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Abstract

Extended X-ray absorption fine structure (EXAFS) measurements of amorphous NiTi,_, alloys produced by
planar magnetron sputtering were obtained using the transmission detection technique at both Ti and Ni absorption
K edges. The local environment was determined around the two atomic species by fitting the filtered EXAFS
functions. The result reflects the presence of chemical short-range order (CSRO) which favours unlike atomic
bonds. Using Miedema’s semi-empirical model, the CSRO in amorphous NiTi, , is found to be intermediate
between that of a random alloy and that of an ordered crystalline alloy. The results are compared with those

of other amorphous alloy systems.

1. Introduction

Amorphous alloys are of important technological
interest due to their specific properties (high corrosion
resistance, excellent friction coeflicient and high wear
resistance) which depend on the mode of preparation.
Amorphous NiTi alloys can be obtained in a variety
of ways.

(1) By liquid quenching, which produces amorphous
alloys in the composition range 25-40 at.% Ni [1]. The
microscopic structure of these amorphous materials has
been studied using X-ray or neutron diffraction {2-4]
and chemical short-range order (CSRO) has been dem-
onstrated by diffraction data, firstly by a small pre-
peak in the scattering pattern and secondly by a decrease
in the average interatomic distances. The CSRO pa-
rameter indicates a preference for unlike neighbours
in the alloy. Moreover, Buschow [5] has investigated
the influence of the CSRO on the crystallization tem-
perature of amorphous alloys.

(2) By vapour quenching which produces amorphous
alloys in the composition range 25-75 at.% Ni [6, 7].
X-Ray diffraction [8] and electron diffraction {9] results
reveal the existence of partial CSRO responsible for
the formation of a non-stoichiometric Ni;Ti phase at
the beginning of crystallization.

(3) More recently, Ni,Ti,_, alloys have been syn-
thesized by mechanical alloying [10]. Extended X-ray
absorption fine structure (EXAFS) data have been
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obtained [11] on amorphous Ni,,Tis, and reveal the
existence of CSRO, i.e. a preference for unlike atoms
in the first coordination shell of nickel and titanium,
indicated by a decrease in the average interatomic
distances.

In another study of the amorphous Ni,Ti, _, system,
Gazzillo et al. [12] analysed the scattering data in terms
of a non-additive hard-sphere model. Fixing the in-
teratomic distances, they estimated the partial coor-
dination numbers and then deduced the CSRO pa-
rameter. This theoretical model accounts for the
presence of a pre-peak in the diffraction pattern.

The existence of CSRO, as strong as in amorphous
Ni,Ti, _, alloys, accounts for deviations from the ideal
case in the calculation of the amorphous to crystalline
transformation enthalpy. The crystallization enthalpies
of amorphous alloys can be theoretically calculated
using Miedema’s semi-empirical model [13], and are
comparable with the experimental values only when
the presence of CSRO is included in the calculations.
For several amorphous systems, Weeber [14] collected
experimental crystallization enthalpy values in order to
determine the CSRO and found that it was intermediate
between those related to ordered and random alloys.

This paper reports EXAFS investigations on amor-
phous NiTi, _, alloys at both Ti and Ni K edges for
four atomic concentrations (x=0.68, 0.56, 0.43 and 0.30
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at.%). EXAFS signals are characteristic of the im-
mediate environment of atomic species and are well
suited to provide directly the CSRO parameter. Sim-
ulations of the filtered EXAFS function provide the
average local atomic environment of Ti and Ni atoms.

Details on the sample preparation, EXAFS mea-
surements and analysis procedure are presented. The
determination and transferability of the amplitude and
phase parameters used for the EXAFS signal simulation
are discussed in the case of amorphous alloys. Exper-
imental results, relevant to the four amorphous alloy
compositions, are reported and calculation details con-
cerning one particular alloy (NigTis,) are developed
for the chosen environment model and for the CSRO
determination. Finally our results are compared with
the general law established from Miedema’s semi-em-
pirical model by Weeber [14] for several other amor-
phous compounds.

