce
L,-edge and Co K-edge data for the first set of samples
(1-um-thick coatings on glass slides) were obtained using
the fluorescence yield detection mode.!! The films were
pulled from the glass slide with the aid of Kapton tape
and then stacks of 12 and 24 layers for each sample were
sandwiched and used to make these measurements. Spec-
tra for the Ce L, edge, Co K edge, and Fe K edge for the
second set of samples (3-um-thick coatings on Kapton
tape) were obtained using the transmission detection
mode. In these measurements 12 and 10 layers of 3-um-
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thick AlgyCo,;Ce;o and Alg,Fe,Ce,, films, respectively,
were stacked together giving a Co K-edge jump (Aux) of
0.37 and an Fe K-edge jump (Aux) of 0.38. For the Ce
L ;-edge measurements, on the other hand, four and nine
layers of 3-um-thick AlgyCu,,Ce,y and Alg,Fe oCe,, films
were stacked giving a Aux of 0.43 and 0.86, respectively.
The fluorescence data was obtained using a specialized
fluorescence ion chamber detector.!”? The x-ray intensi-
ties were monitored using ionization chambers filled with
nitrogen gas for the incident beam, an appropriate mix-
ture of nitrogen and argon gases for the transmitted
beam, and Krypton gas for fluorescence signal. The
background component due to elastic and Compton
scattering of the incident x rays was minimized by using
an aluminum Soller slit assembly and V, Mn, and Fe
filters, each with an effective thickness of three absorp-
tion lengths, for the Ce L, edge, Fe K edge, and Co K
edge, respectively. The energy calibration for Co, Fe,
and Ce was monitored using a Co foil, a Fe foil, and a
CeO, reference materials and employing a third ion
chamber filled with the same gas as that of the transmit-
ted beam ion chamber.

Reference samples of bulk Co (5-um-thick foil), bulk
Fe (5-um-thick foil), Fe,0;, Ce(NO;);, and CeO, were
also investigated to serve as standards for comparison
purposes and subsequent data analysis. The XAFS mea-
surements for both foils, Fe,0;, Ce(NO;);, and CeO,
were made in the transmission mode. Research grade
high-purity powders of Fe,0;, Ce(NO;);, and CeO, were
prepared for the x-ray-absorption measurements by
grinding into a fine powder and selecting small particles
less than 20 pum in size by sieving through a 20-um-size
nylon screen. The fine powder was then deposited on
Kapton tape and several layers were then stacked to give
a relatively uniform thickness appropriate for XAFS
measurements made in the transmission mode. Two and
four layers were used in separate runs for Fe,O; giving a
Apx of 0.53 and 1.00, respectively. Six layers were used
for Ce(NO;); giving a Aux of 0.64. Two and four layers
were used for CeO, giving a Aux of 0.26 and 0.60, respec-
tively. All spectra presented here were measured at room
temperature (300 K).

RESULTS

Based on both experimental data and theoretical treat-
ments of topological atomic stresses,”!* it was demon-
strated that the composition of the glass-forming region
can be estimated from the atomic size factor, A, given by
RB 3 3

R,

C

A=Cy|1— +Cell= |2 | | §))
A

where C is the concentration in atomic percent and R is
the atomic radius. The subscripts 4, B, C refer to the
matrix (i.e., Al) and solute components Co (or Fe) and
Ce, respectively. Using nominal atomic radii (metallic
state) of R, =1.43, R,=1.25, R =1.26, and
Ro.=1.82 A, the atomic size factors for the various al-
loys examined in this investigation were determined and
are listed in Table I. The minimum solute concentration
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TABLE 1. Summary of atomic size factor as a function of
composition.

A (using metallic A (using amorphous

Composition state radii) state radii)
AlgyCoyoCeyo 0.139 0.126
AlngOgceg 0.125 0.113
Alg,CogCeq 0.112 0.100
AlgCo,Ce, 0.098 0.087
AlgFe ,Ceg 0.141 0.126

required to form an amorphous phase is given by the cri-
terion

A=0.1. ()

In this case, where equal concentrations of the solute
components are used, the minimum solute concentrations
required to form an amorphous phase are Cg, =C, =7.1
for the Al-Fe-Ce and C,=Cg, =7.2 for the Al-Co-Ce
systems. This is confirmed in Fig. 1 which shows a com-
parison of the x-ray-diffraction patterns for Alg,CoyCe,
and AlgCo,Ce,. The x-ray-diffraction pattern for the
Alg,CoyCeq displays two amorphous bands. One band, in
the 20 range of 6°-30°, originates from the glass slide
substrate. The second band, in the 26 range of roughly
30°-50°, originates from the film of the amorphous alloy.
The x-ray-diffraction pattern of AlgCo,Ce,, on the other
hand, displays sharp peaks characteristic of a crystalline
phase, in addition, to the amorphous bands. The compo-
sition and crystal structure of the crystalline phase are
unknown at the present time. The x-ray-diffraction pat-
terns for Alg;Co,qCe,q and AlgyCoyCe; are similar to that
of Alg,CoyCeqy and none consisted of sharp peaks charac-
teristic of crystalline phases. The x-ray-diffraction pat-
terns for the Fe system are similar to those of the Co sys-
tem and will not be discussed here.

