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Mossbauer spectroscopy has been performed usint} e resonance on a variety of low-concentration tin
in lead samples, ranging from 1.3 at. % to 18.5 at. % tin in lead. We observe three basic resonances, which we
identify as dispersed tin in lead), precipitateds (white) tin in lead(ll), and precipitatedr (gray) tin in lead
(1), where the latter is only observed below 286 K. Contrary to earlier published results that reported an
anomalous falloff in the elastic fraction for dispersed tin in lead, we find only the typical temperature depen-
dence. The Mssbauer temperature is found to be 104 K for the dispersed state, as found from a Debye model
analysis based on the transmission integral. Both thisdlauer temperature and the isomer shift relative to a
CasnQ source agree with earlier published values within experimental error. For the precipitate(dl stéte
is found in the initial stages of precipitation both the isomer shift and the measurssbisliger temperature are
close to that of the dispersed stélte As the sample is annealed or cold worked, the precipitates grow and both
the isomer shift and the characteristic $4bauer temperature approach thgg@n, 140 K. The precipitation-
dissolution reaction is traced using a sample containing 18.5 at. % tin in lead by annealing at progressively
higher temperatures and following changes in the isomer shift. Dissolution is found to begin as low as 360
(+15/-5) K. A significant result that has not been reported by earlier investigators of this system is the
observation using Mesbauer spectroscopy of thgphase of tin(lll ). Furthermore, the formation of this phase
takes place without the usual long incubation period required when a lead host matrix is not used. Moreover,
a technique for curve fitting such Msbauer spectra based on an analytic expansion of the transmission
integral is demonstrated that isolates each component in the unresolved resonance. We find thsslthedvio
effect technique can be used for assessing the phase diagram in systems such as the Sn-Pb alloy, and our results
indicate that the accepted phase diagram may need refinef86463-182¢08)05034-4

[. INTRODUCTION All of the work noted in the above summary and most
work present in the literature use such techniques as electri-
Throughout the past century the tin-lead system has beeral resistivity and bulk calorimetry to study the properties of
studied quite extensively, as is summarized by Karakaya antihe lead-tin alloys. In addition, scanning electron microscopy
Thompson: The experiments that measure the low-(SEM) and transmission-electron microscopy studies of the
concentration solubility of tin in lead are illustrative of the a«— 8 transformation are quite common. In these studies,
practical uses of tin-lead alloys, for these alloys are widelylarge scale changes such as the precipitation-dissolution re-
used as solders in the microelectronics industry. Due to thaction can be tracked from their initial to final states fairly
fact that high electrical current densities could possibly leackasily. On the other hand, these techniques are not very use-
to the undesirable thermomigration or electromigration of tinful in examining possible intermediate states that might oc-
atoms along grain boundaries, the mechanism of coupling afur during the process. Because certainsbtiauer effect
precipitates to the host lattice is of great intefefor ex- (ME) parameters such as the recoil-free fractfoand the
ample, a relatively small precipitate would be expected tccharacteristic Debye temperatu#g depend on the coupling
closely resemble the solution state in a bulk material, into the host lattice of the probél°Sn Mossbauer spectros-
which case the lattice coupling to the small precipitate iscopy is an excellent technique for studying the details of the
expected to be similar to that of dissolved impurities in thetin-lead system, and in particular the precipitation-
host lattice. dissolution reaction and phase transformations. In this man-
Another area of general interest is the performance of aer microscopic changes in the tin-lead alloys such as pre-
tin-lead solder alloy under extreme temperature conditionsgipitate particle size effects should be observable, while they
such as may be encountered in an arctic defense or aviati@re not visible with macroscopic techniques. It should be
application. In fact, tin is known to undergo a phase transhoted that Debye temperatures found from ME data are
formation at a temperature of 286.2°Kn this transforma- somewhat different than those determined from heat-
tion, it goes from the ductile body-centered-tetragoBal capacity measurements. Each involves a different weighting
phase(white tin) at higher temperatures to the rather brittle of the Debye density of phonon states, which is used as an
diamond structurex phase(gray tin upon cooling. While approximation to the actual density of states. All character-
there is some question as to whether the transition is marteristic Mossbauer temperatures shall be denoted\pin this
sitic or first order in nature, most sources in the literaturepaper.

believe it to be the lattet.® The point is that the slow kinet- The precipitation-dissolution reactiop in the tin-lead sys-
ics at the transformation temperature require an essentiallem has been examined earlier using deloauer spectros-
diffusionless transition. copy by Arriola and Cransha?They tracked the center shift
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and the area of the ME resonance as seen in an 8 at. % tin gguares fitting techniques. Thus, one can completely and ac-
lead sample as a function of sample temperature. They olsurately determine important line-shape parameters such as
serve a temperature dependence of the recoilless fraction théite thickness number@roportional to the recoil-free frac-
includes a sharp transition as the sample temperature t#on f), interference parameters, linewidths, and line posi-
raised and the precipitates of tin dissolve into the host leadions. .

