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Self-diffusion of Sn atoms in CySn 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 jnpthase of the
intermetallic copper-tin alloy. The diffusionally accelerated decay from a crystallingSGy 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 thg Bf@lered crystal lattice.
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I. INTRODUCTION lying jump model for theminority component in the D§
structure which is still in question.

A knowledge of the diffusion mechanism is a key for
understanding the high temperature behavior of solids. In II. DIFFUSION IN THE y PHASE OF CU SN ALLOYS
ordered structures, to preserve ordering, diffusion must take
place by some special mechanism.

Radio-tracer diffusion studies on several intermetallic
compounds have been carried deee Ref. 1 for an over-

view). Arita et al? investigated tin diffusion in the cqppgr—tin packagingsee, for example, Ref)6Therefore it is no won-
A and X{thagef,land they found a very fast tin diffusion of yor that various studies have been reported on their phase
1.3X10°*“m°s " at 848 K. Whereas the tracer method giagram and diffusion behavior. A very interesting phase for
gives excellent results over an extended range for the diffugiffusion investigations is the so callegt phase in the
sion constant, it is a macroscopic method and no direct corgopper-tin systeri” This high temperature phase which has
clusions about the underlying jump mechanisms can bg Do, structure crystallizes at tin concentrations between
drawn. In contrast to this macroscopic technique there exist4.9 and 28 at. %. For the stoichiometric composition&u
several scattering methods which can reveal the elementagiie alloy crystallizes in the DQphase only in a narrow tem-
diffusion jump mechanism: Quasielastic neutron scatteringperature range of approximately 30 K. Therefore diffusion
(QNS), quasielastic MBbauer scatteringQMS), and the experiments have usually been performed with off-
most recent nuclear resonant scattering of synchrotron radiatoichiometric samples. At a tin concentration of 17% the
tion (NRS) method. phase extends from 793 to 1028 K, which marks the lowest

The latter comes with some definite advantages regardingtable temperature for this phdse.
the probe properties: the small beam size and negligible di- A schematic representation of the P6tructure is given
vergence combined with high intensity relative to QMSin Fig. 1. This structure can be decomposed into three sub-
make it the method of choice when using small or inhomo-attices, a simple cubic sublattice which accommodates
geneous samples. So far diffusion studies with NRS orp0% of the atoms and two interpenetrating face centered cu-
single crystals have been exclusively applied to compoundbic latticesy and 3, where each fcc sublattice contains 25%
containing the 5’Fe isotope: FeAl and most extensively of the atoms. At stoichiometric compositiénB the A atoms
Fe;Si.®* For FeSi, QMS and NRS have proven that the occupy thee and y sublattices and thB atoms thes sub-
majority component iron, which occupies sites on three sublattice. In the case ofg3B;; about 1/3 of theéB atoms on the
lattices, jumps between nearest neighbor iron sites on differ8 sublattice will be statistically replaced by atoms. This
ent sublattices, remaining on each sublattice for differentirrangement implies a fundamental difference for the self
residence times. diffusion of A and B atoms in a D@ phase: A atoms can

In this paper we present measurements of the diffusion ofigrate via simple nearest neighbor jumps within sublattices
tin atoms in an off-stoichiometric copper-tin sample with two occupied by the same species, whereas all nearest neighbor
significant differences from previous work: Diffusion mea- sites of theB atoms are sites occupied &y atoms. ForB
surements with NRS from tin nuclei have been performed foatoms to reach the closegt site occupied with their own
the first time, to our knowledge. It appears a challenge tespecies would require a next next nearest neighbor jump,
extend diffusion investigations with the NRS method to an-which is unlikely. This implies the migration via antistruc-
other important MBbauer isotope, and to check the under-ture sites on ther and y sublattices.

