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We present an Fe and Ni K-edge extended x-ray-absorption fine structure studv of the L1,-ordered
ternary alloy Ni.s(Al,_,Fe,);s. We find that Fe enters predominantly the Al sublattice of Ni;Al (y’
phase). The distribution of Fe and Al atoms on this sublattice follows the expected distribution for an
L1, structure. The Fe nearest-neighbor distances are consistent with the measured lattice parameters.
The first coordination shell around Ni is composed of Ni, Fe, and Al atoms. The Ni-Ni and Ni-Fe bond
lengths are consistent with diffraction data. On the other hand, an unexpected strong (=0.2 A) decrease
of the Ni-Al distance with increasing Fe content is detected, the Ni-Al bond being also characterized by
a large disorder. This result provides a local structural explanation to the large lattice strains recently

measured in stmilar samples by x-ray diffraction.

I. INTRODUCTION

Ni1;Al 1s an intermetallic compound with an L1,-type

(y' phase) structure. This lattice has a face-centered-

cubic cell where face centers are occupied by Ni atoms,
while Al atoms occupy cell corners, thus forming two
separate sublattices. |

N1,Al has very attractive high-temperature properties
among which a positive temperature dependence of yield
stress.! In recent years it has been proved that the
mechanical properties of ordered binary L1, alloys are
strongly modified by the addition of a third element.!?
In particular it was found that strength and ductility de-
pend on the site preference and size misfit of the ternary
element, because the local strain introduced in the lattice
acts as a barrier against dislocation motion, resulting in
the strengthening of the compound (solid-solution har-
dening).

In particular, several studies on Ni;Al have shown that
it can accommodate considerable amounts of ternary ad-
ditions in solution, resulting in significant strengthen-
ing.>~® An x-ray-diffraction investigation of the local
static strain in alloyed Ni;Al showed that it depended
largely on the nature of the alloying element.’ The au-
thors found an inverse correlation between the magnitude
of strain in the Ni and Al sublattices in the presence of an
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alloying element (i.e., strain in one is large while in the
other it 1s small).

As for the site preference, several different theoretical
approaches have been used to model the substitutional
behavior of ternary additions.® !> The theory of ternary
site preference in Ni;Al was developed by Guard and
Westbrook.® These authors suggested that the substitu-
tional behavior is not controlled by size effects but by the
electronic structure of the ternary addition. Much later
Morinaga, Yukawa, and Adachi studied the effect of
Ni,Al alloying on its electronic structure.'® The authors
found a correlation between the substitutional behavior
and the resemblance of the profile in the density of states
of the elemental additions to that of either Al or Ni. Fur-
thermore, Freeman, Hong, and Xu, in a study of the
structural phase stability of Ni;Al with and without ¥ ad-
ditions,!! related site preference to the position of the
Fermi level with respect to the bonding and antibonding
parts of the density of states, originating from the strong
hybridization between the addition and the host.

It is now generally accepted that substitutional
behavior 1s governed by alloy composition, temperature
and relative magnitude of the effective-pair interactions
(in our case the Ni-X and Al-X pair interactions). The
substitutional behavior of a series of elements was recent-
ly predicted using the tetrahedron approximation of the
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cluster variation method'? and the phenomenological
Lennard-Jones pair potential.!> Based on this, alloying
elements may be classified according to three types of site
preference behavior: those which enter preferentially the
Ni sublattice (Co and Cu), those which almost entirely
substitute Al (Ti, Nb, Mo, Hf, Ta, and W), and finally
those for which the substitution site strongly depends on
composition and changes in passing through
stoichiometry (Cr, Mn). Alloying atoms enter preferen-
tially the Al sublattice in the case that the sum of the two
concentrations is less than the stoichiometric composi-
tion (25 at. %), and they begin to enter the Ni sublattice
only as the sum exceeds 1t.

Fe seems to belong to this last category of elements.
The addition of Fe to NijAl is particularly interesting
also because it adds intriguing magnetic properties to the
alloy, the behavior of which changes from paramagnetic
to strongly ferromagnetic: alloys with x > 0.2 are fer-
romagnets at room temperature.'* Besides the giant
magnetic moments observed at very low Fe concentra-
tions ( <<1%),'>!® the mean atomic magnetic moment of
the alloy increases from 0.08 to 1.2up in passing from
Ni,Al to Ni;Fe. !

