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The Mossbauer emission spectra of defect 1'°Sn atoms arising from !°Sb and !°™Te were measured
in GaSb, InSb, InyTes, ZnSb, CdSb, CdTe, and AgaTe. The lattice sites of defect ''®Sn atoms in these
binary compounds were determined on the basis of the obtained Mdossbauer parameters and the recoil energy
associated with EC decays of the source nuclides. Together with the results of previous studies, the isomer
shifts of both defect and normal '°Sn were shown to correlate with the electronegativitity of ligands in binary
compounds of the main-group elements, such as Sn, Sb, and Te.

The electronic state of defect atoms produced by nu-
clear decays and reactions can be studied in a time range
on the order of 100 ns or less by Mossbauer emission
spectroscopy.?) Defect atoms often exist in an unusual
chemical state which cannot be formed by synthetic
chemical techniques. We have been studying the chem-
Jical states of 11961 atoms arising from electron-capture
(EC) decays of 119Sb and !'°™Te (Fig. 1) which were
chemically doped in various matrices or deposited on
different solid surfaces.?® It was demonstrated that
the isomer shifts of defect and normal '°Sn in a series
of binary compounds of the main-group elements, such
as Sn, Sb, and Te, are determined to a first approxima-
tion by the electronegativity of their nearest-neighbor
atoms (here, ‘normal !!°Sn’ denotes '°Sn atoms occu-
pying Sn sites of the compounds).?% Little is known
about the electronic states of tin bonded to ligand atoms
having atomic numbers smaller than that of tin.

Extensive Mossbauer studies have been carried
out on radioactive ions implanted in a variety of
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Fig. 1. Simplified decay scheme of ''°Sb and '*™Te.

matrices.'® % In this type of experiment, well-charac-

terized matrices prepared beforehand can be employed.
However, exira atoms are brought into the matrix,
which may disturb the local environment of probe atoms
during the measurement. In fact, Mdssbauer spectra
obtained after implanting source nuclides often con-
sist of lines ascribable not only to a substitutional site,
but also to interstitial sites, vacancy-associated defect
structures, and even defect structures containing oxy-
gen atoms.'® Moreover, high-dose implantation makes
the spectra more complex by forming new phases in the
matrix.!®

On the other hand, a chemical doping method re-
quires the preparation of samples containing radioac-
tive nuclides in small amounts and in limited time; their
characterization is often restricted because of their ra-
dioactivity. However, this method has merit in that the
local environment of defect atoms is affected only by
the nuclear decay.

In the present work our Mossbauer emission studies
by a chemical-doping technique were extended to matri-
ces, which were expected to give defect 19Sn atoms hav-
ing indium, cadmium and silver as the nearest-neighbor
atoms. The lattice sites of defect 11?Sn atoms produced
by the EC decays of 11Sb and !!*™Te in the matrices
were determined on the basis of the observed Mossbauer
parameters as well as a consideration of the chemical
nature of the elements involved and the recoil energy of
EC decays. Together with the results of previous stud-
ies, the isomer shifts of both defect and normal 11°Sn
were shown to correlate with the electronegativity of
the ligands from silver to iodine.

Experimental

Materials. The source nuclide '®™Te (half-life: 4.68
d) was produced by a-irradiation of metallic tin using the
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Riken 160 cm cyclotron, while '*°Sb (half-life: 38.0 h) was
obtained by milking from '*°™Te. Radiochemical procedures
for separating the nuclides and preparing '°Sb and ''°™Te
metals as starting materials have been described in previous
papers.>® Antimony metal containing carrier-free 1°™Te
was obtained from a 6 moldm™2 HCI solution of Sb** and
carrier-free '*™Te** ions by reducing with a Cr** solu-
tion, and was purified by sublimation in vacuum. Ga''°Sb,
In!'®Sb, InSb doped with carrier-free 19™Te [designated
hereafter as InSb(*'°™Te)], In2''*™Te;, Zn''°Sh, Cd*!?Sb,
Cd''*™Te, and Ags''®™Te were prepared by fusing stoichio-
metric mixture of the metals under argon. Nonstoichiomet-
ric samples with nominal compositions of In!'®Sbg ¢z and
In!!®Sb; o3 were similarly prepared.