Now, we turn our attention to the XAFS data. The ex-
perimentally measured x-ray-absorption cross section
o(E)x, where E is the x-ray photon energy and x is the
sample thickness, is given by In(I,/I) for transmission
data and I, /I for fluorescence data where I, I, and I,
are the incident, transmitted, and fluorescence yield in-
tensities, respectively. In determining uyx from fluores-
cence yield measurements, correction for the energy
dependence of the gas absorption cross section for the in-
cident x-ray intensity was made using cross sections cal-
culated with McMaster coefficients.!* The pre-edge back-
ground absorption, pu,(E)x, was determined from a quad-
ratic fit to the data roughly 300-30 eV below the edge en-
ergy and then extrapolating over the entire energy range
of the spectrum. The K-edge absorption, u( E)x, was then
isolated by subtracting p,(E)x from po(E)x. The
smoothly varying atomic absorption, u,(E)x, was deter-
mined by fitting the post edge data of u(E)x with a cubic
spline function.'®!® An energy-independent step normal-
ization was then applied by dividing u( E)x with the value
of the atomic absorption, u,(E, )x, where E, is the nor-
malization energy and was taken to be 100 eV above the
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FIG. 1. (a) X-ray-diffraction pattern for 1-um-thick film of
Alg;CoyCey showing two amorphous bands arising from the
glass slide (26 range of 6°-30°) and the film of the amorphous al-
loy (26 range of 30°-50°). (b) X-ray-diffraction pattern for 1-
pm-thick film of AlggCo,Ce; showing sharp diffraction peaks
arising from a crystalline phase (whose identity and structure
unknown at the present time) in addition to the two amorphous
bands observed in (a).

edge energy.
Next, the extended x-ray-absorption fine structure

(EXAFS) region of the XAFS spectrum, y(k), was ex-

tracted and normalized according to

w(k)—p, (k)
Kaky)

Bm(ky)
L (K)

x(k)= , (3)

where k is the photoelectron wave number defined ac-
cording to

k=V/(87m /h*)(E —E,) @

with m being the electron mass, 4 is Planck’s constant,
E, is set equal to 7711.0, 7112.0, and 5721.0 eV corre-
sponding to the Co K-edge, Fe K-edge, and Ce L ;-edge
data, respectively, and u(k) and p,(k) are as described
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previously. The term p,, (k) is the atomic absorption cal-
culated with McMaster coefficients'* which provides the
energy-dependent McMaster normalization and k, is the
photoelectron wave number corresponding to the nor-
malization energy E,. The energy-dependent normaliza-
tion is necessary if one chooses to use ab initio theoretical
backscattering amplitude and phase values such as those
calculated with the FEFF code'”!® to extract the
structural parameters, as is the case in the present
analysis.

The normalized x-ray-absorption near-edge structure
(XANES) of Co K edge and Fe K edge for the 3-um-thick
films of AlgyCo,qCe,o and AlgyFe;,Ce,q are shown in Figs.
2 and 3, respectively. These spectra are being compared
with the XANES spectra of structurally well known
polycrystalline Co and Fe foils. The spectra display the
normalized K-edge absorption, ux, as a function of pho-
ton energy. As mentioned previously, the XAFS spectra
for each sample and its respective calibration foil were
measured simultaneously to ensure accurate alignment of
both edges with respect to each other. Visual examina-
tion of spectra in Figs. 2 and 3 reveals that at the onset of
the edge the data for both alloys are shifted to lower en-
ergies relative to the edge data of their respective com-
parison standards. This shift can be interpreted to indi-
cate an increase in the electron density around both Co
and Fe in the alloy samples due to a charge transfer of
electrons from neighboring Al atoms of the first coordi-
nation sphere. It will be shown later in the text that the
first coordination sphere for both Co and Fe consists ex-
clusively of Al atoms.

The normalized Co K-edge EXAFS data, k’y(k), of
the 1-um-thick films of Alg;Co,oCe o and AlgCogCey tak-
en in the fluorescence mode are shown in Fig. 4. Aside
from an amplitude variation, the data for both samples
are very similar. The frequencies of the EXAFS oscilla-
tions for both samples match each other very closely.

NORMALIZED X

0.4 A

0.2

AlgoCoyCeyg

Co METAL

0.0

T T T T T T 1
7690 7710 7730 7750 7770

PHOTON ENERGY (eV)

FIG. 2. Comparison of normalized Co K-edge XANES data
for 1-pm-thick film of AlgCo,¢Ce, and Co foil showing that the
data at the onset of the edge for the alloy is shifted to lower en-
ergies relative to that of the foil indicating a charge transfer
from the Al atoms of the first coordination sphere to Co.
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FIG. 3. Comparison of normalized Fe K-edge XANES data
for a 3-um-thick film of Alg,Fe,(Ce;, and Fe foil showing that
the data at the onset of the edge for the alloy is shifted to lower
energies relative to that of the foil indicating a charge transfer
from the Al atoms of the first coordination sphere to Fe.

