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Dissociative diffusion of Fe in P-Sn as observed by Mossbauer effect
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The Mossbauer efFect of Fe atoms in P-Sn was measured over the temperature range 90—462'K with a
polycrystalline source specimen. The spectra were decomposed into two major pairs of doublet lines and a
minor line. The results were interpreted in terms of a dissociative diffusion mechanism. The lines were
assigned to interstitial, substitutional, and clustered "Fe atoms. The diffusional broadening gave the
diffusion coefficient of interstitial Fe atoms along the c axis as D; = 1.8(+0.6) X 10 exp[ —0.47(g0.07)/kT].
The efFective solute diffusivity comparable with a tracer diffusion coefficient turned out to be
Dr ——4.8(k3.4) X 10 'exp[ —0.53(+0.08)/kT].

I. INTRODUCTION

An increasing number of examples of "fast" im-
purity diffusion have been reported. Several re-
view papers' ' have been published on this subject.
The vast majority of the measurements on the fast
diffusion have been carried out with. a noble or a
late transition metal such as Fe, Co, or Ni as
solute and Pb, Sn, In, Tl, or alkali metals as
host. The phenomena have been interpreted in
terms of a dissociative interstitial dissolution and
diffusion mechanism proposed by Frank and Turn-
bull'. This mechanism implies that an equilibrium
is maintained between the concentration of inter-.
stitial solute atoms C, and that of substitutional
solute atoms C„

C, C +C„

p's.

Here C„denotes the vacancy concentration and VS
stands for vacancy sources and sinks, The total
solute diffusivity Dr is given by

Dr = [Ctl(Ct + C,) ]Dt+ [CJ(Ct + C ) ]D„
where D, and D, are the diffusion coefficients of in-
terstitial and substitutional solute atoms, respec-
tively.

A .consideration of valence and size effect led
Anthony' to postulate the folloming three criteria
for rapid diffusion: (a) a polyvalent or very elec-
tropositive solvent, (b) a sufficiently small solute
ion size, and (c) a low solute valence. Mundy and
Mc Fall' summarized the characteristic features
common to all the fast diffusers as follows: In-
dependent of whether the host lattice has a close

packed or open structure or is multivalent, the
values of the activation energy for impurity dif-
fusion are significantly lower than the activation
energy for self-diffusion in the host lattice, and
the values of the preexponential factor for impurity
diffusion are significantly lower than those for
self-diffusion. The diffusion parameters for var-
ious solutes in single crystals of P-Sn are sum-
marized in Table I. The noble metals "and' Zn
have large diffusivities, a few orders of magni-
tude greater than that for self-diffusion, and they
exhibit very striking anisotropy favoring migra-
tion along the c axis. As for the diffusion of Co
in Sn, the solute satisfies Anthony's three criteria,
and the relatively large diffusivity' tempts one to
classify Co as a fast diffuser. The low values of
the diffusivity of Sb,' Cd, ' In,"and Hg,"have been
interpreted as due to substitutional dissolution and
a vacancy mechanism. For self-diffusion"'" the
vacancy mechanism has been supported by high-
pressure experiments measuring the activation
volume. "

It seems difficult to get direct evidence for the
supposed dissociative dissolution and interstitial
diffusion mechanism with a macroscopic tool such
as the tracer-sectioning method. The question of
the distribution of the solute atoms between inter-
stitial sites and substitutional sites remains open.
The configuration of the interstitial sites is not
yet determined conclusively. Miller et al."ap-
plied a channeling and backscattering technique to
obtain the equilibrium fractions of interstitial and
substitutional Au atoms dissolved in Sn. They esti-
mated that 95/o or more of the Au atoms in Sn at
217 'C were substitutional.

The Mossbauer effect has proved to be a power-
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TABLZ I. Diffusion parameters for self-diffusion and

impurity diffusion in Sn.

