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Mossbauer spectroscopy of " Sn from implantations of radioactive " Sb in metals
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Mossbauer emission spectra of " Sb-implanted metal sources prepared by means of an isotope
separator have been measured for the 23.87-keV transition of " Sn. Spectra of the implantations
into P-sn, Au, Pt, and Al showed almost a single resonance line attributable to substitutional sites;
in the case of Pb and Y, however, complex spectra were observed. These observations were com-
pared with the data obtained previously from " Sn implantations in terms of the decay charac-
teristics. From Mossbauer fraction measurements impurity-hast force-constant ratios for " Sn were
determined by using Mannheim s impurity-lattice theory in several face-centered-cubic metal hosts.

I. INTRODUCTION

At present, the ion-implantation technique by means of
isotope separators is utilized not only as a doping method
in semiconductor technology, but also as a superior ex-
perimental method in solid-state physics and chemistry.
Mossbauer spectroscopy combined with this technique,
i.e., Mossbauer emission spectroscopy on y radiation
from radioactive isotopes implanted as probe atoms into
solids, is of particular importance for the study of the
electronic structure and vibrational properties of atoms
introduced as an impurity. Among the parameters ob-
tained from Mossbauer measurements on implanted nu-
clei, the isomer shift gives information of the electronic
state of the implanted atoms, and the recoilless fraction
as well as the second-order Doppler shift are related to
the mean-square displacement or velocity. These param-
eters are determined from the spectral analysis with a
least-squares fitting method. From such experiments, we
can get information on implantation problems such as the
lattice location of implanted atoms. They are also applic-
able to a surface analysis of the materials. '

In the present work, radioactive " Sb, which decays to
the first excited state of" Sn by orbital electron capture,
has been implanted into several metal hosts by an elec-
tromagnetic isotope separator in order to investigate the
behavior of the implanted atoms by Mossbauer spectros-
copy. Mossbauer studies of the implantation of the nu-
clides with A = 119 have been reported by %eyer and his
co-workers for many cases, that is, implantations of ra-
dioactive precursors to the Mossbauer nucleus " Sn in
elemental group IV and III—V compound semiconduc-
tors and in fcc and other metals. Since our results for the
case of stannous compounds were already reported, in
this paper our attention is almost entirely focused on im-
planted " Sb in several metals comparing our data with
the data obtained by the Aarhus group in " Sn implan-
tations. ' Therefore, we describe the behavior of the" Sn isomer shift for " Sb implanted as an impurity
parametrizing some physical properties of host materials,
the difference of the implantation behavior due to the
different precursors and impurity-host force-constant ra-

tios derived from the analysis of Mossbaur measure-
ments.

II. EXPERIMENTAL

The " Sb ( T, r2
=38.0 h) activity was obtained by milk-

ing a " Te (T,&2=4.7 d) source. The latter was pro-
duced by bombarding natural Sb metal with 38-MeV pro-
tons from the azimuthally varying field cyclotron of
Tohoku University with a beam current of about 15 pA
for several hours. The target (1.5 g/cm ) was dissolved in

aqua regia which contained a 10-mg tellurium carrier.
The tellurium was reduced and precipitated from 6N HCl
by adding hydrazine and sodium sulfite solution in order
to separate from antimony. The metallic tellurium was
dissolved in 6N HC1 which contained a 2-mg antimony
carrier. After standing for 2 or 3 d for the daughter nu-

clide " Sb to build up, the " Sb was precipitated from a
3N HC1 solution with hydrogen sulfide, and only the an-
timony sulfide was dissolved in concentrated HC1. The
antimony was electrodeposited on platinum wire (25 pm
in diameter) from a 4N HC1 solution and mounted in the
ion source of the isotope separator. Further milking of" Sb was performed after a new growth period.

Implantation of " Sb was carried out at the terminal
voltage of 20 kV at room temperature by means of the
electromagnetic isotope separator of the Cyclotron and
Radioisotope Center, Tokohu University. The dose rate
was 0.9—3X10 atoms/cm s for the mass number 119,
and the number of implanted " Sb atoms was determined
to be 0.7—2X10' atoms/cm from the radioactivity of
the implanted samples. The " Sb ions were implanted in
a region of about 10 mm in diameter. The hyperpure me-
tallic foils or plates (Al, Y, P-Sn, Pt, Au, and Pb) as host
materials were mechanically polished to make the surface
fresh and were washed with acetone. In order to keep
these foils or plates from oxidizing, they were put in a
vacuum desiccator until just before the implantation.

The Mossbauer spectra were measured with a conven-
tional electromechanical transducer operating in a con-
stant acceleration mode. The temperature of the sources
was kept at the two measuring temperatures, namely, 78
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K and 150 or 200 K. The absorber was a powdered
CaSn03 containing about 1 mg/cm " Sn, which was
kept at 78 K in every measurement. The 23.87-keV
Mossbauer y rays were detected with a pure germanium
low-energy phonon spectrometer having an active volume
of 5 cm . The velocity calibration of the drive was per-
formed by measuring peak positions of an enriched iron
metal foil. The zero-velocity point of the drive was deter-
mined from the absorption spectra measured with a
CaSn03 absorber and a standard Ca" Sn03 source.
The measured spectra were analyzed by means of a least-
squares fit computer code SALs.