The k3y(k) spectrum for the Alg,CoyCe, sample (not
shown) is similar to those displayed in Fig. 4 except for
an amplitude that is intermediate between those for the
AlgyCooCe;y and AlgCogCes. A comparison of the
phase uncorrected Fourier transforms of the Co K-edge
EXAFS spectra displayed in Fig. 4 is shown in Fig. 5.
Each spectrum displays mainly a single peak arising from
the first coordination sphere and no prominent structure
from higher coordination spheres. The absence of peaks
from higher coordination spheres is indicative of the
amorphous nature of these alloys. A comparison of the
local structure from the first coordination sphere for the
three Al;y,_,,Co,Ce, (x =8,9,10) on an expanded scale
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y ————Alg4CogCey

| 1
6'601 5 9 13

WAVE NUMBER (A™)

FIG. 4. Comparison of normalized Co K-edge EXAFS data,
k3x(k), for AlgCo,oCe,o and AlgsCogCes.
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FIG. 5. Comparison of Fourier transform of normalized Co
K-edge EXAFS data, k3y(k), for l-pm-thick films of
Algocolocelo and A184C08C68 (Ak: 2.25-11.8 A -1)-

is shown in Fig. 6. It indicates that the peak position is
independent of composition. The only difference is in the
amplitude of the Fourier transform peak which increases
with increase in Al content or increase in the Al/Co
atomic percent ratio. The increase in the amplitude of
the Fourier transform peak with increase in Al content
may be due to an increase in the coordination number
and/or a decrease in the disorder of the first coordination
sphere which will be further discussed later in the text.

6.50

AlgoCo1gCeo
Alg,CogCeqg
- A|34c°3cea

4.75 —

3.00
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1.25

~-0.50 ] | | | |
0.5 1.0 1.5 2.0 2.5 3.0 35

RADIAL DISTANCE (A)

FIG. 6. Comparison of Fourier transforms of normalized Co
K-edge EXAFS data, k>y(k), on an expanded scale of 1-um-
thick films for °A130C010CC10, Alg;CogCey, and AlgCogCeq
(Ak: 2.25-11.8 A V).
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FIG. 7. Comparison of normalized Co and Fe K-edge
EXAFS data, k3y(k), for 3-um-thick films of AlgCo,oCe)o and
AlgoFCloCelo.

A comparison of the normalized Co and Fe K-edge
EXAFS spectra, k3y(k), for the 3-um-thick films of
Alg;Co,oCe o and AlgyFe,,Ce,, taken in the transmission
mode is shown in Fig. 7. A slight mismatch in the fre-
quency of the data at high k values is observed due to a
smaller Co-Al bond length compared to the Fe-Al bond
length (as will be shown later in the text). Fourier trans-
forms of spectra in Fig. 7 are displayed in Fig. 8. Exam-
ination of the data in both figures reveals that the local
structure of Co is qualitatively similar to that of Fe. The
greater amplitude for the first peak in the Fourier trans-

6.50

475~ AI“COwCew

-——- AlgoFeoCeqq

3.00

FT MAGNITUDE

1.25

| 1 | 1
0 1 2 3 4 5

RADIAL DISTANCE (A)

-0.50

FIG. 8. Comparison of Fourier transforms of normalized Co
and Fe K-edge EXAFS data, k3y(k), for 3-um-thick films of
AlgCo,oCe and AlgoFe oCe (Ak: 2.20-12.07 A 1),
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FIG. 9. Comparison of normalized Ce L;-edge XANES data
for 3-um-thick films of AlgyCo,oCe;o and AlgFe oCe;o. The -2-501 ‘; ; 1'°

XANES displays a highly prominent white line arising from
transitions to localized empty d states near the Fermi level.

form of Co K-edge data relative to that of Fe K-edge data
is mainly due to a smaller disorder in the local structure
of Co relative to that of Fe.

The normalized XANES of the Ce L, edge for the 3-
pm-thick films of AlgCo,yCe;, and Alg,Fe,,Ce,, are
shown in Fig. 9. Both spectra display prominent white
line due to enhanced absorption associated with transi-
tions to well localized empty d states near the Fermi lev-
el. In addition, it is also observed that the intensity and
the area of the white line for the Fe system are somewhat
larger than those of the Co system. It has been shown
that the area under the white line after subtraction of an
appropriate background can be related to the number
density of unoccupied states near the Fermi level.!
Thus, the increase in the area of the white line for the Fe
system relative to that of the Co system indicates that the
electron density on the Ce atoms is greater in the Co sys-
tem from that in the Fe system.

The Ce L,-edge, k*y(k) spectra, for the three 1-um-
thick films of Aljy_,,Co,Ce, (x =8,9,10) and that of
the 3-pm-thick film of AlgyCo,oCe,, are very similar.
Hence, only the normalized Ce L;-edge (k) spectrum
for the 3-um-thick film of AlgyCo,,Ce,, is compared in
Fig. 10 with that of the 3-um-thick film of AlgFe ,Ce.
The k3y(k) spectra shown in Fig. 10 were taken in the
transmission mode. Their respective Fourier transforms
are shown in Fig. 11. Examination of the spectra in Figs.
10 and 11 reveals that in the vicinity of Ce the local
structure in both alloys is very similar. One striking
feature displayed by the Fourier transforms of Fig. 11 is
the presence of up to three well-defined coordination
spheres. This is indicative of a structure which is some-
what ordered in the vicinity of Ce in contrast to that ob-
served in the vicinity of Co or Fe.