Copper-tin alloys have been used since ancient times. At
present they attract much interest since the growth of copper-
tin intermetallic compounds plays an important role in the
kinetics of the soldering reaction, used in microelectronics
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neglectingay jumps. Then the result is a’8 3 dimensional
jump matrix for B jumps of the following form:

Apa(0)
2 Cc, 1 Cq N
TBa CgTaf CgTaP
| ofeset L, Y 0
c, 7B« Tap '
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where E is a complex function of the lattice structure,
E = cos(a/4) cos@yal4) cos@al4) + 1sin(@,al4) sin@.a/
4)sin@.a/4), lirg,, and 1kf,z are the jump rates fromg to

a sites, and vice versa,, g, andq, are the cartesian com-
ponents of the radiation wave vectimr For By a simple 2X

2 dimensional jump matrix and f@ B jumps a simple scalar
suffice. An analogous notation to E@) yields

[001]

FIG. 1. (a) Simple sketch of the DO structure. 1/4 of the el-
ementary cell is shown. At stoichiometry tjBesite is occupied with
the minority component tirfilled circles and all other sublattices
with the majority component coppéb) Orientation of the sample 1

in the beam. Fop=0° the wave vectoﬁ points about 8° from the
[111] crystal axis toward thgl10] axis. Changing? means moving
the wave vector in the[001],[110] plane. The angles and & are
defined to account for an initial disorientation of the crystal.

Tpy CpTyp

Ay (Q)= 3
By(q) \/@ E.y 1 ( )
CyTpy Typ

In order to transform these considerations into a formal-

ism that can be used later to draw conclusions from the dif-

fusion data obtained by NRS we use the jump makrifsee

The function of the lattice structure iE,=2[cos@.a/2)
+cos@,a/2) + cos@,a/2)]. For BB jumps the jump matrix

becomes a scalar withEgz=cog(a,—ay)a/2]+ cog(ay
+0qy)a/2]+cog(ac—0ayal2] +cog(q,+q)a/2]. The jump

- _ : . matrix associates the phase shift caused by the atomic mo-
=Al(q.1). Its elements specify the various allowed jumpsq, along every possible jump vector This phase shift is

for the diffusing tin atoms and the related jump rates: expressed through the projection of the outgoing wave vector

ci onto the jump vectors.
- (of
Aij(q)= \/;

Ref. 9,10 for details A conducts the rate equation for the
intermediate scattering functidifg,t) through @/dt)1(q,t)

1
nji’Tji

1
STk
; exp(—|q~lij)—5”2I -
I
IIl. PRINCIPLES OF DIFFUSION MEASUREMENTS

WITH NRS

oY)

Here each site of theth sublattice is surrounded by; sites NRS enables studies in the time domain. The general idea
of the jtfl sublattice with thekth site located at the vector using NRS is that the state which forms due to the directed
distancel; . 1/r; is defined as the jump rate from a site of and pulsed excitation of resonant nuclei is disrupted by dif-
symmetryi to a neighbor site of symmetiy c; is the prob-  fusion. When the time between diffusive jumps becomes
ability for the occupation of théth sublattice by a tin atom. comparable or even shorter than the natural lifetime of the
The jump matrices for the different possible jumps of the tindiffusing nucleus ¢,=25.6 ns), diffusion leads to a faster
atoms within the D@ structure of the copper-tiy phase can  decay of the scattered intensity in forward direction with
be calculated, according to E(]). In the case o3« jumps  respect to the undisturbed process. From this "diffusionally
the « sublattice is, for simplicity, subdivided into two sub- accelerated” decay, details on the diffusion process can be
latticesa4 and a,, Where each sublattice taking 25% of the derived. NRS into the forward direction is often denoted as
atoms(also see Fig. )l However, since bottw sublattices nuclear forward scatteringNFS).

look the same for the diffusing atoms they are characterized The intensity of the forward scattered radiatiqizs, as a

by the same concentration and residence time. In a first agunction of the sample thicknegsand time after excitatioh
proach we confine ourself tBa nearest neighbor jumps, can be expressed by the following relatitn:
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J+wdw Cuy g3Sy. 17 Sample has been remelted several times, and an

S—exp(—lwt) oval slice has been cut from the center of the sample. The

Ines(1,2)=10(2) o

transverse samples dimensions are x8% mntf, with
2 thicknesses of approximately 145 and 166, respectively.