matrix. However, a much more accurate and complete analy- [n summary, the Mssbauer effect using'°sn can be

sis can be performed using the correct curve fitting techtSed to study the mechanisms involved in the precipitation-
niques outlined below. In addition, a procedure for the accudissolution reaction in a tin-lead alloy. Specifically, the mi-
rate fitting of multiple lines in a single unresolved spectrumCroSCcopic precipitates likely to be present in the initial stages
can be developed. This situation will always be encounteredf @ reaction Sh.OUId have a unique signature in asmaqer

in samples containing a mixture of tin in the precipitated and®XPeriment, while said precipitates cannot be seen with the
dilute states, as well as tin in theand 8 phases, and thus a other techniques mentioned above. By fittingsdbauer data

fitting technique is needed to completely characterize thd°® the transmission integral, the presence of tin in the
Méssbauer spectra. phase was detectable in our experiments, even though it was

This research was originally motivated by a desire tonOt found in the earlier ME studies of this systéfhin ad-

verify and further investigate a surprising M&bauer result dition, the ME technique can be used as a probe of the tin-
reported by Shechter, Stern, Yacoby, Brener, and Zhanf§ad phase diagram, as we show for a sample of lead with
(SSYB2) in 19898 Specifically, these researchers presented8:5 at. % tin. Finally, we shall demonstrate that fitting
remarkable Mesbauer data taken using several samples g¥lossbauer data to Lorentzians in any regime outside of the
lead doped with very small concentrations of tin, ranging'deal thm_hr_mt is inherently flawed and_leads to erroneous
from 0.5 to 5 at. %. They report a rapid falloff from the usual Characteristic temperatures and other discrepancies.
Lamb-Massbauer behavior exhibited by solids, at a critical
temperature of 150 K for their 1% tin in lead sample. While Il. BACKGROUND
the f(T) curve is similar in appearance to that found by
Arriola and Cranshaw, the results are interpreted by SSyBz [N @ well-known result, the slope of a plot of the natural
as resulting from isolated premelting around Sn impurities/09arithm of the recoil-free fractiofi vs temperature in the
Since this premelting takes place at a temperature of abo(¥9n-T region should be
25% of the bulk melting temperature of the host, this appar-
: ) . : —3h%k?

ent result is very surprising. They cannot explain their data s= 1)
by the precipitation-dissolution mechanism in that the diffu- kaef,, '
sion rates are too low at 150 K. We have repeated this inter-
esting experiment but were unable to confirm the SSYB2where?: is Planck’s constant divided byn2 k is the magni-
result. This will be discussed in detail in Sec. V. tude of the wave vector of the outgoing radiation quantom,

In the absence of any perturbing effects such as interfers the mass of the Debye oscillatolg; is the Boltzmann
ence, the energy profile of the radiation emitted by a decayeonstant, anddy, is the effective characteristic \sbauer
ing nucleus (and, of course, absorbed by an absorbingtemperature of the lattice. Thus, we would expect that such a
nucleus will follow a Lorentzian line shape. In practice, plot would yield a generally linear plot foF>26,,, with an
however, perturbations such as finite source and absorbé&verse squared dependence on the characteristic tempera-
thicknesses are almost always present. Moreover, due to there. However, the magnitude of this effective characteristic
complicated nature of fitting to the exact transmission intetemperature will depend on the physical situation present at
gral, it has always been widespread practice to analyzthe sites of the Mssbauer atoms, i.e., either isolated substi-
Mossbauer data using just a simple Lorentzian line shaptutional impurities or precipitates at the grain boundaries, for
with the linewidth as an empirical parameter. When fit to aone would expect different couplings to the host lattice in
Lorentzian line shape, though, spectra taken on samples owach situation. Finally, we would expect deviation from this
side the thin source and absorber limits always return incorbamb-Massbauer behavior for a specified environment only
rect parameters. Furthermore, in an actuakbtmuer experi- at very high temperatures where anharmonicity effects make
ment, the signal seen at the detector is in fact a convolutiokarge contributions. In such a case the recoilless fraction
of the source and absorber line shapes. The actual functiongould falloff much more rapidly than the case of the com-
for typical source and absorber thicknesses are highly modimon harmonic approximation used in the derivation of Eq.
fied from Lorentzians, because of such effects as saturatiofl).
interference, and source resonance self-absorgB&sA). Another feature of a Mesbauer resonance that bears men-
As more factors are worked into the analysis, the source antion at this point is the isomer shift. This shift is caused by a
absorber functions become extremely complicated. In praccoulombic interaction between the atonsishell electrons
tice, therefore, the transmission integral representing the truend the charged nucleus of an atom, and it thus results in the
line shape is very difficult to evaluate in a reasonable amouractual resonance being shifted in energy by a small amount
of calculational time. Mullenet al® outline a procedure commonly noted as. However, the dependence of the iso-
whereby the source and absorber terms in the transmissioner shift on the electron density at the nucleus leads to a
integral are expressed as an analytic series using Fourifairly unique signature of the various oxide states of tin.
transforms, which in this case are rapidly converging. Wherfrurthermore, the isomer shift is expected to be different for
programmed into a computer, Mdsbauer line shapes can isolated impurities in a host material and precipitates large
then be fitted to arbitrary accuracy using well-known least-enough to reflect the properties of their bulk constituency.
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Thus, the isomer shift also can aid in assessing the micro- In the experiment described herein, three distinctsMo
scopic nature of tin precipitates and dispersed tin in lead. bauer resonances were found, associated with dispersed tin
in lead and with two types of precipitates of tin. All three of
Ill. DATA ANALYSIS these resonances were unresolveable to immediate visual in-
spection, but they were easily identifiable by curvefitting
In a Mossbauer experiment using transmission geometrywith the analytic expansion of the convolution integral.
the actual signal observed at the detector will be a convolu- The curve fitting techniques outlined above can be ex-
tion of the source and absorber terms. Unfortunately, there iended to the case of structured spectra, i.e., split and mul-
no closed form analytical expression for this convolution in-tiple lines. The apparent splitting can come about from any
tegral. It can be treated, however, with an exact and rapidlyf several mechanisms, such as electromagnetic field gradi-
convergent analytic representation due to Muliéral® This  ents, magnetic hyperfine interactions, or just the presence of
methodology expands both the source and absorber terms jfyitiple single-line resonances in the sample. In the present
a power series in the source and absorber resonant thicknesgse the extra lines will be coming from S&bauer reso-
numbers using a Fourier transform method. In this mannepances that can be treated independently. In this case the
the spectrum is completely defined using these parameterggnsmission integral can be written as a sum of the trans-
vo the peak centroidl’ the natural linewidthCy the off-  yjssjon integral for a single-line spectrum. The spectrum is
resonance backgrountl, the source recoiless fractionthe  then fit by adding up the separate fitting functions represent-