For some of the implanted samples postannealing was
carried out in a quartz-tube furnace with Aowing dry and
oxygen-free argon at 1 atm. The samples were cooled
down to room temperature in argon atmosphere. In most
cases the radioactivity of the sample was slightly reduced
after annealing.

is well established, ' '" the line at 5=2.5 mm/s origi-
nates from the normal substitutional sites in P-Sn. The
residual line at zero velocity was attributed to SnOz
formed in the surface-oxide layer. *" These observations
imply that Mossbauer spectroscopy is a useful tool for
studying the surface properties of materials after ion im-
plantation. Since the implantation energy of 20 keV in
this work is enough to implant Sb atoms into the tin lay-
ers of 7 pg/cm2 (96 A) in depth, ' the observed
Mossbauer spectra indicate that tin foils left in air for a
long time are oxidized up to such a depth from the sur-
face. The annealing behavior of sources of" Sb implant-
ed into these P-Sn foils are relatively simple as shown in
Fig. 2, that is, only the intensity of line 2 decreases with
increasing annealing temperature. As mentioned earlier,
line 2 is attributed to the normal substitutional sites of
the P-tin lattice. The decrease of line 2 may be due to the

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Site assignment of implanted atoms
&00

WITHOUT ANNEAl ING

I Implan. tation into P Sn-
Figure 1 shows Mossbauer spectra measured without

surface treatment before implantation, that is, the surface
of P-Sn was not polished mechanically. The four
Mossbauer spectra correspond to those observed without
annealing, with annealing at 150'C for 15 min, at 150'C
for 60 min, and at 200'C for 60 min, respectively. All
were measured at liquid-nitrogen temperature. All four
spectra can be consistently analyzed by decomposition
into four lines. Such a decomposition procedure is often
problematic if no additional information on the number
of lines is obtainable. In this case, since no good fit was
obtained with two lines, it seemed reasonable to assume
that four lines existed in the spectrum. In the analysis
the positions of the two lines having larger intensities
were loosely fixed and their linewidths were made to be
almost equal to each other. If two lines at 5=3.6 mm/s
and 1.8 mm/s form a quadrupole doublet, it is reasonably
understood that they were attributed to SnO arising from
implantations into the oxidized surface layer of the tin
foil. The isomer shift for this site was found to be 5=2.7
mm/s, which is in good agreement with previous
Mossbauer studies. The values of isomer shift and
quadrupole splitting reported previously are 6 =2.68
mm/s, 6= 1.33 mm/s from Ref. 7, 6 =2.71 mm/s,
6= 1.45 mm/s from Ref. 8, and 6=2.8 mm/s, 6= 1.6
mm/s from Ref. 9 for tetragonal SnO, and 5=2.58
mm/s, b, = 1.99 mm/s from Ref. 7, 5=2.60 mm/s,
6=2.20 mm/s from Ref. 8, and 6=2.7 mm/s, 6=2.2
mm/s from Ref. 9 for orthorhombic SnO, respectively.
In the present case, although the quadrupole splitting
tends to decrease from a no-annealing sample (1.97
mm/s) to a 200'C annealing sample (1.57 mm/s), which
is somewhat larger than the reported values for tetrago-
nal SnO, this may be due to the imperfect formation of
the SnO-like species or to surroundings around these
species slightly different from the normal SnO lattice. As
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FIG. 1. Mossbauer spectra obtained from sources of " Sb
implanted into P-Sn without surface treatment before implanta-
tion. The spectra were measured with a CaSn03 absorber at
liquid-nitrogen temperature under various annealing conditions.



MOSSBAUER SPECTROSCOPY OF " Sn FROM. . .

f =exp

r

6ER 1 T O/'T u du+k8 4 8 o t. "—]
L

where E„is the recoil energy of the Mossbauer atom, 8
is the characteristic Debye temperature of the host. T is
the absolute temperature, and k is Boltzmann's constant.
At high temperatures, Eq. (l) can be approximated by'

f =exp[ —y(4/x +x/9)], (2)

where x =0/T and y =3Eit /2k8. In the temperature
range of 8=50—500 K and T )78 K, Eq. (2) is a good
approximation of Eq. (I) with a relative accuracy of

l Is I
& Line 3

& Line 2
~ Line 5
& Lire 420-

diffusion of tin atoms to the oxide layer on the surface, as
has been pointed out previously. '

The implantation was also performed using a matrix
which was mechanically polished to be free from an oxi-
dized surface layer. In Fig. 3 two Mossbauer spectra
measured at 200 K and at liquid-nitrogen temperature
are shown. Clearly, the spectra were fitted by single lines.
The single line at 5=2.48 mm/s is attributable to the
normal substitutional site in the host lattice since the re-
sult from this sample was in good agreement with the
data' from samples prepared by a diff'usion method and
with the result from a transmission measurement with
Ca" Sn03 source. Results for the analyses of the " Sb
implantation into P-Sn are given in Table I.

