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Diffusion in a crystal lattice with nuclear resonant scattering of synchrotron radiation
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We report on a method for probing the elementary diffusion jumps in crystalline lattices on an atomistic
scale. The method makes use of synchrotron radiation coherently scattered in the forward direction after
nuclear resonant excitation. The decay of forward-scattered radiation is faster~‘‘diffusionally accelerated’’!
when atoms move on the time scale of the excited-state lifetime because of a loss of coherence. The accelera-
tion of the decay rate differs for different crystal orientations relative to the beam; thus providing information
not only about the rates but also about the directions of the diffusion jumps. As a first application we studied
the diffusion of 57Fe in the intermetallic alloy Fe3Si parallel to the@111# and@113# crystal directions yielding
the diffusion mechanism of iron and its diffusion coefficient. From a comparison with conventional quasielas-
tic Mössbauer spectroscopy the advantages of the method are deduced.@S0163-1829~98!07317-2#
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I. INTRODUCTION

After the original proposal by Singwi and Sjo¨lander on
how to study diffusion in solids with Mo¨ssbauer
spectroscopy1 and the experiments on crystalline solids
Knauer and Mullen2 that method has been applied wi
growing success for studying the diffusion mechanism
solids on an atomistic scale.3 Since the method makes use
quasielastic energy broadening in analogy to quasiela
neutron scattering~QNS! it is called quasielastic Mo¨ssbauer
spectroscopy~QMS!. In the case of QNS, diffusion manifes
itself through the energy broadening of the scattered in
sity; in the case of QMS, through the change in shape of
nuclear resonance line~s!.

Here we present the first full report on a measuremen
diffusion in a single crystalusing the new technique o
nuclear resonant scattering of synchrotron radiation4,5 ~SR!
~for a review, see Ref. 6!. A preliminary letter containing
part of the experimental results has been published earl7

Recently nuclear resonant scattering of SR has been ap
to the study of dynamics around the glass transition.8

The nuclear resonant scattering technique enables stu
in the time domain, whereas QMS and QNS studies perfo
in the energy domain. The general idea using nuclear re
nant scattering of synchrotron radiation is that the collect
coherent state during the scattering process is destroye
diffusion, which leads to a faster decay of the scattered
tensity in the forward direction with respect to an undis
570163-1829/98/57~17!/10433~7!/$15.00
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turbed scattering process. From this ‘‘diffusionally accel
ated decay,’’ details on the diffusion process can be deriv
We will in the following use the abbreviation NFS fo
nuclear forward scattering.

The choice of an appropriate system is decisive fo
study that is intended to demonstrate the capacities and l
tations of this method for investigating diffusion. It shou
be a well-known material already thoroughly investigat
with QMS and the tracer diffusion method. The effects to
expected from diffusion should be of reasonable size un
easily manageable experimental conditions.

All these requirements are well fulfilled by the ordere
intermetallic alloy Fe3Si as argued in the following.~a!
Fe3Si crystallizes in a simple structure~cubic D03, consist-
ing of three iron sites and one silicon site in a primitive ce!
and is perfectly ordered up to the melting point~T m.1500
K!. ~b! Single crystals of Fe3Si are stable during high
temperature measurements. They can be grown, oriented
and polished up to the required final thickness.~c! Fe3Si
shows extremely fast diffusion of the iron atoms, the fast
of all iron intermetallics with high iron content found up t
now. Thus diffusion phenomena can be observed at low t
perature~about 900 K!, which reduces technical problem
QMS ~Refs. 9,10! has proven that Fe atoms which occu
sites on three sublattices~Fig. 1! jump between nearest
neighbor iron sites on different sublattices remaining on e
sublattice for different residence times. Tracer diffusi
studies11 have confirmed the diffusivities determined fro
10 433 © 1998 The American Physical Society
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10 434 57SEPIOL, MEYER, VOGL, FRANZ, AND RU¨ FFER
the QMS measurements and extended the determinatio
diffusivities to a wider temperature range than accessibl
QMS.