absorber resonant thickness numberthe interference pa- ing each resonance so as to yield the entire spectrum.
rameter, and, the source resonant thickness number. When

programmed into a computer the analytic expression thus
permits accurate determinations of the above fundamental
parameters. Furthermore, in the case'¥8n, the interfer-
ence parameter is taken to be negligible as predicted theo- For this experiment the source material used was calcium
retically, and the source resonant thickness nunteand  stannate, C&°SnQ,. Fabricated by the Amersham Corpora-
natural linewidthI” from earlier precision measurements aretion, it contained 1.42 10" % g of radioactive isotope with
independently determined and inserted into the fitting funcan initial activity of 5 mCi. It was mounted in a cryogenic
tions as constants, rather than parameters to be determineshurce holder with a effective diameter of 14 mm and the
The thickness numbeiis a dimensionless gauge of thickness calcium based matrix gives drvalue of close to 0.7 at room
equal to the product of the number of B&bauer absorbing temperature. Furthermore, the line is unsplit and the line-
atoms per unit area times the resonant cross section times thddth is near the ideal limit Il=0.32 mm/s) for a fresh,
recoilless fraction {=no,f ). carrier-free source. When the data was analyzed these values
The data analysis techniques are not quite as simple in theould be put into the fitting functions as known quantities,
cases where the Nsbauer signal is coming from two or thus avoiding problems with variable correlation.
more components, arising from alternative possible environ- As any source ages and decays,dglmauer atoms in the
ments. One would expect that any small precipitates preseiground state must build up in the source itself. Since they
containing the Mesbauer isotope would couple to the hostwill always be in resonance with the desired radiation, sig-
lattice differently than in the isolated impurity case, and thushificant SRSA can take place, creating an extra broadening
they should then have a differeftand effectivedy, . Also,  in the Massbauer liné® This effect, however, can be taken
this 8,, would be different than that of a macroscopic sizedinto account in most fitting functions if an accurate source
crystal of the precipitate state embedded in the solid. Moreesonant thickness number can be folrthis was deter-
significantly, we would expect differences in atomic electronmined by simultaneously fitting four spectra of the same
densities at the precipitated dsbauer nuclei due to said sample taken at different temperatures and constraining the
nuclei no longer being substitutional impurities, causing aabsorber thickness numbers to follow the empirical tempera-
change in the isomer shift of the resonance. This effecture dependence of the Lamb-B&bauer factor. A source
would be further enhanced in the cases where the precipitategsonance thickness numbey.f value of 0.5 was returned,
have a different crystal structure than the host lattice. Theand henceforth used in all fits. Althoughy can change con-
Mossbauer signal will now no longer be a single line, insteadsiderably with time large cross-section isotopes, this effect
becoming two or more lines which f3t°Sn in Pb are mostly was not important over the period in which the data runs
unresolved and visually appear as a broadened line. This camported herein was taken. The source electronic thickness
easily be seen by fitting the spectrum to the analytic reprenumberT,.s was calculated to be 0.267 by considering the
sentation of the line shape and examining the residual plgphysical dimensions of the radioactive material and the
and the y? value found for the fit. The residual plot will (sealed source holder.
show a characteristic pattern due to the fitting function fail- The data was gathered with a multichannel scaler. Veloc-
ing to account for the extra resonance and #fewill be ity scans were achieved via the use of an electronic trans-
significantly higher than that encountered after a good fit to alucer with a feedback controlled drive operated in the sinu-
true single line. Finally, as the size of the precipitates in-soidal mode. The transducer velocity was calibrated
creases and they begin to take on the characteristics of theeriodically using the well-known line positions of tRé&e
bulk material, which in the present experimenti®r g tin, Mossbauer resonance. Both a silicon-lithium driff&i(Li)]
one would expect the isomer shift to approach the value foand a solid-state germanium detector were used interchange-
this bulk material as the signal from the precipitate begins tably, depending on which was available for service during a
dominate that from the remaining isolated impurities. particular data sequence. Both have efficiencies close to