We used the Debye model in analyzing the tempera-
ture dependence to deduce the recoilless fraction, i.e., the
Debye-Wailer factor (f ) is expressed by the following
equation:
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FIG. 2. Absorption intensities as a function of annealing

temperature for the lines found in the spectrum from the source
implanted into P-Sn without surface treatment before implanta-
tion.
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TABLE II. Debye temperatures and Debye-&aller factors at
room temperature for the source of" Sb implanted into P-Sn.
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Sample

P-Sn'

P-Sn

Line 1

Line 2
Line 3
Line 4

O,„p, (K)

156(4)
142(16)

154(5)
327(148)

145(3)

f,„p, (293 K)

0.11(2)
0.074(73)
0.11(2)
0.60(10)

0.081(17)

~ )00
~ ~

200 K ~

~ ~ ~ q+ ~ ~ g~ ~

'The surface was not polished.

From Eqs. (4) and (2), 8 can be obtained as

36' T) T2( Tp
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o~=
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—1.5%—+0.5% for the case of " Sn. In the following
we use Eq. (2) instead of Eq. (1). Since the absorber used
in the present measurements is sufftciently thin (-1
mg/cm in " Sn), the absorption areas (I) corresponding
to a certain site and observed at two different tempera-
tures T, and Tz are given by the following equations in
emission Mossbauer spectroscopy:

I(T, ) =CN'f'(T, )N'f'(T) ),
I ( T2 ) =CN'f '( T, )N'f '( T2 ),

(3)

where X is the number of Mossbauer nuclei per unit
volume, C is a constant, and the superscripts a and s
denote absorber and source, respectively. It is noted that
the absorber was kept at temperature T, in all measure-

ments; T& =78 K and T2 =150 or 200 K. Equation (3)
leads to

I ( T, ) /I ( T2 ) =f '( T, ) /f '( T2 ) . (4)

FIG. 3. Mossbauer spectra obtained from the source of" Sb
implanted into P-Sn whose surface was mechanica11y polished
before implantation. The spectra have been measured with a

CaSn03 absorber at 200 K and liquid-nitrogen temperature.

The derived values of the Debye temperature and
Debye-Wailer factor are given in Table II for the case of
implantation into p-Sn.

Kagan et al. ' introduced an effective force constant K
for characterizing the interaction between the atoms.
They used the following expression for the Debye tem-
perature of the monatomic regular crystal:
8& =C(K/Mz)', where C is a constant and Ms is the
mass of the host atom. If the interaction is unchanged or
is changed only slightly when an impurity (implanted
atom) is introduced into a metallic matrix, the assump-
tion that the coupling of the impurity atom to the atoms
of the host will be characterized by an effective force con-
stant which is equal or close to the effective force con-
stant of the matrix E=ehM, , is permitted. Then the
formula

8 =C(E/M )' =8 (Mq/M )'

is derived, where M, is the mas of the impurity atom and

8 ff is the effective Debye temperature. The Debye tem-

perature for a substitutional site determined experimen-

tally may be compared to the value mentioned. The ex-

perimentally determined value of 8,„,= 145+3 K for Sn
in p-Sn does not agree with the calculated value of
8,a=199 K, where, as 8„,for P-Sn 8& =199 K was

used.

2. Implantation into Y

The metallic yttrium is very unstable in the air. It is

easily oxidized on the surface. The sample whose surface

TABLE III. Results of Mossbauer measurements on " Sb implanted into Y.

Sample T „,(K) 5 (mm/s)
Line 1

I (vo) I (mm/s) 6 (mm/s)
Line 2

I (%%uo) I (mm/s) 5 (mm/s)

Line 3

I(%) I (mm/s)

Ya

Yb

Yc

78
150
78

150
78 3.47{7) 3.45(30) 2.08(8)

1.86(2)
1.83(3)
1.81(5)
1.85(6)
1.75(4)

15.82(26)
11.19{26)
7.97(24)
5.62(22)

10.57(31)

2.02(5)
1.94(6)
2.80(8}
3.09(8)
2.02(7)

0.02(8)
0.04(7)
0.36(7)

2.23(30)
2.17(29)
3.50(33)

2.08(8)
1.88(8)
1.98(8)

'Sufficient polishing before implantation.
Insufficient polishing before implantation.

"After annealing of 440'C for 40 min using the same source as that of b.
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was mechanically polished very well indicated mostly a
single-line spectrum as shown in Fig. 4(a). However, an
oxide line was also observed when the polishing was not
sufficient [Fig. 4(b)]. A line at 5= 1.86 mm/s may be at-
tributed to substitutional sites. A line at zero velocity in
the spectrum [Fig. 4(b)] is due to the fraction of the im-
planted atoms stopped in the oxide layer. The parame-
ters derived from measured spectra are summarized in
Table III. The effective Debye temperature determined
from the line at 5= 1.86 mm/s is 8,„,=214+22 K.

The thermal-annealing experiment with a temperature
of 440'C for 40 min in an argon atmosphere brought
about a considerable broadening in the spectral shape.
The observed spectrum (curve c) in Fig. 4 may be decom-
posed into three absorption peaks: 5=0 mm/s, 5=1.75
mm/s, and 5=3.47 mm/s. The line in the vicinity of
zero velocity might be attributed to a defect site. Con-
cerning the line at 5=3.47 mm/s, no definite assignment
can be made.

