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Diffusion of 57Fe in the intermetallic alloy Fe3Si was investigated using nuclear forward scatteri
of synchrotron radiation parallel to the [113] crystal direction with the aim to demonstrate
feasibility of a diffusion study in a crystalline solid. The jumps between different sites on a lat
corresponding to a finite residence time on one and the same lattice site, cause a loss of coher
scattered synchrotron radiation. This gives rise to a decay of the forward scattered intensity wh
faster than under static conditions. From the time dependence of the decay diffusivities of iro
derived. [S0031-9007(96)00019-1]

PACS numbers: 76.80.+y, 66.30.Fq
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In the past, two methods have been applied for study
the diffusion mechanism in solids on an atomistic sc
and in space and time. These are quasielastic Mössb
spectroscopy (QMS) and quasielastic neutron scatte
(QNS) [1]. In the case of QMS the diffusion manifes
itself through the broadening and change in shape
the resonance line(s). For free long-range diffusion o
Bravais lattice it is a simple broadening of one Lorentzi
shaped line. In the case of a non-Bravais lattice it can b
superposition of Lorentzians, their number correspond
to the number of sublattices [2].

Here we present the first measurement of solid state
fusion using nuclear resonance scattering of synchrot
radiation (SR) [3,4]. This technique permits studies
rectly in the time domain, whereas QMS and QNS stud
are performed in the energy domain.

The choice of the investigated material is most im
portant for such a feasibility study. It should be a m
terial well known and already thoroughly investigate
with QMS and tracer diffusion. The diffusion mechanis
should be easy from the Mössbauer point of view. A
these requirements are well fulfilled by the intermetal
alloy Fe3Si as argued in the following.

(a) Fe3Si crystallizes in a simple structure (cubic,D03

consisting of three iron sites and one silicon site in a pri
itive cell) and is perfectly ordered up to the melting poi
(Tm ­ 1500 K). (b) Single crystals of Fe3Si are stable
during the high-temperature measurement. They can
grown, oriented, cut, and polished up to the required fi
thickness. (c) Fe3Si shows extremely fast diffusion of th
iron atoms, the fastest of all iron intermetallics with hig
iron content found up to now. Thus diffusion phenome
can be observed at low temperature (about 900 K) wh
reduces technical problems, as has been demonstrate
QMS [5] and confirmed by tracer diffusion studies [6].

An essential advantage of Fe3Si for a feasibility test
is that the diffusion mechanism of iron in this structu
0031-9007y96y76(17)y3220(4)$10.00
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is well known from QMS studies [5,7]. These studie
have proven that Fe atoms which occupy sites on th
sublattices (Fig. 1) jump between nearest neighbor ir
sites remaining at each sublattice site for different re
dence times. In the Mössbauer spectrum this leads t
sum of three different Lorentzians with different broade
ings, weights of Lorentzians, and broadenings depend
on crystal orientation. In the [113] direction the spectru
is composed of two lines only: one unbroadened and o
diffusionally broadened line.

A single crystal of the Fe-Si alloy was grown by th
Bridgman technique with a composition 75.5 at. % F
(natural 57Fe abundance), 24.5 at. % Si. Slices of abo
10 mm diameter were cut by a wire saw with the surfa
parallel to the (113) plane. Two samples of about24 and
15 mm final thickness were prepared.

In order to compare most directly we measured bo
conventional Mössbauer spectroscopy and nuclear
ward scattering of SR. Conventional Mössbauer abso
tion spectra were registered with the15 mm sample and
57Co in Rh as a source (Fig. 2) and in the same furna
which was afterwards used for the synchrotron expe
ment. Column 2 of Table I gives the line broadenin
of the broad lineGd which yields directly the residence
time on a particular lattice site with respect to the natu

FIG. 1. D03 structure of Fe3Si (2y8 of elementary cell). The
iron atoms occupy the sublatticesa1, a2, and g, the silicon
atoms the sublatticeb.
© 1996 The American Physical Society
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FIG. 2. Conventional Mössbauer absorption spectra of Fe3Si
measured in the [113] direction at (a) 876 K, (b) 916 K
(c) 959 K, and (d) 1013 K. At and above 916 K two
Lorentzian lines are observable, one of which is strong
broadened.

