JOURNAL OF SOLID STATE CHEMISTRY 47, 284-292 (1983)

Lattice Temperature and Hyperfine Interactions of Pb,_,Sn,Te

(0.21 < x < 0.75)

R. H. HERBER

Department of Chemistry, Rutgers University, New Brunswick, New Jersey
08903, and Solid State Institute, Technion

AND R. KALISH

Solid State Institute, Technion—Israel Institute of Technology,

32000 Haifa, Israel

Received October 21, 1982; in revised form January 4, 1983

Thin (<15 um) samples of lead tin telluride, Pb,_,Sn,Te (x = 0.21, 0.25, 0.55, and 0.75) have been
studied by temperature dependent Mossbauer spectroscopy using the 23.8 keV gamma radiation of
119mSn. The tin atom occupies a lattice site having cubic symmetry (QS = 0 = 0.020 mm sec™!) over the
temperature range 78 < T =< 240 K, and there is no evidence for a rhombic (low temperature) to cubic
(high temperature) phase transition such as that reported for SnTe in this temperature interval. The
lattice temperature as probed by the Sn atom is independent of the compositional parameter x and is
similar to that reported for SnTe from Mossbauer studies and for Pbg¢:Sng 3;Te from X-ray powder
diffraction data. Radiation damage produced by 2-MeV proton irradiation to a total fluence of ~10"
cm~? at liquid nitrogen temperature does not have any effect on the Mdssbauer parameters, possibly
because the major damage is annealed at temperatures below 150 K.

Introduction

Because of their potential use as infrared
detectors, narrow band gap compound
semiconductors have been the subject of
extensive study and analysis over the past
few years. This is especially true of the lead
tin telluride (LTT) system and its two bi-
nary constituents, PbTe and SnTe, which
have been well characterized (1-3) by a
large number of physical techniques de-
signed to elucidate the relationships be-
tween stoichiometry and electrical or opti-
cal characteristics. For solid state materials
in which tin is a constituent, mSn Mdss-
bauer effect spectroscopy has proven itseif
to be a fruitful—and frequently unique—
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technique for the examination of the lattice
dynamical properties of the matrix and for
the characterization of the electronic envi-
ronment around the probe atom.

Lattice dynamical studies of SnTe, using
both the 23.8 keV transition in !"*mSn and
the 35.5 keV transition in '»™Te have been
reported by Bukshpan (4) and by Keune
(5). These authors were able to show that in
the range 85 = T = 250 K the characteristic
lattice temperature caiculaied from the ap-
plication of the Debye model to the temper-
ature dependence of the recoil-free fraction
is essentially the same for the two constitu-
ent atoms (fm(Sn) = 132 = 3, 9y(Te) = 141
*+ 5 K). Bryukhanov et al. (6) have re-
ported a similar value (8y(Sn) = 139 + 3 K
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at 290 K), in contrast to the high tempera-
ture (78 = T < 300 K) data of Fano et al. (7)
(0m(Sn) = 163.6 = 5.0). These latter data,
which have been analyzed in terms of a
small temperature dependent quadrupole
hyperfine interaction below ~160 K, are
consistent with the X-ray data of Bocchi
and Ghezzi (8) (who used the same samples
as those studied by Fano et al.), but these
authors concluded from their data that the
Debye temperature of a sample of interme-
diate composition (Pbg¢3Sng3;Te) was 118
+ 4 K, with an average rms vibrational am-
plitude close to that of PbTe, and signifi-
cantly different from that of SnTe.

Finally, in this context, it is worth noting
that Bocchi and Ghezzi (8) observe that the
lattice parameters between PbTe and SnTe
change by only 2% and a recent study by
Sternberg et al. (9) confirms that over this
compositional range the dependence of the
lattice parameter a for Pb,_,Sn,Te is well
described by a = 6.42 — 0.10 (x) A. These
results suggest that the mean square ampli-
tudes of vibration (averaged over all at-
oms), and the lattice temperature as de-
duced from X-ray diffraction data for SnTe
may be anomalous, and that these parame-
ters ought to vary systematically with com-
position for these materials.