2. Experimental details

2.1. Sample preparation and EXAFS measurements

The amorphous samples were prepared at the De-
partment of Materials Science and Engineering, Stan-
ford University (USA) by planar magnetron sputtering
using two magnetron sources with elemental Ti and
Ni targets. This technique is described in ref. 15. Films,
8 um thick, were obtained after 3 h of deposition. This
thickness is suitable for transmission EXAFS mea-
surements. Structural characterizations were performed
on four Ni Ti,_, samples with x=0.68, 0.56, 0.43 and
0.30 at.%. Specimen compositions were determined
using electron microprobe analysis and are given with
an error of 2 at.%. Edge height magnitudes of the
experimental X-ray absorption cross-sections were con-
sistent with the given alloy compositions.

EXAFS measurements were taken at the Laboratoire
d’Utilisation du Rayonnement Electromagnétique
(LURE), Orsay, France using the synchrotron radiation
from the Dipositif de Collisions dans I'Igloo storage
ring, operating with an energy of 1.85 GeV and a
current of 230 mA.

The X-ray absorption spectra were collected over
800 eV above the nickel K edge (8333 eV) and titanium
K edge (4966 eV). Measurements were performed at
liquid nitrogen temperature (78 K) in order to reduce
the thermal disorder in the probed material and con-
sequently to increase the magnitude of the spectra. To
improve the signal-to-noise ratio, two consecutive scans
were performed and the current was collected over
2 s for each data point, the energy step being 2 eV.
Monochromatization of the incoming beam was achieved
using Si (111) (slightly detuned to avoid harmonic

generation) and Si (311) channel cut monochromators
for the Ti and Ni K edges respectively.

2.2. EXAFS analysis procedure

The X-ray absorption spectra were background sub-
tracted and normalized, using a standard procedure,
to extract the oscillation part of the EXAFS spectrum
x(k) given by
x(k)=[p(k) = po(k) )/ o(k)
where u(k) is the atomic absorption coefficient. The
gaseous absorption coefficient po(k) was determined
by fitting the background with a polynomial law. The
polynomial degree and the weighting factor were iden-
tical for all spectra. The photoelectron wavevector is
given by k=[(E —E,;)2m/h*]'? where E is the photon
energy and E| is the zero kinetic energy of the photo-
electron. E, was taken at the inflexion point of the
threshold. Fourier transformation (FT) was performed
over the range 40-120 nm ~ ! using nodal points (y(k) = 0)
for the Hamming window function, k&> weighted to
emphasize the high energy part of the signal. By inverse
Fourier transform, the EXAFS contribution of the single
first peak of the FT was isolated. Simulation of the
EXATFS function was performed using the widely re-
ported formula [16]

kx(k)= ;mm mIN;/r,?] exp(20;k*)

X exp((— 2kr,;/I) sin[2kr,; + ¢, (k)] ey

where Nj|fi(k, )| is the backscattering amplitude of N,
atoms of type j surrounding the absorbing atom of
species i, a distance r; apart; o, is the mean square
relative displacement (MSRD) assuming a gaussian
distribution; the term exp(20,°%®) is also called the
Debye-Waller factor; exp(— 2kr;;/I) is a mean free path
term taking into account the inelastic losses; ¢, (k) is
the total phase shift which comes from the backscattering
and the central atom phases. The amplitude |fi(k, )|
and the total phase ¢,(k) are extracted from experi-
mental standard data as described below.

The best fits of an experimental filtered EXAFS
function are first found by minimizing a variance defined
by

V= SIEO) ~ Eor O @

where E./(0) and E.,(0) represent the nodal energy
values of the theoretical and experimental signals re-
spectively. The variance calculation is based on the
least-squares fitting of the nodal point positions. So-
lutions giving a variance between the minimum variance
(V.) and twice this value are considered to be technically
acceptable.

Of the above-mentioned solutions, we keep those
which give the best amplitude agreement. A home-
built program is used which minimizes the deviation
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between the experimental and theoretical maximum
amplitude values of the EXAFS oscillations inside the
40-120 nm ' k range.

2.3. Amplitude and phase parameters

In order to obtain different coordination numbers
with sufficient confidence, it is first necessary to obtain
and test the backscattering amplitudes for titanium and
nickel atoms. Backscattering amplitudes have been cal-
culated by Lee and Beni [17]. Stern et al. [18] have
observed errors of up to 20% between experimental
and theoretical backscattering amplitudes in the lowest
energy range of the pure copper EXAFS spectrum. To
avoid this, we have used theoretical backscattering
amplitudes and have adjusted them in order to obtain
an excellent fit of the experimental standard signal
using the reported structural parameters. To obtain
the best fit of the signal, we must apply the appropriate
values for the MSRD factor and for the inelastic losses
term (exp(— 2kr,*/I)) which minimizes the amplitude
correction.

