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Extreme Fast-Diffusion System: Nickel in Single-Crystal Tin
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(Received 2 July 1984)

The electromigration in the steady-state mode and anisotropic diffusion of Ni in single-

crystal P-tin have been measured by a tracer-sectioning technique. For the first time the
solubility of Ni in Sn has been observed. The unusual features are extremely rapid mobility,
low activation energies, and extraordinary anisotropy of diffusion (D~~/Di=7 x10 ). The
strength of the electromigration driving force in the basal plane of Sn shows a surprisingly

strong temperature dependence.

PACS numbers: 66.30.Jt

The so-called "fast diffuser" metal systems' ex-
hibit a mobile impurity (noble metal, divalent met-
al, or transition metal ions) usually in a polyvalent
metal matrix, such as lead, tin, indium, or thallium.
The diffusivity of these dilute impurities runs from
10 to 10' times that of self-diffusion. The exact
mechanism for such high mobility is still open for
speculation, although it seems clear that some sort
of interstitial action must be involved. It has been
observed that there is a strong correlation between
the mobility of the impurity and its lack of solubili-
ty as illustrated in Fig. 1 where the diffusivity of
several impurities in lead and tin have been plotted
against their solubility. As indicated the data have
been selected at homologous temperatures for the
two solvents. Just why this correlation is so strong-
ly marked has only been surmised on a qualitative
basis. One would suspect that a rapidly diffusing
impurity would not have formed locations in the
lattice where it is strongly bound and, hence, it has
only a low solubility.

On this basis the system of nickel in tin might be
expected to present an extreme situation. The solu-
bility of the nickel is so low that up to now it has
not been reported in the usual references. Howev-
er, with the use of the radioisotope Ni we were
able to assign a solubility of 0.05 wt. ppm at room

temperature with a heat of solution of 5.95
kcal/mole and, furthermore, to determine the dif

fusivity and driving force for electromigration by
standard techniques.

The experimental procedure for the diffusion
measurements employed here is similar to that
described elsewhere. Because of the strong tetra-
gonal nature of tin, single-crystal specimens were
essential; some were sectioned by an acid saw from
a commercial stock, and some were grown by the
Bridgman method from 99.999'lo pure tin. Their
orientations were determined by the Laue back-
reflection method.

Prior to plating, samples were prepared by an al-

ternate etch-polishing procedure. The radioactive
Ni was plated from a solution which was prepared

with radioactive nickel-chloride in 10 ml of distilled
water and 150 mg boric acid. ' The samples were
then sealed in Pyrex tubes at —,

' atm of He and

transferred to a preheated furnace where the tem-
perature was controlled to within +0.5'C. After
each run the diffusion coefficient was obtained by
the standard lathe-sectioning and liquid-scintilla-
tion-counting techniques.

The tracer concentration profiles were fitted by
either Gaussian or complementary error functions
depending on the source strength deposited on the
samples. Since D

~~
))D ~ for all other fast

diffusers in p-tin, we measured D~ first as it fell
into a range better suited to our standard tech-
niques. A series of measurements gave

D = (1.87 +0.26) x10 exp[ —(12.94 +0.12 kcal/mole)/AT] cm /sec.

In measuring D
~~

we faced the problem of taking into account the room-temperature diffusion that occurred
between the end of the anneal and the beginning of sectioning. There was no difficulty in determining D

~~
at

room temperature. For temperatures above room temperature one had to apportion the integral JD dt,
determined from the penetration plot, to a part due to, say, 10 min at 100'C, and to a part due to 20 min at
room temperature spent preparing the specimen for sectioning. The temperature dependence of the dif-
fusivities parallel to the c axis was found to be given by

D~~ =(1.99 +0.32) x10 2exp[ —(4.32 +0.11 kcal/mole)/AT] cm /sec.

The Arrhenius plots of Ds and D, versus 1/Tare shown in Fig. 2.
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FIG. 1. Diffusivity vs solubility for Pb and Sn systems.