The present study on the system
Pb,_.Sn,Te was undertaken to attempt to
clarify the relationship between the lattice
dynamical properties and composition over
a relatively large range of the lead to tin
ratio, and to afford a comparison with re-
lated Ge,-,Sn,Te solids recently reported
by Fano et al. (10).

Experimental

Using the hot-wall technique (11, 12), thin
samples of LTT were prepared on alumi-
num foil substrates at ~500°C. These sam-
ples were assumed to be identical to those
reported by Weiser et al. (12), and were not
further characterized with respect to ele-
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mental composition prior to study. Sample
thickness was determined by direct weight-
ing methods and showed that the
Pb,_.Sn,Te deposits were in the range of
2.6t0 6.5 mg cm~2. Using a mean density of
~7.3 g cm™3 yields a lineal thickness range
of 3.6 to 9 um. Since the lattice tempera-
tures of these samples, as probed by 'Sn
Mossbauer spectroscopy, vide infra, are
~140 K, the recoil-free fraction in these
samples is ~0.06 at 295 K and ~0.5 at 78 K.
These data, comparable to those for SnTe
(5, 6, 13, 14), lead to a calculated value of
the Mdossbauer thickness ¢ (defined by ¢ =
noqof, where n is the number of '°Sn nuclei
per cm?, oy is the cross section for recoiless
scattering, and f is the recoil-free fraction)
of ~0.02 to 0.3 (depending on x), and hence
the ““thin absorber approximation’’ is as-
sumed to be valid in the subsequent data
analysis. A Ca'®™SnO; source (14) at room
temperature (295 = 2 K) was used in con-
junction with the constant acceleration
spectrometer system described earlier (15).
Data reduction was effected on the Rutgers
University IBM 370/168 using a matrix in-
version least squares procedure (/5). Tem-
perature control to = 1 K or better over the
time period necessary for data accumula-
tion (typically 4 to 10 hr per spectrum) was
achieved using a commercial (/6) cryostat
in conjunction with an NBS calibrated
Au(0.07% Fe)-Chromel thermocouple.
Spectrometer calibration was effected (15)
using the magnetic hyperfine splitting in a-
Fe at 295 K. All isomer shifts are reported
with respect to the centroid of a standard
BaSnO, absorber spectrum at 295 K.
Proton irradiations were carried out us-
ing the Rutgers 2 MeV van de Graaff on
samples mounted at 45° to the beam axis
and in thermal contact with an electrically
insulated liquid nitrogen cooled cold finger
which was part of a Faraday cup. Implanta-
tion dosage was calculated from the Fara-
day cup charge measurement. Typical dam-
age runs consisted of ~10" protons/cm?
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Fi1G. 1. 1"Sn Méssbauer spectrum of Pbg 7580, ;5Te at liquid nitrogen temperature. The isomer shift
with respect to SnQO; is 3.476 mm sec~' and the full width at half maximum is 0.854 mm sec™'.

and lasted several hours since the implanta-
tions were carried out at low powers to
avoid heating of the irradiated sample.

Results and Discussion

The "9Sn M6ssbauer spectra of all of the
LTT samples examined in the present study
consisted of single resonance maxima at all
temperatures. A representative spectrum is
shown in Fig. 1. Observed line widths
(FWHM) were on the order of 0.79 + 0.07
mm sec”!, and showed no systematic corre-
lation either with temperature for a given
sample or with composition at a given tem-
perature. A representative data set is
shown in Fig. 2. Moreover, these line
widths indicate that any quadrupole hyper-
fine interaction at the Sn atom lattice site is
well below the resolution limit of the '""Sn
Mossbauer technique, and thus that depar-
ture from cubic charge symmetry around
the tin atom must be minimal in all of the
samples studied.