3. Implantation into Pb

Similarly, in the case of yttrium, the surface of the lead
metallic foil tends to be oxidized quickly in the air. The
Mossbauer spectrum in this case was rather complex.

(a)

Two Mossbauer spectra measured at liquid-nitrogen tem-
perature with an annealing at 200'C for 15 min and
without annealing are shown in Fig. 5. It seems that the
spectral shape was not affected by the annealing in this
case, although some components were slightly different.
In the decomposition of these spectra with poor statistics,
the information on the number of lines from previous
Mossbauer studies was used. Fortunately, since the data
from published works on diffused " Sn in Pb (Ref. 10)
and on implanted " Sn in Pb (Ref. 3) were available, by
introducing the possible line positions from them, these
spectra have been decomposed into five lines with posi-
tions at the vicinity of 0, 0.7, 2, 3, and 4 mm/s. In the ac-
tual spectral analysis, the oxide line (0 mm/s) and a line
at 5=3.1 mm/s, which is attributed to substitutional tin
from the data of diffused " Sn in Pb, ' have been loose-
ly fixed in positions, and all linewidths have been also
loosely fixed to an average value for slightly broadened
lines (1.9 mm/s). The Mossbauer parameters analyzed
with these conditions are listed in Table IV. The effective
Debye temperature deduced for the line at 5=3.13
mm/s, which was assigned as a substitutional tin,
8 pt 129k 7 K, is close to the value calculated accord-
ing to the method mentioned in Sec. III A 1, 8,~=138 K.
In this case 8& =105 K was used for the Debye tempera-
ture of the host, i.e., lead. In addition, for the lines found
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FIG. 4. Mossbauer spectra obtained from sources of " Sb
implanted into Y with a CaSn03 absorber at liquid-nitrogen
temperature. (a) Sufficient polishing before implantation; (b)
insufficient polishing before implantation; (c) after annealing of
440'C for 40 min using the source as same as that of (b).
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FIG. 5. Mossbauer spectra obtained from the source of '"Sb
implanted into Pb with a CaSnO& absorber at liquid-nitrogen
temperature. The spectra have been measured with annealing
at 200'C and without annealing.
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at 5= 1.7 and 3.7 mm/s, since the Debye temperature for
these lines (170 K) indicated a similar value to that ob-
served in the case of the oxide layer on P-Sn ( —155 K), it
is considered that these two lines form a quadrupole dou-
blet. Moreover, the Mossbauer parameters of this quad-
rupole doublet whose splitting and isomer shift are 6=2
mm/s and 5=2.7 mm/s, respectively, are in good agree-
ment with the values of SnO found in the literature.
Therefore, two lines at 5= 1.7 and 3.7 mm/s may be attri-
butable to the SnO-like species in oxide layers. A line at
5=0.5 mm/s may be attributed to a defect site.
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4. Implantation inta Au, Pt, and AI

In Fig. 6 measured Mossbauer spectra of" Sb implan-
tations into Au, Pt, and Al are shown. These are fitted
with a single resonance line, although in the case of the
Al host the existence of an oxide layer was indicated, that
is, a weak line at zero velocity was observed in the spec-
trum. In most cases slightly broadened lines were found
compared with the case of P-Sn. In the case of the im-
plantation into the Pt host, a minor component (5=3.2
mm/s) which might have originated from a certain defect
structure was observed before annealing. However, it
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TABLE V. Results of Mossbauer measurements on ""Sb implanted into Pt, Al, and Au.

Host T„,{K) 5 (mm/s)
Line 1

I (%%uo) I (mm/s) 5 {mm/s)
Line 2
I (%%uo) I (mm/s)

pt

Al

78
150
78

150
78

150

1.40{2)
1.38(2)
2.36{2)
2.33(4)
2.25(2)
2.22(3)

19.59(25)
15.71(32)
12.83(26)
7.61(24)

14.72(33)
10.14(24)

2.20(4)
2.12(6)
2.00(5)
2.01(7)
2.03(6)
2.04(6)

0.01(9}
0.00(9}

0.41(10)
0.40(10)

1.90(9)
1.91(9)

vanished after annealing at 900'C for 30 min. The results
for these measurements are given in Table V. When com-
pared with the data from samples prepared by the
diffusion technique (Au, Pt), ' the present results agree
well with them. In addition, the present results seem to
be in reasonable agreement with the data reported for
the implantations of " Sn atoms into Au and Pt.
Therefore, the observed lines are attributed to substitu-
tional sites in the lattices. However, a striking difference
was observed in the spectral shape for the Al host. De-
tails of this difference will be discussed in Sec. III B.

B. Behavior of the isomer shift in metallic hosts

In order to understand the behavior of the isomer shift
of" Sb introduced as an impurity in various metallic ma-
trices, several attempts have been made. Bryukhanov
et al. ' first described the correlation between the Debye
force constant of the host lattice and the isomer shift. It
was found that an increase in the force constant between
the host atoms corresponds to a decrease in the s-electron
density localized at the tin impurity atom, i.e., in the case
of" Sn a decrease in the value of the isomer shift.