For example, pure nickel has an f.c.c. structure in
which each atom is surrounded by 12 nickel atoms at
0.249 nm. Using own; =0.0085 nm, I'=4.5 eV and the
structural parameters given above, we obtained the best
fit with the experimental data from which we extracted
the backscattering amplitude |fy;(k, m)|.

Pure titanium has a hexagonal structure with six first
nearest neighbours at (0.291 nm and six next nearest
neighbours at 0.295 nm. Using the procedure described
above for pure nickel, we obtained the backscattering
amplitude |fr(k, 7)| with or; =0.009 nm and I'=4.5
eV for the two subshells. The value I'=4.5 eV is used
in all further calculations with these backscattering
amplitudes.

The total phase shift is also extracted from exper-
imental standard EXAFS signals. From pure titanium
and pure nickel signals we have deduced ¢riri(k) and
Drini(k).

According to Laves and Wallbaum [19], Ni,Ti presents
a hexagonal structure in which a titanium atom has 12
nickel atoms in its first neighbouring shell, at a distance
of 0.255 nm. From the experimental EXAFS functions
measured by the transmission mode at the Ti K edge
on this standard material, and using the previous struc-
tural parameters, we have determined the total phase
shift ¢ri;(k).

The last phase shift, ¢niri(k), is simply deduced from
the others using the following relation

¢NiTi(k) = ¢Nm(k) + ¢>rm(k) - ¢TiNi(k)

Thus the backscattering amplitudes and phases have
been extracted from three standard reference spectra.
A comparison between our experimental phase shift
values and those theoretically calculated by McKale et

al. [20] indicates a difference between the two sets of
absolute values (same slopes). Nevertheless, we observe
the same relative variation in the 40-120 nm ' k range.

As a first approach to the study of the NiTi,_,
system, and in order to test the experimental phases
and amplitudes, we have simulated the filtered EXAFS
function measured by the transmission mode at room
temperature at the Ti and Ni K edges in the crystalline
NiTi, alloy. As reported by Yurko ef al. [21], NiTi, is
f.c.c., space group Of-Fd3m (number 227 in the In-
ternational Tables for X-Ray Crystallography), with 96
atoms in the unit cell and a lattice parameter a,=1.1227
nm. In Table 1 the distances and coordination numbers
of NiTi, calculated from ref. 21 are given which were
used to simulate the EXAFS spectra. The fits are
excellent with the indicated MSRD and I values. This
enables us to conclude firstly that the EXAFS formula
(eqn. (1)) assuming a gaussian distribution is well
adapted if we wish to determine structural parameters
in a rather complex system, and secondly that the
experimental amplitudes and phases deduced as men-
tioned above can be confidently transferred to study
such a complex material.

The transferability of these amplitudes and phases
to the case of amorphous alloys must be discussed.
The topological disorder which is always present in
amorphous alloys makes the use of the same theoretical
EXAFS expression (eqn. (1)) questionable. Indeed, the
validity of the gaussian distribution function at the
lowest interatomic distances (which are theoretically
limited) must be checked. In order to minimize this
effect and to provide consistency in our calculations,
all reference parameters were deduced from experi-
ments performed at room temperature whereas amor-
phous signals were recorded at liquid nitrogen tem-
perature. Despite this, the MSRD factors obtained from
the amorphous signal simulations are still slightly larger
than those related to the reference. Therefore it is
necessary to discuss the validity of the simulation per-

TABLE 1. Structural parameters of crystalline NiTi, alloy ex-
tracted from ref. 21 and used for the best EXAFS simulation

Central Nag Surrounder Ras Tan
atom (nm) (nm)
Ni 3 Ni 0.282 0.011
3 Ti 0.248 0.009
3 Ti 0.256 0.009
3 Ti 0.289 0.009
Ti 1.5 Ni (.248 0.009
1.5 Ni 0.256 0.009
1.5 Ni 0.289 0.009
3 Ti 0.291 0.007
3 Ti 0.297 0.007
3 Ti 0.303 0.007
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formed with a gaussian atomic distribution by applying
the cumulant development based on the results of
Bunker [22]. We briefly discuss below how the variance
test remains valid if a gaussian pair distribution is used
in a limited energy range. The small shift in the
interatomic distances and the small change in the
coordination numbers obtained from the simulation do
not significantly modify the atomic pair ratio or the
local chemical order.