The absence of a resolvable quadrupole
hyperfine interaction in LTT is somewhat

surprising, both in view of the reported (1)
rhombohedral distortion (« 89.88°) in
SnTe at temperatures below ~160 K, and
the 1""Sn Mossbauer data (7, 17) of p-type
SnTe, which appear to indicate that the low
temperature spectra are better accounted
for by a two line fit. In this context it is also
worth noting that the 77 K data for SnTe,
reported in an extensive survey (18) of tin
intermetallic systems, showed an unusually
large line width (1.30 mm sec™!), although
in the absence of experimental details con-
cerning absorber thickness and sample
preparation it is difficult to ascribe this
result unambiguously to a low temperature
quadrupole splitting in tin telluride.
Moreover, a resolvable quadrupole hy-
perfine interaction might have been ex-
pected for the Pb;_,Sn,Te samples with a
high Pb : Sn ratio (e.g., x = 0.21, 0.25) since
on the average, every unit cell including a
tin atom will have at least one neighboring
unit cell with a lead atom. In view of the
difference in atomic (ionic) radii of Sn and
Pb, it might have been expected that a lat-
tice distortion from simple cubic symmetry
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LINEWIDTH vs. TEMPERATURE, Pb(@.753Sn(9.25)Te
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Fi1G. 2. Full width at half maximum of the *Sn Mdgssbauer resonance in Pby,sSng;sTe. The large
value of this parameter for the liquid nitrogen temperature point is an instrumental effect associated
with transfer of liquid cryogen to the sample cell. No evidence for systematic temperature dependent
line broadening has been extracted from these data.

around the tin atom would arise in these
matrices. If such a distortion is, in fact, re-
alized in these lattices, the resulting field
gradient at the tin atom crystallographic
site is too small to be resolved by the '"Sn
Mossbauer measurements.

The isomer shift data of the LTT samples
examined in the present study are summa-
rized in Table I. The 78 K value appears to
be independent of x and has a mean value of
3.478 + 0.013 mm sec™!. This isomer shift
(relative to SnO») is nearly identical to that
reported (6, 18, 19) for SnTe and is typical
of tin (II) chalcogenides in which there is
appreciable covalent character in the tin—
ligand bonding interaction. The similarity in
the isomer shift between PbggSny,Te and
SnTe has been observed previously (20)
and is indicative of the fact that the nearest
neighbor bonding environment of the Sn
probe atom remains unaffected by replace-
ment of Sn by Pb in the next unit cell(s) of

the matrix. The temperature dependence of
the isomer shift for all of the LTT samples
lies in the range (2.9 * 0.5) X 107* mm
sec”!. This value is comparable to the cor-
responding data reported (6, 17, 18) for
SnTe, but is larger by almost one order of
magnitude than the value calculated by
Kuo and Chang (21) and the experimental
data of Lin (22) cited by these authors. A
representative data set of IS(T) is summa-
rized graphically in Fig. 3.

As has been noted previously (23), a
characteristic lattice temperature can be
extracted from temperature dependent
Mossbauer data and used as a relative mea-
sure of the Debye temperature of the ma-
trix. Using the thin absorber approxima-
tion, for which the temperature dependence
of the area under the resonance curve is
equal to the temperature dependence of the
recoil-free fraction, leads to a Mossbauer
(Debye—Waller) lattice temperature given
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TABLE I
SUMMARY OF M0ssBAUER ('"Sn) DAaTA For LTT

IS(78 K)- d In A/dT M° On? d(1S)/dT e
Sample (mm sec™!) (x10%, K1) amu k (x104, mm sec™! K1) K
X Pb:Sn (£0.020) (x0.050) cch (£10) (£5) (x0.075) (x£5)
0.21 3.8 3.486 9.829 0.998 167 135 2.497 114
3.469 9.877 0.993 152 135 2.742 119
0.25 3.0 3.482 10.24 0.999 153 133 2.25 119
0.55 0.82 3.485 9.215 0.994 180 139 2.323 114
0.75 0.33 3.472 9.76 0.999 116 136 3.78 146
3.471 8.99 0.999 127 141 .28 137
SnTe/ — 3.427 8.70 9.995 183 144 — —
2 With respect to SnQ, at 295 K.
b Correlation coefficient calculated assuming a linear regression.
¢ Calculated from Eq. 3.
4 Calculated from Eq. 1.
¢ Calculated from Egq. 4.
SR. F. Davis and R. H. Herber, Unpublished results. See also Refs. (4, 5) inter alia.
by . .
atom. Under this assumption
1.752 E,
. c M = -3 —ke ©)