The aim of this paper is to explore the possibilities
using this new method of studying diffusion, and to study
sensitivity limits of the method. In Sec. II sample preparat
and high-temperature measurements with NFS and w
QMS are described. In Sec. III we deal first with the meth
of calculation of NFS spectra in the presence of diffusio
We briefly describe in general form the calculation of t
self-correlation function and specify it for the D03 structure.
We then discuss the particular case of Fe3Si. In Sec. IV we
interpret NFS spectra on the basis of the theory. In Sec. V
account for the fact that due to the high resolution of
NFS method, with respect to both geometry and time, i
necessary to include relaxation due to jumps of iron ato
between lattice sites with different isomer shifts. Section
contains conclusions and an outlook.

II. EXPERIMENT

A. Sample

Two single crystals of the Fe-Si alloy were grown by t
Bridgman technique with the compositions~a! 75.5 at. % Fe,
24.5 at. % Si and~b! 74 at. % Fe, 26 at. % Si, respectivel
The ingots were 99.99% iron~Johnson Matthey! and
99.999% silicon~Goodfellow!. Sample~a! contained natura
iron ~concentration of57Fe 2.1 at. %!, sample~b! was en-
riched ~5.1 at. % 57Fe!. Preliminary results on sample~a!
have already been reported.7

For sample~a! two slices of about 10 mm diameter we
cut by a wire saw with their surfaces parallel to the~113!
plane. After cutting the samples were ground to final thic
nesses of 24mm and 15mm, respectively. For sample~b!
one slice oriented with its surface parallel to the~335! plane
was produced~final thickness 21mm!. The thickness of the
slices was constant within about 1mm.

B. Furnace

The vacuum furnace was produced by CIGNUS~Cracow,
Poland!. It was originally designed for Mo¨ssbauer measure
ments at temperatures up to about 1100 K. The distance
tween entrance and exit beryllium windows (f515 mm! is
only 40 mm. These dimensions enable measurements in

FIG. 1. Elementary cell of the D03 structure of Fe3Si. The iron
atoms occupy the sublatticesa1, a2 ~shaded circles!, andg ~black
circles!, the silicon atoms the sublatticeb ~open circles!.
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range 117° to 217° degrees relative to the furnace ax
Temperature is controlled by a chromel-alumel therm
couple with a relative accuracy of 1 K. The absolute te
perature was calibrated via the Curie temperature of
sample ~known from a differential scanning calorimete
analysis!. For the measurements at the synchrotron and
Mössbauer measurements, as well, the furnace was mou
on a goniometer head permitting a change in the orienta
of the samples relative to the direction of the beam.

The samples were encapsulated between two beryll
oxide disks, each one 0.9 mm thick, granting more than 4
transparency for the 14.4 keV radiation. The encapsula
was necessary to avoid inflection of the samples during
measurements at high temperatures.

C. Measurement of nuclear forward scattering
of synchrotron radiation „NFS…

The experiments with nuclear forward scattering of S
were carried out at the nuclear resonance beamline of
ESRF~for details see Ref. 12!. The storage ring operated i
16-bunch mode providing short pulses of x rays~duration
;100 ps! every 176 ns. The radiation from the undulat
source, optimized for the 14.4 keV transition in iron, w
filtered by a double Si~111! reflection followed by mono-
chromatization in a nested high resolution mon
chromator.12,13 The delayed events, resulting from NFS,14

were counted by a fast avalanche photo diode~APD!
detector.15,16 Because of overload of the detector from t
prompt synchrotron pulse, data taken during the first 20
after each pulse have to be discarded.17 In principle, the du-
ration of this ‘‘lost time’’ is determined by the SR puls
length and the detector resolution (;100 ps FWHM!, but
due to the detector overload the lost time is considera
longer.

Depending on crystal direction and temperature, the co
rates were between 90~for the@113# crystal direction parallel
to the synchrotron beam! and 140~@111# direction! delayed
counts per second at 827 K, and between 3 and 60 dela
counts per second at 967 K. This resulted in measuring tim
between 5 and 60 min. The constant background of the A
diode was 0.02 cps and could be neglected in the spe
fitting.

D. Mössbauer measurements

In order to be able to recognize most directly the adv
tages and possible drawbacks of NFS compared to QMS
measured with both techniques on identical samples. For
Mössbauer absorption measurements we used a57Co in Rh
source and the same furnace that was afterwards used fo
synchrotron experiment. The high-temperature Mo¨ssbauer
spectra for the sample~a! have been shown in Fig. 2 of Re
7. Within the resolution of the Mo¨ssbauer method the high
temperature spectra of sample~b! are identical with those of
sample~a!.

