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Neutron spin-echo spectroscopy for diffusion in crystalline solids
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Neutron spin-echo spectroscoffySE) offers unprecedented opportunities in the investigation of diffusion

in crystalline systems due to its outstanding energy resolution. NSE not only enables measurements at lower
diffusivities than the established techniques of neutron spectroscopy, but it also gives a very immediate access
to the different time scales involved in the diffusion process. This is demonstrated in detail on the example of
the binary alloy NiGa where the Ni atoms hop between regular sites on the Ni sublattice and anti-sites on the
Ga sublattice. Experiments on two different NSE instruments are compared to measurements using neutron
backscattering spectroscopy. The potential of NSE for the investigation of jump diffusion and experimental
requirements are discussed.
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[. INTRODUCTION with backscattering spectrometers, significant improvements
are observed(a) Due to its high resolution NSE will allow
Diffusion in crystals is characterized by jumps of the dif- measurements in systems with comparably slow diffusion.
fusing atoms between well defined sites where the duratiof®) Measurements at only two points in reciprocal space can
of the jumps themselves is Considerab|y shorter than the a\be sufficient for an unambiguous decision between conflict-
erage residence times of the atoms on the lattice sites. Neilld jump models(c) NSE gives a very direct access to the
tron scattering essentially contributes to the understanding dfifferent time scales involved in the diffusion process.
the microscopic details of diffusion in crystalline solids by ~ This paper aims at discussing in detail the experimental
providing full information on the diffusion jump, i.e., the requirements to apply NSE to lattice diffusion and further at
jump frequency(or, more e)(acﬂy7 the residence times on Comparing NSE to high-resolution backscattering spectrom-
different lattice sitesand the jump vector, i.e., the vector €try. We present measurements on the two neutron spin-echo
connecting the two sites between which the jump occurs. Spectrometers SPANHMI Berlin) and MUSES (LLB
Quasielastic neutron scattering probes the diffusive moSaclay on diffusion in the well studied intermetallic model-
tion of atoms by means of the broadening of the elastic linelloy NiGa. Finally, we discuss potential future applications
(in most cases the elastincoherentline) which, in a first ~0f NSE to diffusion in relevant intermetallic alloys.
approximation, is proportional to the jump frequencies. Due
to the generally slow diffusion in crystalline solids the most Il. THEORY
powerful instruments in terms of energy resolution have to _ o
be applied in order to detect the weak quasielastic broaden- BY measuring the degree of polarization of neutrons scat-
ings. tered on the diffusing atoms as a function of the strength of
Up to now such experiments were performed at hightWO magnetic fields, one before and one after the sample,
resolution backscattering spectrometers providing resolutioh!SE determines the coherent and incoherent intermediate
functions with halfwidths down to approximately 4 ev. ~ Scattering functions,,{Q,t) and s(Q,t), i.e., the Fourier
Prominent examples are the investigation of self diffusion infransform of the self- and pair-correlation functibiwith
sodium? Li diffusion in LiCe? Ti diffusion in bce-Ti¥ and ~ Neutron resonance spin-echo spectrosd{SB, the zero-
diffusion of the components of intermetallic allojRecent field variant of NSE,” the magnetic fields are replaced by
experiment3® at the high resolution backscattering spec-high-frequency fields in the flippers.
trometer IN16 of the ILL allowed one to investigate atomic
motions corresponding to diffusivities around 0 m?/s. A. Diffusion on non-Bravais lattices
With quasielastic broaden!ngs in the range of 0.8V the_se. The effect of diffusion on non-Bravais lattices on the en-
measurements were definitely pgrformed at the lower limit Ofergies of coherently scattered neutrons is not trivial because
what even the best backscattering spectrometer can resol\i

The fact that todav’ ld-cl ¢ ters h tﬁ'e different residence times of the atoms on the different
€ fact thal today's world-class Speclrometers have pracly, awices lead to an intermediate scattering function with
cally reached the theoretical limisee, e.g., Ref.)7in terms

different relaxation time&*?According to Randet al® the

of energy resolution that can be expected from this tech|'ntermediate scattering function for diffusion between differ-

nigue, represents a severe restraint for future research in tré(?]tly occupied sublattices reads:
field of diffusion in crystalline solids. '
In a recent papérit was demonstrated that neutron spin- N
echo spectroscopyYNSE) can be applied to study diffusion s(Q t):z woexp(M t) (1)
in crystalline solids and that, compared to measurements ' e P P