[Megkp(d In A/dD] 12 (1)

in which E, is the Mdssbauer gamma ray
energy, M.y is the effective mass of the
probe atom, kg is Boltzmann’s constant and
d In A/dT is the temperature dependence
of the area under the resonance curve for a
thin absorber in the high temperature (7 =
6\/2) limit. A representative data set for the
temperature dependence of the area under
the resonance curve is summarized in Fig.
4. If the effective mass is that of a *‘bare’’
Sn atom, use of the appropriate constants
in (1) leads to relationship of the form

6m = 1.338 x 10'[(d In A)YdT1™ 2. (2)

A more realistic estimate for M.s can in
some instances be extracted from the sec-
ond-order Doppler shift, under the assump-
tion that the major contribution to the tem-
perature dependence of the isomer shift
arises from vibrational motion of the probe

T2 ¢ (dASydT)’

Using this relationship in (1) leads—in the
case of '"®Sn Mossbauer data—to

O = 7.155 x 10?

[ddS)/dD/(d In A)/dD]2. (4

The calculated values for 6y and 6y are
summarized in Table I. Because of the
small value of d(IS)/dT and the intrinsically
large line widths encountered in '""Sn
Mossbauer data, the 8y data have a signifi-
cantly larger error associated with them
than is true for the 6y values, which depend
only on the slope of the In(area) vs tempera-
ture data. Neither of these two lattice tem-
peratures show a systematic variation with
the compositional parameter x. The mean
value for 8y for all of the LTT samples is
135 + 3 K, and is essentially identical to the
Om values reported for SnTe, as summa-
rized in Table 11, if the value of 167 = 3 K
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TABLE II

SUuMMARY OF LATTICE TEMPERATURE DATA FOR SnTe AND RELATED SOLIDS

Probe
Sample Method atom Om Ref. Remarks
SnTe Mossbauer Sn 132 =3 4 85 =T=250K
Mossbauer Te 141 =5 4
Mossbauer I 139 £ 3 4
Mossbauer Sn 139 =3 6 at 290 K
Mossbauer Sn 140 = 6 29
Mossbauer Te 141 5
Mossbauer Sn 154 2
Mossbauer Sn 164 7,17 78 = T = 300 K, linear fit
X-ray all 167 =3 8
PbTe X-ray all 108 = 3 30
Pby:Sng 1 Te X-ray all 118 =+ 4 8

extracted from the X-ray data (8) is ex-
cluded. A more direct comparison between
the X-ray powder pattern data and the
Mossbauer data can be effected for an LTT
sample with x = 0.37 for which 6 (X ray) =
118 = 4 K and samples with x = 0.21 and
0.25 for which 8y = 135 + Sand 133 = 5 K,

respectively. As noted in conjunctions with
the X-ray crystallographic data (8) and the
results of Sternberg er al. (9), the lattice
parameters change by only 2% in going
from PbTe to SnTe, presumably due to the
small size difference of Pb and Sn (covalent
radii 1.40 and 1.46 A, respectively) in the

I.S. (T), Pb(@.75)Sn(B.25)te

mm/sec.
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Fi16. 3. Temperature dependence of the isomer shift for Pby ;58n,,5Te in the range 78 < T < 295 K.
The solid line is a linear least squares regression fit to the data with a correlation coefficient of 0.942 for

the seven data points.
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Fic. 4. Temperature dependence of the area under the Mdossbauer resonance curve for
Pby ;sSng»sTe. The solid line is least squares regression fit to the data with a correlation coefficient of

0.999 for the seven data points.

electronic configurations encountered in
the LTT environment.

Finally, it is worth noting that neither the
In A(T) data, nor the temperature depen-
dence of the line widths of the Mossbauer
resonance in Pb,_,Sn,Te show any evi-
dence for the phase changes reported (1, 7)
at ~160 K in SnTe. The rhombic (low tem-
perature) to cubic (high temperature) phase
transition in p-type SnTe with a carrier con-
centration of ~0.88 X 102 ¢m~3 due to Sn
vacancies in slightly nonstoichiometric
samples has been observed as high as 98 K
by neutron diffraction methods (24) and as
high as 125 K by conductance measure-
ments (25), but appears (26) to be absent in
Pb,_,Sn, Te (x = 0.21 to 0.35) with carrier
concentrations of 0.68 to 300 X 107 ¢cm™3,
although a ferroelectric phase transition in
such materials has been reported (26). The
strong dependence of the transition temper-
ature on carrier concentration in LTT has
been noted in a recent (27) study, but no
evidence for a lattice instability and the ac-

companying softening of the transverse op-
tic phonon mode is evident from the Moss-
bauer lattice dynamical data of the present
investigation.

