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Self-diffusion of Sn atoms in Cu3Sn probed by quasielastic nuclear resonant scattering
of synchrotron radiation
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We report on studies to determine the elementary diffusion jump of minority Sn atoms in theg phase of the
intermetallic copper-tin alloy. The diffusionally accelerated decay from a crystalline Cu84Sn16 sample at el-
evated temperatures has been probed by quasielastic nuclear scattering of synchrotron radiation. The diffu-
sional acceleration of the nuclear decay after excitation by a synchrotron flash shows a clear dependence on the
sample orientation. Comparing this dependence to model calculations for the diffusionally accelerated decay
suggests that tin jumps via antistructure sites of the D03 ordered crystal lattice.
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I. INTRODUCTION

A knowledge of the diffusion mechanism is a key f
understanding the high temperature behavior of solids
ordered structures, to preserve ordering, diffusion must t
place by some special mechanism.

Radio-tracer diffusion studies on several intermeta
compounds have been carried out~see Ref. 1 for an over
view!. Arita et al.2 investigated tin diffusion in the copper-ti
b andg phases, and they found a very fast tin diffusion
1.3310212 m2 s21 at 848 K. Whereas the tracer metho
gives excellent results over an extended range for the d
sion constant, it is a macroscopic method and no direct c
clusions about the underlying jump mechanisms can
drawn. In contrast to this macroscopic technique there e
several scattering methods which can reveal the elemen
diffusion jump mechanism: Quasielastic neutron scatter
~QNS!, quasielastic Mo¨ßbauer scattering~QMS!, and the
most recent nuclear resonant scattering of synchrotron ra
tion ~NRS! method.

The latter comes with some definite advantages regar
the probe properties: the small beam size and negligible
vergence combined with high intensity relative to QM
make it the method of choice when using small or inhom
geneous samples. So far diffusion studies with NRS
single crystals have been exclusively applied to compou
containing the 57Fe isotope: FeAl and most extensive
Fe3Si.3,4 For Fe3Si, QMS and NRS have proven that th
majority component iron, which occupies sites on three s
lattices, jumps between nearest neighbor iron sites on di
ent sublattices, remaining on each sublattice for differ
residence times.

In this paper we present measurements of the diffusio
tin atoms in an off-stoichiometric copper-tin sample with tw
significant differences from previous work: Diffusion me
surements with NRS from tin nuclei have been performed
the first time, to our knowledge. It appears a challenge
extend diffusion investigations with the NRS method to a
other important Mo¨ßbauer isotope, and to check the und
0163-1829/2003/67~18!/184302~6!/$20.00 67 1843
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lying jump model for theminority component in the D03
structure which is still in question.5

II. DIFFUSION IN THE g PHASE OF CU SN ALLOYS

Copper-tin alloys have been used since ancient times
present they attract much interest since the growth of cop
tin intermetallic compounds plays an important role in t
kinetics of the soldering reaction, used in microelectron
packaging~see, for example, Ref. 6!. Therefore it is no won-
der that various studies have been reported on their ph
diagram and diffusion behavior. A very interesting phase
diffusion investigations is the so calledg phase in the
copper-tin system.2,7 This high temperature phase which h
a D03 structure crystallizes at tin concentrations betwe
14.9 and 28 at. %. For the stoichiometric composition Cu3Sn
the alloy crystallizes in the D03 phase only in a narrow tem
perature range of approximately 30 K. Therefore diffusi
experiments have usually been performed with o
stoichiometric samples. At a tin concentration of 17% theg
phase extends from 793 to 1028 K, which marks the low
stable temperature for this phase.8