0163-1829/2002/6@)/0243027)/$20.00 66 024302-1 ©2002 The American Physical Society



M. KAISERMAYR et al. PHYSICAL REVIEW B 66, 024302 (2002

Hence, the quasielastic signal is a sumNbfexponentials t S _ _
with N being the number of sublattices being “visited” by |(Q)=GXL{— ;(1— ﬁ” with 2=; exp(—iQ-ly).

the diffusing atom. The relaxation times are given by the ©6)
(negative eigenvaluesvl , of the jump matrixA with matrix
elements Diffusion on aB2 lattice via NN jumps is described by Egs.
1 (1)—(3). The jump matrixA simplifies to a (2<2) matrix
A= 2 exq_iQ'Ih)_gijE il ) with components
Nji Tji "k K ik
Please note that prior to diagonalization, in order to obtain A, ,=— i App=——, Ap=——, Ayp= _i_
real eigenvaluesi has to be Hermitized by the tranforma- TN N7Ga N 7ni TGa
tion B=T.A.T %, with T=c; *2. In addition the exponen- @)
tials are weighted by the factors v and 75, denote the average residence time of a Ni atom
2 on a site of the Ni and the Ga sublattices, respectively.
Wp:’Z JeibP (3) If one desires to decide between a model based on jumps
i on a Bravais lattice, on the one hand, and jumps between

different sublattices, on the other, it is in general sufficient to
perform one measurement in reciprocal space near a super-
lattice Bragg reflection and a second measurement near a
Brillouin zone boundary. For the measurements near the su-
Serlattice point one then expects the intermediate scattering
¥nction to be nearly constant in time for jumps on a Bravais
attice, whereas a sharp decrease of the intermediate scatter-
?ﬁg function is expected for diffusion between sublattices

with bik denoting théth component of th@th eigenvector of
the jump matrix and; being the concentration of the diffus-
ing species on théth sublattice.

Bragg scattering can be disregarded in the present ca
because all measurements have been carried out sufficien
far away from reciprocal lattice points. The diffuse coherentI
scattering associated to the disorder in the sample is d

; 4
scribed by with different local symmetry. This can be verified by sub-
stituting the corresponding scattering vector together with
Seor Q)= wexp(Mt) (4)  thejump vectors in the jur_np matrix, E@). On the contrary,
p the spectrum near the Brillouin-zone boundary depends less
, : on the specific jump model than on the diffusion constant,
with weights

hence this measurement serves as a reference. In a somewhat
simplifying picture the reason for the pronounced difference
W)= ( > \/C—i(bp)i) ( > (1_01)\/C—j(bp*)]’>- (5)  of the intermediate scattering functions obtained near super-
[ i lattice points for different jump models is that for jumps on a
(?ravais lattice a phase shift equal to zero is expected in
uperlattice reflections because fhmp latticeconstitutes a
ravais lattice, whereas jumps between different lattice sites
‘,Broduce a maximum phase shift. Hence, two measurements
llow to decide between next-nearest-neighbor jurtira-
ais) and nearest-neighbor jumgson-Bravais in B2 sys-
ems. This attenuates the drawback of NSE spectrometers
with respect to BS spectrometers that, up to now, NSE spec-
trometers cannot measure many different points in reciprocal
space simultaneously. If one desires to determine the corre-
B. Diffusion on B2 lattices lation factor(see following sectionsa third measurement at
B2 structuresior CsCl structurésare derived from bcc 10w Q in the regime of long range diffusion has to be per-
structures via a different occupation of the two simple cubicformed.
sublattices by two types of atoms. Diffusion of the constitu-

Please note that this intensity is essentially proportional t
ci(1—c;). Despite the high concentrations of vacancies an
antistructure atoms found in NiG@&efs. 15,16,bthis con-
tribution can be neclected, first compared to the experiment
errors of the experiments in question, and second due to th
similarity of the time dependence of the diffuse coherent an
incoherent contributions in the present caf® deatils see
Ref. 14.