The Ni;Al-Ni;Fe diagram has been obtained by means
of optical microscopy, x-ray-diffraction, and EPMA mea-
surements of diffusion layers.'® At low temperatures,
Ni,s(Al,_, Fe, ),s forms a continuous L 1, solid solution
(y' phase); as the temperature increases a second phase,
the disordered fcc (y) phase, appears to be stable along
with the y’, starting on the Fe-rich side at approximately
800 K, and then developing along the whole concentra-
tion range as temperature increases up to 1600 K for the
Al-rich side. At intermediate temperatures therefore
there 1s a two phase region (¥ +¥’). Finally, as tempera-
ture increases further, the ordered y’ phase disappears.

The order-disorder transition temperature in the
Ni,s(Al, _, Fe, ),5 system is a rapidly decreasing function
of x.'®!” This has been exploited to study long-range or-
dering kinetics as a function of ordering energies in quasi-
binary alloys Niys(Al,_, M, ),s where M =Fe, Mn, Cr.
The addition of M strongly affects ¥’ stability by control-
ling parameters related to long-range ordering kinetics in
these systems. These effects have been the subject of in-
tensive investigations,”®~** and the strong demand for
the precise knowledge of atomic configurations in these
alloys gave rise to the present study.

There is still much controversy on the substitutional |

behavior of Fe in ¥’ Ni;Al.2'~2® Mgssbauer measure-
ments indicate that site occupation is Fe concentration
dependent.’* The fraction of Fe atoms substituting Al
sites was found to be 78% and 54% in alloys containing
2.5 at. % and 9.3 at. % Fe, respectively. On the other
hand channeling enhanced microanalysis showed that
this fraction depends on Ni content.?® Three different
Compositions with a constant 5 at. 9% Fe content were in-
vestigated. The authors found that the fraction of Fe
atoms substituting Al in Ni,zAl,sFes, Ni,, sAl,, <Fe., and
Ni-,sAlzoFe5 was 30, 58, and 77 %, respectively.
Knowledge of the local structure of the
Nl75(All* L Fe, )»s solid solution is fundamental to under-
Standing its physical and chemical properties. The num-

49 LOCAL STRUCTURE OF L1,-ORDERED Ni(Al,._,Fe,),s ALLOYS

14 985

ber and type of atoms surrounding Fe atoms allow to
quantitatively establish Fe site preference; interatomic
distances give insight into magnetic forces and solid solu-
tion strengthening, and are used to determine pair poten-
tials, to predict phase stability and to compare directly to
theoretical predictions.

Extended x-ray-absorption fine structure (EXAFS) is
an ideal tool to investigate local atomic environment in
alloys.?”?° The possibility of “tuning in” to a particular
absorption edge and thus studying local bonding proper-
ties (bond distances, coordination numbers, and atomic
mean-square relative displacements) around each particu-
lar chemical species in an alloy is a specific advantage of
this technique.

In the next section we describe sample preparation and
the experimental setup and in Sec. III we briefly illustrate
the data analysis method followed. In Secs. IV and V we
list the results of the analysis for Fe and Ni K-edge data
respectively. Finally, on the basis of the structural infor-
mation obtained, the local structure of the alloy is de-
scribed and discussed in Sec. VI.

II. EXPERIMENTAL

The Ni,s(Al,_, Fe,),s samples, with x =0.0, 0.08,
0.20, 0.39, 0.55, and 1.0, were produced from 5N Al, 4N
Ni, and 4N Fe. The alloys were cast in a high-frequency
furnace under Ar flow and rapidly solidified. The sam-
ples were then annealed for one week at a temperature
T 4, below the corresponding ¥’ phase boundary, in order
to obtain a maximum ¥y’ homogeneity and large antiphase
ordered domains. Samples No. 3 and 4 however were
first homogenized above the ¥’ phase boundary as the
corresponding T , were too low to eliminate casting de-
fects.”’ Homogeneity, effective composition and micros-
tructure were tested by x-ray diffraction, scanning elec-
tron microscopy, and TEM. A homogeneous L 1, super-
structure with no antiphase boundaries was found in sam-
ples with low Fe content. At high Fe content L1, or-
dered domains (10005000 A in diameter) were found to
be separated by regions (=100 A thick) containing small-
er L 1, ordered domains dispersed in a disordered matrix.
The volume fraction of this disordered phase is of the or-
der of a few percent of the total volume and thus does not
affect the results.