: (4)  The slice has been heated for 48 h at 1000 K under an argon
atmosphere for recrystallization in the high temperatyre
phase just below the phase transition into the liquid state. In
- ) ) , ‘order to preserve the metastabjephase the sample was
¢(q,0) is the universal resonance func'udﬁ L(2)  subsequently quenched to room temperature. A systematic
=oof unxz the samples effective thickness withy the  study with Laue photographs has been performed to check
nuclear absorption cross section at ##n resonance, y  the orientation of the annealed sample. Within 3 mm around
is the Lamb-M®&bauer factorn is the number of tin atoms the samples center a cubic structure could be identified by
per unit volume, ang is the 1*°Sn isotope abundancky(z)  finding the symmetry pattern which correspond to [th&1]
is the incoming intensity within the frequency band that isand [110] directions, respectively. No additional pattern
transmitted by the monochromator system reduced by theould be identified within this area. To check that the meta-
electronic absorption in the sample. The universal resonancgable phase was preserved after the heating and cooling pro-
function @(a,w) (Ref. 12 contains all dynamical effects on cedure in the experiment, Laue patterns were taken before
NRS spectra. Note that this function is of very general va-2"d after the experiment and they show good agreement.
lidity as the same function can be used to mirror dynamica] Measurements have been carried out at the x-ray undula-

effects in QNS and QMS. For diffusion on non-Bravais lat- ©F beamline BL35XU, at SF’”F‘Q'Q During the measure-
ments the sample was kept inside a vacuum furnace in order

tices ¢(qg,w) is in general a superposition of Lorentzian 4 adjust the measuring temperatures between room tempera-
shaped lines with different weights and linewidths: ture and 946 K while the sample was kept in vacuum. The
. sample was mounted between two thin BeO disks filled with
- wo ()T /208 Al,O; powder. The orientation of the sample was such that
go(q,w)=|2p w+i(Lo—T,(q))/2% ®  the plane spanned by the lattice vectd@®1] and[110] was
o "r horizontal. An evaluation of the Laue patterns and additional
I, is the natural energy width of the nuclear transition of thediffractometer measurements show that the surface normal
tin nuclei,wp(&) is the weight for each line anﬁp(d) de- Was 8° from the[l_ll] direction toward[110] (see Fig. 1
notes the energetically broadening of Lorentzian shaped line&/¢ note that the diffractometer measurements show strongly
caused by diffusion, thaliffusional line broadening The broadened nonsymmetric Bragg reflections. The width is

width and broadening can be calculated from the jump maSeéveral mrad, approximately 100 times the typical width of

trix A from Egs.(2) and(3), respectively,—Fp(ﬁ)IZﬁ is the the rocking curve, which indicates that the sample exibits a
) ) S 012 pronounced mosaic structure rgther than a single crystalline
pth eigenvalueof matrix A andw(q)=|Z;cibf|?, where  srycture. In the forward scattering setup the sample mount-
thebf is theith component of th@th eigenvectoof A. We  ing permits changes of the sample orientation relative to the
note thatdiffusional line broadeningn the energy domain incoming Synchrotron beam of aboti20°. The furnace was
corresponds to theliffusionally accelerated decain the  mounted on a diffractometer to facilitate the rotation of the
time domain. Since it is very convenient to discuss diffusionsample relative to the beam.
with the help of<p((i,w), but experimental data are described The storage ring was operated in timing mode providing
by Ines(t,2) in Eqg. (4), we will use both terms as aliases for x-ray pulses of very short duratigtess than 70-ps full width
one and the same thing: The effect of diffusion to scatteringat half maximum(FWHM)] with a repetition time of 57 ns.
methods. This time structure matches well the lifetime of the nuclear

