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Tin and Antimony Valence States in BaSn,&bo.,sO,-s 
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‘t9Sn and ‘?‘Sb Mossbauer spectra indicate the presence of Sb” and SnC4-r1t ions down to 1.2 K without 
evidence for disproportionation into Sn”, Sn4’ or Sb3+, Sb”. It is argued that stabilization of Sb5-, 
which means a lifting of the donor level above Er, is accomplished by a static oxide-ion displacement 
from Sn toward Sb in a 180” Sn-0-Sb link. Placement of EF within an enhanced density of states at 
the bottom of the Sn-5s o * band eliminates optical excitations to the conduction band from an impurity 
band; it is suggested that this situation is a necessary condition for a transparent conductor like 
In203 : Sn. The model also permits rationalization of a low, temperature-independent conductivity. 
0 1992 Academic Press. Inc 

1. Introduction 

The observation (I -4) that the cubic per- 
ovskites BaPb,,,,Sb,,,O,, BaPb,.,,Bi,,,O,, 
and K,,,Ba,,,Bi, -,Sb,O, are superconduc- 
tors (T, = 3.5,12 and (28 - 0.9x) K, respec- 
tively), whereas BaSn,-,Sb,O, is not (to 
0.05 K), raises a fundamental question con- 
cerning the role of covalent bonding in the 
superconductive mechanism. Moreover, a 
temperature-independent conductivity in 
the range 0 I x I 0.15 led Cava et al. (4) 
to speculate the presence of midgap states 
associated with the Sb atoms and the possi- 

bility of a disproportionation reaction creat- 
ing Sb3+ + Sb5+ or Sn*+ + Sn4+ species. 
The Mossbauer study reported here was ini- 
tially motivated by a desire to test the valid- 
ity of this speculation. 

We report l19Sn and ‘*lSb Mossbauer 
spectroscopy on BaSn,,,,Sb,-,,,O,, the com- 
position with highest conductivity reported 
by Cava er al. (4). This technique directly 
probes the Sn and Sb valence states. The 
observation of a single resonance in both 
probes indicates that electrons are not 
trapped out via a disproportionation reac- 
tion on the time scale (10m8 set) of a Moss- 
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bauer experiment. Moreover, the isomer 
shift (IS) of the ‘*‘Sb peak is close to that 
of Sb,O,, whereas that of the ‘19Sn peak is 
shifted positive of its value in BaSnO,, 
which indicates a transfer of electrons from 
Sb to Sn corresponding to the presence of 
only Sb5+ in this system. We compare this 
result with the IS found for ‘*‘Sb in the su- 
perconductive perovskite phases and draw 
some tentative conclusions about the influ- 
ence of oxide-ion displacements on the elec- 
tronic energy levels. 

2. Experimental 

BaSnO, and BaSn,.,5Sb,,‘50,P, were pre- 
pared by solid-state reaction. Stoichiomet- 
ric amounts of BaCO,, SnO, and Sb,O, were 
mixed in a mortar and pestle and fired at 
1200°C for 16 hr. The resulting powders 
were reground and pressed into pellets. The 
BaSnO, sample was annealed in air at 
1300°C for 43 hr and slowly cooled to room 
temperature. BaSn,.,,Sb,,,,O, was annealed 
in air at 1500°C for 65 hr with two intermedi- 
ate grindings and pressing into pellets. Fol- 
lowing Cava ef al. (4), reduced BaSn,,,, 
Sb,,,,O,-, was prepared in flowing N, at 
950°C for 12 hr with slow cooking to room 
temperature. The products were all single 
phase as found by X-ray powder diffraction 
recorded with CuKa radiation. The lattice 
parameter of the white BaSnO, was a = 
4.1 lO(2) A; those for BaSn,,,,Sb,,‘,O,-, 
were 4.114(2) and 4.119(2) A for the air-fired 
and N,-annealed samples, respectively. 

‘19Sn Mossbauer spectroscopy was per- 
formed with a Ca119mSn0, source over the 
temperature range 1.2 I T I 300 K. The 
source and absorber were both cooled by 
exchange gas; the temperature was mea- 
sured and controlled with an integrated ther- 
mometer-heater assembly. ‘*‘Sb Mossbauer 
spectroscopy was also performed with a 
Ca’*‘“SnO, source. Both source and ab- 
sorber were held at 78 K. Seebeck measure- 
ments were made on polycrystalline pellets 
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FIG. 1. Room-temperature ‘19Sn MGssbauer spectra 
of (a) BaSn03, (b) BaSn0,85Sb0,,50,, and (c) BaSn0,85 
Sbo.is%,. 

with a home-built device in the temperature 
interval 20 5 T 5 320 K. 

3. Results 

Room-temperature ‘19Sn Mossbauer 
spectra are shown in Fig. 1; spectra re- 
corded at lower temperatures were essen- 
tially identical to those of Fig. 1. The IS with 
respect to CaSnO, and the full-width-at- 
half-maximum linewidths (FWHM) for the 
single-resonance absorption are given in Ta- 
ble I for both room temperature and 1.2 K. 