The x-ray-diffraction measurements reported in Table

- I, show that as Fe content increases the lattice parameter

decreases, in agreement with literature data.'® The aver-
age distance (d ) =a,/V'2 between nearest neighbors, as
predicted from the diffraction data of the alloys with
0<x <0.55, varies between 2.523 and 2.517 A, a varia-
tion which 1s too small to detect with the normal EXAFS
accuracy of £0.01 A.

As prepared samples, in the form of flat 1-mm-thick ta-
blets, were used for fluorescence measurements. For x-
ray absorption in the transmission mode the tablets were
grated 1solating the finest grains. To optimize sample
homogeneity, the appropriate amount of sample was
mixed to BN powder and pressed to form compact pel-
lets.

EXAFS measurements were performed at the Labora-
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TABLE 1. Sample characteristics. The second column con-
tains Fe concentration x in the Nis(Al,_ Fe,),s alloys. The
third—sixth columns contain at. % of Fe, Al, Ni, and other ele-
ments, respectively. The seventh column contains lattice pa-
rameters as measured by x-ray diffraction.

Sample at. % at.% at.% at.%
No. X Fe Al Ni  other dg (A)

0 0.00 00 240 750 1 (B) 3.567510.0005
1 0.08 2.1 226 753 3.5660+0.0005
2 0.20 49 193 758 3.56404:0.0005
3 0.39 9.7 142  76.1 3.560810.0005
4 0.55 13.8 94 76.8 3.559440.0005
5 . 100 250 - 00 750

tori Nazionali di Frascati PULS synchrotron radiation
facility, using the emission of the Adone storage ring dur-
ing dedicated beam time; the storage ring was operated at
1.5 GeV and the average current was approximately 40
mA. The x-ray radiation was monochromatized using a
S1(111) channel-cut crystal. The energy resolution at the
Fe and Ni K-edge was between 3 and 4 eV. These values
are slightly larger than the energy spread due to the finite
lifetime of the core hole (Fe K, 1.0 eV, Ni K, 1.2 eV).>?
The harmonic content of the beam is negligible because
of the low critical energy of the source (1.5 keV) and the
absence of the n =2 reflection for Si(111).

Fe K-edge EXAFS was measured in the fluorescence
mode at T =77 K (except sample No. 3) and at room
temperature. The incoming beam intensity was measured
by an ion chamber, while fluorescence photons were
detected using a Nal(T1) scintillator. A Mn filter was
placed in front of the scintillator window in order to
reduce the elastic-scattering background.

Ni K-edge data were recorded in the transmission
mode at T'=77 K. The x-ray absorption was measured
by simultaneously recording the current from two ion

chambers, one placed upstream and the other down-
stream from the sample.

II1I. DATA ANALYSIS

The absorption spectra were analyzed according to
standard procedures.>® The oscillating contribution was
isolated from the total absorption coefficient by removing
the pre-edge absorption and the atomic absorption above
the edge. The former was fitted with a linear function
while the latter with a spline curve. In a first approxima-
tion the threshold energy E, was fixed at the maximum
slope energy. It was treated as an adjustable parameter
In the further analysis. The normalized EXAFS oscilla-
tions, Y(k), relative to the low-temperature fluorescence
data (corrected for reabsorption) at the Fe K-edge are re-
ported 1n Fig. 1. In Fig. 2 we show the y(k) functions
relative to the Ni K-edge.

The EXAFS were multiplied by k? and Fourier
transformed in order to separate the contributions from
the various shells. A Hanning window was used in the
range k =2.5-12.4 A" ' and k=2.1-12.9 A~! for Fe
and N1 K-edge data, respectively. The magnitudes of the
Fourier transforms show peaks from at least four coordi-
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FIG. 1. Fe K-edge EXAFS measured in the fluorescence
mode at T'=77 K. Data as been corrected for reabsorption.

nation shells. In Fig. 3 we show Ni K-edge data.

The first shell contribution was separated from the oth-
ers by Fourier filtering a portion of R space back to k
space. The R-space window was chosen to be from 1.7 to
2.7 A and from 1.2 to 3.0 A for the Fe and Ni K-edge
data, respectively.

