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Nickel diffusion in B2-NiGa studied with quasielastic neutron scattering
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The weak concentration dependence of Ni diffusivity in NiGa has formerly been interpreted as evidence for
Ni diffusion via next-nearest-neighbor jumps, which seems reasonable in the light of the comparably high
enthalpy of formation found in this alloy. Quasielastic neutron scattering~QNS! at the backscattering spec-
trometer IN16 at ILL has been used to study the elementary diffusion jump of Ni in NiGa single crystals near
the stoichiometric composition Ni50Ga50 as well as in polycrystals with 57 at. % Ni and 62 at. % Ni. While the
weak concentration dependence of the Ni diffusion coefficient has been confirmed over a wide concentration
range on the Ni-rich site of the NiGa phase diagram, the diffusive jump of Ni atoms unequivocally turned out
to be a jump vianearest-neighborsites, i.e., antistructure sites. For the near-stoichiometric compositions it was
possible to determine the residence time of the Ni atoms on the antistructure sitesdirectly from the QNS
measurements. These results indicate very high defect concentrations near the melting temperature.
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I. INTRODUCTION

B2 structures~also called CsCl structures! consist of two
differently occupied sublattices with the sites of the first su
lattice being positioned in the center of the unit cell of t
second one and vice versa. Hence, in the disordered stat
B2 lattice becomes a bcc lattice. It is therefore an ‘‘ope
structure, i.e., with few bonds per atom~compared, e.g., to
structures of fcc type!, and can host a relatively large amou
of vacancies.

Despite the simplicity of intermetallicB2 structures, dif-
fusion in these technologically promising alloys, which
generally believed to be diffusion via vacancies, is an
triguing subject. This is due to the fact that jumps to neare
neighbor ~NN! sites in these structures are jumps to an
structure sites, hence temporarily disturbing the local ord
To overcome this problem several mechanisms like the
jump cycle, the antistructure bridge mechanism, and
triple-defect mechanism have been proposed, mostly on
basis of the results of tracer diffusion experiments.1 How-
ever, for alloys with high enthalpies of formation, jumps
next-nearest-neighbor~NNN! sites which avoid the anti
structure site occupation seem more probable.2

The diffusion of iron in theB2 phase of FeAl which has
a comparably low enthalpy of formation has been inve
gated with quasielastic Mo¨ssbauer spectroscopy3 ~QMS! and
nuclear resonant scattering4 ~NRS! and has been found t
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take place via NN jumps. On the other hand, theoretical c
siderations onB2 NiAl, an alloy exhibiting a high enthalpy
of formation, indicate that the self-diffusion in this com
pound is dominated by NNN jumps.5

Apparently, theB2 phases of NiGa and CoGa find them
selves on the borderline between these two regimes, d
sion via NN or NNN jumps~see the enthalpies of formation6

in Table I!. Up to now, no direct information about the di
fusive jump in these alloys was available, but conclusio
about the self-diffusion mechanism in these alloys have b
drawn on the basis of tracer diffusion experiments: Dona
son and Rawlings7 who investigated the self-diffusion o
tracer atoms of both components in NiGa suggested a d
sion mechanism where the nickel atoms diffuse via NN
jumps, i.e., jumps between Ni sites, while the Ga atoms p
form NN jumps. Their argument for the NNN jumps of Ni i
the concentration independence of the Ni diffusivity whi
they observed around stoichiometry. This type of jum
seems reasonable, taking into account the high enthalp
formation found in NiGa.8 Contrary to that, Stolwijket al.9,

TABLE I. Enthalpy of formationDH f of stoichiometricB2
phases exhibiting triple defects taken from Neumann~Ref. 6!.

Phase FeAl CoGa NiGa NiAl

DH f~kJ g-atom21) 32.4 36.0 45.0 69.0
12 038 ©2000 The American Physical Society
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who performed detailed tracer diffusion studies on CoGa
system very similar to NiGa,10 proposed Co diffusion via
antistructure sites, i.e., via NN jumps and Ga diffusion
NNN jumps.