linewidth G0 of the 14.4 keV Mössbauer level. From th
residence time the diffusivity (column 3 of Table I) fol
lows directly via the Einstein-Smoluchowski equation [8

The experiments with nuclear resonance scattering
SR were carried out at the nuclear resonance beam
of the ESRF (for details see [9]). The storage rin
operated in 16-bunch mode providing short pulses
x rays every 176 ns. The radiation from the undulat
source, optimized for the 14.4 keV transition in iron, wa
filtered by a double Si(111) reflection followed by a hig
resolution nested monochromator [9,10]. The delay
events, resulting from the nuclear forward scattering [1

TABLE I. Line broadening of the broad lineGdyG0 from
the Mössbauer (QMS) data (Fig. 2),q from forward scattering
of synchrotron radiation (SR) (Fig. 3) and the correspondi
diffusivities DQMS andDSR. Only statistical errors are given.

T (K) GdyG0 DQMS sm2 s21d q DSR sm2 s21d

876 1.2(4) 2.0s6d 3 10214 2.2(3) 2.1s5d 3 10214

916 4.1(4) 6.8s7d 3 10214 4.8(3) 6.1s5d 3 10214

959 10.6(9) 1.7s2d 3 10213 8.0(8) 1.1s2d 3 10213

1013 35(2) 5.8s3d 3 10213 10.2(8) 1.5s2d 3 10213
,
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were counted by a fast avalanche photodiode (AP
detector [12,13].

In the present work because of limited experimen
time, low count rate from the unenriched sample, a
overload of the detector caused by the prompt pul
measurements are reliable from 30 ns after the puls
on. In principle the short-time limit is determined b
the synchrotron radiation pulse length (,100 ps) and
the detector resolution (,100 ps FWHM). The detector
tail after the prompt pulse [14], from available APD’s
indicates that with measurements beginning about 2
after the pulse, at the cost of seriously reduced count r
the signal of delayed forward scattering will be above t
noise.

Forward scattered SR was registered with two differe
sample thicknesses, one with the24 mm sample and
another one with both samples packed together (to
thickness 39 mm) which leads to an increase in th
delayed count rate. Depending on the synchrotron r
current, sample thickness, and temperature, the count r
were between 2 and 30 delayed countsys. This resulted in
a measuring time of 1 h at the highest temperature. T
constant background of the APD diode was 0.05 countsys.

Figure 3 shows time spectra—forward scattered int
sity as a function of time after the SR pulse—for four di
ferent temperatures and two sample thicknesses:24 mm
[Figs. 3(a) and 3(d)] and39 mm [Fig. 3(b) and 3(c)]. At
876 K an exponential decay of the intensity appears wh
becomes steeper with increasing temperature. As will
shown the increase in the slope is an effect of faster dif
sion at higher temperatures. A second decay shows u
longer times.

In the following we propose an interpretation. With
out diffusion the time dependence of forward scatter
intensity as a function of sample thicknessz and timet is
described by the following relation [15–17]:

IFSsz, td ~ exps2qtd
L
t

J2
1 s

p
Ltd , (1)

with q ­ 1. Heret ­ tyt0 with t0 the natural lifetime
of the excited state (141 ns),L ­ s0fLMnx z the effec-
tive thickness wheres0 is the nuclear absorption cros
section (2.56 3 10222 m2), fLM the Lamb-Mössbauer
factor derived from Ref. [18] (fLM ­ 0.42 at 876 K),
n the number of iron atoms per unit volume (5.66 3

1022 cm23 at 700 K), x the isotope abundance of57Fe
(0.021),z the thickness of the sample, andJ1 the first or-
der Bessel function.

Diffusive jumps between different sites lead to a lo
of coherence of the radiation and therefore an accelera
decay; as a consequenceq will be greater than 1 [17,19].
q is connected to the diffusional line broadening ofone
resonance line in conventional QMS in the following wa

q ­ 1 1
Gd

G0
. (2)
3221
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FIG. 3. Nuclear forward scattering of synchrotron radiatio
at the same sample as in Fig. 2 at (a) 876 K, (b) 916
(c) 959 K, and (d) 1013 K. The line through the data is
fit according to Eq. (1). Above 916 K a two-step exponenti
decay is clearly visible. The two straight lines indicate th
asymptotic behavior of the decay at short and long times.