The identity of the samples was verified by the powder
X-ray patterns of similarly prepared cold samples. The
Cd!'®Sb sample was found to contain a small amount of
CdsSbs phase, probably due to the loss of a part of the
Cd by evaporation during fusion. The other stoichiometric
samples were found to be single phases.

Measurement. The Mossbauer emission spectra of the
samples were measured at 78 K against a BaSnOgz absorber
(0.9 mg **°Sn/cm?), also kept at 78 K. The samples labeled
with 1™ Te were maintained at 78 K before the Méssbauer
measurement until *!*™Te attained radioactive equilibrium
with its daughter '!°Sb, so that the contribution of *°Sb
arising from !°™Te before and during the sample prepara-
tion would be negligible. The obtained spectra were proc-
essed on FACOM M series computers installed at Riken.

Results

Typical Mdssbauer emission spectra obtained are
shown in Figs. 2, 3, 4, and 5 along with the results of fit-
ting with Lorentzian lines. The spectra of the Ga!'°Sb
and In''Sb samples comprise a single emission line at
1.86 and 1.94 mms~! relative to BaSnQ3, respectively
(Figs. 2(a) and 2(b)). The sample with a nominal com-
position of In11%Sby ¢ gave a single emission line at 1.96
mms~!, while the spectrum of In!19Sb; g3 was slightly
asymmetric and decomposable into a dominant line at
1.97 mms~! and a subsidiary one fixed at 2.68 mms™—!
(the isomer shift of 1°Sn in Sb metal®) with an in-
tensity ratio of roughly 1 to 0.03. (Fitting with a free
position for the subsidiary line did not converge.) The
InSb(1°™Te) sample gave an emission spectrum, which
was decomposed into two Lorentzian lines. The domi-
nant line has a center position of 1.88 mms™! and the
subsidiary one at 2.3 mms~! with relative areas of 77
and 23%, respectively (Fig. 2(c)). The Iny'19™Te; sam-
ple gave a broad emission line with a shoulder, as shown
in Fig. 2(d). Fitting with Lorentzian lines resulted in a
singlet at 3.21 mms~! along with a doublet (assumed
to be symmetric) with a center position of 1.6 mms~!
and a splitting of 1.5 mms™!. The relative area of the
singlet was 78%, and that of the doublet 22%. The
emission spectra of Zn'1°Sb and Cd'!'°Sb are shown in
Figs. 3(a) and 3(b), respectively. They were both de-
composed into two Lorentzians with almost the same
line widths at 1.37 and 2.73 mms~! for ZnSb and at
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Fig. 2. Modssbauer emission spectra of '°Sn arising

from '°Sb or from '*™Te via '°Sb in (a) Ga''®Sh,
(b) In''®Sb, (c) InSb(}!%™Te), and (d) Ina'*9™Te; at
78 K.
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Fig. 3. Mossbauer emission spectra of **°Sn arising

from 1*°Sb in (a) Zn''°Sb and (b) Cd''°Sb at 78 K.

1.53 and 2.66 mms~—! for CdSb. The Cd'®*™Te sample
showed a broad emission line, which was decomposable
into two Lorentzian lines with center positions of 1.95
and 2.76 mms~!, as shown in Fig. 4. The emission spec-
trum of Agy'19™Te comprised two lines with essentially
the same intensity and width at 1.09 and 3.41 mms™!
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Fig. 4. Mossbauer emission spectra of ''°Sn arising
from ''°™Te via ''°Sb in Cd'!°™Te at 78 K.
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Fig. 5. Mossbauer emission spectra of *!°Sn arising
from 9™ Te via ''°Sb in Ago''®™Te at 78 K.

(Fig. 5).

The Mossbauer parameters of the emission lines
based on the discussion described below are summa-
rized in Table 1.