Element

Cu

Au

Co

Hg

Cd

Sn

Axis

unspecified
C

Dp (cm /sec)

2 x 10 cm /sec
2.4 x10 3

x10-'
1.6 x10 ~

7.1 x 10"3

1.8 x10 ~

1.1 x10 2

8.4
5.5
7.5
3.0 x 10
1.2 x 10
3.4 x 10
7.10 x 10
7.30 x 10
2.20 x 102

1.20 x 102

1.28 x10
2.10 x 10
8.2
1.4
7.7
1.07 x10

Q (eV) Ref.

at 25'C
0.343
0.477
0.768
0.534
0.798
0.521
0.924
0.95
1.10
1.16
1.11
1.12
1.26
1.28
1.22
1.20
1.13
1.12
1.11
1.01
1.11
1.09

10

12

13

ful technique for the direct observation of the dif-
fusion process on an atomic scale and a time scale
of order wD, the relaxation time for diffusive jumps
of Mossbauer atoms, as well as a tool for study-
ing the electronic and vibrational properties of
Mossbauer atoms, embedded in the host. Concern-
ing "Co or its daughter "Fe atoms, . the intersti-
tial dissolution is inferred, wholly or partially, in

In, ' Te,"Si,"Ge,"and diamond. ' The dynamic
motion of diffusing "Fe atoms has been observed in
Cu ' Au" Fe,'""Ti ' and Al,"by the Moss-
bauer effect. The atomic motion of the Mossbauer
nuclei manifests itself as the broadening of the
resonance line. The broadening is described by the
self-correlation function formulated by Singwi and
Sjolander. 26 The Debye-Wailer factor"'" (DWF),
the isomer shift, 7'" and the linewidth of "Fe in
p-Sn have been studied by the Mossbauer effect.

The present study is concerned with the diffusion
of "Fe atoms in P-Sn studied by the Mossbauer ef-
fect with a view to clarify the mechanism of the
diffusion together with the electronic and vibration-
al properties of the solute in the host lattice.

II. EXPERIMENTS
I

A polycrystalline Sn foil of 0.25 mm thickness
and 99.9995Vo purity, obtained from Materials Re-
search Corp. , was chemically etched and then an-
nealed at, 200'C in vapo to serve as a material
for the electrodeposition of "Co. The electrolyte

was an aqueous solution of carrier-free "CoCl„
boric acid, and hydrazine hydrate. A Pt wire was
used for the anode. The temperature of the elec-
trolyte was about room temperature (RT). After
the electrodeposition of the radioisotope the speci-
men was rinsed in acetone, dried, and trans-
ferred to a glass capsule. It was evacuated to less
than 10 ' Torr and partially back-filled with hydro-
gen. Freshly cut Li chips were placed inside the
capsule as a getter for any residual oxygen and
water vapor. The specimen was then subjected to
diffusion annealing at 150'C. The Mossbauer spec-
trum taken after 1-h annealing showed a central
solid solution line and magnetically split lines
ascribable to a Co-rich surface layer. The area
intensity of the solid solution line was nearly equal
to that of the sextet. Another 2-h annealing de-
creased the intensity of the latter and increased
that of the former remarkably. Finally, the speci-
men was chemically etched slightly to remove the
residual sextet. The activity of the source speci-
men turned out to be 1.4 mCi. This value is equiv-
alent toaconcentration of less than 0.01 at. /oof
"Co in the diffused layer.

The spectrometer was a product of Hitachi Works
Inc, and w'as equipped with a 400 channel analyzer
w'orking ina constant velocity mode. The experi-
mental setup was horizontal in the transmission
geometry with a vibrating source in a small furnace
and with an absorber of enriched K~Fe(CN), 3H,O
at RT except the measurements at 90'K where the
vertical setup was adopted. The linewidth of the
absorber itself was estimated to be 0.15 mm/sec.
Mossbauer spectra were. recorded at seven points
over the temperature range 90-462'K. The ac-
cumulated counts per channel were about 5 && 10'-6
x 104.

III. RESULTS

The spectra are shown in Figs. 1 and 2. The
Mossbauer dips were analyzed by an iterative
least-square method assuming lines of Lorentzian
shape of independent position, linewidth, and in-
tensity. As the initial attempts, we. performed
computer fitting of each spectrum with three-line
and four-line models, based on the inspection of
the resonance patterns. It should be remarked here
that we tried about 50 sets of initial parameters on
each spectrum to find the best fit since a local
minimum of least-squares error was liable to be
attained due to the large covariance of the param-
eters. The quality of the fit of the data to the theo-
retical curves was tested by computing the values
of X'/(X ), defined in the usual way. The values are
tabulated in Table II. It is clear that the three-line
model gave a poor fit. Moreover, the consistency
of the decomposition among the spectra was found



DISSOCIATIVE DIFFUSION OF ~~Fe IN P-Sn AS. . . 2099

0-

o

O
10-

CK

—2.0

I 1

-1.0 0
VELOCITY (mm/sec)

1.0

FIG. l. Mossbauer spectrum taken at room tempera-
ture. Solid lines represent the computer-resolved five
lines.
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to be very bad with this model. The general trends
with the four-line model were as follows: (a) the
fitting was much improved compared to the three-
line model, (b) the two outer lines increased in
width and relative intensity with temperature, (c)
the widths of the inner lines were approximately
equal and remained nearly constant against tem-
perature, and (d) the width of the line at the most
positive position was exceptionally broad.