For diffusion on a non-Bravais lattice as in the prese
case of Fe3Si and in the [113] direction we findtwo
Lorentziansin the conventional QMS spectra; therefore
we expect two different q valuescorresponding toa
two-step exponential decayin Eq. (1). Equation (1)
contains time dependence in a twofold way: via th
exponential connected with diffusion, exps2qtd, and via
a part connected with the effective thicknessL. In a first
approximation we split the exponential part into a su
of two exponentials, one in the limit of short-time deca
corresponding to the broad QMS line and one for lon
times. We fitted the spectra of Fig. 3 with the effectiv
thicknessL due to the change of the sample thicknessz
and to the temperature dependence of thefLM factor. The
fitting procedure took account of the constant backgrou
of the APD diode and of delayed quanta from the previo
pulse. The values ofq for the short-time decay are given
in column 4 of Table I.

At temperatures where both the diffusional line broa
ening in Fig. 2 and the short-time behavior in Fig. 3 ca
be determined with sufficient reliability (between 876 an
959 K) and at identical temperatures the ratioGdyG0 is
nearly the same whether determined from conventio
QMS (Fig. 2) or derived via Eq. (2) from the diffu-
3222
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sionally accelerated decay of forward scattered intens
(Fig. 3).

Column 5 of Table I gives the diffusivitiesD de-
duced from the forward scattered intensity of SR. Up
T ­ 959 K the diffusivities agree sufficiently well with
the values deduced from conventional QMS and me
times confirmed by tracer measurements of samples w
similar Fe-Si composition [6]. Indeed the diffusivity i
extremely high compared to other alloys at compara
temperatures, e.g.,1.1 3 10213 m2 s21 at 959 K. Notice
that at 876 K diffusion is too slow to lead to a two-ste
exponential decay in the accessible time window, wher
at 1013 K the short-time decay is so fast that its re
able determination is problematic, the tabulated value
1.5 3 10213 m2 s21 being definitely too low. The reason
is certainly the lack of data below 30 ns. Opening t
time window down to 2 ns would extend the range of d
fusivities up to10212 m2 s21 (about50G0 in conventional
57Fe QMS). We regard this as the upper limit of diffusiv
ities accessible to SR.

The exponential decay in forward scattered intens
dominating at longer times (e.g., above about 80 ns
959 K) corresponds to the narrow line in Fig. 2 whic
is not broadened through diffusion. We used samp
with two different thicknesses; therefore, the differen
in the slopes of Figs. 3(c) and 3(d) is due to the differe
effective thicknessesL.

We finally note that a more exact fit of the diffusiona
decay of the forward scattered intensity can be acco
plished with an57Fe enriched sample. In that case on
leaves the asymptotic region and, for longer times, reg
ters the first minimum of the Bessel function. Then bo
values,q and the effective thicknessL, can be fitted in-
dependently, whereas for our nonenriched sample the
fective thicknessL had to be fixed. A detailed theory
of nuclear forward scattering of SR in the case of diff
sion in crystalline lattices going beyond the asymptotic a
proach of the present paper and accounting for differ
crystal directions will be the subject of a more extensi
paper [20].

In conclusion, we state that it is possible to follo
diffusion by nuclear resonance scattering of SR, i.
Mössbauer spectroscopy in the time domain, in compl
analogy to conventional quasielastic Mössbauer spec
copy (QMS) or quasielastic neutron scattering (QNS
both in the energy domain. The method and its resu
appear even more straightforward since the decay of
herence is caused in a direct and appealing way by
stochastic motion of the jumping atom, whereas conve
tional QMS and QNS register diffusion by following th
time-energy Fourier transform of the diffusion proces
Compared to the problematic standard task in QMS a
QNS of separating various differently broadened lines,
separation of different exponential decay rates of the
tensity of scattered synchrotron radiation is more dire
This advantage of the SR method compared to QMS a
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to QNS can be exploited in the case of diffusion inve
gations of complicated non-Bravais lattices.

Further advantages are as follows: with a SR be
size of less than1 mm2 at the sample position diffusio
investigations in tiny crystals and recrystallized fo
should be possible. Furthermore, a divergence of
x-ray beam in themrad range will enable measuremen
of diffusional line broadening with considerably reduc
“smearing” of the crystal orientation.
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