3. Results

3.1. Qualitative approach

The EXAFS signal of any unknown material results
from the total interference process occurring around
each absorbing atom. For an amorphous material, the
nearest neighbour is different from one atomic site to
another. Information contained in the EXAFS signal
is provided by all existing configurations, but it may
be interpreted as the signal of the most reproducible
local picture. A significant percentage of the absorber
site environment does not contribute significantly to
the total signal. In particular, the coordination number
N; may be smaller than in the real configuration.

In a qualitative approach, the observation of the
Fourier transform spectra obtained for different amor-
phous alloy compositions provides useful information
on the local atomic environment which must be con-
sistent for all concentrations and both edges. Figures
1(a) and 1(b) present the Fourier transform spectra
obtained for the four compositions at the Ti K edge
and Ni K edge respectively. At both edges a broad,
weak first peak is observed, together with the absence
of secondary peaks which would be characteristic of
crystalline order. In amorphous alloys, only first neigh-
bour atoms generally contribute to the EXAFS signal.

When the Ti atom content increases, the following
observations can be made: (1) a simultaneous decrease
in the peak magnitude for both Ti and Ni K edges;
(2) a weak variation in the main peak position at the
Ni K edge (except for x=0.30); (4) a progressive shift
of the main peak in the large distance range at the
Ti K edge.

Our first thought was to associate the magnitude of
the local structural disorder with the titanium concen-
tration in the alloy, i.e. the local disorder seems to be
increased when the Ti atom content increases. In order
to explain these experimental facts, we tested the
following model of the local environment: a set of Ni-Ni
bonds centred around a distance close to that found
in pure crystalline nickel (represented by the parameter
couple (Nuini> Rnini)); @ set of Ti-Ti bonds centred
around a distance close to that found in either pure
titanium or crystalline TiNi compounds (Nyiri, Rrimi);

TiK-edge

Fouricr Transform (arbitrary uanit)

0 - .4 6
(a) Distance (4)

’ NiK-edge

Fourier Transtform (arbitrary unit)

0 | §
®) Distance (4)

Fig. 1. Fourier transforms at the Ti K edge (a) and Ni K edge
(b) for different Ni,Ti, _, amorphous alloy compositions (x=0.68,
0.56, 0.43 and 0.30 at.%).

a set of unlike Ti~Ni bonds centred around a distance
intermediate between the two previous values. The
distribution may vary when increasing the Ti atom
concentration in order to take into account the asym-
metric shape of the main peak in the large distance
range. The topological disorder may be taken into
account either by increasing the MSRD factor or by
including several atomic subshells with different dis-
tances and partial coordination numbers. The first
approach, involving a large increase in the MSRD factor
and a single shell, has been rejected since it appears
to limit drastically the simulation method. The second
approach, involving several subshells assumed to have
identical MSRD factors, leads to good fits, although
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it introduces more floating parameters. This model has
already been used theoretically [12] and experimentally
[23]. Before applying this environment model, some
physical constraints must be fulfilled in the signal sim-
ulation. Their application states the maximum number
of floating parameters to be used.

3.2. Calculation constraints for amorphous signal
simulation

According to the Shannon theorem [24], the number
of independent parameters N, is given by N, = 26k SR/
7, where 8R is the width of the main peak of the
Fourier transform and &k is defined by the energy range
of the Hamming window. In our case we obtain N, =7
for each spectrum. Since we use a least-squares fitting
procedure, the number of floating parameters is limited
to N;,s—1=06 for one spectrum. Fortunately, we mea-
sured the EXAFS spectra at both edges (Ti and Ni)
and in each case the interatomic distribution of unlike
species must be conserved. In particular, the following
constraining relations must hold

CANAB,i = CBNBA, i (3)
RAB, i ZRBA, i (4)
OaAB,i = UBA, (5)

where C, (Cg) represents the concentration of the A
(B) element in the material, N o5 ; (Ng,, ;) is the number
of B atoms (A atoms) surrounding an A atom (B atom)
in the subshell i and R.p; (Rsa, ) is the distance
separating the central absorber A atom (B atom) from
the B atom (A atom) in subshell i. Relation (3) takes
into account the fact that the same total number of
unlike atom pairs A-B must hold at both edges. Re-
lations (4) and (5) allow an identical interatomic distance
as well as an identical MSRD factor for each studied
K edge. The total number of unlike atom pairs N,p
will be defined by: Nag=3;Nap. .-