Discussion

Atomic Displacement by Recoil. The nuclear-
decay series studied in the present work is '!°™Te (4.68
d)—119Sb (38.0 h)—!1%Sn* (17.8 ns)—!!°Sn, where
1198n* denotes *°Sn nuclei in the nuclear first excited
level (Mossbauer level) of ''°Sn, as shown in Fig. 1.
Since the recoil energy accompanying the EC decay of
L198h is estimated to be at most 1.5 eV, which is far
smaller than the displacement energy in a solid, the
daughter nuclide 11Sn is considered to remain at the
original site of 11%Sb unless it is chemically unfavorable
for a tin atom. In the case of the EC decay of 1°™Te
to 1198b, the recoil energy due to the neutrino emis-
sion is 24 eV, and that due to associated <y-rays has a
maximum of 25 eV. Since the directions of recoil by
these two mechanisms are uncorrelated, the eventual
recoil energy is estimated to have a distribution beyond
the displacement energy. In fact, it was demonstrated
in our previous work® that !°Sn atoms arising from
119Gh in Sn'!9Sb remain at the Sb site, while '?Sn
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atoms arising from '°mTe via 1°Sb in Sn!!®™Te oc-
cupy both Sn and Te sites, the latter being dominant.
These facts provide a basis for a site assignment of the
defect atoms produced by nuclear decays in the present
work.

The relative intensity of the emission lines of the sam-
ples with 119mTe is much smaller than that of the emis-
sion lines of those with 119Sb (Figs. 2, 3, 4, and 5). One
reason is that the signal-to-noise ratio was much lower
in measurements of 119™Te sources, because the source
nuclide emits many « rays, causing a serious Compton
background at 23.87 keV. On the other hand, '1°Sb
emits only Mossbauer v rays. Another probable reason
is a reduction of the recoilless fraction due to some dis-
turbance of the lattice around !°Sn atoms due to recoil
accompanying the EC decay of 9™ Te.

Ga''®Sb and In'!'®Sb. GaSb and InSb have
the zinc blende-type crystal structure.!” Each atom is
tetrahedrally surrounded by four atoms of the counter-
part element, and, subsequently, Sb is in a configura-
tion of cubic symmetry. In the GaSb and InSb matrices,
1198h atoms undoubtedly occupy the Sb site, and the
emission line observed for the matrices is attributed to
119Gn remaining at the Sb site on the basis of the above-
described consideration of the recoil energy. The isomer
shifts observed in the present work (GaSb 1.86 mms™!,
InSb 1.94 mms~!) are in good agreement with those
of 1198n arising from !'9Sb implanted at the Sb sites
of GaSb and InSb.'®'9 The isomer shifts show that the
119G atoms are covalently coordinated by four Ga or In
atoms and that the s-electron density at the !19Sn nuclei
is only slightly smaller than that of !1°Sn in diamond-
type a-tin (2.05 mms™1).20

The line of a sample with a nominal composition of
In'19Sbg g7 and the dominant one of the In11°Shy 3 are”
ascribed to 119Sn in the InSb phase of the samples. The
subsidiary peak of the latter sample is assigned to 11°Sn
in the Sb metal phase. These observations are in con-
trast with those on SnTe in our previous study con-
cerning the site distribution of 19Sb, which revealed
that most 11°Sb atoms occupy the Te site in SnTeg g7,
and that all of them occupy the Sn site in SnTe; g3.%
This difference is considered to originate due to the fact
that the site of 11%Sn is determined by its parent 11°Sb,
which has an intermediate nature between the two kinds
of constituent atoms of the matrix, in the latter case of
SnTe.

InSb(*19™Te). For the InSb(}!°™Te) sample, the
assignment of the lattice position of 1™ Te is not neces-
sarily straightforward. In a previous paper we showed
that the distribution of carrier-free 11%Sb and 119™Te
atoms between the two lattice sites of SnTe (see above)
and SnSb upon solidification of the matrices is deter-
mined by the chemical nature of the atoms concerned.?
It was also demonstrated that the fraction of 119Sb dis-
placed by the recoil associated with the EC decay of
119mTe in Sn'19™Te and Sby!!9™Te; is in the range of
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Table 1. Mossbauer Parameters of the Emission Lines of 1'°Sn in the Compounds Labeled
with 11°Sb and '™ Te
Isomer shift® Quadrupole Relative Line Lattice
Source material mms~ ! splitting/mm s7! area width position of
mms™! 119g,
Gall9sh 1.86+0.03 100 1.12 Sb site
In!!®Sb 1.94+0.03 100 1.12 Sb site
In'®Sbg.o7 1.96+0.03 100 1.15 Sb site
In'°Sb; 03 1.9740.03 97 1.20 Sb site
2.68> 3 1.20%
InSb(11%™Te) 1.88+0.05 77 1.07 Sb site
2.34+0.1 23 1.2 In site
Iny 119 Teg 3.2140.05 78 2.33 In site
1.6+0.3 1.5+0.3 22 1.5 Te site
Zn'1Sh 2.0540.03 1.3640.03 100 1.15 Sb site
Cd'9sb 2.10+0.03 1.13+0.03 100 1.18 Sb site
Cd119™Te 2.36+0.03 0.8140.03 100 1.53 Te site
Agy119mTe 2.2540.03 2.32+0.03 100 1.35 Te site