A schematic representation of the D03 structure is given
in Fig. 1. This structure can be decomposed into three s
lattices, a simple cubic sublatticea which accommodates
50% of the atoms and two interpenetrating face centered
bic latticesg andb, where each fcc sublattice contains 25
of the atoms. At stoichiometric compositionA3B theA atoms
occupy thea andg sublattices and theB atoms theb sub-
lattice. In the case ofA83B17 about 1/3 of theB atoms on the
b sublattice will be statistically replaced byA atoms. This
arrangement implies a fundamental difference for the s
diffusion of A and B atoms in a D03 phase: A atoms can
migrate via simple nearest neighbor jumps within sublatti
occupied by the same species, whereas all nearest neig
sites of theB atoms are sites occupied byA atoms. ForB
atoms to reach the closestb site occupied with their own
species would require a next next nearest neighbor ju
which is unlikely. This implies the migration via antistruc
ture sites on thea andg sublattices.
©2003 The American Physical Society02-1
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In order to transform these considerations into a form
ism that can be used later to draw conclusions from the
fusion data obtained by NRS we use the jump matrixA ~see
Ref. 9,10 for details!. A conducts the rate equation for th
intermediate scattering functionI (qW ,t) through (]/]t)I (qW ,t)
5AI (qW ,t). Its elements specify the various allowed jum
for the diffusing tin atoms and the related jump rates:

Ai j ~qW !5Acj

ci
F2

1

nji t j i
(

k
exp~2ı qW • lW i j

k !2d i j (
l

1

t i l
G .

~1!

Here each site of thei th sublattice is surrounded byni j sites
of the j th sublattice with thekth site located at the vecto
distancelW i j

k . 1/t j i is defined as the jump rate from a site
symmetryi to a neighbor site of symmetryj. ci is the prob-
ability for the occupation of thei th sublattice by a tin atom
The jump matrices for the different possible jumps of the
atoms within the D03 structure of the copper-ting phase can
be calculated, according to Eq.~1!. In the case ofba jumps
the a sublattice is, for simplicity, subdivided into two sub
latticesa1 anda2, where each sublattice taking 25% of th
atoms~also see Fig. 1!. However, since botha sublattices
look the same for the diffusing atoms they are characteri
by the same concentration and residence time. In a first
proach we confine ourself toba nearest neighbor jumps

FIG. 1. ~a! Simple sketch of the D03 structure. 1/4 of the el-
ementary cell is shown. At stoichiometry theb site is occupied with
the minority component tin~filled circles! and all other sublattices
with the majority component copper.~b! Orientation of the sample

in the beam. Foru50° the wave vectorqW points about 8° from the
@111# crystal axis toward the@110# axis. Changingu means moving

the wave vectorqW in the @001#,@110# plane. The anglesw andd are
defined to account for an initial disorientation of the crystal.
18430
l-
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neglectingag jumps. Then the result is a 33 3 dimensional
jump matrix forba jumps of the following form:

Aba~qW !

5S 2
2

tba
Aca

cb

1

tab
E Aca

cb

1

tab
E*

Acb

ca

1

tba
E* 2

1

tab
0

Acb

ca

1

tba
E 0 2

1

tab

D ,

~2!

where E is a complex function of the lattice structure
E 5 cos(qxa/4) cos(qya/4) cos(qza/4) 1 ı sin(qxa/4) sin(qxa/
4)sin(qxa/4), 1/tba , and 1/tab are the jump rates fromb to
a sites, and vice versa.qx , qy andqz are the cartesian com
ponents of the radiation wave vectorqW . Forbg a simple 23
2 dimensional jump matrix and forbb jumps a simple scala
suffice. An analogous notation to Eq.~2! yields

Abg~qW !5S 2
1

tbg
Acg

cb

Eg

tgb

Acb

cg

Eg

tbg
2

1

tgb

D . ~3!

The function of the lattice structure isEg52@cos(qxa/2)
1cos(qya/2)1cos(qza/2)#. For bb jumps the jump matrix
becomes a scalar withEb5cos@(qx2qy)a/2#1cos@(qx
1qy)a/2#1cos@(qx2qz)a/2#1cos@(qy1qz)a/2#. The jump
matrix associates the phase shift caused by the atomic
tion along every possible jump vectorlW. This phase shift is
expressed through the projection of the outgoing wave ve
qW onto the jump vectors.