Due to the large anisotropy of a P-Sn lattice (ax-
ial ratio, c/a=0. 546) one might expect that Fe
atoms in a solid solution would manifest themselves
as quadrupole-split doublet lines with equal widths.
This idea motivated the second step of the analysis.
The spectra were fitted with an outer doublet and
an inner doublet(width-constrained four-line mod-
el). Table II shows that this model is generally
between the unconstrained three-line and four-line
models in regard to the quality of fit. Close in-
spection of the data and the theoretical curves,
however, has suggested a small additional line at
the high velocity region of the dips. This repre-
sents .the final model. The values of y'/(X') for
this five-line model are shown in Table II. The
values of parameters determined with this model

I I l I
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FIG. 2. Mossbauer spectra obtained at several temp-
eratures. Solid lines are the calculated theoretical
curves.

are physically allowable and the self-consistency
of the decomposition is gratifying. The resolved
lines for RT spectrum are represented by con-
tinuous curves in Fig. 1. Only the total theoretical
curves are drawn in Fig. 2 for the sake of clarity.
In the following, we shall indicate the five lines as
Nos. 1, 2, 3, 4, and 5 in order of increasing ve-
locity. In Fig. 3 the location of the lines are plot-
ted against temperature. The widths of the lines
change with temperature as shown in Fig. 4. Figure

TABLE H. Values of X /(X ) for several decomposition models. Lines of Lorentzian shape
of independent position, intensity, and width are assumed except where otherwise stated.

Model 90 K 293 K 362 'K 387 'K 413 'K 438 'K 462 'K

3 lines
4 lines

Width-constrained
4 lines

Width-constrained
5 lines

1.311
1.491

1.338
1.128

1.428
1.404

1.770
1.572

1.290 1.080 1.254 1.455

1.782 1.233 1.644 1.770

1.536
1.323

1.251
1.227

1.164
1.158

1.428

1.299 1.083 1.146

1.293 1.188 .
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FIG. 3. Location of the five lines as a function of tem-
perature. The five lines are indicated as 1, 2, 3, 4, and

5 in order of increasing volocity. The absorber is en-
riched K4Fe(CN)6 3HpO.
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FIG. 4. Temperature dependence of the linewidth.

5 shows the relative area intensity of the lines as
a function of temperature. The analysis errors
are indicated in the figures. In Fig. 4, however,
the error limits denote the sum of the fitting error
and the experimental error caused by the drift of
velocity scale over the series of measurements.

These results lead to the following remarks: (i)
The similarity of the temperature-dependent char-
acteristics of Nos. 1 and 4 confirms that they are
partners of a doublet (1-4 doublet). The same ap-
plies to Nos. 2 and 3 (2-3 doublet). The two dou-
blets a,re dominant in intensity. (ii) The relative
area intensity of the 1-4 doublet increases with
temperature, while that of the 2-3 doublet de-
creases. (iii) The linewidth of the 1-4 doublet in-
creases with temperature, while that of the 2-3
doublet remains nearly constant. (iv) The asym. -.

FIG. 5. Relative area intensity of lines as a function of
temperature.

metry of line intensity develops with temperature
for both doublets. (v) The isomer shifts of the two
doublets are almost the same within the experimen-
tal error. There is no remarkable temperature
dependence of the quadrupole splitting for both dou-
blets. (vi) Line No. 5 is of a different character
in view of its most positive shift, broad width, and

, small intensity compared to the other lines.