ents in intermetallidB2 alloys is mediated by the vacancy Il EXPERIMENT
mechanism, i.e., a site exchange of an atom with a neighbor-
ing vacancy. Vacancy diffusion in these compounds can be A. Experimental requirements

imagined in two ways: A diffusing atom may perform ajump e investigation of diffusion in crystalline structures de-
to a nearest-neighbdNN) site, h?nce creating an antisite ,544s particular qualities from spin-echo spectrometers be-
defect, or it may stay on its “own” sublattice by performing .5 se of the simultaneous need for high resolution and high
a jump to a next-nearest-neighb®NN) site. A NN jump  omentum transfers. The spectrometer should allow one to
then corresponds to @& 33) jump while a NNN jump cor-  acces<Q values of at least 1.5 to 2.0 & and, at the same

responds to 4100) jump. time, provide a dynamical range up to several nanoseconds.
Diffusion on aB2 lattice via NNN jumps is described by These two conditions are not fulfilled by most of the cur-
the Chudley-Elliot formula rently available spin-echo spectrometers because they do not
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reach large scattering angles and because the energy resolu- 0.8
tion decreases significantly with decreasing wavelength. 0.7 |
For the experiments described here we have chosen two 0.6
NSE spectrometers which fulfil the requirements mentioned = 05
above. The NSE-instruments SPARerlin Neutron Scatter- g
ing Center, BENSC, HMI Berlinand MUSES(Laboratoire £ 041
Leon Brillouin, CEA Saclay, allow measurements in a dy- '20.3
namical range up to 2—3 ns atQirange around 1.8 AL, if 0.2 -
a wavelength of about 6 A is chosen.
Incoherent neutron scattering is ideal for observing the 011
diffusive motion of Ni atoms in NiGa. Four out of the five 0 ‘ - -
natural Ni isotopes have vanishing spin-incoherent cross sec- 300 500 700 900 1100
tions, among then?®Ni and %°Ni which account for 68 and LKS

26 % of the total isotopic composition. This leads to a prac-

tically exclusively isotope-incoherent scattering by Ni with- FIG. 1. Beam polarization behind the furnace as a function of

out anv spin-incoherent tributi hich Id il th the sample temperature as measured on MUSES. Solid line: Esti-
y'sp . n. contribution, which would Spol e,mated evolution of the beam polarization using a conventional heat-
beam polarization. Gallium, on the other hand, has a neglll—ng element

gible incoherent scattering cross section, and the incoherent

scattering from the Ni atoms is not disturbed by scattering Tests on these heating elements that were performed on
from gallium atoms. MUSES at the LLB(Fig. 1) showed a very moderate de-

In_ or(_jer_ to obtam.the temperatures needed for dnchSIoncrease of the neutron polarization of 20% at maximum when
studies in intermetallic alloy§1000—2000 K one uses gen- heating up to 1100 °G@compare to 70% using the conven-
erally Al/Nb furnaces. Both elements Al and Nb, are ideal fort'onal device. This is a significant progress leading to a re-

incoherent scattering studies, due to their low absorption an arkably improved quality of the measurement. Without

incoherent scattering cross sections. A reliable solution is thaoubt the development of nonmagnetic heating devices wil
so-called "ILL-type” high-temperature furnace, which is po o cial in order to benefit fully from the exceptional fea-

ava!lable, €.9., ‘f"t the ILL, LLB, qnd BENSQ' In the original tures that NSE provides for diffusion studies in metals.
design the heating element of this furnace is made up of two

coaxial cylinders with a diameter of 5 and 6 cm and a length o
of about 30 cm, thus providing a large zone of homogeneous B. Sample characteristics