In the Debye model, the force constant between two
neighboring atoms is given by E=consteDM, where SD
is the Debye temperature of the material and M is the
mass of the atom. Upon introduction of a substitutional
impurity atom into the lattice, the effective force constant
between the host and the impurity atom is expected to be
different from the force constant between the host atoms.
In an earlier study, ' however, it was reasonably assumed
that the changes between impurity-host and host-host
force constants are small. Actually, from a comparison
of the experimentally determined Debye temperature
8,„,for a substitutional site, and the values 8,~ calculat-
ed from a model of mass defect mentioned in Sec. III A 1,
as shown in Table VI, 0,„,is lower than 0,& for all

I I I I I I lll

30—
~ Pb

N 2.0—
E
E

Au

~ Pt

hosts, and this simple model seems to be insufficient in
the present case. Moreover, it would be seem that these
differences indicatively mean that significant changes of
the force constants might occur for many cases. If our
attention is focused on a comparison between the force
constants and isomer shifts, a linear relation is found only
in terms of the parameter 8DM which is proportional to
the host-host force constant. Figure 7 shows a correla-
tion between the measured isomer shifts for substitutional
sites and the force constants of the host materials which
are calculated from the Debye model. No linear relation
was found between the isomer shifts and the impurity-
host force constants. The reason why the isomer shift is
not correlated with the impurity-host force constant, but
is correlated with the host-host force constant is not
clear. It is considered, however, that there might be a
possibility of the 3d electrons of the impurity atom hav-
ing an influence on the impurity-host force constant. The
3d electrons have little inhuence on the isomer shift, but
may behave effectively in the dynamical interactions be-

TABLE VI. Measured and calculated Debye temperatures
for the impurity atoms of tin in various metallic materials.
Here, O,&=OD(Mq /M, )' (see the text).

&.0—

Host

Pb
P-Sn
Au
Y
pt
Al

0,„,(K)

129(7}
145(3}
180(8)

214(22}
212(9)
153(6)

Oq (K)

138
199
212
242
307
204

SD (K)

105
199
165
280
240
428

0 I I I I l

l &0
2 2

eD ~h {K amu )

&00

X 1(f'

FIG. 7. Correlation between the isomer shift and the Debye
force constant of the host for tin in various metals.
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tween adjacent atoms. A similar trend to this correlation
was observed for the data reported by Bryukhanov
et al. ' and Nylansted Larsen et al.

Delyagin' has reported that a correlation exists be-
tween a macroscopic parameter, i.e., matrix compressibil-
ity and the isomer shift. With a similar approach to this,
parametrizing the physical properties of host materials,
namely, the metallic bond radius and the atomic volume,
the correlations between these properties and the isomer
shift of " Sb impurities in various matrices are indicated
here. Figure 8 shows a correlation between the metallic
bond radius for the host matrix and the isomer shift.
Here, other data found in the literature are also plotted
together with the present data. There is clearly a linear
relationship except for the matrices of Ni, Co, Cu, and Y.
Since the isomer shifts of tin are predominantly deter-
mined by s electrons, the observed correlation indicates
that the interaction between impurity atoms and host
atoms to a considerable extent is by electrons of s charac-
ter. In this respect, for Ni, Co, and Cu which belong to
the transition elements, it is likely that d electrons con-
tribute considerably to the interaction with the tin impur-
ity atoms. In Fig. 9 a similar correlation between the
atomic volume and the isomer shift is depicted. In this
figure Ni, Co, Cu, and Y are found to be out of the corre-
lations. For the case of yttrium, plots in both Figs. 8 and

9 obviously deviate from the drawn curves. Although no
definite conclusions can be drawn at this stage, the fol-
lowing speculation can be made: not the site having the
isomer shift of 5= 1.86 mrn/s, but the site having the iso-
mer shift of 5 =3.74 mm/s may be the substitutional posi-
tion for the implanted atoms in the Y host; therefore, yt-
trium in Figs. 8 and 9 will be found on the lines. On the
other hand, however, this speculation is not consistent
with the correlation observed in Fig. 7. The tendency ob-
served in Figs. 7, 8, and 9, in which the curves shown in
the figures are a guide to the eye to show the trend of the
correlation, is explained qualitatively by using the
theoretical descriptions' for the compression effect,
the size effect or, the electronic charge transfer.

The problem of the site assignment in the implantation
into metals is rather complicated as defect association
can occur. A quadrupole doublet at 5=2.7 mm/s, which
was often observed in several spectra, can be due to the
association of one vacancy to a substitutional tin atom
according to Weyer et al. ' Compared to tin atoms
without vacancy association, the Debye-Wailer factor of
the impurity atoms will become lower for this
configurations, since one of the bond atoms is missing. A
low symmetry for a vacancy-associated substitutional tin
site brings about a quadrupole splitting of the Mossbauer
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FIG. 8. Correlation between the isomer shift and the metallic
bond radius in various metals. ~: fcc; ~: bcc; 4, : hcp.