From Eq.(5), wherel', andw,, result from the eigenval- decay of the!'®Sn resonance of 25.6 ns. The synchrotron
ues and eigenvectors of the jump matrix in E@.and (3), radiation generated by an in-vacuum undulator was mono-
respectively, the orientation dependence of the diffusionathromatized by a two-stage monochromator setup to a final
line broadening can be calculated. Meanwhile the values fobandwidth of~1.4 meV* The size of the beam spot at the
I'y andw, can be extracted from the experimental data bysample position was about X%.5 mm? (horizontal X ver-
fits to the time spectra according to Ed). The present work tical). Forward scattered photons were detected by an linear
studies the underlying jump mechanism by comparing tharray of 16 avalanche photo diodes operated in grazing inci-
experimental data with calculations for the possible neareslence geometry. This array combines excellent time resolu-
neighbor and next nearest neighbor jumps of tin atoms in théon of ~ 180 ps FWHM with 25% efficiency at the 23.9
DO, lattice. keV resonance of!°Sn® Discrimination and a fast elec-

tronic gating of the detector signal permitted measurements
IV. EXPERIMENT of the delayed signal starting from 5 ns after the radiation
flash. The typical count rate was between 1 and 4 Hz.

The sample was prepared by resistivity melting under ar- Two sets of measurements have been carried out. For the
gon atmosphere of the pure elements copper and tin. The tiivst dataset the sample was heated to 828 K, and time spectra
was isotopically enriched to 8094°Sn. The specimen were were recorded at eight different orientations of the sample
weighted to give a tin concentration of 17 at.%. Ourrelative to the synchrotron beam. Hereby the sample was

1 R
Xexrl( - EL(Z)cp(q,w))

where o is the energy deviation from exact resonance
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FIG. 2. Time spectra of nuclear forward scattering: Two repre-
sentative spectra from the firgs) and second(b) datasets are
shown together with their fitésolid lineg. In (a) the open squares 44 _
correspond to the spectrum takendat —7° and the circles at 2°. 3672 N\ o C) 1z
In (b) the the symbols represent spectra taken-a&° and —2°, 5 §f§ N A VA VAN
respectively. One can easily note the change in the diffusional ac- 5 4:§ =
celeration with the orientation and the beating structure due to an 88
additional contribution, identified as an S@vyer. 1
. 08- -
rotated around the vertical axis in an angular range from 2 o _ -
—7 to 27° between the samplEkl1] direction and the syn- g 02- = sl % 1" |¥ -
chrotron beam. The second set of data was taken at 838 K. % 5 o 5 10 15 20 25 10
The sample was again rotated around the vertical axis, and
TABLE |. Results for the fits to the time spectra data listed in
the order of their measurement. For each orientation the diffusional o
line broadeninA T ,,,ow Of the narrow line and the weight of the 3
broad line weight;,.4 have been fitted. The width of the broad line e
and the values for the additional third site were held fixed. The
angle ¢ is the angle between tHd11] direction and the radiation ~ 02 -
wave vector, when turning around the vertical axis toward 11€) £ 06 - -
direction. 253 = . -
0 ™ T — T m
0(°) AT narrow (FO) Weight)road * " thet5a (deg) :'om <11'15> " "
8 1.5314) 0.1411)
10 1.317) 0.086) FIG. 3. Orientation dependence of the diffusion effect for
14 1.445) 0.01(5) datasets 1a) and 2(b). The data points represent the results for the
18 1.245) 0.223) weight of the broad linéweight and the diffusional broadening of
22 1.378) 0.195) the narrow line(broad from the fits to the time spectr@ee Table
27 1.679) 0.205) I). The solid line represents the best fit for tBe jumps model
-7 0.093) 0.203) whereas the dashed line stands for the best fit with@emodel
2 1.678) 0.056) (Table Il). The difference in the best fits between the models does
not allow to exclude one modelc) and(d) show the old and new
3 1.4Q7) 0.056) datasets resp. together with the best fits according to the model of
-2 1.487) 0.01(6) BB jumps. The weight of the two components shows an alternating
-7 0.353) 0.2013) behavior. The result can be understood as one single broadened line
8 1.334) 0.01(5) with a constant weight of unity. The best fit has been obtained by
12 1.186) 0.264) using only the component represented by the solid line. The best fit
—9 0.684) 0.01(4) for the BB jump model clearly disagrees with the measured data.