IV. EXPERIMENTAL METHODS
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100% at the energy of the NMebauer transition of interest. moval from the furnace. In all cases nearly 100% recovery
In order to accurately control the absorber temperatureyvas achieved, with the worst case being 99%. If the missing
the samples were mounted in a Janis ST-4 continuous flownass was indeed tin in these cases, this would not be a de-
cryostat. The sample holder itself consisted of a coppesirable situation because of the lead-rich nature of the
block, to which the sample foils were held in between twosamples. However, no evidence was ever found that one el-
thin pieces of either transoptic disk or boron nitride by a€ment was preferentially disappearing during the manufac-
copper mounting collar. The disks were used purely to mainfuring process. Furthermore, several samples were prepared
tain sample rigidity. The cryostat could then be operated usfor analysis by both the Materials Science and the Earth and
ing the vapor of either liquid helium or liquid nitrogen as a AAtmospheric Science departments at Purdue, containing

coolant. The coolant is transferred via an evacuated transfdfo™M 1 t© |5 at.d% tig inlI)earc]i by initial ngght(.j These sa_mplles_
line from a storage dewar held at a pressure of 4 psi by'er¢ analyzed under both a SEM and under an optical mi-
means of a popoff valve, and either vented into the atmo®'OScOoPe equipped to take photographs. Upon examination,

sphere after flowing through the cryostattrogen or recov-  N° tin-rich regions could be found in the low-concentration

ered(helium). Four psi was found to be the best compromisesamples’ showing the tin to be homogeneously dispersed into

between adequate flow rate and flow rate controllability. the Pb matrix. The higher-concentration samples were quite

Most experiments usually require separate pieces otflifferent, having easily identified pure tin regions homoge-

sample apparatus to make data runs above and below rooWOUS|y.diSFribUted throughc_)ut the sample. These regions
h anged in size from approximately Bm across down to

temperature. To examine this whole range would require t éb hich h I h Id b bi

sample to be removed from a furnace, for example, and thefi out 1um, which was the smallest that could be unambigu-

remounted in a cryostat. This could lead to geometrical dif-.OUSIy identified. The most mportant consideration, though,
the observed homogeneity of the precipitates. These

ferences in the experimental setup that would then chang'é | | hecked. usi I h di ;
the background counting rate, and thus could prevent dire@@Mples were also checked using wavelength dispersive
and simple comparison of the h@bove room temperature spectroscopy, which confirmed the ratios of tin to lead in our

and cold(below room temperatuyelata. In order to prevent samp!es were the same as in our starting materials to within
the above difficulty, the Janis cryostat was outfitted with ma_machlne error. .
After the samples were prepared in the above manner,

terials capable of withstanding both hot and cold temperatur _ . .
ey were placed between two pieces of stainless-steel shim

operation. It thus had an effective temperature range fro K which had b iously cl d Th h
475 K down to liquid-helium temperatures. The temperatureStoc » Which had been previously cleaned. They were then

sensor, mounted in the sample block, was of the silicon di_rolled in a small hand-operated rolling press, with the rollers

ode type and, in fact, this sensor is what created the upp&Jamped dpwn §Iightly more with each pass. By rolling th?
temperature bound for the system as a whole. sample a little thinner each time and changing pieces of shim

Extreme care was taken in producing homogenddt&n stock approximately every four passes, the problem of the

in Pb samples. Obviously, all of the experimental constitu-SOft lead sticking to the shim stock could be usually allevi-
! %ted, although the technique required practice to avoid

ents must be present in the final product in their premeasure . : s
and desired amounts, i.e., one element does not leech inglmple damage. Using this methodology, a thickness of less

any container used in the manufacturing process or vic an 25um could be attained.
versa. Also, composition modifications due to evaporation
must be minimized. If either were to occur in a significant V. RESULTS AND DISCUSSION
way, the desired concentration would be altered. Also, one
must control extraneous impurities in geneffar example,
oxides of tin are easily formed, although they are readily As an initial data run, four samples ranging in Sn concen-
visible in a Mssbauer spectrum and can be extracted in thérations from a low of 1.3 at. % to a high of 5.4 at. % were
data analysis analyzed. Mgsbauer data were taken over a wide tempera-
To best alleviate these problems, several steps were taketure range, from 4.5 K to slightly higher than room tempera-
First, the samples were produced in as inert an environmentire. The results from the 1.3 at. % case are shown in Fig. 1.
as possible. This included forming the actual ingot in a smalFor comparison purposes we also show the results reported
crucible made of Macor, a commercially available materialby SSYBZ by dashed lines in Fig. 1. In Fig. 2 we show the
that worked well for us, while alternative crucibles did not. data for four low-concentration samples. This data was used
Platinum was used for the retaining clips for the holder. Allto calculate the Mssbauer characteristic temperature for
parts were thoroughly cleaned before use, and the heatingpch of these measurements and the result of this calculation
was done under a hydrogen atmosphere, the hydrogen haviiggiven in Table I. A more detailed presentation of this data
first been filtered through a device designed to remove anwith Mossbauer and residual plots can be found in the Ph.D.
traces of oxygen. The sample was held at approximatelyhesis of Scott N. Dickson, Purdue University, 1995.
500 °C in the furnace for about five days, and agitated at The Massbauer temperatures were obtained by fitting the
least three times a day. Finally, the sample was watedata to the analytic form of the transmission line-shape func-
qguenched while still under the hydrogen atmosphere immetion, and then fitting the returned natural logarithm of the
diately upon removal from the furnace. Mossbauer thicknesses(proportional tof) to the Debye
The samples were all easily removed from the Macor cruintegral as described in Sec. I.
cible, and usually they could be “poured.” Hence, chemical Although only the 1.3 at. % case is shown in Fig. 1, all
interactions with the crucible itself were not a problem.the data follow a similar well-defined Debye-model curve
Many of the samples were reweighed immediately after reover the experimental temperature range, as seen in Fig. 2.