FIG. 9. Correlation between the isomer shift and the atomic
volume in various metals. ~: fcc; ~: bcc; A: hcp.
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line due to the occurrence of an electric field gradient at
the tin site.

C. Comparison between " Sb and " Sn implantations

The possibility of influences of the nuclear decay
characteristics preceding the emission of the Mossbauer

y rays on the behavior of the implanted atoms were con-
sidered in this section, comparing the present data with
previous ones obtained in the " Sn implantations. ' "
The electron-capture (EC) decay brings about the conver-
sion of" Sb into " Sn in the 23.87-keV first excited state
with emission of a neutrino, leaving a hole in an inner
shell of the tin atom. The Auger process following the
EC decay will bring about a nonequilibrium highly
charged state of the tin atom. The charge neutralization
of this state can be expected to be rather rapid in the
solid (less than 10 ' s). Therefore, these processes can
be assumed to occur within times much shorter than the
lifetime (2.6X10 s) of the Mossbauer level of " Sn.
On the other hand, the " Sn mostly decays to the
Mossbauer level by internal conversion of the 65-keV M4
transition. In the internal conversion of " Sn, inner-
shell electrons will be converted with a high probability
and the electron hole thus created is immediately filled
through the emission of characteristic x rays or the
Auger process. As a result, an atom with a highly posi-
tive charge will be left as well as in the case of the EC de-
cay. In this situation, however, the effects may not be ex-
actly the same, because in the case of " Sb, the whole
electron shells have to be rearranged due to the sudden
change of the nuclear charge caused by EC decay. In
both cases, since the decaying atoms have reached the
electronic configuration of Sn atoms long before the
Mossbauer y ray is emitted, the recorded Mossbauer
spectrum is considered to have originated from the elec-
tronic configuration of tin.

The recoil energy associated with the neutrino, Auger
electrons, and x rays following the EC decay of" Sb, is
estimated to be 1.4, 0.14, and 0.004 eV, respectively.
Since the displacement energy of an atom from its substi-
tutional site is about 25 —50 eV, which is much larger
than the recoil energy, the " Sn atoms can be expected to
stay in the substitutional site of the parent atoms. How-
ever, the atoms being in nonsubstitutional sites might be
displaced because they may have lower displacement en-
ergies.

In the comparison of the present results with those ob-
tained previously from the " Sn implantations, no ap-
parent differenc was observed between both eases for the
implantations into P-Sn, Pt, and Au hosts, that is, their
isomer shifts coincided with each other within the limits
of experimental error and all of them indicated a single
resonance line. It seems to be the same implantation be-
havior for both Sn and Sb in these metals and the occu-
pied positions, which may be substitutional sites, seem to
be stable during the decay as expected from the
aforementioned discussions.

On the other hand, a different behavior was observed
for the implantations into A1 and Pb. In our result for" Sb in Al, most of the " Sb atoms occupied the substi-
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FIG. 10. Site populations of the implanted " Sb (closed cir-
cle) and " Sn (open circle) atoms into (a) Sn02 and (b) Pb
hosts. The '" Sn data were taken from Ref. 11 for tin and from
Ref. 3 for lead.

tutional site (5=2.36 mm/s) except for some in oxide lay-

ers, whereas a more complex spectrum was observed by
Nylansted Larsen et al. after " Sn implantation into
Al. In addition, the data obtained by Petersen et al.
for "Sb implanted in Al revealed the existence of two or
three emission lines. Although no solid argument can be
made in this stage for this difference, it may depend on
the different implantation energies, i.e., 20 keV in the
present work and 60—80 keV in previous observations,
which may consequently bring about different radiation
damage during the implantation process. For the case of
Pb, similar spectra were observed in both the " Sb and

Sn cases. However, the site populations of the im-

planted atoms differ from each other as shown in Fig.
10(b). The most remarkable difference is in the line
around 0.6 mm/s. In contrast with the case of " Sn,
the site population of this line for the " Sb implantation
was rather large, whereas the populations of the substitu-
tional site at 5=3.1 mm/s are comparable. It is con-
sidered that this difference is also due to the different im-
plantation energy rather than to aftereffects of the EC de-
cay which are extremely unlikely in metallic hosts.
Nylansted Larsen et al. suggested that the line around 2
mm/s might be due to clusters of Sn, because the isomer
shift (5=1.9 mm/s) and recoilless fraction (f) for this
line are very close to those for a-Sn (5=2.03 mm/s,
f=0.14). For the interpretation of this line, however, it
seems to be more reasonable that the lines 1.7 and 3.7
mm/s form a quadrupole doublet. Because the implanta-
tion dose in our "Sb case is lower than that of their

Sn experiment by 2 or 3 orders of magnitude and no
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contamination of stable Sn occurs, the cluster formation
can be hardly considered in the present case.