IV. INTERPRETATIONS AND DISCUSSION

The present experiments have shown that there
exist three types of "Fe atoms in Sn revealing
themselves as the 1-4 doublet, the 2-3 doublet,
and No. , 5. The results can be well explained in
terms of a dissociative interstitial dissolution and
diffusion mechanism on the following grounds: (a)
the fact that the majority of Fe atoms are in two
configurations is in accordance with the proposed
mechanism, (b) the increase of the 1-4 doublet in-
tensity and the decrease of the 2-3 doublet inten-
sity with temperature are consistent with the pre-
diction of dissociative dissolution as expressed by
gq. (1)," and (c) the line broadening of the 1-4 dou-
blet at high temperatures imay be attributed to dif-
fusional broadening of interstitial "Fe atoms.
Consequently, the 1-4 doublet and the 2-3 doublet
are identified as due to interstitial atoms and sub-
stitutional atoms, respectively. Line No. 5 is weak
and decays at high temperature. This line may be
interpreted as due to clustered Fe atoms. It is
known that the clusters of Fe atoms in" Cu and'~

Au reveal themselves as doublet lines. In the pres-
ent case the doublet its not resolved, presumably
due to the distribution of the cluster size.

The discussions below wil1. elucidate the above
points and clarify the features of.the interstitial
Fe atoms and substitutional Fe atoms in a Sn lat-
tice.
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FIG. 6. Fraction of substitutional, interstitial, and
clustered Fe atoms as a function of temperature.

A. Debye-Wailer factor and distribution of Fe atoms

In the source experiments the area of the Moss-
bauer dip is proportional to DWF arid the number
of resonantly emitting nuclei. " According to the
Debye model, QVfF is given as

f=e pxI
— " 1+4(—) I, I, (3)

where E~ is the recoil energy of an unbound emit-
ting nucleus, k is the Boltzmann constant, and 0™

is the Debye temperature. The Debye-integral
function in the expression has been tabulated. " For
the fixed geometry of the experimental setup, the
ratio of the background corrected area under res-
onance at different temperatures makes it possible
to estimate the Debye temperature. In the present
case, however, the number of nuclei giving rise
to the 1-4 doublet or the 2-3 doublet is dependent
on temperature through a dissociative interstitial
dissolution mechanism. . The Debye temperatures
have been estimated as follows: If one assumes
the number of atoms converted to interstitial atoms
from substitutional atoms at a certain temperature,
one can evaluate the characteristic temperature
for each configuration. Therefore, for one con-
version rate, a set of the Debye temperatures is
determined. Next, for each set, DWF's at RT are
evaluated with Eg. (3) and are averaged over the
absorption areas. This average DWF is under con-
straint of being equal to the reported DWF's of
"Fe in Sn,"&"determined on the assumption of a
single broad solid solution line. The clustered
atoms were assumed to be uninvolved in the con-
version. The Debye temperature has turned out to
be 275+20'K for the interstitials, 400+40'K for
the substitutionals, and 300 a 50'K for the clustered
atoms. The experimental data at RT and 387 'K
were used for this estimation.
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FIG. 7. Population ratio of interstitial Fe atoms to
substitutional Fe atoms vs reciprocal temperature.

The values of DWF calculated with Eq. (3) for
three types of Fe atoms are used to convert area
fraction into concentration fraction. Figure 6
shows the temperature dependence of the Fe atom
distribution among the three configurations. It is
seen that 54% of Fe atoms are in a substitutional
state and that 40% are in an interstitial state at RT.
The distribution ratio of the interstitials to the
substitutionals is plotted against reciprocal tem-
perature in Fig. 7. The value 0.12 +0.02 eV, ob-
tained from the slope, denotes the difference of
the formation energy of an interstitial Fe atom and
that of a substitutional Fe atom. From Fig. 6 it is
derived that the fraction of the interstitials obeys
the relation

C'
2 ( 1 )

0 06(+0 01)
(4)

The effective Debye temperature of a substitu-
tional impurity is roughly related to the Debye
temperature of the host by

0„=(M/M')'~'(y'/y}'~'0, (5)

where M and M' are the masses of the host atom
and the impurity atom, respectively, while y and
y' are the spring constants of the host-host and the
host-impurity binding, respectively. " With the
Debye temperature 199'K for Sn, the ratio y'/y is
calculated to be 1.2. This means that the impurity-
host coupling is tighter than the host-host one. The
low Debye temperature of the interstitial Fe atoms
is noted, since it has been usual to expect a strong
force constant for an interstitial atom. The im-
plication of the low value will be discussed in a
later section.