Quantitative data analysis was performed in k space.
The filtered signal was fitted to a model signal using a
least squares minimization routine. The definition of the
minimized function is according to Ref. 34.

To obtain structural information on each type of bond
belonging to the first shell, the ky(k) filtered signal was
fitted with a linear combination of model EXAFS spec-
tra, one for each possible neighbor. Theoretical back-
scattering amplitudes and total phase shifts are used in
the standard EXAFS formula making provision for varia-
tion of interatomic distances (R), E, offsets, mean-square
relative displacements (o?), coordination numbers (N)
and a damping coefficient ¥, which appears in the stan-
dard EXAFS formula in the term exp[ —2R /yk].

To obtain physically meaningful results the number of

Nio.v5(A11—xFex)o,zs

FIG. 2. Ni K-edge EXAFS measured in the transmission
mode at T =77 K.
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Magnitude of Fourler Transform

FIG. 3. Magnitude of Fourier transforms relative to N1 K-
edge data.

independent parameters in the fitting routine was kept
lower than the number of independent points N4 s of
the filtered signal.’* The k-space interval used in the
fitting procedure was equal to 4.5—12.00 Al (yielding
Nipaps=47) and to 3.0-125 A" (yielding
Nind pis = 10.8) for Fe and N1 K-edge data, respectively.

In order to check the theoretical amplitudes and
phases used®>*® and estimate y, we first of all fitted a
spectrum relative to pure Ni measured in the same exper-
imental conditions and analyzed using the same pro-
cedure. By fixing a coordination number of 12, we ob-
tained R yin; =2.48310.008 A, 0y =(4+1)X 1073 A?,
and y=1.7%0.3 A% The error bar on each parameter 1s
obtained by changing that particular parameter until the
value of the minimized function is doubled. The bond
distance is equal to values found in literature, which vary
between’” 2.486 and*® 2.492 A, while the value of o ob-
tained is consistent with a calculation®” using the Debye
approximation for the phonon density of states which
gives o*(77 K)=3.1X107" A2 Using the appropriate
energy resolution and core-hole width the photoelectron
Inelastic mean free path is estimated to vary from A=135
A to A=60 A in the energy range between 35 and 550 eV,
which compares well with values determined with other
techniques. *°

During least-squares minimization of the signals rela-
tive to the samples, due to the strong correlation between
parameters, reliable coordination numbers, mean-square
relative displacements, and damping factors could not be
obtained without further assumptions. The damping
coefficient ¥ was therefore fixed to the one found for pure
Ni. The approximation lies in the fact that the photo-
electron inelastic mean free path found for Ni is used for
the intermetallic compounds.

1V. FE K-EDGE RESULTS

The data were corrected for reabsorption of fluores-
Cence following Ref. 41. Using the concentration of the
Samples and the known x-ray-absorption coefficients we
have estimated amplitude correction factors ranging from
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TABLE II. Best-fit structural parameters relative to Fe K-
edge data. The second column contains the Fe concentration x
in the Ni,5(Al, _ Fe, )55 alloys. The third-fifth columns contain

coordination numbers, interatomic distances, and mean-square

relative displacements. The sixth column contains sample tem-
perature during the EXAFS measurements.

R FeNi UzFeNi T
Sample No. x  Nga (A) (1073 A (K)
] 0.08 11+1 2.5240.01 5+1 77
2 0.20 1012 2.511+0.01 5+1 77
3 0.39 111 2.5120.01 811 300
4 0.55 [1+1 2.511+0.01 4+1 77
5 1.00 11+1 2.5110.01 441 77

Q.?S to 0.62 and corrections to o2 smaller than 1X107?
A,

The fitting procedure started by introducing only an
Fe-Ni1 contribution: The best fit structural parameters
obtained are listed in Table II. We find that the Fe first
shell signal can be described very well with only an Fe-Ni

contribution.

The Fe-Ni bond distance is constant with composition
and 1s equal to the average nearest-neighbor interatomic
distance (d ) obtained from the measured cell parameter
a,. The value obtained is consistent with a previous EX-
AFS Fe-Ni bond distance determination®’ in Ni;Fe of
2.51 A.