In the present study we investigatedirectly the diffusive
jump of Ni in the intermetallicB2 alloy NiGa by an atom-
istic method—quasielastic neutron scattering~QNS!. This
technique has been successfully applied to study the
diffusion mechanism in the intermetallicB8 alloy NiSb~Ref.
11! and the D03 alloy Ni3Sb.12 To our knowledge, the
present work is the first application of QNS to self-diffusio
in an intermetallicB2 structure where diffusion is, in gen
eral, slower compared to diffusion inD03 andB8 structures.
The study of atoms diffusing at such low rates was enab
by the high-energy resolution and flux of the backscatter
spectrometer IN16 at ILL. Preliminary results on one of t
samples have been published elsewhere.13

II. THEORETICAL MODEL

The diffusive motion of atoms in single crystallin
samples leads to a quasielastic broadening of the incohe
scattering functionS(Q,v) as a function of the momentum
transfer Q. For jumps between sites of a Bravais latti
S(Q,v) consists of a single Lorentzian with linewidthG(Q)
@full width at half maximum ~FWHM!#.14 For NiGa this
model applies to NNN jumps where the Ni atoms stay
their sublattice and, therefore, the ‘‘jump lattice’’ of the N
atoms is a simple cubic lattice:

G~Q!5
\

3t (
k51

6

@12exp~2 iQ• lk!#

5
2\

3t (
i 51

3

@12cos~aQi !#, ~1!

wherea is the lattice parameter andt the mean residenc
time on a lattice site.Qi denotes thei th component of the
vectorQ. The jump vectorslk have the lengtha and point in
a ^100& direction ~here and in the following, the direction
1̄00, 010, 01̄0, etc., shall be contained in this notation!.

For NN jumps the situation is more complicated since t
sublattices with different local symmetry are involved. Th
problem has been treated by Randlet al.15 for general struc-
tures and Vogl and Sepiol3 for the special case ofB2 struc-
tures. The quasielastic spectrum, i.e., the incoherent sca
ing function S(Q,v), is described by the sum of tw
Lorentzians withQ-dependent linewidthsG i and relative
weightswi :

S~Q,v!5(
i 51

2

wi~Q,b!
G i~Q,DNi ,b!/2

v21@G i~Q,DNi ,b!/2#2
, ~2!

whereDNi is the diffusivity of Ni andb the parameter de
scribing the lattice order~the ratio of the residence times o
Ni atoms on the Ga and the Ni sublattice!,

b5tNi
Ga/tNi

Ni5cNi
Ga/cNi

Ni . ~3!

Here,cNi
Ga andcNi

Ni are the concentrations of Ni atoms on t
Ga and Ni sublattices, respectively. Both the linewidthsG i
a
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and weightswi are expressed in terms of the eigenvaluesMi
and eigenvectorsbi of the matrix A containing the jump
vectorslk and jump ratest21 of the diffusing atoms:3

A5S 2
1

tNi

1

8tGa
(

k
exp~2 iQ• lk!

1

8tNi
(

k
exp~2 iQ• lk! 2

1

tGa

D .

~4!

A has two eigenvalues; hence,S(Q,v) is the sum of two
Lorentzians with linewidths

G i~Q!522\Mi~Q! ~5!

and relative weights

wi~Q!5U(
j

Acj„bi~Q!…jU2

. ~6!

While for smallerQ(,1 Å 21) the spectrum consists esse
tially of the narrow Lorentzian, the broad Lorentzian is im
portant at higherQ values where the scattering function
sensible to details on the atomistic scale.

In order to treat correlations of NN jumps we use t
following approximation, which will be referred to as th
‘‘effective-jump approximation’’: Provided that the res
dence time of the Ni atom on the antistructure site,tNi

Ga , is
short compared to that on the Ni site,tNi

Ni , it is possible to
replace two consecutive NN jumps by an effective jump
the ^100&, ^110&, or ^111& direction ~Fig. 1!. Let P^hkl& de-
note the relative probability for an effective jump in^hkl&
direction. The linewidth of the quasielastic curve can then
approximated by

G~Q!5P^100&G^100&~Q!1P^110&G^110&~Q!1P^111&G^111&~Q!,
~7!

whereG^hkl& is the linewidth corresponding to an effectiv
^hkl& jump in anology to Eq.~1!. This approximation allows
us to determine theP^hkl& , which is not possible with the
NN-jump model of Eqs.~4!–~6!, where the ratio of prob-
abilities for effective jumps is intrinsically that for uncorre
lated jumps,P^100& :P^110& :P^111&53:3:1.