Quantitative analysis to obtain bond lengths, coordina-
tion numbers, and disorders of the first coordination

WAVE NUMBER (A™")

FIG. 10. Comparison of normalized Ce L;-edge EXAFS
data, ky(k), for 3-um-thick films of AlgCo,,Ce,, and
Alg,CoyCes.

sphere were made as follows. The contribution of the
first coordination sphere to (k) is obtained by filtering
and back transforming over an r-space range of
Ar=0.66—g.78 A for Co, 0.82-2.62 A for Fe, and
1.20-3.30 A for Ce to allow quantitative analysis of k-
space amplitudes and phases using standard procedures.
The Ar values were chosen to include the contribution
from the first coordination sphere and portions of one
loop to the left and another to the right side of the main

1.80
AlaoCOﬂ)ceﬂ)
1.30—
w —=== AlgoFeoCeqq
o
o |
=
4
0.80
g
=
-
(e
0.30
-0.20 | | 1 | L | 1
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FIG. 11. Comparison of Fourier transforms of normalized
Ce Lj-edge EXAFS data, k’y(k), for 3-um-thick films of
AlgCo,oCeo and AlgoFe oCeyo (Ak: 2.17-9.13 A 7 1).
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peak. The filtered EXAFS data is related to the structur-
al parameters by the formula

x(k)=— C;(k)sin[2kR, +25(k)+4,(k)] , (5)

where the index i denotes a specific type of atom located
at an average distance R; from the central absorbing
atom. The terms ©&(k) and ¢(k) represent the
modification in the phase shift of the ejected photoelec-
tron wave function by the potential of the central absorb-
ing and backscattering atoms, respectively. The ampli-
tude term C;(k) is given by

—2[R;/AK)] —202k?
e

2A(k)F,(m,k,R )e , (6

i

where N; is the number of atoms of the ith type at dis-
tance R;. The term o; is the disorder or root-mean-
square deviation about the average distance R; which in-
cludes both a dynamic term arising from thermal motion
of the atoms and a static term describing structural disor-
der. The other terms A(k), F;(mk,R), and A (k)
represent the electron mean free path, the magnitude of
the effective curved-wave backscattering amplitude for
the ith type of atom, and central atom losses, respective-
ly. Finally, S(z) is an energy-independent many-body am-
plitude reduction factor which accounts for losses only
within the central absorbing atom.!”!® The S3 factor for
a particular type of central absorbing atom is a global
constant which is shell independent and its magnitude
does not depend on the chemical nature and type of back-
scattering atoms or details of the local structure. The
magnitude of S3 is determined from XAFS data of refer-
ence compounds with known structure to permit accu-
rate determination of coordination numbers for samples
with unknown structure as will be described later in the
text.

In fitting the filtered EXAFS spectra with Eq. (5), four
parameters per shell are usually varied: coordination
number (N), coordination distance (R), disorder squared
(0%), and an inner potential energy shift (AE,) used in the
final definition of the photoelectron wave number k.
Since the information content of the EXAFS data is
bandwidth limited, the maximum number of fit parame-
ters must not exceed the number of independent data
points N given by the formula, N, =2AkAR /m,
where Ak is the k-space range over which y(k) is fitted
and AR is the filtered R-space range of the Fourier trans-
form.?%2! In our investigation, fits for both Co and Fe
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for the alloys were done in the k range of 3.0-11.0 A -
while fits for Ce were made in the range of 3.0-9.0 A~
The fit ranges were chosen in such a way to exclude small
portions at the beginning and end of the filtered data
range which may have been altered due to the finite range
of the inverse Fourier transformation process. Hence, a
Ak of 8.0 A ! for both Co and Fe, a AR of 2.12 A for Co
and 1.8 A for Fe,a Ak of 6.0 A ~'and a AR of 2.1 A for
the Ce were used. Thus, the maximum number of param-
eters that can be varied is ten for Co, nine for Fe-edge
data, and eight for the Ce L;-edge data. In practice, it is
customary to choose AR values that are significantly
larger than the width of the Fourier transform peak in
order to minimize truncation errors introduced by the
finite range of the integration used in the back-
transformation process. This was the case here and,
hence, Npts values quoted above are overestimated. The
appropriate values of AR that must be used in estimating
Ny are 1.5 A for both Co and Fe edge data and 1.7 A for
Ce edge data. Thus, the revised N, values are eight for
both the Co and Fe data and six for the Ce data.

In fitting the filtered data for the reference compounds
namely, metallic Fe foil, metallic Co foil, and Ce(NO;);
we have constrained the coordination number N to the
crystalline value and varied S3, R, 0% and AE,. The
only exception is in analyzing the first peak in the Fourier
transform of Fe metal with bcc lattice which consists of
XAFS contributions from two coordination spheres.
Hence, a two-shell fit is required and, thus, N, and N,
were constrained to the crystalline values of 8 and 6, re-
spectively, and six parameters (S3, R,, R,, o3, o3, and
AE) were varied. In all of these fits, ab initio theoretical
standards based on the curved-wave single scattering for-
malism were utilized.!”'® Specifically, the 4 (k), A(k),
8(k), ¢(k), and F(m,k,R) values were determined using
version 3.25 of the FEFF Code.'"!® In this version, the
information required to perform the calculation consists
of specifying the type of both the central and backscatter-
ing atoms, their bond length (R g), the coordination
number for the central atom N, and the number of cen-
tral atoms coordinating the backscattering atom Njp.
Values of these parameters were obtained from known
structural data for the reference compounds Fe,?? Co,?
and Ce(NOj;); (Ref. 24) and are listed in Table II. The
crystal structure for a cerium magnesium nitrate hydrate
was used to approximately represent that of cerium ni-
trate due to lack of its structural data. Results of these
numerical fits are listed in Table III. The many-body am-
plitude reduction factors (S3) were determined to be 0.78
for Fe, 0.75 for Co, and 0.58 for Ce. We have also ana-

TABLE II. Summary of structural data used to generate theoretical standards with the FEFF Code.
C-B pair, central-backscattering atoms pair type; Rcp, central-backscattering atoms bond length; N,
central atom coordination number; Ng, backscattering atom coordination number.

