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

PACS numbers: 76.80.+y, 66.30.Fq

In the past, two methods have been applied for studyings well known from QMS studies [5,7]. These studies
the diffusion mechanism in solids on an atomistic scalédhave proven that Fe atoms which occupy sites on three
and in space and time. These are quasielastic Mossbausublattices (Fig. 1) jump between nearest neighbor iron
spectroscopy (QMS) and quasielastic neutron scatteringites remaining at each sublattice site for different resi-
(QNS) [1]. In the case of QMS the diffusion manifests dence times. In the Mdssbauer spectrum this leads to a
itself through the broadening and change in shape afum of three different Lorentzians with different broaden-
the resonance line(s). For free long-range diffusion on @ngs, weights of Lorentzians, and broadenings depending
Bravais lattice it is a simple broadening of one Lorentzianon crystal orientation. In the [113] direction the spectrum
shaped line. In the case of a non-Bravais lattice it can be B composed of two lines only: one unbroadened and one
superposition of Lorentzians, their number correspondingliffusionally broadened line.
to the number of sublattices [2]. A single crystal of the Fe-Si alloy was grown by the

Here we present the first measurement of solid state diBridgman technique with a composition 75.5 at. % Fe
fusion using nuclear resonance scattering of synchrotromatural®’Fe abundance), 24.5 at. % Si. Slices of about
radiation (SR) [3,4]. This technique permits studies di-10 mm diameter were cut by a wire saw with the surface
rectly in the time domain, whereas QMS and QNS studieparallel to the (113) plane. Two samples of abdutand
are performed in the energy domain. 15 wm final thickness were prepared.

The choice of the investigated material is most im- In order to compare most directly we measured both
portant for such a feasibility study. It should be a ma-conventional Mdssbauer spectroscopy and nuclear for-
terial well known and already thoroughly investigatedward scattering of SR. Conventional Mdssbauer absorp-
with QMS and tracer diffusion. The diffusion mechanismtion spectra were registered with thé wm sample and
should be easy from the Mossbauer point of view. All*’Co in Rh as a source (Fig. 2) and in the same furnace
these requirements are well fulfilled by the intermetallicwhich was afterwards used for the synchrotron experi-
alloy FegSi as argued in the following. ment. Column 2 of Table | gives the line broadening

(a) FeSi crystallizes in a simple structure (cubiep;  of the broad linel’; which yields directly the residence
consisting of three iron sites and one silicon site in a prim{ime on a particular lattice site with respect to the natural
itive cell) and is perfectly ordered up to the melting point
(T, = 1500 K). (b) Single crystals of FSi are stable
during the high-temperature measurement. They can be
grown, oriented, cut, and polished up to the required final
thickness. (c) F£5i shows extremely fast diffusion of the
iron atoms, the fastest of all iron intermetallics with high Q
iron content found up to now. Thus diffusion phenomena
can be observed at low temperature (about 900 K) which B
reduces technical problems, as has been demonstrated by v
QMS [5] and confirmed by tracer diffusion studies [6]. FIG. 1. DOs structure of FeSi (2/8 of elementary cell). The

~ An essential advantage of f&i for a feasibility test jron atoms occupy the sublattices, a,, and y, the silicon
is that the diffusion mechanism of iron in this structureatoms the sublatticg.
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were counted by a fast avalanche photodiode (APD)
R detector [12,13].

In the present work because of limited experimental
time, low count rate from the unenriched sample, and
| overload of the detector caused by the prompt pulse,
] measurements are reliable from 30 ns after the pulse is
on. In principle the short-time limit is determined by
the synchrotron radiation pulse length-¥00 ps) and
the detector resolution~100 ps FWHM). The detector
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g % tail after the prompt pulse [14], from available APD’s,
§ : indicates that with measurements beginning about 2 ns
é 80 - ; - after the pulse, at the cost of seriously reduced count rate,
2 i e the signal of delayed forward scattering will be above the
e noise.