For polycrystalline samples the polycrystallin
approximation14 for isotropic media has to be applied:

FIG. 1. Unit cell of theB2 structure. The corners represent sit
of the Ni sublattice, the centera site of the Ga sublattice. The G
site is occupied by a vacancy~square!. The bold arrows symbolize
effective jumps of a Ni atom along thê100&, ^110&, and ^111&
directions. These jumps are a combination of two NN jum
~dashed arrows! with infinite small residence time on the Ga site
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G~Q!52\t21
sin~Ql !

Ql
, ~8!

wherel is the length of the jump vector.

III. SAMPLE PREPARATION AND ORIENTATION

The measurements near stoichiometry were performed
two cylindrical single crystals, one grown by the Bridgm
method and the other one using the Czochralski method.
cording to microprobe fluorescence analysis the Ni con
was 51.2 at. % for the first sample and 52.5 at. % for
second one. The size of the single crystals was 15–20 m
length and 8–10 mm in diameter.

Due to the NiGa phase diagram,16 single crystals can only
be grown in a small region around stoichiometric compo
tion. This is why we used polycrystalline material for th
measurement on the nickel rich side of the phase diagr
The polycrystalline sample had a nickel content of 61.9 at
and a volume of about 1 cm3. The grain size was less tha
1 mm3. The corresponding number of grains is expected
be sufficient for averaging when using incoherent scatte
where the change ofS(Q,v) with the momentum transferQ
is very weak compared to coherent neutron scattering.
other polycrystalline sample with a Ni content of 57.2 at.
consisted of grains that were too large to allow an analysi
the diffusive jump. However, it could still be used to dete
mine the diffusion constant.

The orientation of the single crystals is characterized
the scattering plane including the incoming and the scatte

FIG. 2. Schematic representation of the single-crystal orie
tion. The crystal is first positioned such that the crystal axis',
which is identical to the geometrical axis of the cylindrical samp
is perpendicular to the scattering plane and that the crystal axisi is
parallel to the incoming beam. In a second step the crystal is tu
counterclockwise~seen from above! around the anglef in order to
obtain different orientations. Hereby, the axis' remains perpen-
dicular to the scattering plane while the axisi is no longer parallel
to the incoming beam. For the actual values of', i andf in the
experiment see Table II.
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beam and by the direction parallel to the incoming beam~see
Fig. 2 and Table II!. The single crystal could be turned by a
anglef around the rotational axis of the sample which w
perpendicular to the scattering plane. The exact macrosc
orientation of the single crystal was measured using the
flection of a laser beam from a polished surface on the top
the crystal. The orientation of the atomic planes in t
samples was determined by x-ray diffractometry and turn
out to be quite arbitrary~Table II!. Nevertheless, we avoide
cutting the crystals in order to preserve a cylindrical geo
etry.

IV. EXPERIMENT

While nickel atoms possess a large incoherent neu
scattering cross section17 of 5.2 b, the incoherent contribu
tion from the part of gallium is negligible, due to its inco
herent cross section of 0.16 b. This allows us to study
motion of nickel atoms without an interfering signal fro
gallium atoms. Therefore, NiGa is excellently adapted
studying Ni diffusion with neutron scattering.

The measurements were performed at the backscatte
spectrometer IN16 at ILL in the unpolished-Si-^111& con-
figuration. This setup provides a Gaussian shaped en
resolution with a width~FWHM! of about 0.9 meV at a
neutron wavelength of 6.27 Å. Six single3He detectors were
installed at scattering angles corresponding to momen
transfers between 0.52 Å21 and 1.89 Å21. The coherent
neutron cross sections are 13.3 b for Ni and 6.67 b for
but nevertheless coherent Bragg scattering can be negle
as the first Bragg peak~the ^100& superstructure peak! ap-
pears atQ52.17 Å21 which is out of the momentum trans
fer accessible with the wavelength used in the experim
According to tracer diffusion measurements7 the diffusion
coefficient of Ni,DNi , in stoichiometric NiGa near the melt
ing point is of the order of 10212 m2/s. This corresponds to
a quasielastic broadening which is smaller than the width
the resolution function in the setup described above. The
fore special attention had to be paid on the careful meas
ment of the instrumental resolution function which is fold
with the calculated expression forS(Q,v) before fitting it
into an experimental spectrum. Since even small change
the experimental geometry can influence the resolution fu
tion, we used the samples at room temperature as ela
scatterer to obtain the resolution function. This is justified
the fact that there is no measurable diffusion in NiGa at ro
temperature. In order to realize the different orientations,
single-crystalline samples which had cylindrical shape w
turned around their rotation axes. This allowed us to use
same resolution function for all of the orientations.