Compound Fe metal Al-Fe-Ce Co metal Al-Co-Ce Ce(NO;), Al-Co (or Fe)-Ce
C-B pair Fe-Fe Fe-Al Co-Co Co-Al Ce-O Ce-Al

N¢ 8.0 6.0 12.0 6.0 12.0 14.0

Ng . 8.0 1.0 12.0 1.0 1.0 1.0

Rcp (A) 2.49 2.48 2.51 2.48 2.64 3.25
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TABLE III. EXAFS results on reference compounds obtained using theoretical phase and ampli-
tudes calculated with the FEFF code.

Compound _ Fit range, A ! s} N* R, A B8R A o} A  AE, eV
Fe' 3.0-17.0 0.7820.007) 80 2473  —0010 0.00440  —3.6
60 2852 —0015  0.00613

Co 2.5-16.8 0.746(0.012) 120 2496  —0.013  0.00612 —4.0
4.0-16.8 0.746(0.012) 120 2496  —0.013  0.00612 —4.0

Ce(NO); 2.0-09.0 0.566(0.021) 120 259  NA 001054  —33
3.0-09.0 0.586(0.026) 120 2596  NA 001104  —38
2.0-10.0 0.587(0.023) 120 2585  NA 001143 -3.0

2Coordination numbers were constrained to crystallographically known values to allow accurate deter-
mination of SJ.

®SR =R (fit) —R (crystallography). It shows that distances obtained with theoretical standards are
slightly smaller than the known crystallographic distances. NA, not available due to lack of structural
parameters for Ce(NO,);.

"The first peak in the Fourier transform of metallic Fe with bcc lattice contain contributions from the
first and second coordination spheres. Hence, a two-shell fit is required to analyze this set of data. In
this fit, the many-body amplitude reduction factor (S3) and the inner potential parameter (AE,) were

constrained to be same for both shells.

lyzed the XAFS data of Fe,O; and CeO, and obtained
values for S3 that are consistent with those of metallic Fe
and cerium nitrate, respectively. Examination of data
listed in Table III shows the reliability of our procedure
by virtue of (i) accurate distance determination as indicat-
ed by the small values of 8R and (ii) disorders that are
consistent with theoretical estimates for metallic Fe.?
Single-shell fits were sufficient to satisfactorily model
the filtered XAFS spectra of Co and Fe in the alloys.

Consequently, four floating parameters (which is less
than the maximum number of allowable fit variables
given by the N formula as discussed above) were em-
ployed in each fit. Single-shell fits employed for the
analysis of the Ce local structure yielded extremely high
disorders which can only be resolved by applying a two-
shell fit (see Table IV). Single-shell analyses were made
with S3 being constrained to values determined from the
reference compounds and varying N, R, o?, and AE,.

TABLE IV. Summary of EXAFS determined local structure parameters for Co, Fe, and Ce in
aluminum-rich amorphous alloys. The “F” and “T” in parentheses following the sample composition
refer to analysis made from XAFS spectra measured in the fluorescence mode and transmission mode,
respectively. The data for the Ce-Al C-B pair corresponds to results from the single-shell fit, while the
for the Ce-Al(1) and Ce-Al(2) C-B pairs corresponds to the results obtained from the two-shell fit. In
the two-shell fit the following constraints were made: 0?=032 and AE, =AE,,. Error bars were es-
timated by calculating the standard deviation of several results obtained from various scans and/or by
varying various options of the analysis procedure such as the k range of the fit. N, Coordination num-
ber; R, Coordination distance. Distances corrected for a small contraction namely, 6R = —0.013,
which is mainly an artifact of the use of theoretical standards are included in parentheses (see Table III
for more details). o2, Mean-square relative displacement in R; AE,, Inner potential used in the final
definition of the photoelectron wave number.