It is also interesting to compare our previous result
with that reported by Bocquet et al. " who implanted

Sn into Sn02. Their result shows a singlet corre-
sponding to the Sn(jv) state and only one doublet corre-
sponding to the Sn(II ) state, although we decomposed
into a singlet and a pair of doublets. The site population
of 60% at 5=0 mm /s, in which we are not certain
whether they have taken into account the recoilless frac-
tions, is much larger in their case than in our result as
shown in Fig. 10(a). This difference may be caused by the
difference in the decay characteristics, taking into con-
sideration a preferential stabilization of the implanted
atoms in the isoelectronic state with the Sn atoms in the
matrix. Ambe et al. suggested the importance of the
valence state of the cations in the matrix in determining
the final valence state of" Sn.

D. Lattice-dynamical analysis of Mossbauer experiments

One of the unique applications of Mossbauer spectros-
copy is the investigation of the fundamental vibronic
state of a substitutional impurity in a host-crystal lattice.
Among the parameters obtained from Mossbauer spec-
troscopy, the probability of recoilless y emission, the so-
called Debye-Wailer factor (f), measures the mean-
squared amplitude of the impurity-lattice vibration. This
factor is, in general, expressed as

f(T)=exp( —~ (x )z), (6)

where a. is the wave number of the y ray and (x ) z is the

mean-squared displacement of the emitting atom in the
direction of the emitted y quantum at temperature T.
The mean-squared displacement gives direct information

on the lattice vibrations in the case where a Mossbauer
atom is a constituent of a metal. On the other hand, the
displacement of the peak position in the Mossbauer spec-
trum observed is called the second-order Doppler shift

(SOD) and is given by

(x )r is the mean-squared velocity of the emit-

ting atom. The SOD data also give information on the
lattice vibrations. Through these parameters obtained
from Mossbauer measurements, models for the lattice vi-

brations may be tested. The quantities (x ) r and

(x ) z depend on the impurity-host mass difference and

where p( n ) and p'( n) are the nth moments of the
frequency-distribution function for the host and the im-

purity, respectively, which are expressed via the phonon
density-of-states function G (co) of the pure-host material
and the corresponding function for the impurity G'(to).
Moment ratios P„aredefined by

(9)

Formula (8) can be rewritten in the terms of Debye tem-
peratures using the relations,

'n

p(n) = 3

n +3

p'(n) = 3

n+3

[8D(n)]",k

[8D(n)]" .k

4

(10)

Then, formula (8) is rewritten in the form

~/&'=(1+(P ) '[[0" (
—2)/0"' (

—2)]

X (M/I') —l I ),
where 8D( —2) and P z are derived from Eqs. (9) and
(10) with the help of p(+2) calculated by Grow et al. us-

ing data from an appropriate phonon-distribution func-
tion G (co), based on neutron-dispersion data. 8D( —2) is

the Debye temperature obtained experimentally in the
high-temperature Mossbauer fraction measurements.
Table VII gives the data used for the calculation of the
force-constant ratios together with the result. The rela-
tion between the force-constant ratios are thus obtained,
and the " Sn isomer shift is displayed in Fig. 11. For a
comparison, the force-constant ratios derived from other
formulas, based on the Einstein-Debye model ' and the

a difference in force constants between the impurity and
the host. The interaction between the impurity and the
host lattice may cause a change in the vibrational ampli-
tude of the impurity as compared with the host atoms.

Using the Mannheim model, which at present pro-
vides the most practical and physically meaningful
theoretical framework for an internally consistent
method of analysis of Mossbauer lattice dynamics experi-
ments in cubic metals, the force-constant ratio A /A ' can
be determined by the relation derived by Grow et al. :

3/3'=(1+(P z) 'I [@'(—2)/p( —2)](M/I' —1 j ),

TABLE VII. Host-impurity force-constant ratios from Mossbauer fraction measurements for the " Sn impurity in four fcc metals

and data used for the calculations. The impurity values are denoted by the primes.

Host M /M' 8( —2) (K) 0'( —2) (K) A/A"

Al
pt
Au
Pb

0.227
1.64
1.66
1.74

0.556
0.506
1.443
0.491

405
236
164
88

153(6)
212(9)
180(8)
129(7)

2.06
3.12
1.86
0.61

1.87
2.58
1.56
0.72

1.59
2.07
1.38
0.81

'&/&'=(1+(p, ) 'I[0( —2)/8'( —&)]'{M/M') —) }).
A/3'=((+(0. 675) '[[8(—2)/8'( —2)] (M/M') —1]).

'y/y' =[8(—2)/8'( —2) ] (M/M').
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extended Visscher model by Ohashi and Kobayashi, are

also displayed in Fig. 11. Compared with the three
force-constant formulas, the same trends are observed be-

tween four different fcc metal hosts; ho~ever, the spread
of the force-constant ratios from the Einstein-Debye, ex-

tended Visscher, and Mannheim formulas is larger in that
order. The force-constant ratios, except for the lead host,
exceed unity. Therefore, this indicates that the
impurity-host bonding is signi6cantly weaker than the
host-host bonding. It is also shown that the force-
constant ratios decrease with decreasing isomer shifts, in

other words, decreasing electron density at the nucleus.
According to the discussion in previous studies,

the SOD measurements can, in principle, also be utilized
to determine impurity moments, and thus force-constant
ratios. As Grow et al. have pointed out, this method has
two major drawbacks, that is, one is the validity of the as-

sumption that the isomer shift is independent of tempera-
ture, and the other is the experimental problem that
(x )r is relatively insensitive to variation of /I/A' for
the purpose of obtaining reliable effective host-impurity
force-constant ratios. Nevertheless, we attempted the
determination of the force-constant ratios from the SOD
data obtained from the present work whose data have

large experimental errors.
In the case of determining the force-constant ratios

from the SOD data, the following relation was derived by
Grow et al. :

j [p( + 1 ) /pi( + 1 )](~/I')(1/2)+ b] 2/[1 —b(M'/M)]