-

,

ed
TABLE II. Orientation of the single-crystalline samples as defined in Fig. 2.

Sample T(°C) Orientations Crystal axis' Crystal axisi Angle f

51.2 at. % Ni 990 1 ^2,3̄,2̄& ^17,7,7& 71.8°

51.2 at. % Ni 1060 3 ^2,3̄,2̄& ^17,7,7& 71.8°

52.5 at. % Ni 1060 1 ^12̄,12,7̄& ^12,15,5& 245.0°,66.7°,268.5°

51.2 at. % Ni 1130 3 ^2,3̄,2̄& ^17,7,7& 71.8°,109.8°,33.8°
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The samples were mounted in niobium sample hold
To avoid contact melting of NiGa with niobium, they whe
separated by Al2O3 ceramics. The Debye-Scherrer ring fro
Al2O3 at 1.8 Å21 was suppressed by covering one of t
analyzer mirrors with a cadmium foil. The niobium furna
used in the experiment was supplied by the ILL. Quasiela
spectra were taken at 990, 1060, and 1130°C in one, f
and three different orientations, respectively~see Table II!,
for the single crystal and at 1040 and 1150 °C for the po
crystalline sample. Figure 3 shows two spectra recorde
two differentQ values on a NiGa single crystal at 1130 °
These two spectra were taken at the same orientation o
crystal, but at two different scattering angles 2Q. The quasi-
elastic broadening is small but significant.

V. RESULTS

A. Elementary jump

Two types of jumps for Ni atoms into vacant sites of t
B2 phase of NiGa are possible: NNN jumps between site
the Ni sublattice and NN jumps to and from antistructu
sites.

Figure 4 shows the linewidthsG of single Lorentzians
extracted from the experimental spectra compared to
linewidths calculated on the basis of the NNN-jump mod
Eq. ~1!. The agreement between the calculated and exp
mental linewidths is not satisfactory, especially at high v
ues ofQ whereS(Q,v) is sensitive to the dynamics on th
atomic scale.

For the NN jumps the data analysis is more subtle: Giv
the small contribution of the broad Lorentzian a two-line
in single-experimental spectra cannot yield more than
order of magnitude of the linewidth of the broad Lorentzia
Therefore we proceeded in the following way: instead
fitting two lines to every spectrum separately we calcul
the weights and widths of the two Lorentziansfor all single-

FIG. 3. Quasielastic scattering functionS(Q,v) in arbitrary
units for Ni51.2Ga48.8 at 1130 °C atQ50.52 Å21 ~a! and Q
51.60 Å21 ~b!. The resolution function~solid line! is scaled to the
maximum ofS(Q,v). Counting time: 22 h.
s.
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crystal orientations and scattering anglesbelonging to one
temperaturesimultaneouslyas a function ofb andDNi . This
means that instead of two parameters for each spectrum~the
widths G of the two independent lines! there are only two
parameters (DNi andb) for the 6 or 18 spectra at each tem
perature which strongly increases the reliability of the
sults. The fitting procedure was performed using the progr
AGATHE18. The agreement with the experimental data is b
at highQ values, which are connected to the diffusion pr
cess on the atomistic scale. Small deviations atQ
50.52 Å21 might be explained by a contribution of mu
tiple scattering as the spectra with smaller line broaden
are more sensitive to this effect. Since the shape of the l
is less sensitive tob than toDNi , an exact determination o
b was only possible for temperatures and concentrati
with three different orientations, i.e., 18 spectra. Table
shows the values ofb obtained by the fit.