III. DIFFUSION: PRINCIPLES OF NUCLEAR RESONANT
SCATTERING AND MÖ SSBAUER SPECTROSCOPY

A. General outline of the theory of quasielastic methods
for studying diffusion

The original theory of Singwi and Sjo¨lander1 deals with
continuous diffusion, whereas Chudley and Elliott shor
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later described jump diffusion on an empty Bravais lattice18

i.e., an empty lattice with all sites equivalent. The action
diffusion is contained in what Randl,19 following the termi-
nology of neutron scattering, calls the intermediate scatte
function I (Q,t) ~named momentum-time correlation fun
tion by Smirnov and Kohn20,21 and markedFs(Q,t) by
them!. I (Q,t) is the Fourier transform from space into m
mentum of the diffusional part of the space-time se
correlation functionG(r ,t),

I ~Q,t !5E dr exp~2 iQr …G~r ,t !, ~1!

whereQ is the momentum transfer to the interacting rad
tion. In the case of diffusionG(r ,t) is the solution of the
diffusion equation for the given system.

For diffusion on non-Bravais lattices the intermedia
scattering function can be written in the following way:22,19

I ~Q,t !5(
p

wp~Q!exp@Gp~Q!t/2\#, ~2!

whereGp(Q)/2\ is thepth negativeeigenvalue of thejump
matrix A and

wp~Q!5U(
i

Acibi
pU2

. ~3!

wp(Q) is the weight of the component in the measured sp
tra corresponding to thepth eigenvalue, withci the probabil-
ity of finding the atom on thei th sublattice andbi

p the i th
component of thepth eigenvector of the jump matrix. Th
elements of the jump matrixA are given by

Ai j 5
1

nji •t j i
(

k
exp~2 iQl i j

k !2d i j (
j

1

t i j
. ~4!

Here each site of thei th sublattice is surrounded byni j sites
of the j th sublattice with thekth site at a vector distancel i j

k .
t i j

21 is defined as the jump rate from a site of symmetryi to
any nearest-neighbor site of symmetryj . Generally, for a
nonequal occupation of different sublattices due to, e.g.,
tice disorder, the matrixA is not Hermitian and must be
transformed by a similarity transformation into Hermitia
form.19 The elements of the jump matrixA specify the vari-
ous allowed jumps for the diffusing atom and the accom
nying jump rates.

The momentum-energy correlation function~called the
universal resonance function by Smirnov and Kohn20,21!
w(Q,v) is calculated by the Laplace transformation,

w~Q,v!5
G0

2\E0

1`

dt exp~ ivt2G0t/2\!I ~Q,t !, ~5!

and further on from Eq.~2!,

w~Q,v!5 i(
p

wp~Q!G0/2\

v1 i „G02Gp~Q!…/2\
, ~6!

where for QMS and NFS,G0 is the energy width of the
excited nuclear level and2Gp(Q… is the energy width
~FWHM! caused by diffusion leading for QMS to ‘‘diffu
sional line broadening.’’
f

g

-

-

c-

t-

-

w(Q,v) mirrors all dynamical effects on QMS, QNS, an
NFS spectra: In QMS the real part ofw(Q,v) calledS(Q,v)
in earlier papers19 is the essential factor of the absorptio
cross section and of the emission probability and in QNS
the scattering cross section.

B. Diffusion in Fe3Si

In the present paper we study diffusion in an ordered
loy, namely Fe3Si, which crystallizes in cubic D03 structure
~Fig. 1!. The D03 superlattice is built up of four interpen
etrating fcc sublattices with three of them~two nameda,
also calledA andC in the literature and oneg or B) occu-
pied by iron atoms and the fourth (b or D) by silicon. Thea
sublattice can be divided into two parts with different sym
metry of g and b nearest neighbors~NN’s!. Iron atoms on
a-sublattice sites have four iron NN’s ong-sublattice sites,
whereas iron atoms ong-sublattice sites have eight iro
NN’s on a sublattice sites. In earlier Mo¨ssbauer work9 it has
been proven that a simple diffusion model with NN jumps
iron atoms betweena and g iron sublattice sites describe
diffusion in the stoichiometric composition. The jumps
silicon atoms are much slower and decoupled from the i
jumps.11

For a stoichiometric D03 structure the jump matrixA Eq.
~4! has the following form:9

A5
1

tag
S 22 E E*

E* 21 0

E 0 21
D . ~7!