It should be noted that the above analyses have
been made within the framework of the Debye mod-
el. It might be safe to say that an inclusion of an-
harmonicity would not essentially change the analy-
ses if the extent of the anharmonicity is compar-
able among three types of Fe atoms.
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B. Linewidth and diffusivity

The relationship between the Mossbauer absorp-
tion and diffusion in solids was discussed by Singwi
and SjRander, "and they formulated the energy
distribution of emitted radiation as follows:

I(E}~ ~ dt exp
i-E —Eo)t

-r it!x exp G (k, t},

where 1" is the natural width of the excited nuclear
level and k is the wave vector of the radiation.
G,(k, t) is the Fourier transform of the function

G,(r, t}, which is the self-correlation function de-
scribing how often on the average an atom is at
position r at time t, having begun its motion from
r=0 at (=0. In the case of diffusion in solids, an
atom is seen to make sudden jumps between identi-
cal vibrational states centered at different posi-
tions in the lattice. It is also assumed that vibra-
tional motion and diffusional motion are uncor-
related. The result is that the Mossbauer absorp-
tion cross section would have a Lorentzian shape
with line broadening given by (in energy units}

cl102

10
2.0 2.2 24

103/T('K1)
2.6

FIG. 8. Line broadening of 1-4 doublet in excess of
the room-temperature value. The slope gives the activ-
ation energy .of diffusion.

ae = 2&~D '[1 —o.(k)),
where

(7) the diffusivity D is given by

D = ,'f,c'7— (9)

o!(k)= d r exp(ik r)k(r) .

The function k(r) indicates the probability that an
atom has moved to a position r relative to the ori-
gin after one jump. In evaluating n(k), a crystal
structure has to be taken into account. Chudley
and Elliott~ have considered the effect of re-
stricting the jump directions to certain crystallo-
graphic directions. P-Sn with a body-centered-
tetragonal structure has large rectangular tunnels
in the c direction along which interstitial atoms
could migrate easily. In the a direction, however,
no comparable interstitial channels exist and a
migrating interstitial atom would be forced to fol-
low a much more twisting path. In fact, Cu, Au,
Ag, and Zn have been observed to diffuse about
ten times faster in the e direction than in the a
direction (see Table I). Consequently, one might
reasonably assume that one would observe diffu-
sional broadening due to the migrating atoms along
the c direction. Then n(k) would be given by

o.'(k) = cos(k,c), (8)

where k, is the component of the momentum of the
radiation referred to the c axis and c is the lattice
parameter. If there is no pronounced texture in
the specimen, o.'(k) is averaged to be approximately
nil. For the supposed one-dimensional diffusion,

where f, is the Bardeen-Herring correlation fac-
tor. This factor is unity for a freely migrating
interstitial atom. The linewidth of the 1-4 doublet
in excess of the value at RT is shown against re-
ciprocal temperature in Fig. 8. With the help of
Eqs. (7)-(9) one finds

D&
—1.8(+0.6) x 10 exp[-0.47(+0.07)/kT j . (10)

The attempt frequency for jumps is estimated to be
3.7 x 10" sec '

A diffusion constant measured by a tracer-sec-
tioning method is the effective solute diffusivity
given by Eq. (2). In the dissociative diffusion one
may expect D, » D, and approximate D, as D,C, /
(C,.+ C,}. The multiplication of Eq. (4) to Eq. (10)
yieMs

D~= 4.8(+3.4) x 10 ' exp[ —0.53(+0.08)/kT] . (11)

The small preexponential factor and the small act-
ivation energy represent the features characteris-
tic to fast diffusers. ' The diffusivities of various
elements in P-Sn are shown in Fig. 9 including the
present result. The difference between our result
and that of a tracer experiment for Co seems to
stem from the difference of the diffusion direction
and/or the measuring method. It is well-known
that the diffusion parameters obtained by the
tracer sectioning method is often influenced by
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of the Goldanskii-Karyagin effect to a material
with texture. They computed the asymmetry in a
hyperfine pattern for various orientation distribu-
tions and concluded that the influence of texture
must be examined before the ad hoc assumption
of the Goldanskii-Karyagin effect. When the con-
tribution from the preferred orientation is taken
account, Eq. (12) is modified to

g/2
8= (1+cos'8)f (8)D (8) sin&d8

II/2
(-', —cos'8)f(8)D(8) sin8d8,

0

Fe
Ad'
ZA

Ag
Co-

-13

1.9
Sb

I I I

2.1 2.3
103' T (1/'K)

Sn
I nC

Sn'

2.5

solution trapping. The overall large linewidth of
the 1-4 doublet compared to the 2-3 doublet re-
mains unexplained.