Unfortunately it is not possible to compare the linewidt
of the NN model directly to those of the NNN model give
in Fig. 3, because the numbers of Lorentzians predicted
the two models are different. To compare the two models
use the deviation of the theoretical curves,S(Q,v) th , from
the experimental spectra,S(Q,v)expt, expressed in terms o
a x2 expression. One has to be aware that the physic
interesting quantity obtained in the experiment is the scat
ing function S(Q,v), and not the count rate, which is no
malized by the incident flux per channel. For this reason
do not use the common definition ofx2 in terms of counts
per channel but

FIG. 4. ~a! Points: FWHM of Lorentzians fitted into the quas
elastic spectra of Ni51.2Ga48.8 at 1130 °C. Lines: Linewidths calcu
lated on the basis of the NNN-jump model. The three different pl
represent three different orientationsf of the single crystal.~b!
Points: FWHM of Lorentzians fitted into the quasielastic spectra
polycrystalline Ni61.9Ga38.1 at 1150 °C. Lines: linewidths calculate
on the basis of NNN jumps~solid line! and NN jumps using the
effective-jump model~dotted line! with P^100& /P^110&52.7.
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TABLE III. Diffusion constants and vacancy concentrations.

Sample Single crystal T(°C) b cV DNi(10212 m2/s)

51.2 at. % Ni Yes 990 - - 1.12~20!

51.2 at. % Ni Yes 1060 - - 2.31~40!

51.2 at. % Ni Yes 1130 0.118 0.084 5.12~50!

52.5 at. % Ni Yes 1060 0.077 0.026 2.32~40!

57.2 at. % Ni No 1130 - - 5.44~80!

61.9 at. % Ni No 1040 - - 3.14~80!

61.9 at. % Ni No 1150 - - 7.42~50!
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2

S~Q,v! th
. ~9!

The S(Q,v) th are calculated according to Eq.~1! for
NNN jumps and Eqs.~4! and ~5! for NN jumps. The free
parameters in those models were refined usingAGATHE as
described above. The comparison of thex2 values for the
NNN and the NN model in Fig. 5 shows that the NN-jum
model gives a much better fit to the experimental data.

While Mössbauer experiments3 showed that the iron at
oms in FeAl prefer combinations of NN jumps that lead
effective jumps along thê110& axis, no such preferenc
could be found in the present case. On the contrary, w
applying the effective-jump approximation, Eq.~7!, our fits
show a preference of the nickel atoms for^100& jumps. For
example, at 51.2 at. % Ni and 1130 °C we find roughly t
following ratio of probabilities for effective jumps
P^100& :P^110& :P^111&54:2:1, while this ratio is expected to
be 3:3:1 for anuncorrelated process. However, this res
should not be overestimated since the effective-jump mo
assumes the residence time on the antistructure site t
zero—an approximation which is less suitable for NiGa th
for FeAl,3 where the residence time on the antistructure
is considerably smaller.

An interesting point is that both the NN model, Eqs.~4!–
~6!, and the effective jump approximation indicate the pr
ence of effectivê 111& jumps, a combination of NN jumps
that does not occur in the six-jump cycle. The contribution
effective ^111& jumps is about one-seventh of the total
effective jumps.

B. Defect concentrations

According to Eq.~3! the ratiob of the residence times i
directly related to the concentration of Ni antistructure
oms. Under the assumption that the predominating de
type is the triple defect,19,20 that is to say, that Ni antistruc
ture atoms and vacancies on the Ni sublattice are the
allowed defects, we get vacancy concentrationscV ~referred
to the number of atoms! of 2.6~1.0!% at 52.5 at. % Ni and
1060°C and 8.4~1.0!% at 51.2 at. % Ni and 1130°C.

Using the model of Neumann, Chang, and Lee21 it is fur-
thermore possible to derive the vacancy concentration at
ichiometric composition, the disorder parametera. By doing
so, we obtaina50.037(20) at 990 °C anda50.091(20) at
1130 °C. These results are in agreement with the extrap
tion of the values obtained by Hoet al.22 and Van Ommen,23

both using dilatometric methods.
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C. Composition far off stoichiometry

The quasielastic spectra of the polycrystalline sample
61.9 at. % Ni were refined with the polycrystalline approx
mation, Eq.~8!. Here, again, a fit with a NNN model leads t
an unsatisfying result~Fig. 4!. Unfortunately it is impossible
to get an analytical closed-form powder-average expres
for the NN model, which assumes jumps between sites o