A. Results for slightly doped samples
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-1 T T T T T T TABLE |. Calculated Mssbauer temperatures from the initial
data run. The number in parentheses represents the estimated statis-
tical error in 6y, for each case.

at. %119%n o (K)

. 7 1.3 1042)
£ 1.6 1072
i 3.0 1042)

5.4 1182

In none of the data is there any evidence of a sudden,
% . , , , . \ precipitous falloff from the Debye-Waller behavior as re-

i} 50 100 150 200 250 300 350 ported by SSYBZ. Their data, as presented in Refs. 8 and 12

Temperature (K) and sketched for comparison purposes in Fig. 1, was inter-

preted as the result of an isolated premelting phenomenon
. taking place around tin impurities. While possible premelting

z/t?) tzircse;i“ggp?;;; ;'t:’; E;tép/roezr:tgltieérm? ?ﬁ;hsegfggﬁigdﬂo is indeed a fascinating physical phenomenon to contemplate,

Ref. 8 for their 1% and 2% samples, respectively. In this represenr?[-he premelting SSYBZ are proposing takes place a full 450

tation we have arbitrarily shifted the vertical and assumed that theirK below the bulk melting temperature of Pb. Furthermore, in

intensities are proportional to our thickness numtevhich is ap- fa ref:ent pape]ﬁ Yang, Lu, and Wang find tha.t surface melt-
proximately true. ing in Pb occurs al =520 K. Roughly speaking, the atoms

at a surface will have only half as many bonds as the inner
The returned characteristic temperatures of(2DK, 104(2) atoms, and thus one would expect melting to occur at a sur-
K, and 1072) K for the 1.3, 1.6, and 3.0 at. % samples, face at lower temperature than in the bulk solid. This result
respectively, agree well with values published by Andreasenloes not support the model presented by SSYBZ.

et alltin the dilute alloy cases. They report a value of 113  Another facet of the SSYBZ model that warrants discus-
K, using Lorentzian fits to their data. The fact that the threesion is the estimated size of the liquid bubble they postulate
samples ranging from 1.3 to 3.0 at. % return the same valu® surround the Sn impurity. For a 2% sample, for instance, a
for 6y, within experimental error can be taken as evidencéubble containing 50 atoms must overlap with the bubble
that the 1'%Sn is in the same lattice environment in eachsurrounding the next-nearest Sn atom. Thus percolation
sample. The Mssbauer temperature of (28K for the 5.4  would manifest itself in a bulk sample as a much reduced
at. % Sn in Pb sample reflects the presence of larger precipiesistance to shearing stress, an effect that has never been
tates in this more highly doped sample, which is clearlyobserved. Depending on the exact size of the bubble, the
above the precipitation limit. The Msbauer signature of bulk sample itself would even behave as a liquid. In sum,
precipitates in an otherwise pure host matrix is discussethere are several difficulties with the premelting model pro-
later. posed by SSYBZ.

The SSYBZ work has been questioned by other research-
ers, as well. In a 1991 pap&Martin and Singer describe a
computer simulation of the behavior of isolated point defects
in a model crystal near melting. Using an inverse-6 soft-core
model, they fail to observe any premelting near any of the
types of defects they simulatédacancies, polyvacancies, or
impurities. Hence, they too are unable to explain the
SSYBZ data by premelting.

The SSYBZ data as presentédhas only two points be-
low the bend in the curve and shows no apparensdbauer
signal in their 1 at. % sample at the lowest measured tem-
perature(150 K), in which case an intensity cannot be cal-
culated. However, this is in direct contrast to our small con-
centration samples, for which the signal persisted to room

-s.o0 5'0 1(')0 1;0 2(')0 2;0 3(')0 50 temperature and beyond as seen in Figs. 1 and 2. Further-
more, these measurements indicate that samples containing 3
Temperature (K) at. % tin or less are dispersed and do not show a sudden

FIG. 2. Natural logarithm of the integrated intensity taken to bef@lloff in f(T) as the temperature rises. Our 5.4 at. % sample,
proportional to the thickness numberfit to the Debye model. ON the other hand, has a distinctly lower slope to thevs T
Curves(A) through(D), respectively, represent tin in lead concen- CUrve, as shown in Fig. 2.
trations of 1.3, 1.6, 3.0, and 5.4 at. % and have been displaced on T0 date the origin of the SSYBZ anomaly remains a mys-
the vertical axis for the purpose of comparison. The slope of curvdery. We were unable to duplicate the effect in any of our
D is significantly less than that &%, B, andC, indicating a higher  dilute samples. In fact, we only produced a similar effect in a
Mossbauer temperature for the 5.4% sample. quite highly doped tin in lead sample as seen in Fig. 3 and