C. Goldanskii-Karyagin effect

FIG. 9. Diffusion coefficients as a function of tempera-
ture for self-diffusion and impurity diffusion in P-Sn.
Superscripts a and & denote diffusion along g axis and
c axis, respectively.

where D(8) indicates the distribution function of
the preferred orientation. It has been assumed
that the texture posesses axial symmetry and that
the principal axis of the electric field gradient co-
incides with a crystallographic axis. In the har-
monic approximation, f(8) is given by4'

f(8) = exp(-5 cos'8),

~ = &'(&s'& —b'&)

(14)

(15)

Here & denotes the vibrational anisotropy in terms
of a mean-square displacement of lattice atoms
parallel to (z & and perpendicular Q'& to the princi-
pal axis. In Fig. 10 the asymmetry R is plotted as
a function of & for three simple distribution func-
tions: D(8)=1, cos8, and 1 —cos8. These func-
tions are designed to represent rangom distribu-
tion, (001) texture, and (100) texture, respective-
ly.

The theory ' and experiment ' on the vibrational
anisotropy in p-Sn have revealed that the mean-
square displacement in the c direction is larger

3/2I
X/2 "0

(1+cos'8)f (8) sin8d8

Asymmetry in the intensity of the component
lines of quadrupole doublets has been observed in
the spectra of some polycrystalline materials,
particularly in some Sn compounds and has been
interpreted by Karyagin" and Goldanskii et al."
as due to the anisotropy of DWF. If DWF is a
function of the angle 6 between the principal axis
of the electric field gradient tensor and the direc-
tion of the observation, the asymmetry of the tran-
sition from 2 and & levels of the excited states,
denoted by I,/, and I,/, respectively, in a poly-
crystallite is given by

1.6

1.4

1.0

0.8

0.6—
I I I

-3 -2 -1 0

I

I I

2 3

I.t/2
(-' —cos'8)f (8) sin8d8, (12)

and differs from unity. Pfannes and Gonser, "
however, raised the question of the applicability

FIG. 10. Line intensity ratio of a doublet B vs lattice
anisotropy parameter 6 for three crystalline distribution
functions D(8). D(0) =cose for curve a, D(8) =1 for curve
b, and B(8)= 1-cosg for curve &.represent (001) texture,
random texture, and (100) texture, respectively.
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FIG. 11. Intensity ratio of the partner 1'ines for 1-4
doublet and 2-3 doublet as a function of temperature.

D. Electronic properties

Some assistance in understanding the nature of
resonance lines is provided by the discussion of
the isomer shift. The isomer shift measures the
s- and d-electron densities at "Fe nucleus. In
order to compare the measured shifts in the pres-
ent study with data taken relative to metallic Fe,
we have to add 0.045 mm/sec, the shift of the
K,Fe(CN), ~ 3H, O absorber with respect to metallic
Fe. At RT the isomer shift is -0.417 +0.006 mm/
sec for the 1-4 doublet, -0.425 + 0.006 mm/sec for
the 2-3 doublet, and —0.03+0.01 mm/sec for No.
5. %'e have neglected the contribution from the
second-order Doppler shift. The shifts of the
doublets are in good agreement with the values

than that in the a direction and that the anisotropy
becomes more pronounced at high temperatures;
(e ) —(x ) in Fcl. (15}is positive and increases
with temperature. It will be reasonable to pre-
sume that an interstitially or substitutionally in-
corporated Fe atom exhibits anisotropic lattice
vibration similar to that exhibited by the host
atoms. The intensity ratios of the partner lines
for the 1-4 doublet and the 2-3 doublet are shown
in Fig. 11 as a function of temperature. Asym-
metry evolves with temperature for both doublets.
Referring to Fig. 10, one infers that the orienta-
tion distribution of the crystallites in the specimen
is a little deviated from randomness to (100) tex-
ture since & is expected to be positive and the R
values for the doublets fall between curves b and
c in the physically plausible range of &=0-2. The
possibility of (001) texture may be ruled out by
the observed development of the asymmetry with

.Consequently, it is concluded that Nos. 3 and
4 correspond to 2 transition. From these assign-
ments it is deduced that the sign of electric field
gradient is plus for both the 1-4 doublet and the
2-3 doublet.