Heretag
21 is the jump rate of the iron atom from a site on o

a sublattice into a vacancy on a distinct NN site on theg
sublattice and vice versa andE is a function of the structure
of the jump lattice,

E5cos~Qxd!cos~Qyd!cos~Qzd!

1 isin~Qxd!sin~Qyd!sin~Qzd!, ~8!

with Qx , Qy , andQz the components of the vector of tran
ferred momentum (uQu57.3 Å21 for 57Fe! and d5a/4,
wherea is the Fe3Si lattice constant (a55.655 Å at room
temperature and 5.726 Å at 967 K!. Because we assume
only NN iron jumps the matrix elementsA23 andA32 corre-
sponding to jumps between botha sublattices are zero. Th
matrix says that in general there will be three component
the spectra with three different eigenvaluesGp/2\ ~for QMS
corresponding to three diffusionally broadened lines! and
corresponding weights.9

With Q parallel to special crystal directions, the numb
of components can be less than three: there are only
components whenQ is parallel to the@113# crystal direction
and even only one for the@111# direction.

IV. DIFFUSION: EXPERIMENTAL RESULTS
AND THEIR INTERPRETATION

As can be derived from what has been said before
QMS diffusion leads to a simple broadening of one or mo
Lorentzian-shaped lines.19 The above-described way of de
termining diffusional line broadening was applied in Refs.
10, and 19 to QMS and QNS.
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On the basis of the same theory, by calculating the F
rier integral overw(Q,v), Smirnov and Kohn20,21 have de-
termined the time dependence of the amplitude of the elec
field E(t,z) for NFS transmitted through the sample of thic
nessz. Physically speaking that means considering the in
ference of all forward scattered components,

E~ t,z!5E0~z!E
2`

1`dv

2p
exp~2 ivt !exp@2 1

2 Lw~Q,v!#,

~9!

whereL5s0f LMnxz is the effective sample thickness wit
s0 the nuclear absorption cross section (2.56310222 m2),
f LM the Lamb-Mössbauer factor,n the number of iron atoms
per unit volume, andx the 57Fe isotope abundance. Th
function E0(z) is determined by the intensity of the S
within the frequency band of the monochromator system
duced by electronic absorption in the sample. The inten
of NFS is the square modulus ofE(t,z).

The essential result of the calculation is the followin
When the time between diffusive jumps becomes com
rable to or even shorter than the natural lifetime of t
nucleus (t05141 ns!, the coherence will be destroyed. Th
will lead to an accelerated decay rate of the coherently
ward scattered intensity.

We now turn to our special case: diffusion in Fe3Si. In a
thin target, the initial time response of the diffusionally a
celerated decay in NFS is exponential. As has been argue
Ref. 7 for the explanation of NFS spectra one~for Bravais
lattices! or several exponential decays~for non-Bravais lat-
tices! are expected, with their number equal to the numbe
the corresponding absorption lines in Mo¨ssbauer spectros
copy.

This approximation was applied in the earlier sh
communication7 on diffusion in Fe3Si studied by NFS. There
the time-dependent spectra measured in the@113# direction
were fitted with a sum of two exponentials: one decay w
natural lifetime corresponding to the unbroadened Mo¨ss-
bauer line with natural linewidthG0, the other faster deca
~‘‘diffusionally accelerated’’! with slope and relative contri
bution determined from a free fit corresponding to the bro
line in Ref. 9. The validity of this approximation, called als
a kinematical approximation for a thin sample was confirm
in the Ref. 21. Each line in the Mo¨ssbauer spectrum give
actually rise to one exponential decay of intensity, but
NFS is a coherent scattering method, interference terms
tween the different resonances contribute to the total in
sity.

As has already shortly been reported in Ref. 7, the
made use of the known values of sample thicknessz and
Debye temperature of Fe3Si, uD5369 K, known from Möss-
bauer and phonon measurements,23 and yielded consistenc
with the atomistic diffusion model put up from QMS.9 From
Gp the iron diffusivity was calculated.