III. PRINCIPLES OF DIFFUSION MEASUREMENTS
WITH NRS

NRS enables studies in the time domain. The general i
using NRS is that the state which forms due to the direc
and pulsed excitation of resonant nuclei is disrupted by
fusion. When the time between diffusive jumps becom
comparable or even shorter than the natural lifetime of
diffusing nucleus (t0525.6 ns), diffusion leads to a faste
decay of the scattered intensity in forward direction w
respect to the undisturbed process. From this ’’diffusiona
accelerated’’ decay, details on the diffusion process can
derived. NRS into the forward direction is often denoted
nuclear forward scattering~NFS!.

The intensity of the forward scattered radiationI NFS, as a
function of the sample thicknessz and time after excitationt,
can be expressed by the following relation:11
2-2
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I NFS~ t,z!5I 0~z!U E
2`

1`dv

2p
exp~2ıvt !

3expS 2
1

2
L~z!w~qW ,v! DU2

, ~4!

where v is the energy deviation from exact resonan
w(qW ,v) is the universal resonance function,12 L(z)
5s0f LMnxz the samples effective thickness withs0 the
nuclear absorption cross section at the119Sn resonance,f LM
is the Lamb-Mo¨ßbauer factor,n is the number of tin atoms
per unit volume, andx is the 119Sn isotope abundance.I 0(z)
is the incoming intensity within the frequency band that
transmitted by the monochromator system reduced by
electronic absorption in the sample. The universal resona
function w(qW ,v) ~Ref. 12! contains all dynamical effects o
NRS spectra. Note that this function is of very general
lidity as the same function can be used to mirror dynam
effects in QNS and QMS. For diffusion on non-Bravais la
tices w(qW ,v) is in general a superposition of Lorentzia
shaped lines with different weights and linewidths:

w~qW ,v!5ı(
p

wp~qW !G0/2\

v1 i ~G02Gp~qW !!/2\
. ~5!

G0 is the natural energy width of the nuclear transition of t
tin nuclei, wp(qW ) is the weight for each line andGp(qW ) de-
notes the energetically broadening of Lorentzian shaped l
caused by diffusion, thediffusional line broadening. The
width and broadening can be calculated from the jump m
trix A from Eqs.~2! and~3!, respectively,2Gp(qW )/2\ is the
pth eigenvalueof matrix A and wp(qW )5u( iAcibi

pu2, where
thebi

p is the i th component of thepth eigenvectorof A. We
note thatdiffusional line broadeningin the energy domain
corresponds to thediffusionally accelerated decayin the
time domain. Since it is very convenient to discuss diffus
with the help ofw(qW ,v), but experimental data are describ
by I NFS(t,z) in Eq. ~4!, we will use both terms as aliases fo
one and the same thing: The effect of diffusion to scatter
methods.

From Eq.~5!, whereGp andwp result from the eigenval-
ues and eigenvectors of the jump matrix in Eqs.~2! and~3!,
respectively, the orientation dependence of the diffusio
line broadening can be calculated. Meanwhile the values
Gp and wp can be extracted from the experimental data
fits to the time spectra according to Eq.~4!. The present work
studies the underlying jump mechanism by comparing
experimental data with calculations for the possible nea
neighbor and next nearest neighbor jumps of tin atoms in
D03 lattice.

IV. EXPERIMENT

The sample was prepared by resistivity melting under
gon atmosphere of the pure elements copper and tin. Th
was isotopically enriched to 80%119Sn. The specimen wer
weighted to give a tin concentration of 17 at. %. O
18430
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Cu0.83Sn0.17 sample has been remelted several times, and
oval slice has been cut from the center of the sample.
transverse samples dimensions are 4.533.5 mm2, with
thicknesses of approximately 145 and 165mm, respectively.
The slice has been heated for 48 h at 1000 K under an a
atmosphere for recrystallization in the high temperatureg
phase just below the phase transition into the liquid state
order to preserve the metastableg phase the sample wa
subsequently quenched to room temperature. A system
study with Laue photographs has been performed to ch
the orientation of the annealed sample. Within 3 mm arou
the samples center a cubic structure could be identified
finding the symmetry pattern which correspond to the@111#
and @110# directions, respectively. No additional patte
could be identified within this area. To check that the me
stable phase was preserved after the heating and cooling
cedure in the experiment, Laue patterns were taken be
and after the experiment and they show good agreemen