FIG. 1. Natural logarithm of the Mgsbauer thickness numbier

20 T T T I T T

1.0

0.0

-1.0

-2.0

In (Intensity)

-3.0

4.0

-5.0
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2 T T T T T . cially in the measured Mssbauer temperature and the obvi-
ous error signal when performing single-line data fits. In
i ] order to illustrate the effects of these large precipitates, a
of - sample containing 18.5 at. % tin in lead was prepared, and a

series of M@sbauer spectra were taken as the temperature
was increased in progressive increments beginning at 80 K

Py . 4 and ending at 200 K. This data yields 6 of 130.5 K.
° Moreover, all of the data fall on the curve within error and
r o] there are no anomalous points. Thus, when fit to a single
ak . line, the measured Msbauer temperature of large precipi-
. tates of tin in lead is much closer to the characterigfjcof

pure tin, 140 K. Furthermore, the measured single-line iso-
. | . . . . mer shift is very close to the value fgt tin.
'650 100 150 200 250 300 350 400 Once the Mgsbauer temperature was established for the
Temperature (K) highly precipitated 18.5 at. % sample in the 80 to 200 K
) ) ) region, higher-temperature data were taken. The natural log
FIG. 3. Natural logarithm of the Mssbauer thickness number ¢ the Messbauer thickness is plotted as a function of tem-
vs temperaturel for a sample containing 18.5 at. % tin in lead. perature in Fig. 3. As the tin precipitate dissolves into the
Note the obvious deviation from linearity as the precipitation reac-_,.,. . L . . .
. lattice, note the obvious deviation from linearity. The bend in
tion takes place. . .
the curve occurs at the temperature at which the signal from
discussed below, in which case the precipitation-dissolutionthe isolated impurity begins to dominate, for the $8bauer
reaction is clearly evident in the sbauer data. temperature of dispersed tin in lead is much lower than that
of large precipitates. Notice the similiarity to the SSYBZ
data, shown in Fig. 1. In this case, though, the bend in the
Several samples were examined that were well above theurve clearly comes about due to the precipitation-
precipitation limit at all but the highest temperatures attain-dissolution reaction. The data is presented up to the point at
able with our experimental apparatus. By varying the temwhich the temperature was high enough that thesshbauer
perature of the sample, various fascinating aspects of thesonance could no longer be easily observed due to the re-
Mossbauer signature of the precipitation-solution reactiorjuction in the recoil-free fraction. If higher-temperature data
could be studied. Using the furnace to hold the samples &{5q peen gathered, one would expect thevs T curve to
high temperatures, the tin could be dissolved into the lead,.e again become linear, although now the measdfed

matrix. However, these temperatures were usually too higly, g correspond to the isolated impurity case
to observe a Mssbauer effect because of the very small '

recoilless fraction, and thus a method was needed to obtain a
spectrum characteristic of the dissolved state. This was ac-
complished by rapidly quenching the samples to liquid-
nitrogen temperaturévith a total time constant on the order ~ To investigate precipitation at lower temperatures, the
of 10 min) and then taking the spectrum. In this manner thel8.5 at. % sample was chosen because its quite high tin con-
high-temperature state was “frozen” into tHeow super- tent could lead to relatively rapid precipitate particle forma-
saturateglsample. With the small exception of a slight repre-tion. First, it was annealed for a day at 450 K. It was then
cipitation in some samples due to the finite time required forrapidly quenched to 80 K, while still in solution and spectra
the quench, this method worked quite well. In fact, the re-were taken every 20 °C from 80 K up to 240 K. This data is
turned fit parameters of highly doped samples obtained ighown as the lower curve in Fig. 4, and a fit to the Debye
this manner matched those of previously examined dilutqmegra| yields6,,=110.0 K, showing the tin in the sample
samples. - . . to indeed be mostly in solution. As the temperature reached
When curve fitting the Mssbauer data from a slightly 260 K, however, the fit to that spectrum yielded a value of
precipitated sample to a single line, the signature of thesghe thickness number which was clearly above the previous
a good fit, i.e., the returned value gf is much greater than  quenched to 90 K, and Msbauer spectra taken again every
one. Conversely, in this case the measuredsdbauer tem- 20 °C. The result was the upper curve in Fig. 4, a rather
perature is very close to the dilute case. We measured thgamatic demonstration of precipitation. Fitting the data on
Mossbauer temperature for a 5.4 at. % sample both beforge upper curve to the Debye integral yields & ddloauer
and after freezing in the high-temperature dilute state as deemperature of 127.8 K, a value very close to the previously
scribed above. The returned valueséyf were 114 K and  measured precipitate state value of 130.5 K. The large ther-
107 K, respectively. The only difference was an inability to modynamic excess of tin in solution in this sample while
fit the preanneal data to a single line. cold evidently lets the precipitation reaction take place at
temperatures where the kinetics, i.e., the interatomic jump
rate, is still relatively slow D=10" 12 cn?/s). Again, be-
cause of the high tin doping, a precipitating cluster can grow
The presence of large precipitates of tin in lead can profairly quickly. Earlier measurements of the same type on
duce some rather dramatic effects in $dbauer work, espe- lower tin concentration samplé€s.4 at. % and lowerdid not

B. Characterization of precipitated samples

D. Precipitation at lower temperatures

C. Basic characterization of large precipitates
fit to a single line



5978 SCOTT N. DICKSON AND JAMES G. MULLEN PRB 58

1.0 T T T T (x105)
1.1 L L

0.0 ¢ -

Int

05 . -

Counts

10+ -~ [
. 09

15 -

20 1 ) 1 1 r
50 100 150 200 250 300 0.8 : L t L * L : ! : !