FIG. 5. ~a! Quasielastic spectrum (T51130 °C, Q51.6 Å -1,
andf533.8°) fitted with the sum~solid line! of a narrow~dotted
line! and a broad~dashed line! Lorentzian. Inset: FWHMG i in meV
and relative weightswi for the two Lorentzians as calculated on th
basis of NN jumps forf533.8° andb50.118. ~b! Deviation of
spectra fitted according to the NNN jump~squares! and the NN-
jump model ~circles! from the experimental scattering functio
S(Q,v) as described by Eq.~9!. Note that the scale forx2 is arbi-
trary as the sum is performed overS(Q,v) and not over the coun
rate.x2 is obtained from fits for three orientations at 1130 °C. So
line: f571.8°. Dashed line:f5109.8°. Dotted line:f533.8°.



b
on

s

n
rv

th
lo
a

t
i

he

-
s
ig
is

e

n
b
if

ide
t

re

th
e

e
m
d
he
e
f

ith

an

s

er
ro

ith

f
be

si-
s is
ob-
ns.
hat
ent

ps
is

the
f-
fect

ea-
tal
ex-
the

nts

ate
n-
te.
p

our
ed,

ner-
es

nd
ery
in-
m-
be

r

l-

-
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non-Bravais lattice. However, a good agreement can
achieved by combining the polycrystalline approximati
with the effective-jump approximation, Eq.~7!, which as-
sumes NN jumps. Like for the near-stoichiometric compo
tions, there are indications for a preference of effective^100&
jumps over effectivê 110& jumps. Hence, no concentratio
dependence of the elementary jump vector can be obse
on the Ni-rich side of theB2 phase of NiGa.

D. Diffusion constants

QNS experiments not only permit one to determine
diffusion process on an atomistic scale, but they also al
one to determine the diffusion constant of the scattering
oms. Two conditions have to be fulfilled.

~a! The length of the atomic jump vectorl has to be
known. For jumps between nearest-neighbor sites,u lu equals
A3/2 times the lattice constant.

~b! It has to be sure that every atomic jump contributes
the long-range diffusion. An advantage of QNS over QMS
that with QNS this can be verified directly by comparing t
linewidths at large values ofQ(.1 Å 21) with the line-
widths at smallQ which are connected to long-range diffu
sion. In the present study the observed line broadening
small momentum transfers are compatible with those at h
Q values. Therefore, we conclude that the observed atom
diffusion mechanism is effective for long-range diffusion.

The diffusion constant is a function of the fitted mod
parameterstGa

21 andb:

DNi5
a2b

4tGa~b11!
, ~10!

wherea denotes the lattice constant. The diffusion consta
for Ni as measured in the experiment can be found in Ta
III. Obviously, the concentration dependence of the Ni d
fusivity remains weak up to the boundary on the Ni-rich s
of the B2 phase. A comparison with the diffusion constan
obtained by Donaldson and Rawlings7 at near-stoichiometric
composition is given in Fig. 6. Although the two measu
ments yield the same temperature dependence ofDNi , the
absolute values obtained by QNS are somewhat higher
those from the tracer measurements. As the QNS experim
is performedin situ, the only source of error can be th
measurement of the temperature. Because of the large ho
geneous zone of the furnace, the latter can be regarde
trustworthy, which incites us to trust the values from t
QNS experiment. From the slope of the temperature dep
dence ofDNi in the Arrhenius plot an activation energy o
1.66~20! eV near stoichiometry is derived in agreement w
the values of Donaldson and Rawlings7. For the off-
stoichiometric composition with 61.9 at. % Ni we obtain
activation energy of 1.26~20! eV.

VI. DIFFUSION MECHANISM

The QNS measurement clearly shows that nickel atom
NiGa diffuse via antistructure sites. With this mechanism
problem concerning the local order is associated. Sev
models have been proposed in order to overcome this p
lem: the antistructure-bridge mechanism~ASB!, the triple-
defect mechanism~TDM!, and the six-jump cycle~6JC!.
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These mechanisms shall be discussed in the following w
regard to the results of the QNS experiments.

~a! ASB: Belova and Murch24 showed on the basis o
Monte Carlo simulations that the ASB mechanism cannot
effective for long-range diffusion at stoichiometric compo
tion as long as the concentration of antistructure atom
smaller than 0.14 which is much more than the values
tained in this study for the near stoichiometric compositio
For the sake of completeness we would like to mention t
a quasielastic broadening observed in the QNS experim
could in principal originate in forward and backward jum
of atoms on nonpercolating ‘‘ASB islands.’’ However, if th
were the case, an anomalous small line broadening at
small values ofQ where QNS is sensitive to long-range di
fusion would be expected. From the fact that such an ef
has not been observed and that the diffusion constants m
sured in the QNS experiment are—within the experimen
errors—in agreement with those obtained from the tracer
periments, we conclude that another mechanism than
ASB has to be operative even on the atomistic scale.