temperature. High currents are necessary to heat thg 100 For the NSE experiments we used NiGa single crystals,
niobium sheets(e.g., | =90A to obtain a temperature of with near-stoichiometric compositions, i.e., a Ni content of
1100°C). These currents, however, produce strong magnetg1.5 and 52.5 % for the measurement at SPAN and 51.5% for
fields which depolarize the neutron beam. Thus, a depolathe measurement at MUSES. The single crystals were grown
ization of 50% has been observed at 700 °C at MUSES and with the Chrochalski method, oriented using x-ray Laue dif-
depolarization of about 70% at 1100 °C at SPAN. Since thdractometry and cut into slices with a diameter of about 2 cm
fields of the two cylinders cancel each other on the outsidesing a wire saw. The total volume of the slices was chosen
and vanish on the inside, the undesired effect is limited to thguch that multiple scattering rests well below 10% of the
region between the two cylinders. total scattering.
A considerably improved situation was achieved by a new
construction comprising three cylinder&he idea for this '
design was communicated to us by Pethy.this version the C. Experiment at SPAN
cylinder in the middle conducts the current to the bottom of The spin-echo spectrometer SPAN at BENSC disposes of
the heating element, while the inner and the outer cylindefn unique design allowingimultaneousmeasurements at
lead the current back to the top. The integral over the absddifferent angles! The neutrons precess between two flat so-
lute values of the magnetic field transversed by the neutronkenoids with vertical axes and inverse current, which leads to
is equal to that in the conventional construction. Now, how-a homogeneous radial field in the horizontal scattering plane.
ever, the field consists of two fields with opposite orientation.For a wavelength of 6.5 A this instrument allows one to
Hence, the harmful effect on the neutron polarization is atobtain Fourier-times up to 2.5 ns, i.e., to probe sample dy-
tenuated by the exactly opposite orientations of the field bepamics up to 2.5 ns. With a maximum scattering angle of
fore and after the middle niobium sheet. This is due to thel35°, Q transfers up to 1.9 A! can be reached. For the
fact that the neutrons in the second field precess around epresent experiment, two detector banks covering an angle of
actly the same angle as they did in the first field, but in theabout 10° degrees were available. The measurements at
reverse direction. For the present experiment a thickness &PAN have been carried out at a wavelength of 6.5 A and a
100 u for the Nb cylinder in the middle and 50 for the = beam monochromatization of 16%. The detectors belonging
inner and outer cylinder was chosen. A smaller thicknes$o each of the detector banks have been grouped so that
would of course be desirable in order to reduce the necessagimultaneous measurements could be performed at two dif-
heating current, however, this would lead to mechanical inferent angular ranges 90°—-98Peferred to as 94° in the
stability. following) and 125°—-1351referred to as 130°), hence giv-
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TABLE I. Overview over the measurements at SPAN, MUSES
and IN16

T(°C) at.% Ni  instrument D(10 2 m?/s)  7g./ 7y

990 51.2 IN16 1.1
1000 51.5 MUSES 1.2 0.08)
1060 525 IN16 2.3 0.08)
1100 51.5 MUSES 3.7 0.12)
1100 51.5 SPAN 3.0 0.14)
1100 52.5 SPAN 3.5 0.14) =
1130 52.5 SPAN 4.4 0.16) %
1130 51.2 IN16 5.1 0.13)

ing access to a momentum transfer of 1.45 and 1.82 A

Typical counting times ranged between 36 and 48 h. For the

exact orientation of the single crystals please refer to Ref. 8.
The resolution function was measured two times. First, on

the sample itself at 900 °C, a temperature where no diffusion

relevant to this type of experiment occurs in Ni€&econd,

on a nickel disk with exactly the same geometry as the

sample. This resolution measurement was carried out at

1100°C, i.e., at a temperature comparable to those applied in t (ns)

the experiment on NiGa, but still well below the onset of , , _

relevant diffusion in pure nickel. Both resolution functions F'C: 2- Intermediate scattering function measured at SPAN on a

Nis, {Gay; 5 single crystal at a temperature of 1130 °C andQat

;vl?rrnem?gr:;:) to be identical within the error bars and were_ 1.45 AL (top) and Q=1.82 A * (bottom. The lines represent

the intermediate scattering functions according to diffusion via
nearest-neighbor jumpgsolid line and next-nearest-neighbor
D. Experiment at MUSES jumps(dashed ling Inset: Unit cell of theB2 structure. The arrows