Moreover, another constraint is to verify that EXAFS
results agree with electron diffraction data found for
the same concentration [9]. In particular, the interatomic
distances obtained from the electron diffraction pattern
(Rpittraction) must be of the same order of magnitude
as the average interatomic distances extracted from
EXAFS data

Rexars = Ropittraction (6)

with Rpxaps=CaRa+CsRp
and Ra=[2(Nap,iRap,:) + NaaRaal/Na

Our fitting procedure involves the use of both edge
spectra simultaneously. The number of possible floating
parameters (2N;,,—1) becomes 12 when working with
two edges. Shifts in the threshold energy (AE(Ni) and
AE,(Ti)) vary independently for both edges, but only
one MSRD parameter (o) is used. Therefore nine

variable parameters are allowed to describe the titanium
and nickel local atomic environments. Four are related
to the like atom pairs (Nini> Rnini N and Rygri) S0
that five variable parameters remain for the unlike
atom pair distribution. In order to reduce the number
of floating parameters, we first fit the spectra with two
separate subshells of Ni-Ti pairs. These variable pa-
rameters are denoted by (Nqini. 1, Rrini, 1) and (Nqini 2
Rrini,2) at the Ti K edge. The corresponding values at
the Ni K edge are obtained using eqns. (3) and (4).

We do not use relation (6) to modify the number
of floating parameters, but to give an additional phys-
ically meaningful indication to our results.

3.3. Calculation details and fitting model for NigTis,
alloy

For each edge, the aim of this work is to obtain the
absorber environment as a function of the amorphous
alloy composition. In order to provide an illustration
of the application of the model we present, as an
example, the different calculation steps used for the
NigsTis, alloy.

3.3.1. Ti K edge

The Ti K edge EXAFS signal given in Fig. 2(a)
shows more significant changes with alloy composition
than those related to the Ni K edge (Fig. 2(b)). The
experimental results were fitted using partial coordi-
nation numbers and interatomic distances as floating
parameters for all three separate subshells (Ti-Ti, Ti-Ni,
1 and Ti-Ni, 2). As indicated above, the fit quality
factor is based on the nodal positions. We obtained a
number of solutions which are given in Fig. 3 as a
function of the unlike atom ratio on two subshells (x
axis) and the total number of unlike atoms (y axis).
Each set of solutions corresponds to a different global
number N, The interatomic distances do not change
significantly and are always centred around
Rrini, 1=0.25040.002 nm and Ryyy; »=0.279 £ 0.002 nm,
the like atom pair being centred around Ryqi=
0.305+0.003 nm. Solutions reported in Fig. 3 were
obtained when the variance parameter (eqn. (2)) was
less than twice its minimum value (V,=0.1 eV?). We
obtain good amplitude agreement over the whole energy
range for 0=0.012+0.0005 nm and AE,=10 e¢V. Such
criteria provide an uncertainty of about 5% in the
number of unlike atoms Niy;,. The Npni/Ny; ratio,
which estimates the degree by which a titanium atom
is surrounded by unlike nickel atoms, appears to be
independent of the global atom number N,; as shown
in Fig. 3. This particular value is essential to fit the
spectra and is related, as shown below, to the chemical
order.
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TiK-edge

(a) Energy (V)

NiK-edge

3
R
i I {
50 150 230 350 450
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Fig. 2. Filtered backtransformed EXAFS spectra x(E) at the Ti
K edge (a) and Ni K edge (b) for different Ni, Ti,_, amorphous
alloy compositions (x=0.68, 0.56, 0.43 and 0.30 at.%): —,
simulation; - ---- , experimental.

3.3.2. Ni K edge

In a second step, we searched for a solution which
is consistent at both edges, the structural parameters
found at the Ti K edge being used at the Ni K edge.
This solution must fulfil eqns. (3), (4) and (5) defined
above. This step removes some solutions found at the
Ti K edge and so allows us to determine the Ni-Ni
distance and absolute atom pair number. The best
solutions lead to Ryjn;=0.245+0.002 nm as in pure
nickel with AE,=5 eV. This model provides a quasi-
unique solution with respect to the defined error.