a) Relative to BaSnOj3 at liquid nitrogen temperature.
c) Assumed to be equal to that of the main peak.

for 119Sn in Sb metal.?)

12—22%.% When these empirical rules are applied to
the case of InSb(*19™Te), its emission spectrum is rea-
sonably interpreted as follows. The carrier-free 11°™Te
atoms, being more electronegative than both of the con-
stituent atoms of the matrix, occupy the site of the more
electronegative component of the matrix, that is, the Sb
site. The EC decay of !!°™Te results in a partial dis-
placement of 1'°Sb from the original site, giving two
emission lines. The line with an isomer shift of 1.88
mms~! is ascribed to the !?Sn remaining at the Sb
site on the basis of the close similarity of the isomer
shift with that of 119Sn at the Sb site of In!!°Sb de-
scribed above as well as its dominance over the other
‘line. The other line with an isomer shift of 2.3 mms~?!
is then assigned to !!?Sn arising from !1?Sb, which had
been transferred to the In site or to an interstitial site,
as a result of the EC decay of '™ Te. The isomer shift
is in the range of those for normal and defect 1!°Sn with
nearest-neighbor Sb atoms (2.79 mms™! for SnSb and
2.30 mms~! for 11°Sn at the Te site in Sby!19™Tez).?
On the other hand, !'°Sn at the interstitial site in Si
and o-tin is reported to have an isomer shift higher than
that of 119Sn at the substitutional site.!32") Therefore,
11981 atoms corresponding to the line at 2.3 mms~! are
considered to be located at the In site rather than the
interstitial one.

Iny119™Teg. In,Tes has a unique zinc blende-
type structure, in which the In positions are not en-
tirely filled.!” The dominant singlet observed for the
Iny!19™Tes sample is assigned to 11?Sn displaced to the
In site of the matrix, since its isomer shift (3.21 mms~1)
is close to those of 119Sn in SnTe (3.54 mms~!)* and
defect *19Sn at the Sb site of 112SbyTe; (3.39 mms—1),?
both having Te atoms as the nearest-neighbor atoms.
The large line-width of the singlet suggests the pres-
ence of unresolved and probably distributed quadrupole

b) Fixed in the fitting at the position

splitting ascribable to vacancies produced by the dis-
placement of 1°Sb in the first, and possibly farther,
coordination spheres of 11%Sn.

The doublet is then attributed to the '9Sn remain-
ing at the Te site on the basis of the isomer shift and
quadrupole splitting. Namely, the low isomer shift (1.6
mms~!) suggests less electronegative ligands than tel-
lurium atoms. The quadrupole splitting is ascribed to
the presence of nearby vacancies at the In site. In the
ordinary matrices studied so far, the relative area of
the line due to 1'°Sn displaced from the original site of
119mTe was in the 12—22% range, as described above.
However, in the present case of Iny!!®™Tes, the value
is as high as 78%. This large value is reasonably in-
terpreted in terms of the vacancies in the matrix. The
minimum energy required to displace an atom in the di-
rection of the vacancies is considered to be much lower
than the displacement energy in normal solids. More-
over, the In site is considered to be more favorable for
Sn atoms than the Te site because the chemical na-
ture (electronegativity, valence etc.) of Sn is closer to
that of In than that of Te. SbyTes has a rhombohedral
structure with no intrinsic vacancies, and the above dis-
cussion does not apply to Sby!19™Te;.