—0.395 mm/sec, "and -0.45 mm/sec, "which were
determined by assuming a single but slightly asym-
metric solid solution line. The nearly equal shifts
for the doublets mean that the electronic. binding
of "Fe ions to a Sn lattice is substantially the
same. It has been found from the studies on Fe-
Sn eompounds4' that the Fe-Sn bond is of an un-
saturated covalentlike nature consisting of sp' hy-
brids and that the 3d electron population is prob-
ably not influenced with bonding. The equal shifts
for both the interstitial and the substitutional doub-
lets have been also observed for "Fe atoms in"
Te. The shift of No. 5 indicates that the electron
density at the nuclei is large compared to that of
the other configurations and closer to metallic Fe.
This feature supports the assignment of this small
line to clusters of "Fe atoms. The temperature
dependence of the line position for the doublets
can be interpreted as due to the second order
Doppler shift within the experimental error.

The values of the quadrupole splitting are found
to be 0.382+0.004 and 0.153+0.004 mm/sec for
the 1-4 and the 2-3 doublets, respectively. The
electric quadrupole interaction measures the dis-
tortion of the iron inner electrons and valence
electror. s and of the lattice from cubic symmetry.
The quadrupole splitting is expressed as

Eq -- -,'8'qQ(l+ —,'q')'~', (16)

where e is the electronic charge, Q is the nuclear
quadrupole moment, q denotes the asymmetry pa-
rameter, and eq is the field gradient along the
principal axis. It is customary to describe the
electric field gradients in metals as consisting of
a lattice contribution and an electronic contribution

eq = (1 -It)eq„+ (1 —y„}eq„,.
Here eq„, is the field gradient generated by the
superposition of the Coulomb fields from lattice
point charges corresponding to the ionic cores of
the host atoms. The Sternheimer factor 1-y„ac-
courts for the field gradient enhancement at the
nucleus due to the polarization of the closed shells
which is caused by the crystal field. The term
eq„ is the contribution from the spatial distribu-
tion of all electrons. In the case of "Fe nucleus
the principal contribution comes from the 3d elec-
trons of an Fe atom. The factor 1-A accounts for
the effect of the polarization of the closed shell
electrons by eq„. These contributions cannot be
estimated without the knowledge of the site sym-
metry of the Mossbauer nucleus and the wave func-
tions of electrons. In the present case, however,
where the isomer shifts for the two configurations
are nearly equal, it might as well be assumed that
the difference between the splitting of the two doub-
lets comes mainly from the lattice contribution.
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E. Interstitial site

TABLE III. Theoretical quadrupo1e splitting due to a
point ion lattice for various configurations of an impurity
ion. Percentage in the parentheses refers to the dis-
placement of the split atoms from a regular lattice site
in each direction. Experimental va1ues are also shown.

Eq, (mm/sec)

Theoretical (lattice contribution)
tetrahedral interstitial site
bond-centered interstitial site
[110]split interstitial site (20%)
[111] (20%)
[100] {20%)
[001] (20%)
[001] (30%)
substitutional site

Experimental
1-4 doublet (interstitiaI Fe)
2-3 doublet (substitutional Fe)

-0.021
-0.037
—0.008
-0.019

0.010
0.095
0.51

-0.016

0.382
0.153

It has been usual to discuss the possibility of
interstitial dissolution of an impurity atom by con-
sidering the impurity ion size and the diameter of
the largest hard sphere that could be accomodated
in the lattice. The interstitial dissolution of noble
metals in Pb and Sn has been interpreted"~~ in
terms of modified Hagg's rule. " A calculation
shows that with Sn atoms in +4 ionization states,
as is thought to be the case, even a neutral "Co
or its daughter "Fe atom would fit into a tetra-
hedral interstitial site.

Huang and Huntington, ' however, have made a
close examination of a Sn lattice and pointed out
that the large interstitial tunnels down the c axis
possess a screw-axis symmetry of -'w. As a re-
sult, an impurity atom moving a lattice transla-
tional distance e along the tetragonal axis would

pass through three intervening tetrahedral posi-
tions which are off the screw axis. This means
that the effective jump distance in this direction
is cut by a factor of 4. They argued that the acti-
vation barrier would be reduced by roughly —,',
under what one might otherwise expect and would
fall in the general range of thermal energies. They
ascribed the small activation energy of diffusion
along the c axis to the energy necessary to bring
the impurity from a substitutional site to an inter-
stitial site. Their finding on the symmetry of the
lattice does make it impracticable to assign tetra-
hedral interstitial sites for interstitial Fe atoms
in view of the present results described in Secs.
IV A and gf B.