Forward scattered SR was registered with two different
sample thicknesses, one with tldd um sample and
another one with both samples packed together (total
thickness 39 um) which leads to an increase in the
delayed count rate. Depending on the synchrotron ring
current, sample thickness, and temperature, the count rates
were between 2 and 30 delayed coustsThis resulted in
a measuring time of 1 h at the highest temperature. The
PR O P I P constant background of the APD diode was 0.05 cotmits
€ 4 2 0 2 4 6 Figure 3 shows time spectra—forward scattered inten-

Velocity (mms”) sity as a function of time after the SR pulse—for four dif-

FIG. 2. Conventional Méssbauer absorption spectra gSFe ferent temperatures and two Sample thicknesaégzm
measured in the [113] direction at (a) 876 K, (b) 916 K, LFigs. 3(a) and 3(d)] and9 um [Fig. 3(b) and 3(c)]. At
() 959K, and (d) 1013 K. At and above 916 K two 876 K an exponential decay of the intensity appears which
Lorentzian lines are observable, one of which is stronglybecomes steeper with increasing temperature. As will be
broadened. shown the increase in the slope is an effect of faster diffu-
sion at higher temperatures. A second decay shows up at
longer times.

In the following we propose an interpretation. With-

linewidth I'y of the 14.4 keV Mossbauer level. From the

residence timg the diffusiyity (column 3 Of. Table_l) fol- out diffusion the time dependence of forward scattered
lows directly via the El_nsteln-Smquchowskl equation [8]. tensity as a function of sample thicknesand timer is
The experiments with nuclear resonance scattering Ofjaqcriped by the following relation [15—17]:
e

SR were carried out at the nuclear resonance beam lin
of the ESRF (for details see [9]). The storage ring
operated in 16-bunch mode providing short pulses of
x rays every 176 ns. The radiation from the undulator, .., g = 1. Herer = 1/, with 7, the natural lifetime
source, optimized for the 14.4 keV transition in iron, was ;o exci;[ed state (141 ns), = oo fLmny z the effec-
filtered by a double Si(111) reflection followed by a high ive thickness wherer, is thé nuclear absorption cross
resolution nested monochromator [9,10]. The delaye

i -22 2 M
events, resulting from the nuclear forward scattering [11],fae§tt(l)(r)ndeer'§/6eg< fi(())m Rrre]f)i[lgjhj(;?e: Ibagball/l%s?sesbaKl;er

n the number of iron atoms per unit volumé.46 X
10?> cm™3 at 700 K), y the isotope abundance éfFe
TABLE I. Line broadening of the broad lind’;/T; from  (0.021),z the thickness of the sample, andthe first or-
the Mdsshauer (QMS) data (Fig. 2),from forward scattering  der Bessel function
of synchrotron radiation (SR) (Fig. 3) and the corresponding . oo : . .
diffusivities Doms and Dsg. Only statistical errors are given. Diffusive jumps betW'ee'n different sites lead to a loss
of coherence of the radiation and therefore an accelerated
T(K) T4/Ty  Dous (m*s™") q Dsg (m*s™") decay; as a consequengewill be greater than 1 [17,19].
876 1.2(4) 2.0(6) x 1074 22(3) 2.1(5) x 1074 4 is connec_ted_to the diffusional Iing broadeninganfe
916 41(4) 68(7) x 10-*  4.8(3) 6.1(5 x 10-14  resonance line in conventional QMS in the following way:

959  10.6(9) 1.7(2) X 107"  8.0(8) 1.1(2) x 107" T,
1013 35(2) 5.8(3) x 10°*  10.2(8) 1.5(2) x 10~'3 g=1+ T, (2)

lrs(e.7) = exp—gn) ZR(VID). ()
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10° g g sionally accelerated decay of forward scattered intensity
TR (Fig. 3).

Column 5 of Table | gives the diffusivitied de-
duced from the forward scattered intensity of SR. Up to
T = 959 K the diffusivities agree sufficiently well with
the values deduced from conventional QMS and mean
times confirmed by tracer measurements of samples with
similar Fe-Si composition [6]. Indeed the diffusivity is
extremely high compared to other alloys at comparable
temperatures, e.gl,1 X 107* m?s™! at 959 K. Notice
that at 876 K diffusion is too slow to lead to a two-step
exponential decay in the accessible time window, whereas
at 1013 K the short-time decay is so fast that its reli-
able determination is problematic, the tabulated value of
1.5 X 10~ m?>s™! being definitely too low. The reason
is certainly the lack of data below 30 ns. Opening the
time window down to 2 ns would extend the range of dif-
fusivities up to10~ !> m?> s~! (about50T, in conventional
’Fe QMS). We regard this as the upper limit of diffusiv-
ities accessible to SR.