6 -4 -2 0 2 4 6
Anneal Temperature (K)

FIG. 5. The 18.5 at. % sample in a highly precipitated state. The

FIG. 4. Precipitation at lower temperatures as demonstrated_witlﬂt was performed using three components as shown, corresponding
an 18.5 at. % sample. The lower curve $8bauer temperature is 4 the o (1) and B (1) phases, and to tin in soluticfh).

110 K, while the upper returns @&, of 128 K.

the 18.5 at. % sample, when it was in a highly precipitated
uncover significant evidence of precipitation until higher state (?=28.4 when fit to a single line yielded an excel-
temperatures, along with longer anneal times below the prgent fit, as shown in Fig. 5. The results of this fit yieldeg%

cipitation limit, were used. of 1.16, characteristic of a good fit to experimental data.
Noting the relative intensities of the lines, it appears that the
E. Complete characterization of large precipitates majority of the precipitate is in thg phase. The isomer shift

of the « line was allowed to float, and returned a value of
2.02 mm/s. The residuals from this fit are presented in Fig. 6,

E%m hlf S Al\)r ?ii?a Zﬁ?ﬂméﬁzgsigwag\tﬁcgrg?ﬁ: ruee;r?epgg/rgrseil and it can be seen that a good fit was indeed obtained. This is
Py by ' ._an exciting result, for we were not able to find any record in

important factors not taken into account in their work. The|rthe literature of a Mssbauer experiment observing the

data analysis was performed using Lorentzian fits to an a Shase of tin in a precipitate. Furthermore, tae phase

f#imﬁd tsr']r;géirl:?;'Swm?t”gftzﬁe'?igg ?ﬁgu\:g';e ?sestSr%d ;’g:?raztformed without the usual long incubation period required
9 ' y P Wwhen grown from pure tin metal.

the resonance is a single line is flawed. Depending on the With the complete characterization of the 8&bauer data,

temperature at which the data point was taken there could %e high-temperature properties could be examined. The ex-
as many as three components superimposed upon each ov‘g&riment was performed by allowing the sample to anneal

e (o= oot It an average velue for e 34 o v 1618 1 and thn apiy quenching 1060, where e
: : ) " P ' spectrum was run. Figure 7 contains the ddbauer thick-
ting to Lorentzians will return incorrect parameters and

hence incorrect areas, except in the ideal thire1) ab- nesses of each component of the spectrum as a function of
sorber limit which certainly did not hold for their case. Fi- anneal temperature. I the figure, the crosses arer thiee,

S ) A the triangles are the solution site, the circles are gheite,

nally, no mention is made of tin perhaps precipitating in the
a phase, and this possibility, which the present data confirms 4,
experimentally, is not considered in their analysis. r

Therefore, each 80 K spectrum taken on the 18.5 at. %
sample was first fit to a line-shape doublet represented by al
analytic representation of the transmission integral. The po-
sition of each component in the spectrum was fixed to known
values, with one representing dilute tin in lead and the other
representing3-Sn. The linewidth of the tin resonance was -
allowed to float to account for the small unresolved splitting.
This yielded a nearly satisfactory fit, with the returngti
value of about 2. A further improvement was made by letting % |
the linewidth of the solution line float, representing the likely
possibility of very small precipitategdimers and trimeps I
smearing out the dilute resonance. -1000 _t

A completely satisfactory fit to the data was found by © N * 0 2 ! °
allowing for the possibility of the tin precipitating out of the
lattice into thea phase, known to have an isomer shift of 2.1  FIG. 6. Residuals from the fit performed on data taken with the
mm/s relative to a CaSn@ource'® Performing such a fitto  18.5 at. % sample while it was in a highly precipitated state.

The precipitation-dissolution reaction in the tin-lead sys-

T T T T T T T T T

500 ~ B
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-
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25 e concentrations of 18.5 at. %. Dilute samples were found to
. ] return an experimental Msbauer temperatueg, of 104 K,
20 X x| § ] in general agreement with previously published values for
w & T ok, Cox ok ok ] dispersed tin in lead{: Furthermore, the dispersed state could
g 15T s . & & & ] be identified by the value of the isomer shi&.00 mm/3,
.§ oo , 0t ] also in agreement with values reported in the literature. Fi-
SO S e o, ] nally, the dispersed state data could be easily fit to a single
g . e s s s Y ] Mossbauer resonance, and no samples examined exhibited
aosr ° o o o ] any behavior other than the typically expected Lamb-
= P T e °© e e o o g Mossbauer behavior, in direct contrast to the SSYBZ experi-
00 [ R ment reported elsewhe?é?
i ] In contrast to the dilute state, the presence of precipitates
L , o o P !
0o w0 m0 w0 w0 w0 a0 4;0 o can be easily identified by their signature as found in the