In order to understand Fe substitutional behavior it is
important to check for the presence of Fe-Al or of Fe-Fe
contributions in the first shell signal. Due to the back-
scattering behavior of Fe, Ni, and Al, it 1s much easier to
isolate an Fe-Al contribution rather than an Fe-Fe one
from a strong Fe-Ni background. When an Al contribu-
tion was added however, the fits (performed in the range
3.0-12.0 A7) did not improve, indicating the absence of
Al nearest neighbors, 1.e., Ng.o;=0. This result 1s not
surprising as it was quite evident, by simply looking at Fe
K-edge raw data (Fig. 1), that the influence of Al on the
Fe K-edge signal was absent or very weak. In fact,
despite the different Al content in the samples, all spectra
show similar features at low k values (where the influence
of Al i1s strongest). However, due to the sensitivity of the
technique, this measurement has quite a large error. We
tried to give a quantitative estimate of the error in the
following way. Increasing fixed values of Ng.4; were in-
troduced 1n the fit until the minimized function doubled
with respect to the minimum value found with only Ni
nearest neighbors. In this way we estimated ANg_,, =1,

l.e., a maximum of 1 Al atom in the first coordination
shell around Fe.

V. NI K-EDGE RESULTS

Due to the similarity in N1 and Fe backscattering am-
plitudes and phases, EXAFS cannot distinguish Ni-Fe
from Ni-Ni1 contributions. The first shell signal can
therefore be described in terms of an average
Ni-M contribution, due to Ni-Ni and Ni-Fe bonds
(Nuivr = NVnini T Nnire ), and a Ni-Al contribution. The
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admixed Fe atoms were to enter exclusively the Al sub-
jattice the first coordination shell of Fe would be com-
posed of 12 N1 atoms. On the other hand, the first shell
of the N1 atoms would be composed of eight Ni atoms
and a total of four among Fe and Al atoms.

If Fe atoms were to enter also the Ni sublattice, a more
complex situation would arise: the first shell of Fe would
be composed of Ni, Fe, and Al. As long as a difference in
site occupation probabilities of Ni and Al on the two sub-
lattices 1S present a ¥’ superstructure would still be ob-
served, however, it would become harder to distinguish
the two sublattices. If Fe were to substitute randomly for
both Ni and Al, in the limit of x =1 the structure would
be composed of Ni and Fe atoms distributed randomly on
a single average fcc lattice (the v phase). In this situation
the composition of the first coordination shell would be
determined uniquely by atomic concentrations:
Nuini =NV EeNi =95 NVNire = Npere = 3-

From Fe K-edge data we estimate that at most 1
nearest neighbor of Fe is Al, the rest being Ni; however
the best fit 1s found for no Al nearest neighbors. These
results are consistent with a ¥’ structure in which most of
the Fe atoms (over 75% of the total) enter the Al sublat-
tice, in agreement with the diffraction data and with Ref.
26. The Fe-Ni bond length is also found to be in agree-
ment with diffraction data, for all the samples for which
this data is available.

The EXAFS results at the Ni K-edge, listed in Table

I1I, show that Ni 1s surrounded by a total of Ny;,; among
N1 and Fe atoms and by Ny;,;Al atoms. Once total con-
tributions Ny T Nniay and Ny are fixed, there is a
single free coordination parameter: Np;g./Nyja- In all
samples, the best fit 1s obtained when this ratio reflects
average 7' environment around Ni, as can be seen in Fig.

5, where best fit values are compared with the expected

Nyire /Nniay values in an L1, ordered structure (dashed
line). The Ni-Ni bond distance is constant and equal to
2.51+0.01 A throughout the composition range
0 <x <0.55, consistent with the measured lattice parame-
ter.
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FIG. 5. The dashed curve indicates the ratio N NiFe /N Nia1 1N
an le structure. Values of NNiFe /NNiAl obtained from Ni K-

¢dge data are shown to follow the expected distribution for the
L1, phase.
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On the other hand the Ni-Al bond distance detected
decreases strongly with composition. The relative bond
distortion SR ;s /ay, wWhere 3Rz =(d ) —Ry;a;, iD-
creases with Fe content, reaching a maximum of 8% in

sample No. 4. The structure in the presence of such

“short’” Ni-Al bonds can be explained in terms of distor-
tions which 1nvolve either sublattice, or both. If the Ni
sublattice were to sustain all of the distortion (the Ni
atoms surrounding an Al atom moving closer to it), only
“short” Ni-Al bonds would be present, but there would

have to be several different Ni-Ni bond distances, which
have not been detected. In the case of distortion of the
Al sublattice only (the Al atom moves with respect to the
N1 sublattice), the presence of “short” Ni-Al bonds would
have to be accompanied by “normal” and ‘“long” bonds
as well. On the basis of the analysis we cannot exclude
the presence of Ni-Al contributions at distances other
than the one detected. In fact no more than one Ni-Al
contribution can be included in the fit due to the limit on
the maximum number of free parameters.