°

Composition C-B Pair N R, A 0% A? AE,, eV
AlgCo,oCeyo (F)  Co-Al 58+0.2  2.423(2.4410.01)  0.0099+0.0003 0.2+0.2
1-um-thick films
Alg,CoyCey (F) Co-Al 6.2+0.2 2.424(2.4410.01) 0.0096+0.0003 —0.1+0.2
1-um-thick films
Alg,CoyCe; (F) Co-Al 64+0.2  2.421(2.44+0.01)  0.0090+0.0003  —0.2+0.2
1-um-thick films
AlgCo,oCeyo (T)  Co-Al 59+0.2  2.420(2.44+0.01)  0.0095+0.0003 0.3+0.8
3-um-thick films Ce-Al 13.2+0.8 3.112(3.13%+0.01) 0.0239+0.0008 2.2+0.3

Ce-Al(1) 4.41+0.4 2.932(2.95+0.01) 0.0120+0.0008 4.81+0.2
Ce-Al(2) 8.8+0.2 3.132(3.15+0.01) 0.0120+0.0008 4.8+0.2
AlgFe oCeo (T) Fe-Al 6.4+0.2  2.456(2.47+0.01)  0.0112+0.0003 1.8+0.1
3-um-thick films Ce-Al 13.7£1.3 3.093(3.11+0.01) 0.0218+0.0011 2.410.4
Ce-Al(1) 4.6+0.5 2.931(2.941+0.01) 0.0100+0.0021 4.5+1.0
Ce-Al(2) 8.3+0.8 3.122(3.14+0.02) 0.0100+0.0021 4.5%1.0
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The Ce two-shell analysis was made with S being con-
strained to the value determined from the reference and
varying N, N,, R, R,, 0}, and AE with o3 being con-
strained to equal o?. Again, these fits were performed
with theoretical standards calculated with the FEFF code
(version 3.25) using structural data listed in Table II.
Three different sets of theoretical standards were generat-
ed allowing for a 0, 10, and 20 % overlapping atomic po-
tentials. Fits were performed with each set of theoretical
standards using both no-weighted and k>-weighted
filtered data. For both the Fe and Co K-edge EXAFS
fits, theoretical standards calculated with 10% overlap-
ping potentials produced significantly better fits in the
low k region as revealed from fits made to the no-
weighted filtered data. In, addition, numerical results
from fits to the data with no k-weighting were also simi-
lar to those obtained from fitting the k3-weighted data.
Theoretical standards calculated for the Ce-Al chemistry
with no overlapping were sufficient to fit the Ce L ;-edge
filtered EXAFS data. Results of these numerical fits are
listed in Table IV. Typical comparisons of filtered and
calculated EXAFS spectra for the Co K-edge and Ce L ;-
edge EXAFS spectra for Alg,CozCe; are shown in Figs.
12 and 13.

As described previously, the analysis of filtered
EXAFS spectra was carried out employing a Gaussian
disorder which is only suitable for truly Gaussian pair-
distribution functions or in the limit of small disorders.
It has been shown that use of symmetric pair-distribution
functions to analyze local structures with a high degree of
asymmetry leads at least to erroneous distance deter-
mination. We have analyzed our data using the method
of cumulants expansion including up to the fourth term?®
and also using weighted exponential pair-distribution
functions.?” This was done in order to determine if asym-
metric pair-distribution functions are more appropriate
than the Gaussian distribution function to model the lo-
cal structure of this class of materials. We have found
that no significant improvement in the quality of fits to

EXPERIMENTAL DATA

CALCULATED FIT DATA

k3x(k)
o
1

WAVE NUMBER (A-1)

FIG. 12. Comparison of filtered (solid) and calculated single-
shell fit (dash) of Co K-edge EXAFS data using structural data
listed in Table IV for Alg,CosCes. Fit range of 3.0-11.0 A
and k*-weighted data.
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FIG. 13. (a) Comparison of filtered (solid) and calculated
single-shell fit (dash) of Ce L;-edge EXAFS data using structur-
al data listed in Table IV for Alg,CogCeq. Fit range of 3.0-9.0
A~'and k3-weighted data. (b) Comparison of filtered (solid)
and calculated two-shell fit (dash) of Ce L;-edge EXAFS data
using structural data listed in Table IV for AlgCoyCe;. Fit
range of 3.0-9.0 A ~! and k-weighted data.

the experimental data is gained when asymmetric pair-
distribution functions are used to model the structure
and, hence, the Gaussian disorder represents an appropri-
ate model for the analysis of this material.

DISCUSSION

Our results, summarized in Table IV, show that the
first coordination sphere of cobalt consists of 5.8 to 6.4
aluminum atoms at a distance of 2.44 A. The coordina-
tion number appears to increase slightly, while disorder
decreases slightly with increase in Al content within the
composition range investigated. The Co-Al distance
remains constant independent of composition. The first
coordination sphere of Fe consists of 6.4 Al atoms at a
distance of 2.47 A, which is slightly longer than that of
Co-Al. Single-shell fits of the Ce local structure indicate
that Ce is coordinated with roughly 14 Al atoms at a dis-
tance of 3.13 A in the Al-Co-Ce system and 3.11 A in the
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Al-Fe-Ce system. Disorders obtained from single-shell
fits of both systems for Ce-Al coordination, however, are
extremely large indicating a high degree of structural dis-
order. The high degree of structural disorder indicates a
distribution of Ce-Al distances within the first coordina-
tion sphere. The fact that the Fourier transforms of Ce
L;-edge EXAFS spectra display well-defined peaks corre-
sponding to second and third coordination spheres indi-
cates that the distribution of these distances must corre-
spond to a small number of subshell distances. In fact,
the large degree of structural disorder based on single-
shell-fit results for Ce, can be resolved assuming that the
first coordination sphere of Ce contains two subshells of
Ce-Al coordination. This is demonstrated by the results
from the two-shell fit. These results reveal that Ce in
both systems is coordinated with roughly five Al atoms at
a distance of 2.95 A and nine Al atoms at a distance of
3.15 A. The sum of the coordination numbers obtained
from the two-shell fit is consistent with the single-shell fit
coordination number. The weighted average distances
calculated from the two-shell fit results are 3.08 and 3.07
A for AlyCo;oCe,o and AlgyFe ;Ce o, respectively. The
disorders obtained from the two-shell fit are much small-
er than those of the single-shell fit disorders and compare
favorably with disorders of the Co-Al and Fe-Al environ-
ments.