Using both components fits the data even less.
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time spectra obtained at six different orientatiors1@® to  from both datasets have been fitted in a uniform manner: the
8°). Before and after the high temperature measurementisomer shift and weight for the third site were held fixed. A
time spectra have been recorded at low temperat#28 simulation of the spectra showed the best agreement when
and 623 K. The thickness of the sample in the first dataseichoosing a diffusional line broadening of about Sfor the

was 165x 10 um. For the second dataset the sample wasstrongly broadened line. The relative weight of line 1 with

polished down to 145 10 um. respect to line 2 and the diffusional broadening of line 2 have
been fitted. Results of the fits are summarized in Table I. The
V. RESULTS dependence of the line broadening on the sample orientation

o ) ) ~is shown in Fig. 3. The line broadening in our time spectra is
Characteristic time spectra taken at different orientationgyoyerned by the contributions from the narrow line with high
from each dataset are shown in Fig. 2. Already at first glancgveight and a strongly broadened line with a considerably

one can identify two main characteristics of the spectrajg,or weight. We note that this points to the case where

They exhibit a rather smooth beating structure with a bqui -atom occupy different lattice sites with considerably dif-
at about 25 ns and a rather strong dependence of the SIOpef%qrent residence times on each sublattice

the intensity decay on the sample_ orientation. Examination To learn about the diffusion mechanism from the orienta-
shows that the fraction of the beating structure to the intenfion dependence of the diffusional line broadening we com-
sity grew after heating Fhe sample in the beginning of the are the line broadening and relative weight between the
experiment and then quickly saturated. P 9 9

For fitting the NFS time spectra with theoTIF progran’r6 lines obtained from the fits to the data with the calculations

three different nuclear sites have been included: Sites 1 and@ccording to the various jump models presented in Sec. II.
account for the presence of a narrow and a strongly diffuSince a detailed comparison of all individual lines is beyond
sionally broadened line. In the fits the sum of their weightsthe scope of the statistics in our spectra, we compare the
was held constant. The third site accounts for the additionagharacteristics of the orientation dependence of the diffu-
beating structure. This selection accommodates the idea théional line broadening and the relative weights between one
a tin compound other than the copper-tin compound id'arrow line and one broadened line since these values show
formed during heating, probably caused by bad vacuum cor significant orientation dependence. By this procedure we
ditions inside the furnace. Simulations of time spectra at highvant to determine the jump model whose broadening char-
temperatures show that a low fraction compongi8% of  acteristics suit our data best.
the effective thickness at saturatjonith an isomer shift of The CERN-Minuit packagé was used to simultaneously
5.59'y averaged over 117, accounts very well for the ob- fit AT 5;r0w(Q) @and wy,qaq to all three jump models pre-
served beating structure. It is important to note that the thirgsented in Sec. Il and the two datasets successively. The initial
spectral component, that shows a strong presence in the higlample orientation and the relative residence times for differ-
temperature spectra, in fact corresponds to a very low corent sublattices occupied by tin atoms and the jump ratés
tamination. This is since the effective thickness of the Cu-Srbetween the site on neighboring sublattices have been freely
compound shows a huge drop when entering 4hphase, adjusted. Figure 3 shows the results for the best fits for all
whereas the effective thickness of the third spectral compothree jump models. Table Il gives the corresponding sets of
nent stays almost constant. From NFS time spectra taken it parameters together with the’ values for the best fit.
low temperatures we could estimate the contamination to be The orientation of the sample has been determined before
less then 1 at%. Comparison with literattirgields very  the experiment by an evaluation of the sample Laue patterns.
good agreement with values found for SnQherefore we However, the mounting of the sample definitely results in the
assume that Snformed on the sample surface after sampleloss of exact knowledge of the orientation during the experi-
heating. ment. The possible disorientation of several degrees for the
Limited statistics in the time spectra makes it necessary t@ angle and 1°-3° fof and § have not been recognized as
strictly limit the number of fitted parameters. Therefore datacrucial before this experiment, to our knowledge. However,

TABLE Il. Results from the comparison of the orientation dependence of the broadening of the narrow
line and the weight of the broad line. The jump rafe' and the percentage of tin atoms on the beta site
follow directly as parameters from the fR represents the reducad value of the fit.