Sample~b! was measured in two orientations, namely, (i )
with the@113# and (i i ) the@111# crystal directions parallel to
the synchrotron beam~one measurement was performed
the @335# direction!. From the Debye temperature, samp
thickness z521(1) mm and 57Fe isotope enrichmentx
-
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55.1%, the effective sample thickness can be calculate
lie between 8.0 at 827 K and 7.0 at 967 K with about 10
error.

Figure 2 shows time spectra of forward-scattered inten
as a function of time after the SR pulse for both sam
orientations and at two and five different temperatures,
spectively. Figure 3 shows NFS spectra with the beam p
allel to three different crystal directions all at 967 K~this was
the highest measuring temperature!. The strong dependenc
of the spectrum shape both on temperature and on the d
tion is clearly visible. The lines in Figs. 2 and 3 are fitte
with the complete theory described further down in Sec.

We eventually, however, ran into a problem with the c
culations based on Eqs.~6! and~9!. As can be seen from Fig
4, where we show NFS spectra in the@113# direction, at
sufficiently high temperature~shown here is 939 K! the spec-
trum can be well described with weightswp50.9 and 0.1
@Eq. ~3!# for the fast and the slow components in agreem
with a model of jumps between thea- andg-Fe sites.24 For
lower temperatures, however, shown here is 885 K, it is e
dent that the model described above does not fit~dashed
line!. Fitting weightswp and different isomer-shift values fo
both components@v2vp in Eq. ~6!# provides much better
agreement with experiment~full curve in Fig. 4!. The reason
of the effective change in weight@wp(Q) of the fast compo-

FIG. 2. Nuclear forward scattering of SR from the Fe3Si sample
~b! with the synchrotron beam parallel to the directions@111# ~left!
and @113# ~right!. The full lines are fits according to the theory o
Sec. V. Note the nearly exponential decay along@111# and the more
complicated decay along@113# at elevated temperatures.
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57 10 437DIFFUSION IN A CRYSTAL LATTICE WITH NUCLEAR . . .
nent decreases with decreasing temperature to about 0
885 K# must be sought in incomplete description of the e
perimental results by the model used up to now. We seek
reason for that deficiency in the following: what has be
neglected is the relaxation of isomer shifts of various co
ponents due to the mobility of the atoms. It is appealing t
the measured temperature dependence of weights is a r
ational effect. This effect was suggested25 but not evident

FIG. 3. NFS spectra of Fe3Si sample~b! with the synchrotron
beam along three different crystal directions taken at 967 K. Li
are fits according to the theory of Sec. V.

FIG. 4. NFS spectra of Fe3Si sample~b! with the synchrotron
beam along@113# direction taken at 885 and 939 K. Dashed curv
fit with model of Secs. III and IV, without accounting for relaxatio
and without the difference in isomer shift between the compon
corresponding to the unbroadened resonance and the faster~diffu-
sionally accelerated! component. Full curves: isomer shift differ
ence and contributions are fitted.
at
-
he
n
-
t

ax-

from QMS with its poorer effective energy resolution due
the poor angular resolution of Mo¨ssbauer spectroscopy. I
the following we seek to include the effects of relaxation
hyperfine interactions into our model.

V. FLUCTUATING HYPERFINE INTERACTIONS
AND DIFFUSION

Different iron sites in intermetallic alloys feel differen
hyperfine interactions, resulting from the difference in th
atomic neighborhood. In general this leads to an isomer s
due to Fe atoms at different sites or causes quadrupole s
ting due to a noncubic symmetry of the neighborhood
leads to magnetic splitting in a magnetic neighborhood.
the present case~cubic, paramagnetic in the relevant tem
perature range! only an isomer shift between the componen
from thea andg sites of Fe atoms can appear.

At low temperatureswhere diffusion is very slow, in fact
two lines appear in the Mo¨ssbauer spectra with proportio
being 2:1 originating from the occupation of thea and g
sublattices by57Fe atoms independent of crystal orientatio

At very high temperatureswhere only diffusion defines
the spectrum shape, and relaxation effects are veiled by
large width of the lines, the diffusion theory of Sec. III su
fices, the weights being given by the solution of Eq.~3! with
the jump matrix Eq.~7!. In particular, for the spectra in@113#
direction the weights of broad and narrow line are 0.9 a
0.1, respectively9,21 ~see Fig. 4, 939 K!.