In the presence of three separate Ni-Al contributions it
1s not surprising that this data analysis is most sensitive
to the one corresponding to the shortest distance, as the

signal due to the “normal” bonds would lie at the same

frequency of the strong Ni-M contribution, and the
“long” bonds would be of the order of 40% less intense
due to the larger R. Therefore, we are not able to com-
pletely solve this structure, but, based on the detected
Ni-Al bond length and on mean-square relative displace-
ment values we may conclude that the position of the Al
atoms 1n these alloys is displaced from the average sublat-
tice sites, has large fluctuations (up to 6%) and is strongly
composition dependent. It is the Ni-Al bond therefore
that introduces strain in the Al sublattice, the magnitude
of which increases with Fe content.

The strain on both Nt and Al sublattices has been mea-
sured’ by x-ray diffraction in different Ni1;5AL,X; alloys,
where X was chosen among several transition elements,
including Fe. The authors find that there is a correlation
between strain on the two sublattices, i.e., when strain is
large on one sublattice it is small on the other and vice
versa. In the Ni,5Al,,Fes sample they find a low amount
of strain on the Ni sublattice and a higher strain on the
Al sublattice. They find e(Al sublattice)=3.4% where ¢
is defined as the root-mean-square displacement per atom
(as measured by x-ray diffraction) divided by the cell pa-
rameter. _

This situation is consistent with our findings on the lo-
cal structure of Ni,;(Al,_ Fe, ),s alloys. In sample No.
2, which 1s similar to the one investigated by Morinaga
et al.,” we find SR, /a;=2.5%. The present measure-
ments yield a local structural explanation to the results of
Morinaga et al. which were obtained by x-ray diffraction,
a technique which inherently yields chemically and site
averaged information.

Similar bond distortions have been recently found in
the crystalline solid solution Fe,, <Ni,, s (y phase). In an
anomalous diffraction study, the components of atomic
pair displacements with respect to the average lattice
sites were measured.®® A large increase of the Fe-Fe dis-
tance in the [110] direction was found which could not be
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best-fit structural parameters obtained were independent
of the choice of using Ni or Fe backscattering functions
in the theoretical Ni-M signal. The number of Fe near
neighbors Ny;g. may then be obtained from Ny;;, assum-
ing Ny;n; =8, which reflects Ni first shell environment in
a v ordered structure. We are justified in this assump-
tion by the diffraction data and by the Fe K-edge results
(see also the discussion). Once Ny;g,. 1s known, structural

parameters relative to the Ni-Ni bonds, Ry;n;, and

o 2\ini» are obtained from the following equations:

R nini = (N Niv R Nive — N Nire R Nige )/ N Nini (1)

and

2

2
U NiNi —

=(NNimM O NiM — NNipe O 21\1111%:: )/NyiNi (2)

where Ryip. and oy, (equal to Ry and o’g.;, Te-
spectively) are taken from Table II.

During minimization, due to strong correlation be-
tween parameters, reliable coordination numbers and
mean-square relative displacements were obtained by
fixing the total coordination number, Ny, + Nyiar> €qual
to 12, which reflects Ni first shell environment in a 3’
structure. This is a reasonable assumption on the base of
diffraction data and Fe K-edge results. The best fit pa-
rameters are listed in Table III. An example of fit ob-
tained is reported in Fig. 4.

We shall first discuss the results obtained in pure
Ni1;Al. The Ni-Ni and Ni-Al interatomic distances are
consistent with the measured lattice parameter. Nasu
et al. in an EXAFS study of Ni1;Al prepared by arc melt-
ing report values for these quantities which are 0.04 A
less than ours.* We suggest that the different theoretical
phases used might be at the origin of this discrepancy.
As for mean square relative displacements, we find values
of o\ and of oy;»; Which are at least two and seven

times larger, respectively, in our sample compared to

those reported by Nasu et al. We suggest this difference
ts mainly due to the different sample preparation
methods, arc melting yielding samples characterized by a
higher structural order.