Ni_,Ti,, TiK-edge
14 T T 7 T T
L NTi NTiNi[NTi
13 A 5] 076 |
o 1| 076
nt V3] 077 |1
fﬁﬁ‘ Al 2| 078
Hnr %‘; of 1| 078 |-
Z‘ ."o‘ 0 10 0.77
10 F R ]
Z Afé
9 r Z 8
8 r O:o°ooo° 7
7 L _
6 L | { L |
0 1 ) 3 4 5 6
NTiNi,l / NTiNi,Z

Fig. 3. Nqoini vs. Nqini, 1/N1ini, 2 ratio for the best solutions obtained
in the case of NigTis;;, amorphous alloy at the Ti K edge.

TABLE 2. Structural parameters of NigTi;; amorphous alloy
extracted for EXAFS spectra simulations

Central Nap Surrounder R,p 4 E,

atom (nm) (nm) (eV)

Ni 6 Ni 0.245 0.012 5
3.25 Ti 0.251 0.012 5
1.25 Ti 0.279 0.012 5

Ti 7.25 Ni 0.251 0.012 10
2.75 Ni 0.279 0.012 10
2.5 Ti 0.305 0.012 10

When the MSRD factor is chosen to be the same
for each subshell, it is expected to lead to erroneous
results, particularly for alloys which have a tendency
for unlike atom pair formation, as a larger MSRD value
is expected for the like atom pair. This may induce a
larger number of like atom pairs (Ni-Ni or Ti-Ti) in
the atomic distribution in order to compensate for the
disorder effect on the amplitude. However, if we increase
the MSRD value, the fit (the amplitude and even the
phase) in the low energy range rapidly becomes un-
reliable. For all acceptable fits performed, the results
do not shift significantly from those related to the
quoted structural parameters. A complete description
of the structural parameters is given in Table 2.

3.4. CSRO parameter and results

In amorphous compounds, the strong signal damping
with increasing energy means that important topological
disorder exists which varies around each atomic site
even for the same species. The mean disorder magnitude
is taken into account by the MSRD factor which is
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chosen to be identical for each subshell. The CSRO
calculated using the partial coordination numbers there-
fore depends on the above assumption. The CSRO
parameter can be deduced from the environment of
each absorber atom as follows

ap=1—N,p/NCy
and
apa=1—Np,/NC,

where N=C,N,+CgNy is the average coordination
number in the compound and NLo=Nas+Nap
{Ng=Ngp+Ng,) is the number of atoms surrounding
an A atom (B atom). In these conditions we must
obtain

Xap=QApa =« (7)

This coefficient, also called the Cowley-Warren pa-
rameter [25], gives the statistical distribution with re-
spect to unity. It is calculated with the average co-
ordination number N which yields a global value of
the chemical order. For a random distribution e vanishes,
whereas it becomes negative for systems with preferred
unlike atoms as nearest neighbours. The @ value depends
on the definition adopted for N, and comparison with
other published results is only possible when N 5 values
and the CSRO parameter have been determined in
the same manner. For example, for electron diffraction,
the coordination number depends on the maximum
value chosen for the interatomic distance in the first
shell.

For the four amorphous compositions studied, the
Ni-Ni and Ni-Ti pairs are centred around the following
interatomic distances with a maximum fluctuation of
about 0.003 nm from one concentration to another:
Ryuini=0.247 nm; Ry, 1=0.250 nm; Ry . =0.278 nm.
Simultaneously, the Ti-Ti interatomic distances de-
crease with titanium content from 0.305 nm to 0.286
nm.

It should be noted that a slightly more complex model
can be used which gives more satisfactory results with
increasing titanium content. This model involves the
splitting of the NiTi, 2 subshell into two subshells having
the same partial coordination number and centred
around Ryni»=0.278 nm. This introduces only one
additional floating distance parameter and the Shannon
theorem condition is still fulfilled.