(12)

with b =
—,'[p, —1], where p1 was calculated by Grow

et al. Formula (12) can also be rewritten in the terms of
Debye temperatures by means of the same manner as
mentioned earlier:

2/2'=
I [8 (+1)/8' (+1)]

x(M/~i)(1/2)+bI2/[1 —b(M /M)]' (13)

Table VIII gives the data necessary for the calculation of
the force-constant ratios together with the results. Here,
8D(+1) is the Debye temperature obtained from the
SOD data using the following well-known SOD relation
by Maradudin et al. :

4.0

Mannheim

Ohashi 8 Kobayashi

Einstein-Debye

5.0—
E
E

Al
Au

—Pt

1.0—

0.0
0.0

I

1.0 2.0
I

5.0

Farce-constant ratio

FIG. 11. Force-constant ratios deduced from Mossbauer
fraction measurements using three difterent models for '"Sn im-
purities in fcc metals against the isomer shift.

SOD( T)=- 3kT 1 81+
2Mc 20 T

'2

(14)

In the estimation of 8D(+1), it was assumed that the
isomer shift is independent of temperature. SD(+1) can
be calculated from Eqs. (9) and (10) by using p,(+2) cal-
culated by Grow et al. In Fig. 12 the relation between
the force-constant ratios and the isomer shift is depicted
for four fcc metal hosts. The force-constant ratios de-
rived from the Einstein-Debye model are also plotted to-
gether in Fig. 12. The shift expected from the present
measurements at two different temperatures (78 and 150
or 200 K) is to be 0.025 or 0.043 mm/s maximum for a
material with very low Debye temperature. These values
are the same order of magnitude as the experimental er-
rors. The reason why we attempted to analyze the SOD

TABLE VIII. Host-impurity force-constant ratios from SOD measurements for the " Sn impurity in four fcc metals and data used

for the calculations. The impurity values are denoted by the primes.

Host

Al
Pt
Au
Pb

0.227
1.64
1.66
1.74

1.046
1.050
1.063
1.061

2.3 x10 '
2.5 x10 '
3.15x10 '
3.05x10 '

8(+1) (K)

400.5
234.8
178.0
92.1

8'(+1) (K}

171.7
239.5
219.3
139.3

A/A"

1.17
1.63
1.10
0.78

1.23
1.58
1.09
0.76

ay /g ~ —
I [p( + ) )/pi( + 1 )](M /Mi )(1/2)+bI 2/[1 —b(M'/M})

)//y'=[0(+1)/0'(+ ) )] (M/I').



54 H. MURAMATSU, T. MIURA, AND H. NAKAHARA 42

5.0—
Pb

different formulas (the Mannheim model and the
Einstein-Debye model}, as is easily seen, the two formulas
are so similar to each other that both results are almost
the same. As a concluding remark, it seems that to get
accurate SOD data is so difficult in an ordinary experi-
mental situation that reliable force-constant ratios are
hardly ever obtained from SOD data.

E
E
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Mannheirn
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O.O
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Force-constant ratio

FIG. 12. Force-constant ratios deduced from SOD measure-
ments using two different models for " Sn impurities in fcc met-
als against the isomer shift.

data with large experimental uncertainties, is that we ex-
amine whether there is any possibility of determining the
force-constant ratios from the SOD data or not. As is
shown in Fig. 12, the derived force-constant ratios are in
reasonable agreement with those derived from the
Mossbauer fraction measurements with respect to their
trends and magnitude, although the spread of the force-
constant ratios may be smaller than that of the fraction
measurements. For a comparison between the two

IV. CONCLUSION

The ion implantation of " Sb in metals has been stud-
ied by Mossbauer spectroscopy on the 23.87-keV transi-
tion in "Sn. The information on the surroundings of the
implanted impurity atoms was obtained. The spectra
from P-Sn, Au, Pt, and Al have been decomposed into
single resonance lines, and these lines were proposed to
originate from substitutional impurities judging from
their isomer shifts and Debye temperatures. On the oth-
er hand, however, complex spectra were observed in the
cases of Pb and Y. From the comparison between " Sb
and " Sn implantations, observed differences on the
spectra from Al and Pb were considered to be due to the
difference radiation damage during the different implan-
tation process with different implantation energy. The
results of the isomer shifts and Debye temperatures have
been analyzed using lattice-dynamic models relating host
parameters to the observed impurity parameters. In most
cases, except for Pb, the deduced impurity-host force-
constant ratios exceeded unity, which indicates that the
impurity-host bonding is weaker than the host-host bond-
ing.
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