The spectrometer MUSES at the LLB can be operated jjepresent Jumps to nearest neighbor sitesiid arrow and next-

two modes'® In the classical option the neutrons precess tn:kaerﬁsf:'onn?%hebfog sitaslashed arrow respectively. This figure is
along two long solenoidgongitudinal field. Each of them is T

replaced by two rf coils in the neutron resonance spin-cho
(NR‘.Q"E) ver3|on_of t_he instrument. For awavelength 0f_5 A Figure 2 shows the intermediate scattering function as
maximum Fourier times up o3 ns can be obtam_e_d In th%easured on SPAN at two different scattering angles. One
NRSE mode. In the described experiment the transition fromy, <\ .o ment @=1.45 A1) was performed well away

the classical mode to the NRSE mode was performed at g any reciprocal lattice point, whereas tBevector cor-

Fourier time of 126 ps. The scattering angle was choserrlesponding to the second measureme@=(L.82 A 1)
?%Sée ;9 11\223 ;ghﬁr:/tez ranltoamvsg\tlirlg:"mS;?rscgr;ensdpgnrgg}?ofgomes close to th€l00) reciprocal lattice point correspond-

) e aveleng ing to a superlattice reflection. Thus, the second measure-
chromatization of 15%. Counting times were around 30 h pe

. : . ; ent allows to decide between the two conflicting jump
m 0,
spectrum. A NiGa single crystal with a Ni content of 51'5/°models, whereas the first measurement serves as a reference

fh order to determine the diffusion constant. It is important to
%hote that this procedure allows one to decide unambiguously
between the two diffusion jumps with measurements at only
two points in reciprocal space.

The very immediate access to the different time scales
volved in the diffusion process is demonstrated by Fig. 3.
he intermediate scattering function is a sum of two expo-
nentials with relaxation times which are connected to the
mean residence times of the Ni atoms on the two sublattices

via Egs.(1)—(3). In this example the relaxation times corre-
IV. RESULTS spond to residence times of the Ni atoms of 6 n and 0.8 ns on
the Ni and Ga sublattice, respectively. Please note, that the
relaxation times do not only depend on the mean residence
The main results from the NSE experiments are summatimes, but also on the jump vectors and on the scattering
rized in Table I. In the following we will concentrate on vector.

0.01 0.1 1 10

aspects which show the specific advantages of NSE.

the (100 crystal axes. Hence the intermediate scatterin
function was probed at the (1.85,0,0) Avector in recipro-
cal space which is close to tH&00) reciprocal superlattice
point of NiGa.

The measurements at MUSES have been performed usiq
the improved amagnetic heating element described in one
the preceeding sections. The resolution function was ob
tained from scattering on quartz at room temperature.

A. Results from NSE experiments
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FIG. 3. Intermediate scattering function measured at SPAN on a
Nis, (Gay7 s single crystal at 1100 °C and 1.82° A The solid line, 0.8 -
representing the intermediate scattering function as calculated on
the basis of nearest-neighbor jumps, is a sum of two exponentials
(dashed lineswith different relaxation times. Inset: Corresponding ‘ ‘ ‘ ; ,
spectrum from a NiGa single crystal under comparable conditions T
(see Fig. 3 in Ref. b The quasielastic spectrum is a sum of two 0.6 ‘ ‘ ‘
Lorentzians(dashed lines the broad Lorentzian corresponding to 2.001 0.0 .1 1 10
the short relaxation time and the narrow Lorentzian corresponding t(ns)
to the long relaxation time in the main diagram.

0.7 -

FIG. 5. Intermediate scattering function measured at MUSES on
The direct access t8(Q,t) mirrors in a simple and accu- a Nis; {Gayg 5 Single crystal at 1100 °@op) and at 1000 °Qbot-

rate determination of the ratio of residence times on the antom) with a momentum transfer corresponding @=1.85 A~ 1.
tisites and on the regular sites. The rati@ysite/ Treguian 1-€-,  The solid line represents the intermediate scattering function ac-
Teal Tni IN the present case, gives precious information orcording to nearest-neighbor jumps. Inset: Scattering function
the defect structure of the investigated alloy. With NSE thisS(Q,w) as measured on the backscattering spectrometer IN16 on a
ratio can be determined from a single spectrum as is demomis; Gayg g Single crystal at 990 °Gbottom with a momentum
strated by Fig. 4 which shows the intermediate scatteringransfer corresponding t@=1.89 A 1. The solid line represents
function measured on a NiGa single crystal on MUSES comthe resolution function of the instrument. The region where the
pared withs(Q,t) calculated assuming different values of deviation from the resolution function becomes most important is
this ratio. shown enlarged.