Jumps Ba By BB

Dataset 1 2 1 2 1 2
1t 1.694) 1.434) 2.666) 2.326) 4.3709) 2.828)
s (%) 82(2) 72(6) 87(1) 84(1) - -

¢ (°) 5.9(5) 9.58) 7.8(5) 9.99) 5.94) 0.6(10)
5(°) 1.91) 4.2(2) 2.6(1) 4.2(2) 1.94) 3.5(4)

o (°) —0.1(1) —0.9(1) 0.11) —0.7(1) —-0.21(6) —3.85(18)
R 8.5 5.2 10.4 5.6 16.7 14.6
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the large wave vector fot'®Sn compared to th&’Fe reso- 06 -

nance make the orientation dependence of the diffusional
acceleration change with much smaller disorientations. This )
makes the determination of the exact sample orientation a
severe requirement.

Since the furnace was mounted on a diffractometer, the
relative rotation of the sample is determined very precisely.
In the evaluation we account for this uncertainty by a free fit
of the samples orientation while taking the relative orienta- N D
tion difference due to the rotation around the vertical axis as 40 35 -0 25 20 15 10 5 0

weight

a fixed parameter. theta degfrom <111>
The model forBB jumps clearly disagrees with the col-  FIG. 4. Simulation of the weight of the strongly broadened line

lected data, indicating that tin atoms migrate via antistructuravhen changing the angle around the crystél13] direction. For
sites. This leaves the possibility gfe jumps andBy jumps  the simulations 80% of the tin atoms are assumed to be located on
for the tin atoms. The result from our evaluation indicatesthe 8 sublattice, which matches the results from the present mea-
that the model corresponding x jumps fits a little better ~surements. The solid line correspondsAe jumps whereas the

to the measured data thasty jumps but we feel that this broken line gtands_fo;By jumps. /_\round the[113] di.rection _
difference is not significant enough to privilege one mecha{—25°) the simulations for the weight of the broad line predicts
nism over the other. For the discrimination betwggpand ~ Strong discrepancies between the models.

Ba jumps via antistructure sites additional NFS time spectraseyation of the atomistic diffusion mechanism in the copper
taken at additionab values would be of great value. Figure i compound. The comparison indicates that Sn atoms mi-
4 shows a simulation of the weight of the strongly broadenedy ate via jumps on antistructure sites on the copper sublat-
line at§ values around-25°, which roughly corresponds 10 {ice  However the collected data does not allow one to select
the[llS] cry;tal axis. At these 0r|en'_[at|0ns both mode_ls Pre-if the migration takes place via jumps or 8y jumps or

dict strong discrepancies for the weight of the broad line andyyen a mixture of those. In order to decide on the antistructre
therefore would allow to decide about the antistructure sit&jies via which the tin atoms migrate, measurements might

via which the tin atoms migrate. be carried out with a careful orientation of the mounted
sample in the beam and with the wave vector around the
VI. CONCLUSION [113] axis of the crystal. Furthermore a pronounced asymme-

In conclusion we demonstrate that it is possible to inves—tr.y of the jump frquenugs betweqf?tg andaf Jumps in-
. e ) e dicates a concentration difference of tin atoms in favor of the
tigate diffusion by observing the diffusionally accelerated de-B site
cay from 1%Sn nuclei when scattered from a G8n-; '
sample. The diffusional acceleration exhibits a pronounced
orientation dependence. An analysis of the this orientation
dependence has been performed by a comparison with simu- H.T. wants to thank A. Barla for discussions and for en-
lations for neighbor jumps within the QOstructure of the couragement with the tin measurements. He acknowledges

Cu-Sn sample. To our knowledge, this is the first direct obthe financial support from JSPS fellowship No. PB01719.
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