residual plots to single-line fits. Moreover, the returned value
of the isomer shift is close to that ¢&Sn. The Mssbauer
FIG. 7. Massbauer thicknesses of each resonance as a functisignal depending on the relative size of the precipitates was
of anneal temperature. The crosses arecdifsite, the triangles are also investigated, and it was found that in the first stages of
the solution site, the circles are tifesite, and the x’s are the sum. precipitation the measured sbauer temperature was al-
The ME data were all taken at 80 K and the error bars are nofnost the same as in the dilute state. Therefore, small precipi-
shown but reflect the general scatter in the data. tates must couple to the lattice in a manner similar to that of

and the x's are the sum. As can be seen, thessauer isolated impurities. The larger precipitates gave valueg,pf

thickness of the solution site starts small and becomes mucﬁﬂg?bcéﬂsa?réoetr?gs Orf] ?:Iﬁ algétlsgmlfa, g}‘iﬁ:ﬂ?g tgﬁ?éz?é the
larger at the transition temperature of 360 K, while the thick- 9 9 prop

ness numbers of the precipitate sites do the opposite. THY® metal as seen in a ldsbauer experiment. Indeed, they

curve represented by the x's in the plot is the sum of theCOUId be easily located visually with the aid of a scanning

contribution to the resonance from each site. As would beelectron mlcroscop_e_wn_h a magn|f|_cat|on as low as 5000X.
The actual precipitation-dissolution reaction was tracked

expected, it stays relatively constant, with a slight decrease ith the aid of a cryostat capable of heating to the point of

after the transition. The decrease is due to there now bein ssolution. 450 K. and then auickly cooling to a temperature
relatively more tin in solution with the lower Debye tempera- here hi h’—resolu'tion Mssba?;er syectra c%uld be ta‘I)<en 80
ture for this configuration. The small size of the decrease i B foll%win such parameters rfs the isomer shift and the
because™™Sn has a large recoilless fracti¢near unity at rélatK/e intens?ties of gi nal coming from the solute site and
low temperature¢80 K) and is not very sensitive to differ- e precipitate sii®) thegdissolutiongwas clearly observed in
ences in the Debye temperatures of the three componen@ precip P y

. an 18.5 at. % doped tin in lead sample at 360 K. The sample
observed. We then take 36005/~ 5) K to be the dissolu- was then quickly cooled to a lower temperature such that the
tion temperature for an alloy of this composition, SV su ersatu?ated ydis ersed state Wouldpremain and the then
though the 10 min quench time may require revising thisobgerved characteﬁstic temperature matched ,that of the di-
number to a higher value when more rapid quenches can l:ie - P )
carried out. Ute state. Raising the sample temperature resulted in enough

According to the lead-tin binary phase diagram as Iore_dlffuswe rearrangement that the large precipitates again

sented in Ref. 16, an 18.5 at. % sample should dissolve at fzgr ;Tﬁ)i’sr'eri?e";%uig dolt;e;ve?gdv?tg[ecg;teeto that of the
higher temperature. Thus, the dissolution curve may requirg y ge precip )

a revision downward. The microscopic §&bauer technique It is an exciting result that dispersed tin was found to
is more sensitive to the onset of dissolution than other techpr('jc'p't"Jlte in lead upon cooling directly into the phase

niques, and hence would show large scale changes in thvglthout the usual long incubation perioi&urthermore, no

pertinent parameters relatively early in the reaction. So thigeferences could be found in the literature pertaining to the

method could be quite useful in the study and possible Cor(_)bservat_lon of tin in both p_hases using ssbauer Spectros-
rection of established phase diagrams. copy. This experiment was in fact an excellent demonstration

Because our technique requires quenching our sample f%f the tec.hnique of fitting multiple single_—line resonances to
80 K, the high-temperature state frozen at 80 K may be lowef" analytic representation of the exact line shape for single-
than that where the anneal temperature was carried out. Thid€ spectra, - .
systematic error could shift the data in Fig. 7 downward The method of fitting multiple resonances was also used

siightly and may explain some of the discrepancy betweell® examine the high-t_emperature d_issolution of tin into lead
our observed dissolution temperature of 360 K and th and to track the reaction as a function of anneal temperature.

higher value given in handbook phase diagrams. By using &y eieBOE 1 T SRR R S TATEC AL % 0
redesigned apparatus, this discrepancy could be reduced gr oo . emp .
o , further indicating that the tin-lead binary phase diagram

eliminated. . e .
may need a slight modification, although a more rapid
quenching apparatus would be needed to establish this claim.
In summary, Mesbauer spectroscopy can be a useful tool
11%n Mossbauer data has been taken on a variety of leadn the study of precipitation reactions and phase diagrams.

tin alloys, ranging from the quite dilutd.3 at. 9 upto atin  The signature of small precipitates is indeed interesting, for

Anneal Temperature (K)

VI. CONCLUSION
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they are clearly visible as isomer shifts in single-line curve-of phase diagrams. In this manner, the reaction could be
fits, but do not show up noticeably in recoilless fraction meatracked in quite close detail.

surements of Mssbauer temperature. In direct contrast,

larger precipitates do change the obserggdand approach ACKNOWLEDGMENTS
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