We now turn to theintermediate temperature region.
Here the hyperfine components start to fluctuate, if the ato
jump between lattice sites during the lifetime of the excit
nuclear state, but this fluctuation is still not veiled by t
diffusional linewidth as is the case for very high tempe
tures.

The theory of the combined effects of diffusion and flu
tuating hyperfine interaction has been developed
Dattagupta26 and Dattagupta and Schroeder27 who adapted
the Blume28 approach for incorporating diffusion effects t
QMS. They get

w~Q,v!5
G0

2\ i(k,m
S kUF S iv1

G0

2\ D312AG21UmD cm ,

~10!

where1 is a unit matrix, the term in parentheses is the mat
element (k,m) and k and m are sublattice indices. This
method demands a matrix inversion but offers the possib
to introduce effects of the relaxation of hyperfine intera
tions. Dattagupta and Schroeder were interested in QMS
QNS and therefore calculated only the real part ofw(Q,v),
which is essentially the absorption probability and the sc
tering cross section.

The Dattagupta-Schroeder approach was developed
principle to include the effect of vacancies near the Mo¨ss-
bauer atom. In diffusion in the intermetallic phase Fe3Si we
neglect the influence of vacancies due to the negligibly l
values29 of vacancy-induced hyperfine interactions in this
loy. We rather consider here only one type of hyperfine
teractions, namely, the monopole interaction responsible
the isomer shift differences due to different distributions
Fe and Si atoms in the neighborhood of the57Fe atoms, i.e.,

s
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10 438 57SEPIOL, MEYER, VOGL, FRANZ, AND RU¨ FFER
on a andg sites. This is done, following Ref. 27 by addin
the isomer-shift matrixV to Eq. ~10!.

w~Q,v!5
G0

2\ i(k,m
S kUF S iv1

G0

2\ D312A2 iVG21UmD cm .

~11!

The isomer-shift matrix can be added as a constant, since
independent of the nuclear variables of the excited
ground states of the Mo¨ssbauer nucleus. For Fe3Si it has the
following form:

V5S Dd 0 0

0 0 0

0 0 0
D , ~12!

where Dd is the isomer shift difference betweena and g
iron sites~absolute values of isomer shifts are not measu
in NFS!. The value ofDd is known from the RT-Mo¨ssbauer
measurements and is practically temperature indepen
@0.16~1! mm s21#. By substituting Eq.~12! into Eq.~11! and
the result into Eq.~9! the shape of the forward-scattere
intensity for diffusion in Fe3Si is calculated.

To fit the spectra the numerical procedures of matrix
version and fast Fourier transformation~FFT! from the
NAG-Fortran Library Routine Document were applied. T
number of fitted parameters was reduced from five to th
compared to the fit with two Lorentzian lines. The only fitte
parameters for diffusion in the D03 lattice are the scattering
intensity at time zero~which is in fact a trivial paramete
proportional to the measuring time and the synchrotron c
rent only!, the sample thicknessL and the jump rate, the
latter being the only diffusional parameter. The isomer-s
difference between iron positions ona andg sublattices was
held constant at 0.16 mm s21.

As to be seen from Fig. 4, T5885 K, the full curve which
takes into account relaxation, gives a much better descrip
of the continuous change of the time spectrum than
dashed curve, which does not account for relaxation.30 All
solid lines in Figs. 2 and 3 were fitted with the abov
described method, too. The fitted parameters are liste
Table I. The effective thicknesses of the sample are in g
agreement with the values approximated from the meas

TABLE I. Sample thicknessL, jump ratetag
21 and diffusivityD

as a function of temperature and crystal orientation for sample~b!.
Data as in Fig. 5. Values without errors were kept fixed in the

T ~K! Direction L tag
213106 ~s21) D ~m2 s21)

827 @113# 7.1~4! 0.9~3! 1.2(4)310214

858 @113# 6.2~4! 3.8~5! 5.1(7)310214

885 @113# 6.2~4! 6.7~3! 9.1(4)310214

913 @113# 6.7 13.8~8! 1.9(1)310213

939 @113# 6.3 31~3! 4.2(4)310213

967 @113# 6.0 48~5! 6.6(7)310213

967 @335# 6.0 40~5! 5.4(7)310213

827 @111# 6.9~4! 0.3~3! 0.4(4)310214

913 @111# 6.7~4! 13.8 1.9310213

967 @111# 6.0 50~5! 6.7(7)310213
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thicknessz taking into account its roughly estimated chara
ter. Note that due to the method of the single-crystal f
preparation~grinding!, the thickness of the foil is sufficiently
constant and to use a thickness distribution was not ne
sary.