We shall now analyze the results obtained for the al-
loys. The average number of Fe nearest neighbors in-
creases with Fe concentration, going from a minimum of
0.3 atoms to a maximum of 4.0 in N1;Fe. The Ni-Ni in-
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FIG. 4. Best fit to the filtered Ni K-edge EXAFS signal for
sample No. 4. Average Ni-M (M =Ni,Fe) and Ni-Al contribu-
tions are included. We show the ky(k) signal as the solid line

and the fit as the dashed line.

teratomic distance obtained from R y;,, using (1) is found
to be constant with composition throughout the concen-
tration range x=0.00 to x=0.55 and equal to
2.51+0.01 A, the average value expected for an fcc struc-
ture with cell dimensions given by the measured a,. In

NiyFe we find a Ni-Ni bond equal to 2.48 A, the value

found m pure Ni. The degree of disorder on the Ni-Ni1
bond, o%;y;, obtained from U%qlM using (2), 1s highest at
low Fe content (0&;;~=7X1073 A?), and decreases in
passmg from N13Al to NiyFe to the value found in pure
Ni (o&ini=4X 10~ 3 A%). The Ni-Al interatomic distance
decreases rapidly with increasing Fe content and 1s
characterized by a large degree of disorder, the relative
root-mean-square bond deviation (V' o2/R ) being about

5%.

VI. DISCUSSION

In Ni;Al (y’ phase) two separate sublattices may be
distinguished one formed by the face centers of the cubic
cell and the other by the cell corners. The former is the
“Ni sublattice” and the latter the “Al sublattice’. If the

TABLE III. Best-fit structural parameters relative to Ni K-edge data. The second column contains
the Fe concentration x in the Ni;s(Al,_, Fe, ),s alloys. The third-fifth columns contain coordination
numbers, interatomic distances and mean-square relative displacements relative to the average Ni-M
(M =N, Fe) contribution. The sixth—eighth columns are relative to the Ni-Al contribution.

2 2

RrgiM g N:M RrgiAl g NiAl ,
Sample No. x Nyin (A) (1073 A Nnial (A) (107 A%

0 0.00 8.0 2.51+£0.01% 7+1 4.030.8 2.51°% 15+5
| 0.08 8.3 2.511+0.01 6t1 3.710.5 2.501+0.04 1545
2 0.20 8.8 2.51+0.01 5+1 3.21+1.0 2.431+0.09 2010
3 0.39 9.6 2.51+0.01 S5+1 2.41+0.6 2.371+0.08 20110
4 0.55 10.4 2.51+0.01 4+ 1 1.610.6 2.3210.06 1215
5 1.00 12.0 2.4910.01 411

"Parameters set equal in the minimization procedure.
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explained by a hard-sphere model. The authors pointed
to the possible magnetic origin of this unexpected finding.

The progressive displacement of the Al atoms with
respect to the lattice sites as Fe 1s added to Ni,;Al could
be related to the local changes in the electronic wave
functions in the Al environment. In fact the influence of
a number of transition elements on the electronic struc-
ture of Ni;Al has been investigated using the DV-X«
cluster method.!® The calculations show that when a
transition element, M, is alloyed into Ni;Al, new energy
levels due to the M d orbitals appear above the Fermi lev-
el. The authors found that as M replaces Al around Nij,
the covalency of the newly formed M-Ni bond increases
due to the presence of an enhanced d orbital component
of M. The present data suggest that a consequence of
this change of the wave functions around Ni is a redistri-

S. PASCARELLI et al. 49

e ]

bution of charge in the remaining Ni-Al bonds as Fe sub-
stitution progresses, which leads to local distortions and
bond length fluctuation.

Alloying with Fe also induces strong changes in the
magnetic properties of Nij;Al. A study on the magnetic
properties of Ni;s(Al,_ Fe, ),s alloys shows that there is
an increment of the degree of magnetic polarization of
the d band as Fe content increases.!’ The detected dis-
placement of the Al atoms could in this sense be driven
by forces of magnetic origin, the influence of which in-
creases with Fe content.
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