~b! TDM: The TDM has been proposed by Stolwijket al.9

in order to explain the results of tracer diffusion experime
on CoGa. In this model theA atom~Co in CoGa, Ni in NiGa!
performs NN jumps profiting of double vacancies. The st
with the A atom on the antistructure site next to two vaca
cies on theA sublattice is considered to be the stable sta
The Ga atoms on theB sublattice are considered to jum
between the unit cells by NNN jumps, i.e., from oneB site to
the next. While this mechanism can be supported by
results, as far as the motion of the nickel atoms is concern
there is some inconsistency concerning the activation e
gies of nickel and gallium diffusion: The activation energi
that are attributed to the TDM by Stolwijket al.9 are the
same for Co and Ga diffusion since the diffusion of Co a
Ga is strongly coupled. On the other hand, Ref. 7 finds v
different activation energies for Ni and Ga atoms which
dicates a less coupled diffusion mechanism for the two co
ponents. Hence, a pure TDM as found in CoGa cannot
operative in NiGa.

FIG. 6. Arrhenius plot of Ni Diffusion constants in NiGa nea
stoichiometry. Solid symbols: this work at 51.2 at. % Ni~triangles
up!, 52.5 at. % Ni~circle!, 57.2 at. % Ni~triangle down! and 61.9
at. % Ni ~squares!. Open symbols and lines: Donaldson and Raw
ings, 50 at. % Ni~squares and solid line!, 50.5 at. % Ni~hexagons
and dashed line!, 51 at. % Ni~circles and dotted line! and 52.4 at. %
Ni ~triangles and dashed-dotted line!. Note that two points are over
lapping at 1060 and 1130°C, respectively.
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~c! 6JC: Monte Carlo simulations25 showed that the ratio
of effective jumps,P^110& /P^100&51.7, found in FeAl with
QMS,3 is compatible with a diffusion mechanism based
the 6JC, even though this ratio is not within the limits giv
by Arita et al.26 Recently, it has been shown analytically27

that every ratioP^110& /P^100& is allowed for the 6JC if one
drops some restrictive assumptions. However, even then
6JC cannot account for the contribution of^111& jumps in
NiGa, which has been found in the QNS experiment. Hen
the 6JC cannot apply for the diffusion in NiGa at high te
peratures, at least not exclusively.

In our opinion, the reason for the fact that none of t
models cited above is able to explain the experimental d
can be found in the high defect concentrations. It is diffic
to argue that a single vacancy should, e.g., carry out a w
six-jump cycle when another defect in the neighborhood
able to restore local order without requiring further energ
cally expensive jumps. If one considers also the high c
centrations of antistructure atoms and vacancies, there
various cycles imaginable that include two or more defe
and that reduce considerably the number of wrong bo
compared to the six-jump cycle. In addition, as has b
pointed out by Kiguchi and Sato,28 it is not absolutely nec-
essary that the local order is restored after each unit pro
at such high defect concentrations as long as the degre
order over the whole sample is conserved.
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VII. SUMMARY

Quasielastic neutron scattering allowed us to confirm
very weak concentration dependence of the Ni diffusivity
NiGa, observed by Donaldson and Rawlings7 with tracer dif-
fusion around stoichiometry, over a wide concentrati
range on the Ni rich side of theB2 phase of NiGa. However
the next-nearest-neighbor jumps of Ni that have been p
posed by Donaldson and Rawlings to explain their data co
not be found. On the contrary, the QNS experiment show
that the Ni atoms diffuse vianearest-neighbor jumpsto an-
tistructure sites—despite the high enthalpy of formation
NiGa.

The residence time of the Ni atom on the Ga sublatt
has been found to be about 0.08 and 0.12 times the resid
time on the Ni sublattice at 1060 and 1130 °C for the ne
stoichiometric compositions. From this, very high concent
tions of antistructure atoms and vacancies are derived.

The fact that none of the common models for diffusion
terms of closed cycles is able to explain consistently
QNS and the tracer diffusion data can be seen as a con
quence of these high defect concentrations.
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