Measurements have been carried out at the x-ray und
tor beamline BL35XU, at SPring-8.13 During the measure-
ments the sample was kept inside a vacuum furnace in o
to adjust the measuring temperatures between room temp
ture and 946 K while the sample was kept in vacuum. T
sample was mounted between two thin BeO disks filled w
Al2O3 powder. The orientation of the sample was such t
the plane spanned by the lattice vectors@001# and@110# was
horizontal. An evaluation of the Laue patterns and additio
diffractometer measurements show that the surface nor
was 8° from the@111# direction toward@110# ~see Fig. 1!.
We note that the diffractometer measurements show stro
broadened nonsymmetric Bragg reflections. The width
several mrad, approximately 100 times the typical width
the rocking curve, which indicates that the sample exibit
pronounced mosaic structure rather than a single crysta
structure. In the forward scattering setup the sample mo
ing permits changes of the sample orientation relative to
incoming synchrotron beam of about620°. The furnace was
mounted on a diffractometer to facilitate the rotation of t
sample relative to the beam.

The storage ring was operated in timing mode provid
x-ray pulses of very short duration@less than 70-ps full width
at half maximum~FWHM!# with a repetition time of 57 ns.
This time structure matches well the lifetime of the nucle
decay of the119Sn resonance of 25.6 ns. The synchrotr
radiation generated by an in-vacuum undulator was mo
chromatized by a two-stage monochromator setup to a fi
bandwidth of'1.4 meV.14 The size of the beam spot at th
sample position was about 1.530.5 mm2 ~horizontal3 ver-
tical!. Forward scattered photons were detected by an lin
array of 16 avalanche photo diodes operated in grazing i
dence geometry. This array combines excellent time res
tion of ' 180 ps FWHM with 25% efficiency at the 23.
keV resonance of119Sn.15 Discrimination and a fast elec
tronic gating of the detector signal permitted measureme
of the delayed signal starting from 5 ns after the radiat
flash. The typical count rate was between 1 and 4 Hz.

Two sets of measurements have been carried out. Fo
first dataset the sample was heated to 828 K, and time spe
were recorded at eight different orientations of the sam
relative to the synchrotron beam. Hereby the sample w
2-3
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H. THIESSet al. PHYSICAL REVIEW B 67, 184302 ~2003!
rotated around the vertical axis in an angular range fro
27 to 27° between the samples@111# direction and the syn-
chrotron beam. The second set of data was taken at 83
The sample was again rotated around the vertical axis,

FIG. 2. Time spectra of nuclear forward scattering: Two rep
sentative spectra from the first~a! and second~b! datasets are
shown together with their fits~solid lines!. In ~a! the open squares
correspond to the spectrum taken atu527° and the circles at 2°.
In ~b! the the symbols represent spectra taken at27° and22°,
respectively. One can easily note the change in the diffusional
celeration with the orientation and the beating structure due to
additional contribution, identified as an SO2 layer.

TABLE I. Results for the fits to the time spectra data listed
the order of their measurement. For each orientation the diffusi
line broadeningDGnarrow of the narrow line and the weight of th
broad line weightbroad have been fitted. The width of the broad lin
and the values for the additional third site were held fixed. T
angleu is the angle between the@111# direction and the radiation
wave vector, when turning around the vertical axis toward the@110#
direction.

u (°) DGnarrow (G0) Weightbroad

8 1.53~14! 0.14~11!

10 1.31~7! 0.08~6!

14 1.44~5! 0.01~5!

18 1.24~5! 0.22~3!

22 1.37~8! 0.19~5!

27 1.67~9! 0.20~5!

27 0.09~3! 0.20~3!

2 1.67~8! 0.05~6!

3 1.40~7! 0.05~6!

22 1.46~7! 0.01~6!

27 0.35~3! 0.20~3!

8 1.33~4! 0.01~5!

212 1.18~6! 0.26~4!