1.2

The main interest of NSE for diffusion studies in crystal-
line solids is without a doubt given by its high-energy reso-
lution. Figure 5 shows measurements on a NiGa single crys-
tal at 1000 ° and 1100 °C. While a 50% effect is achieved at
1100°C the maximum decrease of the intermediate scatter-

Zo.a ing function amounts still to more than 20% at 1000 °C, a
» temperature corresponding to a diffusivity of only 1.2
X 10~ 2m?/s.
0.6 4
B. Comparison with data from backscattering spectrometers
0.4 . . . ¥ The inset in Fig. 3 shows the scattering functlB(Q, w)
0.001 0.01 01 1 10 as measured at the high-resolution backscattering spectrom-

eter IN16 at the ILL2 This experiment was performed on a
Nis; Gaug g Single crystal at a temperature of 1130 °C. Thus,
FIG. 4. Intermediate scattering function measured at MUSES ofi€ €xperimental conditions are comparable to those of the
a Nis; {Gayg s single crystal at 1100 °C ar@=1.85 A~ fitted with ~ Measurement at SPA(Shown in the main diagram of Fig) 3
a nearest-neighbor jump model assuming different ratigéry, of ~ Where Ni diffusion in a Nj; Ga;7 5 single crystal was mea-
the average residence times of Ni atoms on the two sublatticesured at 1100°C. Hence, comparable diffusivities 5.1
Teal Tni=0.05 (dotted 1ing, 7g,/mi=0.12 (solid line), /7y X102 m?/s at IN16 and 3.810 2 m?/s at SPAN, were
=0.3 (dashed ling observed. The comparison of the two spectra shows that the

t (ns)
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access to the two time scales associated to the different av- 1100 1000°C
erage residence times on the two sublattices is much more L ! '
direct for the NSE measurement. The deviatiors@,t) as ~Q

determined with NSE from aingle exponentiatan be rec- “‘\g_‘__

ognized with the naked eye, whereas one has to trust the
computer for the deviation d5(Q,w) as determined with a

backscattering spectrometer from a single Lorentzian. In ad-
dition, a comparably large number of spectra, in the order of o IN16
10 to 20, has to be collected on a backscattering spectrometer O SPAN
in order to determine the ratio of the two residence times.

D(10"'2 m?/s)

. . g . MUSES
Figure 5 illustrates the remarkably high resolution of the A -
NSE measurements. The intermediate scattering function | I=— racer
s(Q,t) shown in the bottom graph was measured on MUSES 8 667 - 4 5008

on a NiGa single crystal at 1000 °C. The scattering function
S(Q,w), shown in the inset, was measured at IN16 at 1T (K™)
990 °C. Despite the comparable diffusivities, .10 *? and

_ FIG. 6. Diffusivities as measured on NiGa single crystals with
12 2
1.2x10"*"m‘/s, the NSE measurement shows an effect OfNi contents between 51.2 and 52.5 % with the spin-echo spectrom-

arour.]d 20%(i.e., a decreas_e of the intermediate Scatte,rm%ters SPAN and MUSES as well as with the backscattering spec-
funct]on from 1'_0 to apprommatgly O.8vhereas the quas" trometer IN16. The dotted line is the Arrhenius fit to the neutron
elastic broadening observed with the backscattering spegpia The solid line are diffusivites from tracer diffusion measure-
trometer is extremely weak. The deviation of the broadene%ems(Ref. 18 on Nis2.4Ga7.6. The difference between neutron

||ne from the e|aStIC I‘eSO|utI0n funCtIOI'] |S Only dlscemlb|e and tracer data can be attributed to the correlation fasm te)d:
due to the outstandingly high quality of both, the resolution

function and the ag:tua! ?PeC‘T”m- The large quasielastic ET(see, e.g., Ref. 2lor, alternatively, from QNS measurements
fect, even at low diffusivities, is the reason why it was POS*in the hydrodynamic limit, i.e., at small momentum transfers.