It is also clear from the present data that
the large line broadening effects near 190
K, which are observed (28) in the
Sn;-,Ge, Te (x < 0.1) system, are not evi-
dent in the LTT samples examined in the
present study. An extension of the concen-
tration range to more nearly match those
reported by Fano ez al. (28) may be re-
quired to elucidate the differences in the
two systems more fully.

Radiation Damage Experiments

In an extension of earlier studies (15) of
the radiation damage produced in NbSn; by
2-MeV proton bombardment, an attempt
was made to study the effects of such treat-
ment on the lattice dynamical properties
and hyperfine interaction parameters of
LTT. Since the damage induced by the pro-
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tons, and not their doping effect, were the
subject of the present study, the LTT thick-
ness and damaging beam energy were cho-
sen such that the proton range slightly ex-
ceeded the LTT target thickness, taking
into account the 45° orientation of the sam-
ple with respect to the proton beam. Two
samples were investigated in detail. In the
first of these experiments the thin absorber
of Pby,sSng+sTe, which had been used in
the earlier studies (vide supra), was irradi-
ated with 2-MeV protons to a total fluence
of ~10'7 cm~2. The irradiation was carried
out with the target nominally at liquid nitro-
gen temperature, but the sample was al-
lowed to warm to room temperature prior
to mounting in the Mdssbauer spectrometer
for subsequent study. In the second experi-
ment, a sample of the Pbg+Sny, Te ab-
sorber (vide supra) was similarly irradiated
with 2-MeV protons, but subsequently
mounted in the Mossbauer spectrometer
without warming to a temperature in excess
of ~150 K.

The Méssbauer spectra of these samples
at liquid nitrogen temperature did not evi-
dence any anomalous resonance absorption
at a line position other than that observed in
the unirradiated samples. The 78-, 120-,
180-, and 232-K spectra of the irradiated
Pby,sSngsTe were examined for excess
line broadening of the absorption maxi-
mum, such as that observed in the earlier
study (15) of Nb;Sn or in the a-irradiation
studies of SnTe by Ambe and Ambe (3). No
evidence of such broadening was observed,
and the calculated line widths were well
within the error limits (=0.02 mm sec™!) of
the data for the unirradiated sample indi-
cated in Table II and Fig. 2. Moreover, the
data for the temperature dependence of the
recoil-free fraction in both irradiated sam-
ples agreed well with the corresponding
values for the unirradiated absorbers, and
no significant change in either 8y or Oy was
evidenced in these experiments.

The results strongly imply that the effects
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of 2-MeV proton irradiation of LTT are suf-
ficiently well annealed—even at 150 K—
that no residual effects of such treatment
persist in the lattice, at least to the extent
that these can be probed by the ’Sn Moss-
bauer techniques used in the present study.
This conclusion is in agreement with the
results on proton and alpha particle bom-
barded 2°SnSb and 'SnTe observed (3) in
absorption experiments and the computer
simulations of radiation damage in such ma-
trices. While it is possible that nonsubstitu-
tional lattice positions for the '""Sn probe
atoms may remain stabilized at lower tem-
peratures, the present experiments show
that such anomalous site defects cannot be
observed directly, or by the effect on the
lattice dynamical properties of the LTT
host matrix, with the techniques employed
in this study.

The present results are in accord with the
conclusions about the nature of the damage
in heavy ion implanted LTT deduced from
channeling measurements (12). The Ruth-
erford backscattered channeling spectra do
not show damage peaks typical for point
defects but are dominated by dechanneling,
presumably caused by extended defects.
Such defects, which are typical for damage
in irradiated metals, are not expected to be
readily observable by transmission Moss-
bauer experiments as only a few atoms in
the defect region are localized in a strongly
disturbed environment. The fact that even
for the sample, which was not allowed to
warm up above ~150 K, no irradiation ef-
fects were evident may indicate that al-
ready at such temperature only extended
defects prevail in damaged lead tin tellu-
ride.
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