29 0.68~4! 0.01~4!
18430
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FIG. 3. Orientation dependence of the diffusion effect f
datasets 1~a! and 2~b!. The data points represent the results for t
weight of the broad line~weight! and the diffusional broadening o
the narrow line~broad! from the fits to the time spectra~see Table
I!. The solid line represents the best fit for theba jumps model
whereas the dashed line stands for the best fit with thebg model
~Table II!. The difference in the best fits between the models d
not allow to exclude one model.~c! and ~d! show the old and new
datasets resp. together with the best fits according to the mod
bb jumps. The weight of the two components shows an alterna
behavior. The result can be understood as one single broadene
with a constant weight of unity. The best fit has been obtained
using only the component represented by the solid line. The be
for the bb jump model clearly disagrees with the measured da
Using both components fits the data even less.
2-4
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SELF-DIFFUSION OF Sn ATOMS IN Cu3Sn PROBED . . . PHYSICAL REVIEW B67, 184302 ~2003!
time spectra obtained at six different orientations (212° to
8°). Before and after the high temperature measurem
time spectra have been recorded at low temperatures~423
and 623 K!. The thickness of the sample in the first data
was 1656 10 mm. For the second dataset the sample w
polished down to 1456 10 mm.

V. RESULTS

Characteristic time spectra taken at different orientati
from each dataset are shown in Fig. 2. Already at first gla
one can identify two main characteristics of the spec
They exhibit a rather smooth beating structure with a bu
at about 25 ns and a rather strong dependence of the slo
the intensity decay on the sample orientation. Examina
shows that the fraction of the beating structure to the int
sity grew after heating the sample in the beginning of
experiment and then quickly saturated.

For fitting the NFS time spectra with theMOTIF program16

three different nuclear sites have been included: Sites 1 a
account for the presence of a narrow and a strongly di
sionally broadened line. In the fits the sum of their weig
was held constant. The third site accounts for the additio
beating structure. This selection accommodates the idea
a tin compound other than the copper-tin compound
formed during heating, probably caused by bad vacuum c
ditions inside the furnace. Simulations of time spectra at h
temperatures show that a low fraction component~13% of
the effective thickness at saturation! with an isomer shift of
5.5G0 averaged over 1.7G0 accounts very well for the ob
served beating structure. It is important to note that the th
spectral component, that shows a strong presence in the
temperature spectra, in fact corresponds to a very low c
tamination. This is since the effective thickness of the Cu
compound shows a huge drop when entering theg phase,
whereas the effective thickness of the third spectral com
nent stays almost constant. From NFS time spectra take
low temperatures we could estimate the contamination to
less then 1 at %. Comparison with literature17 yields very
good agreement with values found for SnO2. Therefore we
assume that SnO2 formed on the sample surface after sam
heating.

Limited statistics in the time spectra makes it necessar
strictly limit the number of fitted parameters. Therefore d
18430
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from both datasets have been fitted in a uniform manner:
isomer shift and weight for the third site were held fixed.
simulation of the spectra showed the best agreement w
choosing a diffusional line broadening of about 5G0 for the
strongly broadened line. The relative weight of line 1 wi
respect to line 2 and the diffusional broadening of line 2 ha
been fitted. Results of the fits are summarized in Table I. T
dependence of the line broadening on the sample orienta
is shown in Fig. 3. The line broadening in our time spectra
governed by the contributions from the narrow line with hi
weight and a strongly broadened line with a considera
lower weight. We note that this points to the case wh
tin-atom occupy different lattice sites with considerably d
ferent residence times on each sublattice.

To learn about the diffusion mechanism from the orien
tion dependence of the diffusional line broadening we co
pare the line broadening and relative weight between
lines obtained from the fits to the data with the calculatio
according to the various jump models presented in Sec
Since a detailed comparison of all individual lines is beyo
the scope of the statistics in our spectra, we compare
characteristics of the orientation dependence of the di
sional line broadening and the relative weights between
narrow line and one broadened line since these values s
a significant orientation dependence. By this procedure
want to determine the jump model whose broadening ch
acteristics suit our data best.

The CERN-Minuit package18 was used to simultaneousl
fit DGnarrow(qW ) and wbroad to all three jump models pre
sented in Sec. II and the two datasets successively. The in
sample orientation and the relative residence times for dif
ent sublattices occupied by tin atoms and the jump ratest21

between the site on neighboring sublattices have been fr
adjusted. Figure 3 shows the results for the best fits for
three jump models. Table II gives the corresponding sets
fit parameters together with thex2 values for the best fit.