One notes that the diffusivity is tremendously
fast along the tetragonal axis, being 1.3 X10
cm /sec at room temperature. The diffusivities of
various metals in liquid Sn are presented along with

the results of this work for comparison in Fig. 3. It
is remarkable that the mobility of Ni along the
tetragonal axis of Sn is in the same range as that of
various metals in liquid Sn. Actually, if one extra-
polates the diffusion date for D ~~' to the melting
point, the corresponding values exceed those for
impurities in the liquid state by a factor of 2 or 3.

Another striking feature is that the diffusivity of
Ni in Sn is highly anisotropic, with DII along the
tetragonal axis at T =120'C about 7 &10 times
that at right angles. This is perhaps the largest ratio
ever observed for the anisotropy of diffusion in a
simple metal.

A question arose as to why the points on the Ar-
rhenius plot for the diffusion along the a axis
showed such small scatter since the angular accura-

cy of specimen orientation by the Laue back-
reflection method could hardly be better than +1'.
With the large anisotropy of D the standard expres-
sion for diffusion at an angle 8 to the preferred
axis,

D (8) =D II cos'8 +D ~ sin'8,

would predict a marked scatter in D~ (D II /D~ =7
&&104) from the uncertainty in orientation. Actual-

ly, an interesting effect was working in our favor,
namely that, for a specimen slightly off alignment,
the surfaces of constant composition tended rather
quickly to come into coincidence with the basal

crystal planes in the initial stages of diffusion so
that only D j influenced the subsequent mass
motion. We predict that such an effect will be im-
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FIG. 2. Temperature dependence of diffusivity for Ni
along a and c axes of Sn.
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portant for misalignment angles less than the ratio
of the diffusion distance to the specimen diameter.
With the intention of verifying this intuitive predic-
tion, it was decided to make computer simulations
of the atomic diffusion process with 80' ( 0 (90',
and also to make an experimental crosscheck at
these angles.

If the specimen axes y and z are misoriented by a
small angle P with respect to the crystal axes, the
diffusion equation becomes
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A' = D
t~

sin'P +D~ cos'$,

B' = [(D —D )sin'P]/2,

C'=D~~ cos @+D~sin @.

The numerical solution of the above parabolic equa-
tion in two-dimensional space for mixed derivatives
can be obtained by finite-difference approximations
with the alternating direction implicit (ADI)
method. The scheme, developed by McKee and
Mitchell for obtaining practical convergence for
such cases, splits the diffusion equation into two tri-
diagonal sets of difference equations. It was em-
ployed here to give numerical solutions to the
above equation and the corresponding values for
the diffusivity. The values of diffusivity obtained
from numerical solution and those calculated from
the standard expression D(8) =D~~cos'8+D~
xsin 8 for 80' (0 &90' at T=120'C are com-
pared in Fig. 4. Four experimental results with dif-
ferent orientations at 120'C are also included in
Fig. 4. Fair agreement between the experimental
results and numerically computed values is con-
sistent with the uncertainty of the angular deter-
mination and supports the intuitive prediction that a
small degree of misalignment will be automatically
corrected for in the initial stages of diffusion. Dur-
ing this time the component of the concentration
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FIG. 4. Comparison of numerically computed values
and experimental results for diffusion of Ni close to the
basal planes of Sn.

gradient parallel to the c axis is "shorted out" by
the rapid diffusion in this direction.

The very low activation energies for Ni diffusion
in Sn, 4.32 kcal/mole for g~~ and 12.94 kcal/mole
for g ~, make a striking contrast with the activation
energies for self-diffusion, 26.0 kcal/mole for g~~
and 25.9 kcal/mole for g ~.9 An examination of the
geometrical configuration in Sn reveals that the
atoms in the P-Sn structure form a set of relatively
open square channels along the c axis, while pas-
sages transverse to c axis are more restricted. An
interstitial mechanism is usually invoked to explain
the high mobility of the fast diffusers even though
the ratios of atomic diameters do not obey Hagg's
empirical rule. ' However, Dyson, Anthony, and
Turnbull" have pointed out that it may be possible
to account for the tendency toward interstitial for-
mation in the fast-diffuser systems if the packing of
the host metal is limited by ionic rather than by
atomic size. For example, the radius of channels
along the e axis of Sn bounded by the Pauling ion
cores of Sn would be 2.20 A for quadruply ionized
Sn. Therefore it appears that noble-metal, Ni, and
Zn atoms (atomic radii': Cu, 1.278 A; Ag, 1.445
A; Au, 1.442 A; Ni, 1.246 A; Zn, 1.394 A) could
be placed in the channels along the c axis of Sn with
little or no distortion. Here the Ni atomic size
(1.246 A) is smallest, compared with other ele-
ments, and the diffusivity is largest of all the im-
purities in tin.