For the sake of comparison with the result of other diff
sion studies it is useful to calculate the diffusivities from t
diffusional acceleration of the intensity decay. Diffusio
jumps with jump ratest i j

21 in intermetallic compounds be
tween i th and j th sublattices with distance vectorsl i j con-
tribute as partial diffusivities to the diffusion coefficient31

D5
1

6(i , j l i j
2 t i j

21ci , ~13!

whereci are sublattice occupations. Taking into account t
we have only one jump ratetag

21 ~due to the equal sublattic
occupations! and with u l i j u5aA3/4, Eq.~13! can be simpli-
fied to the formD5(1/24)a2tag

21 . The resulting diffusivities
are given in Fig. 5 and Table I. They are in good agreem
with data from literature @QMS ~Ref. 32! and tracer
diffusivity11# showing the reliability of the new NFS metho
for studying diffusion.

In retrospect we have to admit that the influence of d
ferent isomer shifts from different iron sites and their rela
ation could have been recognized in Mo¨ssbauer spectra a
well, again at moderate temperature. There line smearing
peared around 900 K.25 At high temperatures the increasin
diffusional broadening again veils the small differences
the isomer shift of the Mo¨ssbauer lines. The reason wh
relaxation effects are more evident in NFS spectra than
QMS spectra is twofold:~a! QMS spectra are the result of
convolution with the geometrical resolution~the divergence
of g rays for receiving reasonable statistics in reasona
time was about7°), which forbids an experimental resolu
tion of the small energy shifts, as, e.g., small isomer sh
and, in particular, their change through relaxation. The s
chrotron beam, in contrast, has nearly negligible divergen
so that the problem with the geometrical resolution is abs

FIG. 5. Diffusivities of Fe in Fe3Si. Full circles present our NFS
result for sample~b!, 74 at. % Fe, 26 at. % Si. Diamonds, triangle
and hexagons, data from tracer diffusion studies by Gude
Mehrer, Ref. 11.
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~b! In QMS the Mössbauer source adds its linewidth to t
spectrum, which is not the case for time-resolved NFS w
synchrotron radiation.

VI. CONCLUSIONS AND OUTLOOK

In conclusion we state that it is possible to follow diffu
sion in the time domain by observing the diffusional acc
eration of the decay rate of nuclear forward scattering~NFS!
of SR, in analogy to conventional quasielastic Mo¨ssbauer
spectrocopy~QMS! or quasielastic neutron scattering~QNS!,
both in the energy domain. The conclusions from the Mo¨ss-
bauer measurements on the jump mechanism are fully
firmed: the jumps are between Fe NN sites ona andg sub-
lattices.

NFS spectra can be fitted in a consistent way if one us
full relaxational-matrix formalism. Uncorrelated jumps b
tween NN sites are sufficient to fit the spectra. Attempts
include correlations between jumps based on the Mo
Carlo simulations did not improve the fit quality. The pro
lem of correlation between diffusion jumps in a D03 lattice
has been studied through calculations by Szabo´33 with the
result that assuming only nearest neighbor jumps prov
sufficient agreement with experimental results.
c
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There are a few definite advantages of the NFS meth
~a! Diffusion investigations are orders of magnitude fas
than with classical Mo¨ssbauer spectroscopy QMS. This pe
mits fast measurements even of samples that stand the
temperatures only for short time. Even shorter measur
times will be possible by the help of an integral meth
where all delayed counts irrespective of the delay time
counted as a function of the crystal orientation.34 ~b! The
highly brilliant synchrotron beam with a size of less than
mm2 at the sample position and a divergence in themrad
range permits measurements with considerably redu
‘‘smearing’’ of the crystal orientation.~c! The narrow beam
will enable diffusion investigations in tiny crystals and r
crystallized foils.
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