The main results are given in Table 3 which includes
the partial coordination number of atoms surrounding
Ti and Ni species, the average coordination number
N and the CSRO order parameter obtained from these
calculations. The average interatomic distances ex-
tracted from EXAFS data are compared with those
deduced from electron diffraction ring positions [9].
The uncertainty in the N; and Ny values is about 5%

TABLE 3. Coordination numbers, CSRO parameters and average
interatomic distances measured for different Ni, Ti; _, amorphous
alloy compositions

Parameter x (at.%)
0.68 0.56 0.43 0.30
Ti K edge NTiTi 2.5 3.5 4.25 6
Nrini 10 8.5 6.25 4.5
Ny 12.5 12 10.5 10.5
Ni K edge Nyini 6 5 3.75 2.5
Nyt 4.5 6.5 8.25 10.5
Nyi 10.5 11.5 12 13
N 11 11.5 11 11.5
a -029 -028 -030 033
Rgxars (nm) 0.256  0.261 0.265 0.273
Rpigrracion (M)  0.257  0.260  0.265 0.275

and thus the CSRO parameter values are given with
an error of Aa= +0.03. The average interatomic dis-
tances are determined with an uncertainty of about
+0.005 nm. For all the compositions, and at both edges,
the MSRD values have been found to be
0=0.012+0.0005 nm.

4. Discussion

4.1. Structural parameters

With increasing titanium concentration, Nr; decreases
and Ny; increases. This can be related to the chemical
ordering of these alloys: around one atom type, unlike
atom pair formation is favoured. A more well-organized
environment is expected around the less concentrated
atom in the alloy, especially when considering the same
topological disorder (MSRD) for all subshells.

The average coordination numbers remain almost
constant (11-11.5) for all the alloys studied. This value
is smaller than the global coordination number which
is found to be 15 by electron diffraction [9] on the
same samples. It should be noted that these authors
have calculated N through the integral N= [§™" R(r)dr
where R,,;,=0.360 nm is the position of the first min-
imum after the first peak of the experimental radial
distribution function R(r). Moreover, as previously dis-
cussed the coordination number obtained from EXAFS
data may be damped in amorphous material.

A comparison between EXAFS and electron dif-
fraction results [9] shows excellent agreement for the
average interatomic distances. In addition, in both cases
the average distance increases with the Ti atom content,
the values being lower than those predicted by Vegard’s
law. This again indicates the existence of CSRO which
favours short Ti—Ni bonds rather than long Ti-T1 bonds.
This result may be understood in terms of the difference
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between the atomic radii since Ni atoms are smaller
than Ti atoms.

Another factor is also related to the existence of
CSRO. It was mentioned above that the distances
separating two titanium atoms decrease with increasing
titanium content. In other words, when the Ti con-
centration is low, more Ti-Ni bonds exist due to the
chemical ordering tendency and thus the Ti-Ti bonds
are forced to be larger.

The MSRD value (0, morpn =0.012+0.0005 nm) used
in this work to fit all the amorphous alloy spectra
accurately is larger than that of the reference crystalline
material used to determine the backscattering ampli-
tudes and phases (0, =0.009+0.001 nm). In both
cases, a gaussian distribution is used. However, the
description of a large disorder involves an asymmetrical
distribution of distances peaked at R, rather than a
perfectly symmetrical distribution. The use of a more
complex function introduces, in the EXAFS formula,
additional terms which modify the phase and amplitude
signal variations vs. energy. Firstly, the second-order
cumulant C, takes into account the width and asym-
metrical degree of the distance distribution. Starting
from an apparent value C,=0.012 nm? we have built
a distribution set which yields the same amplitude
behaviour by adding two different gaussian functions:
the first part is related to r<R, and is built with
0~ <0.012 nm and the second part is related to r>R,
with o* >0.012 nm. The more asymmetrical case must
be limited to o~ =0.009 nm, which represents the basis
MSRD factor related to the experimental reference
signal. We considered this extreme case in order to
calculate the maximum errors obtained when using a
gaussian distribution. The & term deals with a shift of
the interatomic distances without modifying the variance
calculation. The additional term & introduces a non-
linear phase shift which can be approximated, in the
energy range used, by a linear law with a correlation
factor of 0.985. Such an approximation gives a variance
error of about 0.07 eV? which is still below those given
by the signal fits obtained previously (0.1 eV><1/<0.2
€V?). Thus, when using an asymmetrical distribution,
calculations provide results consistent with those de-
duced from the EXAFS formula (eqn. (1)), but with
a distance shift of about 6R = 0.006 nm. The coordination
numbers are unaffected if the same asymmetrical dis-
tribution is used for each subshell.