A comparison of EXAFS determined Fe and Ce local
structures of the magnetron-sputtered amorphous alloys
of this investigation with the results from a pulsed neu-
tron and x-ray-scattering experiments and diffraction us-
ing synchrotron radiation made on liquid-quenched
amorphous ribbons of composition AlgFe, Ce,_,
(x =3,5,7) by Hsieh and co-workers®® will now be made.
Our results for the magnetron-sputtered amorphous
Alg Fe,,Ce,, alloy show an Fe coordination which is
similar to that obtained by Hsieh and co-workers who
conclude that the Fe coordination for liquid-quenched
amorphous AlgFe;Ces and AlgFe;Ce; consists of 6.2
and 6.3 Al atoms at a distance of 2.49 A, respectively.
Hsieh and co-workers also concluded that the second
coordination sphere of Fe consists of 3.8 Al atoms at a
distance of approximately 2.8 A. However, the evidence
for the presence of the second shell of atoms is indirect
and we believe that it is somewhat uncertain. The contri-
bution of this second coordination sphere is absent from
the Fourier transforms of the EXAFS spectra of
magnetron-sputtered alloys and hence cannot be investi-
gated. Its absence may be due to a high degree of
structural disorder associated with this shell of atoms.
The EXAFS determined Ce local structure of
magnetron-sputtered amorphous AlgFe,(Ce,, alloy
differs significantly from that of liquid-quenched amor-
phous Alg,Fe, Ce,,_, (x =3,5,7) alloys as determined by
Hsieh et al.® Our results reveal that two Ce-Al distances
contribute to the Ce-Al correlation in contrast to only the
single distance predicted by x-ray-scattering and
diffraction experiments. Namely, EXAFS shows a Ce
coordination consisting of roughly five and nine Al atoms
at distances of 2.95 and 3.15 A, respectively, compared to
14+1.6 and 11.0£2.3 Al atoms for liquid-quenched
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AlgoFesCes and Alg,Fe,Ces, respectively, at a distance of
3.25 A. While the sum of the coordination numbers for
magnetron-sputtered alloys is in agreement with the
coordination number for liquid-quenched alloys, the dis-
tances are significantly shorter. The observation of a split
shell of atoms by the EXAFS method in contrast to a sin-
gle shell of atoms by the neutron method is not surprising
if one considers the atomic specificity of the EXAFS
method which allows measurements of the radial struc-
ture function for each of Al, Fe, and Ce separately. The
EXAFS measured radial structure function for Ce is not
complicated by contributions from the radial structure
functions of Al and Fe and hence more information can
be extracted with regard to the local structure of Ce. The
neutron-scattering experiments measures the total pair-
distribution function of the system which includes contri-
butions from the Fe-Al, Fe-Fe, Fe-Ce, Ce-Al,
Ce-Ce, and Al-Al correlations. Admittedly, contribu-
tions from the Fe-Fe, Fe-Ce, and Ce-Ce are very small
and can be ignored. However, contributions from the
remaining correlations are strong and can overlap with
each other making extraction of detailed structural infor-
mation more difficult from neutron-scattering data than
from EXAFS data.

Based on the dense random packing (DRP) model of
hard spheres,'® using the principle of two-dimensional
packing, the coordination number can be estimated using
the following two equations:

V'Rz(Rz+2R )
[L)BA“"Z‘[T 1_ RA+RB (7)
and
)i
Ny, =4mw s (8)
BA ©p 4

where wp, is the solid angle subtended by 4 atom at B
atom, R ;) is the atomic radius of A4 (B) atoms, Ny,
number of A atoms coordinating the B atoms, 7y is the
two-dimensional packing density (=0.842 for dense ran-
dom packing). Using Egs. (7) and (8) employing the me-
tallic state atomic radii of Co, Fe, Ce, and Al, it is es-
timated that Ngo o1 =11, Ng.a =11, and Ng, 5, =16.
The corresponding A-B pair distances based on this
model calculated using the formula R 4 ;=R ,+Rp are
estimated to be R, 4, =2.68 A, Nee 41=2. 69 A, and
Neea =3.25A.