In regard to electromigration the relatively high
mobility of Ni along the a axis of Sn makes feasible
the use of the steady-state technique to measure the
effective charge number Z'." Slices of the Sn sin-
gle crystal about 2 mm thick were cut perpendicular
to the a axis by an acid string saw and diffused uni-
formly with the radioisotope Ni. Each slice was
then cut into four approximately equal square
pieces, one of which was used as a control to check
the constancy of the Ni concentration. The remain-
ing three pieces were used as specimens for elec-
tromigration measurements as described else-
where. ' The data obtained from the study are
shown in Fig. 5 as a plot of Z' versus temperature.

The values for Z' were large, ranging from —67
at 166'C to —36 at 203 'C. They show a surprising-
ly strong temperature dependence. This kind of
temperature dependence of Z' can clearly not be at-
tributed to the variation of the electron mean free
path as is usually done. The origin of this behavior
is still a topic of speculation.

In conclusion, the system composed of single-
crystal tin with diluted nickel impurities is unusual
for the following reasons: (1) The diffusivity of the
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FIG. 5. Temperature dependence of effective charge
number for electromigration of Ni along a axis of Sn.

nickel shows extraordinary anisotropy (D,~/D ~
—7

X10 at 120'C), apparently the most anisotropic of
any metal system known. (2) The fast diffusion
coefficient, D~I, along the tetragonal axis exceeds
that of diffusion in the liquid phase if the crystalline
coefficient is extrapolated to the melting point. (3)
The strength of the electromigration drive in the
basal plane (Zt ) shows an anomalously large in-
crease as temperature decreases.

We gratefully acknowledge the support of the Na-
tional Science Foundation through Grant No. DMR
79-25026. We are also indebted to the Chemistry
Department of Rensselaer Polytechnic!nstitute for
the use of their Beckman LS150 liquid-scintillation

'W. K. Warburton and D. Turnbull, in Diffusion in
Soh'ds —Recent Developments, edited by A. S. Nowick and
J. S. Burton (Academic, New York, 1975), Chap. 4.

2H. Nakajima, M. Koiwa, Y. Minonishi, and S. Ono,
Trans. Jpn. Inst. Met. 24, 655 (1983).

3M. Hansen, Constitution of Bina'ry Alloys (McGraw-
Hill, New York, 1958), p. 1044.

4A. P. Batra and H. B. Huntington, Phys. Rev. 14S,
542 (1966).

5C. T. Candland and H. B. Vanfleet, Phys. Rev. B 7,
575 (1973).

A, Bruson and M. Gerl, Phys, Rev. B 21, 5447
(1980).

K. G, Davis and P. Fryzuk, Trans. Metall. Soc. AIME
239, 1105 (1967).

8S. McKee and A. R. Mitchell, Comput. J. 13, 81
(1970) .

9F. H. Huang and H. B. Huntington, Phys. Rev. 8 9,
1479 (1974).

toG. Hagg, Z. Phys. Chem. 68, 221 (1929), and 78, 339
(1930), and 88, 445 (1930).
"B. F. Dyson, T. R, Anthony, and D. Turnbull,

J. Appl. Phys. 37, 2370 (1966).
'2W. B. Peatson, The Crystal Chemistry and Physics of

Metals and Alloys (Wiley, New York, 1972), p. 135.
'3The force of electromigration may be expressed as

F,tt ~elEZ', whi~h is the defining equation for the
dimensionless effective charge number Z'. Here Eis the
applied electric field and e is the electronic charge.

'4C. K. Hu and H. B. Huntington, Phys, Rev. 8 26,
2782 (1982).

1472