The clue to the question of the interstitial site
may be sought in the sign and the magnitude of the

electric field gradient. As stated earlier, the sign
of the electric field gradient, which is equal to the
sign of the quadrupole splitting for "Fe nuclei, is
plus and the difference between the splitting of the
interstitial doublet and that of the substitutional
doublet is probably dominated by a lattice contri-
bution. The eq„, in Eq. (17) is defined for an ar-
ray of Sn' ions by the relation

(18)

We computed the lattice sum in the expression for
various configurations of Fe ions with the general
formulas which were devised by de Wette and
Schacher. 4' No relaxation around an Fe ion was
considered. The antishielding factor 1-y„of 12,"
the nuclear quadrupole moment Q of 0.205,48 and
the asymmetry parameter g of 0 were adopted in
the evaluation of E@ given by Eq. (16). The re-
sults for a substitutional site, a tetrahedral inter-
stitial site, a bond-centered interstitial site, and

split interstitial sites are listed in Table III along
with the experimental values. It is clear that a
[001]split configuration with an impurity atom
and the associated host atom displaced about (20—
80)% of the lattice parameter from a regular lat-
tice site, a so called mixed dumbbell configura-
tion, might account for the observed difference of
the quadrupole splitting between the 1-4 doublet
and the 2-3 doublet.

If this theoretical consideration is correct, the
low value of the Debye temperature for interstitial
Fe atoms (275 'K) and the small jump attempt fre-
quency (4 & 10" sec ') might be understood in terms
of the resonance modes which have been estab-
lished for self-interstitials in the dumbbell con-
figuration in face-centered-cubic metals theo-
retically" and experimentally. " The occurrence
of low-frequency resonant modes beside high-
frequency modes is explained by the strongly com-
pressed lattice around the interstitials. The inter-
stitials are expected to vibrate in the localized
modes and the resonant modes but practically not
in the normal modes. The attempt frequency for
jumps may have relevance to the librational reso-
nance mode. Mixed dumbbell interstitials have
been observed in irradiated dilute Al alloys by a
channeling technique" and by the Mossbauer ef-
fect." It is interesting to note that the effect of
isotope mass on diffusion of Ag in Sn along the a
direction was accounted for by a mixed-dumbbell
model.

With a mixed-dumbbell configuration, the acti-
vation energy of diffusion in the c direction might
be attributed to the energy necessary to dissociate
a mixed dumbbell and bring the impurity atom into
the channel along the c axis. Another explanation



2106 M. SHIMOTOMAI, R. R. HASIGUTI, AND S. UMEYAMA

is possible based on the model of the diffusion of
Ag in Pb,"a mixed dumbbell might make rota-
tional jumps between the equivalent orientations
and subsequently make dissociative jumps. In this
case the activation energy of diffusion is related
to the process of rotational and dissociative jumps.

V. SUMMARY

%e have measured the Mossbauer effect of "Fe
atoms embedded in P-Sn very dilutely and have
revealed spectra with a fine structure. The de-
composition of spectra with an iterative least-
sguares method indicated that the majority of Fe
atoms were either in a substitutional state or in
an interstitial state. The temperature dependence
of the distribution of Fe atoms between two con-
figurations was consistent with the prediction of a
dissociative interstitial dissolution and diffusion
mechanism proposed by Frank and Turnbull. We
have found the broadening of the line-width of the
interstitial doublet and evaluated the diffusion co-
efficient from the broadening. It was inferred by

assuming similar vibrational anisotropy of the
interstitials to that of the host atoms that the inter-
stitial Fe atoms were in a [001]mixed dumbbell
configuration. The possible role of the low fre-
quency resonance modes concomitant to the dumb-
bell interstitials in fast diffusion has been pointed
out.

The electronic and vibrational properties of a
mixed dumbbell themselves represent avery inter-
esting problem and are worthy of further investi-
gation. It will be fruitful to examine the implica-
tion of a mixed dumbell model in the atomic pro-
cess of diffusive jump and in the isotope effect on
diffusion.
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