The orientation of the sample has been determined be
the experiment by an evaluation of the sample Laue patte
However, the mounting of the sample definitely results in
loss of exact knowledge of the orientation during the expe
ment. The possible disorientation of several degrees for
f angle and 1° –3° foru andd have not been recognized a
crucial before this experiment, to our knowledge. Howev
arrow
ite
TABLE II. Results from the comparison of the orientation dependence of the broadening of the n
line and the weight of the broad line. The jump ratet21 and the percentage of tin atoms on the beta s
follow directly as parameters from the fit.R represents the reducedx2 value of the fit.

Jumps ba bg bb

Dataset 1 2 1 2 1 2

t21 1.69~4! 1.43~4! 2.66~6! 2.32~6! 4.37~9! 2.82~8!

cb ~%! 82~2! 72~6! 87~1! 84~1! - -
f (°) 5.9~5! 9.5~8! 7.8~5! 9.9~9! 5.9~4! 0.6~10!

d (°) 1.9~1! 4.2~2! 2.6~1! 4.2~2! 1.9~4! 3.5~4!

u0 (°) 20.1(1) 20.9(1) 0.1~1! 20.7(1) 20.21(6) 23.85(18)
R 8.5 5.2 10.4 5.6 16.7 14.6
2-5
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H. THIESSet al. PHYSICAL REVIEW B 67, 184302 ~2003!
the large wave vector for119Sn compared to the57Fe reso-
nance make the orientation dependence of the diffusio
acceleration change with much smaller disorientations. T
makes the determination of the exact sample orientatio
severe requirement.

Since the furnace was mounted on a diffractometer,
relative rotation of the sample is determined very precis
In the evaluation we account for this uncertainty by a free
of the samples orientation while taking the relative orien
tion difference due to the rotation around the vertical axis
a fixed parameter.

The model forbb jumps clearly disagrees with the co
lected data, indicating that tin atoms migrate via antistruct
sites. This leaves the possibility ofba jumps andbg jumps
for the tin atoms. The result from our evaluation indica
that the model corresponding toba jumps fits a little better
to the measured data thanbg jumps but we feel that this
difference is not significant enough to privilege one mec
nism over the other. For the discrimination betweenbg and
ba jumps via antistructure sites additional NFS time spec
taken at additionalu values would be of great value. Figur
4 shows a simulation of the weight of the strongly broaden
line atu values around225°, which roughly corresponds t
the @113# crystal axis. At these orientations both models p
dict strong discrepancies for the weight of the broad line a
therefore would allow to decide about the antistructure
via which the tin atoms migrate.

VI. CONCLUSION

In conclusion we demonstrate that it is possible to inv
tigate diffusion by observing the diffusionally accelerated d
cay from 119Sn nuclei when scattered from a Cu83Sn17
sample. The diffusional acceleration exhibits a pronoun
orientation dependence. An analysis of the this orienta
dependence has been performed by a comparison with s
lations for neighbor jumps within the D03 structure of the
Cu-Sn sample. To our knowledge, this is the first direct
.,

e
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servation of the atomistic diffusion mechanism in the cop
tin compound. The comparison indicates that Sn atoms
grate via jumps on antistructure sites on the copper sub
tice. However the collected data does not allow one to se
if the migration takes place viaba jumps orbg jumps or
even a mixture of those. In order to decide on the antistru
sites via which the tin atoms migrate, measurements m
be carried out with a careful orientation of the mount
sample in the beam and with the wave vector around
@113# axis of the crystal. Furthermore a pronounced asymm
try of the jump frequencies betweenba and ab jumps in-
dicates a concentration difference of tin atoms in favor of
b site.
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FIG. 4. Simulation of the weight of the strongly broadened li
when changing theu angle around the crystal@113# direction. For
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broken line stands forbg jumps. Around the@113# direction
(225°) the simulations for the weight of the broad line predic
strong discrepancies between the models.
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