The EXAFS signal amplitude may be affected by
the additional term k* (exp(2/3C,k*), C, is the fourth-
order cumulant) which starts to modify the spectral
amplitude significantly (greater than 10%) for k values
up to 100 nm~'. As the fitting is performed between
40 and 120 nm ', we consider that the use of a gaussian
distribution only slightly affects the coordination num-
bers deduced. The k, term is positive and its application

would provide a smaller MSRD value. Moreover, the
distance shift mentioned above is too important (with
regard to the electron diffraction results). Therefore,
our asymmetrical approach is too drastic and the real
effect is less pronounced. Indeed, the variance error
mentioned above is too large. Thus it can be concluded
that the distortions obtained using the asymmetrical
model do not considerably affect the pair distribution
given in Table 3.

4.2. Application of Miedema’s model to EXAFS results

It has been shown by Miedema and Dechatel [13]
that the CSRO may be related to the crystallization
enthalpy of amorphous alloys. According to this semi-
empirical model, the crystallization enthalpy of an amor-
phous alloy may be written as

= A, sol A A
AI{cryst - CA AI{B (FB cryst _FB amorph)

where AHg™ * is the solid solution enthalpy of atoms
A in the matrix consisting of B atoms. A labels the
smallest atom (Ni in our case), C, is the fraction of
A atoms and Fg* represents the degree by which an
A atom is surrounded by B neighbours. Fg* is written
as

FBA=NABSB/(NAASA +NABSB)

where S, and Sy are the surface sections of atoms A
and B respectively. In this model, and depending on
the CSRO in the alloy, the Fg* parameter can take
all values between a minimum Cg°, corresponding to
the random atomic distribution, and a maximum
Cy[1+8(Cg*CA%)?), corresponding to complete chemical
order [14].

From our EXAFS results, it is possible to extract
an F;N value which defines experimentally the degree
by which an Ni atom is surrounded by Ti neighbours.
In our case, Fy"' is given by

F. TiNi =N. TiRTiZ/ (N NiRNi2 +N TiRTiz)

=(1+0.71N;/Ny;) !
with Ry;=0.138 nm and Ry;=0.162 nm [26]. For a
random disordered solution we obtain
FriN=Crf=(1+0.71Cy;/Cr;) "}

where Cy° represents the surface concentration of
titanium atoms around an Ni central atom. For a fully
ordered alloy and according to Miedema’s model, Fr;"
is defined by

FrN=Cy 1+ 8(Cr*Cni)]

The variations in C,*Fg* vs. C,° have been plotted
previously by Weeber [14]. The Fg* values were obtained
from experimental measurements of crystallization en-
thalpies for several alloys, e.g. NiZr [27], FeZr, CuZr,
CoZr [28] and NiTi [29]. We have also represented
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Fig. 4. CyF vs. Cyf® for Ni, Ti;_, amorphous compounds (@®).
The upper curve represents the ordered crystalline alloy with
FN=Cp1+8(Cx°Crf)*] and the lower curve represents the
random alloy with FyNM=Cp’. The broken line represents
FrM=Cp¥[1 +5(CniCr’)).

the variations in C*F ;"' deduced from EXAFS struc-
tural parameters vs. Cy;° (Fig. 4). These values are
compared with the limit values corresponding to a
random alloy (F1;"'=Cy) and to an ordered alloy
(FrN'=C1*[1+8(C1°Cn¥)?]). As shown in Fig. 4 our
experimental values for the four concentrations studied
are located between these two curves and approximately
verify that F,N' = C[1+4 5(CCy®)?]. Our results are
similar to those obtained by Weeber [14] on several
other amorphous alloys.

5. Conclusions

We have performed an EXAFS analysis of amorphous
Ni Ti,_, alloys. A model has been proposed which
enables us to determine the local environment consistent
for both Ti and Ni K edge signals. For the four
concentrations studied, the best fit of the EXAFS
function is found for one shell of like atom pairs (Ni-Ni
or Ti-Ti) and several subshells of unlike atom pairs
(Ni-Ti or Ti-Ni) which are equivalent to an asym-
metrical distribution. From these structural parameters,
we have obtained the Cowley—Warren parameter which
is always negative indicating a tendency towards chem-
ical order. From Miedema’s semi-empirical model, we

have found chemical short range order which is in-
termediate between that found in a random alloy and
an ordered crystalline alloy.
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