It is reported that tin impurity atoms in InpTes
(InyTe3Sn;, £=0.015, 0.04, and 0.08) gave a high iso-
mer shift of 3.58 mms™! at room temperature, irre-
spective of the composition®® and in InyTe3Sng g2 gave
3.71 mms~1,?® suggesting a configuration around 1*°Sn
different from that in our Iny19™Tes sample. The tin
impurity atoms in InyTe3Sng g2 were concluded to be
at octahedral interstitials in the divalent state, forming
chemical bonds with tellurium atoms on the basis of the
closeness of the isomer shift to that of SnTe.

Mo et al. studied 1™ Te introduced in GayTes, which
has the same crystal structure as InyTe3.?*) From a
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crystallographic point of view, they assigned the two
observed emission peaks with ‘puzzling’ isomer shifts
to 11°Sn atoms at Te sites with different surroundings
of Ga atoms and vacancies, not taking account of the
displacement of 1'°Sb due to the EC decay of 119™Te,
Our assignment on Iny'!'®™Te; results in reasonable
Mgdssbauer parameters as described above.

Zn''®Sb and Cd''°Sb.  The structure of these
compounds is a deformed diamond arrangement in
which each atom is tetrahedrally surrounded by one
of its own and three of the opposite kind of atoms.!”
The asymmetric configuration generates an electric-field
gradient at each atom. The !°Sn atom arising from
1198h is considered to remain at the original Sb site,
being surrounded by one Sb atom and three Cd or Zn
atoms. Therefore, the observed two lines are ascribed
to a quadrupole doublet of 11°Sn at the Sb site of the
matrices (Table 1).

Cd!'1®™Te. (CdTe has the same zinc blende-type
crystal structure as do InSb and GaSb.'” Since the peak
position (1.95 mms~1) of the more intense of the ob-
served two lines is close to the isomer shift of 119Sn
at the Sb site in Cd!!?Sb, the line may be ascribed to
119Gn arising from 11°Sb having remained at the Te site.
However, the position of the other less intense line at
2.76 mms~! is too small to be ascribed to !1?Sn atoms
at the Cd site, that is, 1'°Sn having nearest-neighbor
Te atoms (Table 1).

The Mossbauer emission spectrum of 19Sn arising
from °"Cd implanted into CdTe at 77 K was reported
to exhibit a line with an isomer shift of 2.73 mms~!
which was ascribed to Sn at the Cd site associated with
a Te vacancy on the basis of the site-selective implanta-
tion mechanism and annealing behavior.?>) The isomer
shift is essentially identical with that of the less-intense
line in our chemically prepared Cd!'°™Te. However,
the relative intensity of the line (47%) is too large to
be ascribed to an 11%Sn being transferred to the Cd site
from the Te site, compared with the corresponding val-
ues of 12—22% observed for InSb(}!°™Te), Sn!!®™Te,
and Sby!19mTes. %)

Our interpretation of the spectrum of Cd!!*™Te is
~ that the two emission lines are a doublet due to !%Sn
at the Te site. '!°Sb atoms displaced from the Te site
due to the recoil are considered in this case to have
returned to the original Te site, because the Cd site,
a site for electropositive ions in the matrix, is much
less favorable for Sb. The isomer shift is slightly larger
than that of 119Sn in Cd!!*Sb. The small quadrupole
splitting suggests nearby defects.

Ago'19MTe, The emission spectrum of 119Sn in this
sample comprised two lines with essentially the same in-
tensity and width. The line at 3.41 mms~! alone may
be ascribed to !!°Sn at the Ag site with the nearest-
neighbor Te atoms because the line position is similar
to the isomer shift of SnTe (3.54 mms~!). Then, how-
ever, an assignment of the other line becomes difficult,
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its isomer shift (1.09 mms~1!) being too small to be as-
signed to 119Sn at the Te site with the nearest-neighbor
Ag atoms or to 11°Sn at other possible sites. Moreover,
it is not probable that the two different sites happen to
have essentially equal widths and relative areas.