The exponential decay in forward scattered intensity
dominating at longer times (e.g., above about 80 ns at
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S I R B 959 K) corresponds to the narrow line in Fig. 2 which
0 s 100 150 is not broadened through diffusion. We used samples
Time (ns) with two different thicknesses; therefore, the difference

FIG. 3. Nuclear forward scattering of synchrotron radiationin the slopes of Figs. 3(c) and 3(d) is due to the different
at the same sample as in Fig. 2 at (a) 876 K, (b) 916 Keffective thicknesses.

(c) 959 K, and (d) 1013 K. The line through the data is @ \\e finally note that a more exact fit of the diffusional
fit according to Eq. (1). Above 916 K a two-step exponential yo .y of the forward scattered intensity can be accom-
decay is clearly visible. The two straight lines indicate the " : . 57 )
asymptotic behavior of the decay at short and long times. plished with an’’Fe 'enrlched sample. In thaf[ case one
leaves the asymptotic region and, for longer times, regis-
ters the first minimum of the Bessel function. Then both
For diffusion on a non-Bravais lattice as in the presenwalues,q and the effective thickness, can be fitted in-
case of F¢Si and in the [113] direction we findwo dependently, whereas for our nonenriched sample the ef-
Lorentziansin the conventional QMS spectra; therefore, fective thickness. had to be fixed. A detailed theory
we expecttwo different q valuescorresponding toa  of nuclear forward scattering of SR in the case of diffu-
two-step exponential decayn Eq. (1). Equation (1) sion in crystalline lattices going beyond the asymptotic ap-
contains time dependence in a twofold way: via theproach of the present paper and accounting for different
exponential connected with diffusion, €xpg7), and via  crystal directions will be the subject of a more extensive
a part connected with the effective thickndss In a first  paper [20].
approximation we split the exponential part into a sum In conclusion, we state that it is possible to follow
of two exponentials, one in the limit of short-time decaydiffusion by nuclear resonance scattering of SR, i.e.,
corresponding to the broad QMS line and one for longMdssbauer spectroscopy in the time domain, in complete
times. We fitted the spectra of Fig. 3 with the effectiveanalogy to conventional quasielastic Mossbauer spectro-
thicknessL due to the change of the sample thickness copy (QMS) or quasielastic neutron scattering (QNS),
and to the temperature dependence offthg factor. The both in the energy domain. The method and its results
fitting procedure took account of the constant backgrounéppear even more straightforward since the decay of co-
of the APD diode and of delayed quanta from the previouserence is caused in a direct and appealing way by the
pulse. The values qf for the short-time decay are given stochastic motion of the jumping atom, whereas conven-
in column 4 of Table I. tional QMS and QNS register diffusion by following the
At temperatures where both the diffusional line broad-time-energy Fourier transform of the diffusion process.
ening in Fig. 2 and the short-time behavior in Fig. 3 canCompared to the problematic standard task in QMS and
be determined with sufficient reliability (between 876 andQNS of separating various differently broadened lines, the
959 K) and at identical temperatures the rafig/T’y is  separation of different exponential decay rates of the in-
nearly the same whether determined from conventionatensity of scattered synchrotron radiation is more direct.
QMS (Fig. 2) or derived via Eg. (2) from the diffu- This advantage of the SR method compared to QMS and
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to QNS can be exploited in the case of diffusion investi- [8] For a D05 structureD = ﬁaz/r, with the FgSi lattice

gations of complicated non-Bravais lattices. constanta = 5.72 A at 770 K and the residence time
Further advantages are as follows: with a SR beam 7 = 6/i/I,.

size of less tharl mn? at the sample position diffusion [9] R. Ruffer and A.I. Chumakov, Hyperfine Intera&7-98

investigations in tiny crystals and recrystallized foils 509 (1996). )

should be possible. Furthermore, a divergence of thélo] T. Ishikawa, Y. Yoda, K. I;uml, C.K. Sl.JZUku' X.W.

x-ray beam in theurad range will enable measurements Zhang, M. Ando, and S. Kikuta, Rev. Sci. Instru68,

’ . . . . - 1015 (1992).
of diffusional line broadening with considerably reduced[11] 1B Iflastin)gs D.P. Siddons. U. van Biirck. R. Holland
“smearing” of the crystal orientation. ' ’ : ’

- ) ) ) and U. Bergmann, Phys. Rev. Leb6, 770 (1991).
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