sible to determine the ratio of residence times on the twcbf course, the latter method is the more reliable one because

sublattices at 1000 °C at SPAN while the lowest temperaturg - 1ows one to measur® underexactlythe same conditions

where this parameter could be determined at a backscattern?% D’. Given the sharp dependence of diffusivities on the
spectrometer was 1060 “@ef. 5. Taking into account that o516 temperature this is a crucial point. Thus, NSE is ex-

it will be difficult to improve the experimental conditions at ected to emerge as the ideal tool for the accurate determi-

the backscattering spectrometer, both in terms of instrume Jation of correlation factors because the high resolution pro-

tal parameters and sample environment and that, on the oth ided by this method particularly at sm&@lcompensates the
hand, the experiments on the NSE spectrometers are ear

f this kind with a high ol for f creasing quasielasticity of the signal when small momen-
measurements of this kind with a high potential for future, . t.o<fers are approached.

developments the sample environment and the instruments Figures 6 and 7 show that the diffusion parameBz@nd

themselves, it becomes clear that NSE will allow diffusion :

studies at considerably lower diffusivities than does back—TGa/TNi’ determ_lned at the two NSE spectrometers and on
the backscattering spectrometer agree well with each other.

scattering spectrometry. The comparison of the diffusivities obtained by neutron scat-

The advantage of .backscattlerlng spectrometers, Wh'clﬂering with tracer datd indicates a correlation factor of
measure at several points in reciprocal space simultaneously,

is attenuated by the fact that two measurements with NSE

spectrometers will be generally sufficient to characterize the 0.25
diffusion jump. Only a third measurement, which then has to ©IN16
be performed at smalD, is necessary if theorrelation fac- 0.2 |OSPAN
tor shall be determined. The correlation factarets the fre- AMUSES
quencies of individual jumps in relation to long range diffu- = g 15 |
sion via tﬂ
&}

f=D/D’, ®
with D being the long range diffusivity an®’ being the 0.05 1 %
diffusivity one expects for atoms diffusing with a given jump
frequency on ammptylattice, i.e., for a completely stochas- 0 , w ,
tic motion. This information on the time correlation of sub- 950 1000 1050 1100 1150
sequent jumps allows one to decide between competing T (°C)

models of correlated atom-vacancy motf@nWhile jump

frequencies can be obtained from neutron scattering at high FIG. 7. Ratio of mean residence times,/ ry; of the Ni atoms

Q (i.e., Q higher than 1 A* approximately the long range on the two sublattices measured on NiGa single crystals with Ni
diffusivity D can be retrieved from radio-tracer experimentscontents between 51.2 and 52.5 %.
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about 0.5 defined by E@8) (see also Ref. 20The fact that systems which were previously inaccessible to inelastic neu-
in Fig. 7 the value forrg,/ 7y at 1130 °C obtained at SPAN tron spectroscopy. Examples are intermetallic alloys on the
is somewhat higher than that obtained at IN16 can be attribtransition metal poor side and systems at relatively low tem-
uted to the more off-stoichiometric composition of the peratures. Particularly interesting are alloys with high order-
sample used at IN16 which is connected to higher concenng energies such as NiAl or the technically important super
trations of antisite atoms and therewith longer mean resialloys, where no direct information on the diffusion process

dence times of the diffusing atoms on the antisites. on the microscopic scale is available.
The comparison with experiments using high-resolution
V. CONCLUSION neutron backscattering spectrometry demonstrates two

) . points. First, NSE is already better suited to the investigation

Experiments on two neutron spin-echo spectrometers of g diffusion on crystalline solids and especially on interme-
substantially different type showed that NSE can be advangjjic alloys. Second, NSE experiments have a high potential
solids using both classical NSE and the zero-field techniqugill outrun backscattering techniques for diffusion studies in
NRSE. As in backscattering spectrometry, the technique corrystalline alloys in the near future. Immediate improve-
ventionally used for this type of investigations, NSE pro-ments will be achieved by the use of nonmagnetic heating
vides the entire information on the microscopic diffusion gevices. Future spin-echo spectrometers, that are designed
mechanism: length and direction of the jump vector, jumpfor measurements at high momentum transfers, could further
and the correlation factor relating long range diffusion to
frequencies of individual jumps.
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