Thus, the observed two lines are ascribed to
a quadrupole doublet (isomer shift 2.25 mms~!,
quadrupole splitting 2.32 mms~!) of 119Sn at the Te
site in the monoclinic'™ AgyTe. The isomer shift (2.25
mms~?!) is close to those of AgzSn (2.14 mms~1)2® and
119Gn arising from !19Sb in Ag metal (2.10 mms~1).2®
The Mossbauer spectrum of 125Te revealed that Ag,Te
is an ionic compound with 1.4 electrons on the tellurium
atom,?” indicating that a negatively charged Te site is
more favorable for 11°Sb atoms. All of the 11°Sb atoms
arising from 11°™Te are considered to have been stabi-
lized at the site of Te, rather than at the Ag site.

Systematics of the Isomer Shifts. Figure 6
shows the relationship between the isomer shifts of de-
fect as well as normal !'?Sn atoms and the Pauling
electronegativity of their nearest-neighbor atoms in bi-
nary compounds of antimony and tellurium with el-
ements from silver through iodine. For ZnSb and
CdSb, weighted averages of the electronegativities for
two kinds of ligand atoms were employed. Starting from
those compounds with the most electropositive gallium,
the isomer shift is seen to increase along with an in-
crease in the electronegativity of ligands.

A number of systematics have been reported on iso-
mer shifts of 1°Sn in tin compounds.?® The correlation
between the isomer shift of tetravalent tin and the elec-
tronegativity of the surrounding atoms has been dis-
cussed by a number of workers.?® Certain correlations
between the isomer shifts of impurity tin in metals and
the physical properties of matrices were also reported.
The isomer shifts of impurity tin in pure metals were
found to be inversely correlated with the effective force
constant of the host matrix?®3% as well as the elec-
tronegativity of the host metals.?") The isomer shifts of
tin in elemental semiconductors (a-Sn, Ge, and Si) were
reported to increase along with an increase in the lattice
constants of the host matrices.’®!® Impurity Sn atoms
at both the Il and V sites of I—V compound semi-
conductors with low ionicity exhibited a trend similar
to that found in the present work, while no such cor-
relation was observed for Sn in compounds with high
ionicity.'® The present systematics shown in Fig. 6
is unique in that it comprises compounds of different
structures, different coordination numbers and differ-
ent types of bonding for both normal and defect 11°Sn.
Since AR/R is positive for 11°Sn, the observed sys-
tematics indicates that the s-electron density at 1!°Sn
nucleus increases with an increase of the ligand elec-
tronegativity. This can be simply explained assuming
a greater attraction of p-electrons by more electroneg-
ative ligands, resulting in less screening of s-electrons.
However, our interpretation is that the systematics re-
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Fig. 6. Correlation between isomer shifts of defect

and normal '°Sn in binary compounds of antimony
and tellurium with elements from silver through io-
dine and Pauling electronegativities of the nearest
neighbor atoms. For ZnSb and CdSb, weighted aver-
ages of the electronegativities for two kinds of ligands
were employed. Open circles refer to defect '°Sn in
Mossbauer emission measurements and closed ones
to normal I_IQSn in Mossbauer absorption measuer-
ments. 1. Ga''”Sb (Sb site), 2. Zn'**Sb (Sb site), 3
Iny''*™Tes (Te site), 4. InSb (119"Te) (Sb site), 5.
In''?Sb (Sb site), 6. Cd''Sb (Sb site), 7. Sn!'*™Te
(Te site), 8. Sn''°Sb (Sb site),? 9. AgsSn,2? 10.
Aga''¥™Te (Te site), 11. Sby!'!%™Te; (Te site)? and
InSb (*'°™Te) (In site), 12. SnSb,* 13. Sby!19™Te,
(Sb site), and Tnp''*™Tes (In site), 14. Sn'!*™Te
(Sn site),* 15. 11°SbyTes (Sb site),? 16. SnTe,? 17.
19mTel, (Sn(II), Te site),® 18. Snl,,2® 19. 119Sbl,
(Sb site).>

flects a gradual variation of character of the bonding
from a metallic one, for which the effective number of
s-electrons is approximately one, to the s?-type one.

The authors are thankful to the former staff of the
Riken 160 cm cyclotron for many irradiation runs and
also to Mr. Y. limura for X-ray powder pattern mea-
surement.
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