Thus, our EXAFS determined distance for the Co-Al
pair is smaller than the sum of the atomic radii of Co and
Al by 0.24 A. This corresponds to a 9% contraction in
the distance expected on the basis of the DRP model. In
addition, the coordination number for Co is also reduced
roughly by 45% from that based on the DRP model as-
suming a coordination of six Al atoms. Similar contrac-
tion in coordination distance and reduction in the coordi-
nation number are observed for the Fe atoms. These
anomalously short distances and low coordination num-
bers compared to those based on the DRP model indicate
that the radii for the Co, Fe, and Al atoms have been
significantly altered from those of the metallic state radii
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values. The effective radii in the amorphous state can be
estimated from the EXAFS determined coordination
numbers and distances with the aid of Egs. (7) and (8) and
employing the fact that R gx s is equal to the sum of the
effective atomic radii. Following this procedure and as-
suming a Co and Fe coordmatlon of six Al atoms, it 1s es-
timated that R .+(Co)=0.75 A and R 4(A)=1. 69 A for
the Al-Co-Ce system and R 4(Fe)=0.75 A and

R 4(AD)=1.72 A for the Al-Fe-Ce system. The effective
atomic radii for Co, Fe, and Al coordinating Co or Fe in
the amorphous state are significantly shorter than the
corresponding metallic state radii of 1.25, 1.26, and 1.43
A, respectlvely The altered atomic radii of Al, Co, and
Fe in the amorphous state indicate a strong interaction
between Co or Fe atoms and the Al atoms, perhaps as a
result of a covalently bonded environment. The dramati-
cally reduced radius for Fe and increased radius for Al
have been attributed to be due to the transfer of electrons
with s-p character of the Al atoms to the d states of the
Fe atoms.® This hypothesis is consistent with conclusions
made on the basis of the XANES spectra which indicate
a charge transfer from the Al atoms to neighboring Fe
atoms. It has been shown by Kabacoff et al.? that the
degree of stability of the amorphous Al-Fe-Gd system in-
creases with increase in the Fe content in the composition
range similar to that of the Al-Co-Ce and Al-Fe-Ce alloys
of the present investigation. The increase in stability of
amorphous Al-Fe-Gd with increase in Fe content may be
attributed to the strong interaction between the Fe and
Al atoms assuming that the strong interaction observed
between Fe and Al atoms in the Al-Fe-Ce system is also
characteristic of Fe and Al atoms in the Al-Fe-Gd sys-
tem.

For Ce atoms in both the Al-Co-Ce and Al-Fe-Ce sys-
tems, on the other hand, the weighted average Ce-Al dis-
tance of 3.08 A is smaller by 0.17 A when compared to
the sum of the metallic state radii of Al and Ce atoms.
This corresponds to a distance contraction of only 5%.
The Ce coordination umber of roughly 14 Al atoms is
only reduced by 13% from values based on the DRP
model. The distance contraction and reduction in the
coordination number for Ce atoms are much smaller than
those of the Co or Fe atoms. Assuming a coordination
number of 14 Al atoms at a weighted average distance of
3.08 and 3.07 A for Ce in the Co and Fe systems, respec-
tively, the effective atomic radii for Ce and Al coordinat-
ing Ce in the amorphous state are estimated to be

R 4(Ce)=1.62 A and R s(AD)=1.46 A for the Al- Co-Ce
system and R 4(Ce)=1.61 A and R (Al)=1.46 A for
the Al-Fe-Ce system. Thus, in the amorphous state, the
effective radius for Ce is somewhat shorter, while that of
Al is only slightly longer when compared to the metallic
state radii of 1.82 and 1.43 A for Ce and Al, respectively.
Hence the local bonding for Ce atoms is likely to be me-
tallic in character.

The effect of the amorphous state radii on the atomic
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size factor, A, calculated using Eq. (1), is shown in Table
I. It is shown that the composition of the glass-forming
region strictly follows the theoretical limit calculated us-
ing the amorphous state radii as well as the metallic state
radii.

In summary, 1- and 3-um-thick films of aluminum-rich
amorphous alloys of Al-Co-Ce and a 3-um-thick film of
Al-Fe-Ce were prepared using the dc magnetron-
sputtering method. These films were initially character-
ized by x-ray diffraction showing that the structural na-
ture of these films is truly amorphous for samples with
composition Al;s,_,,Co,Ce, (x =8, 9, and 10). Sharp
peaks in the x-ray-diffraction patterns characteristic of a
crystalline phase or phases were observed for samples
with composition Aljg_,,Co,Ce, (Where x <7). It is
shown that the composition of the glass-forming region
for magnetron-sputtered alloys strictly follows the
theoretical limit based on the atomic size criterion using
the metallic state radii or the amorphous state radii. The
local atomic structure of Co and Ce in amorphous
Algy_,,Co,Ce, (x =8, 9, and 10) and that of Fe and Ce
in AlgFe,,Ce,, alloys was then investigated by x-ray-
absorption fine structure (XAFS) spectroscopy. The fol-
lowing conclusions with regard to local structure of Co,
Fe, and Ce are made from analyses of the XAFS spectra.
The first coordination sphere of cobalt in
Aljg9—2,Co,Ce, (x =8, 9, and 10) consists of 5.8 to 6.4
Al atoms at a distance of 2.44 A. The local coordination
sphere for Fe in Alg Fe,,Ce,, consists of 6.4 Al atoms at a
distance of 2.47 A. Ce in both systems is coordinated
with roughly five and nine Al atoms at distances of 2.95
and 3.15 A, respectively. Both Co-Al and Fe-Al bond
lengths are anomalously short with also anomalously low
coordination numbers from values expected on the basis
of the DRP model using the metallic state radii. The dis-
tance contraction and reduction in the coordination num-
ber for Ce are much smaller than those of Co or Fe. The
anomalous changes for Co and Fe in the amorphous state
indicate a strong interaction between Co or Fe atoms and
the Al atoms which perhaps may be a result of a co-
valently bonded environment. Local bonding for Ce, on
the other hand, is likely to be metallic in character.
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