The 78 K ‘*‘Sb Mossbauer spectra for the 
air- and N,-annealed BaSn,,,,Sb,,,,O,-, 
samples are compared in Fig. 2 with those 
for Sb,O, and Sb,O,. The fitted IS relative 
to ‘*‘Sb in CaSn03 at 78 K, the quadrupole 
splittings AEo, and the FWHM linewidths 
are summarized in Table II. 
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TABLE 1 

ISOMER SHIFTS (IS) AND FULL-WIDTH-AT-HALF- 
MAXIMUM LINEWIDTHS (FWHM) OF FITTED “9Sn 
M~SSBAUER SPECTRA OF BaSn03, BaSn0,$3b0,,@_, 
AND BaSno.ssSbo.1503-fi MEASURED AT 300 K (Fig. 1) 

Sample 
Temperature 

W) 

IS FWHM 
(mmlsec) (mm/xc) 

300 
300 
300 
1.2 
1.2 

0.014(l) 
0.086(l) 
0.083(l) 
0.086(Z) 
0.083(2) 

1.10(l) 
l.Z8(ll 
1.29(l) 
1.41(l) 
1.30(l) 

Note. Isomer shifts are with respect to Ca.5110~. The fitted parameters 
s 

-0 
for the spectra of BaSn, &b, 15O, and B&n,, &.b, ,@m, recorded at ti 
1.2 K are also given. .- 

E b) 
Figure 3 shows the temperature depen- z Q 

dence of the Seebeck coefficient of the air- c 
and N,-annealed BaSn0,s5Sb,,,,0,_,; it is 
negative-consistent with n-type conduc- 
tion-with a magnitude that increases 
nearly linearly with temperature, which is 
typical for itinerant electrons in a partially 
filled band. The Seebeck coefficient for un- 
doped BaSnO, was 2 x lo6 ,uV/K and tem- 
perature-independent in the interval 20 I 
Tr 320 K. 

4. Discussion 

The observation of a single absorption 
peak for both ‘lgSn and i2’Sb eliminates the 
existence of any static disproportionation 
into Sn2+ and Sn4+ or Sb3+ and Sb’+. Al- 
though the IS for the l*‘Sb peak is slightly 
negative of its value for Sb,O,, it lies well 
within the range of values for Sb5+ in other 
oxides (5). It would appear that the anti- 
mony is essentially present as Sb’+ in 
BaSn,,,,Sb,,,,O,-,. This observation has 
two immediate consequences: first, there 
are no Sb3+ ions present even in the time 
scale 7 < 10e8 set; second, the electrons 
transferred from the antimony must mani- 
fest themselves in a positive shift of the ‘19Sn 
peak from its value in BaSnO,. From Table 
I, this prediction is seen to be fulfilled. In 
fact, the magnitude of the IS is consistent 
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FIG. 2. ‘*‘Sb MGssbauer spectra recorded at 78 K of 
(a) Sb203, 0) BaSno,8C%l~03, (4 BaSn,dbo IS03-6r 
and (d) Sb20S. 

with the mean tin valence Sn3.82+ predicted 
for x = 0.15 and Sb5+ ions, 

In a situation where 180” M-0-Sb bonds 
are formed, the transfer of electronic charge 
from Sb4+ to an iW4+ ion would be accom- 
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TABLE II 

ISOMER SHIFTS (IS),QUADRUPOLE SPLITTINGS 

(AEQ), AND FULL-WIDTH-AT-HALF-MAXIMUM 
LINEWIDTHS (FWHM) OF FITTED 12’Sb MBSSBAUER 
SPECTRA OF Sb203, Sb,% BaSn0.G%,50,, AND 
BaSnO,&Gb,&_~ MEASURED AT 78 K (Fig. 2) 

Sample IS AEQ FWHM 
(mm/xc) (mmlsec) (mmlsec) 

-11.48(5) 18.7(l) 2.9(l)" 
0.18(5) -5.52(4) 2.3(l) 

-0.76(5) -2.89(4) 2.52(6) 
-0.72(5) - 2.96(4) 2.67(6) 

Ncre. Isomer shifts are with respect to “‘Sb in CaSnO, at 78 K. 
(i Thick absorber. 

plished by a displacement of the bridging 
oxygen atoms toward the Sb and away from 
the M atom. Shortening of the Sb-0 bonds 
would raise the antibonding g* orbitals of 
Sb-5s parentage; lengthening of the M-O 
bond lowers the corresponding antibonding 
(T* orbitals on the M atoms. The M atom 
neighboring an Sb5+ ion is therefore ex- 
pected to carry a somewhat higher electron 
density than an M atom having no Sb5+ near 
neighbor, which could account for the some- 
what larger FWHM linewidth of the l19Sn 
resonance in BaSn,.gsSbo,,503-6 relative to 
BaSnO,. 

The problem faced by Cava et al. (4) that 
induced them to propose the existence of 
midgap states in BaSn,-,Sb,O,, 0 I x 5 
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FIG. 3. Seebeck data for BaSn,,&b,,,,03 (m) and 

BaSno,8S%dh-~ (0). 
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FIG. 4. Schematic energy density of states N(E) 
against E for (a) BaSnO, and (b) BaS~,,,Sb0,,50j. 

0.2, was a relatively low and temperature- 
independent conductivity that is a maximum 
near x = 0.15 and increases with an N,- 
anneal, i.e., with the introduction of oxygen 
vacancies. To address this problem, we con- 
struct the semi-empirical energy-density of 
states versus energy diagrams of Fig. 4. 

An empirical energy gap of 3.4 eV in 
BaSnO, does not shift on substitution of Sb 
for Sn (6). In BaSnO,, the conduction band 
is an antibonding cr* band of Sn-5s parent- 
age, but with a strong covalent component 
of 0-2s and 2p, and a weaker Ba-6s admix- 
ture; the valence band is a bonding 7~ band 
of 0-2~~ parentage with a strong covalent 
admixture of Sn-4p, and Ba-6s and 6p,. 
White BaSn03 may be doped n-type. Anti- 
mony is to the right of tin in the periodic 
table; therefore, substitution of Sb for Sn 
might be expected to yield a shallow donor 
state below the conduction-band edge anal- 
ogous to the substitution of P for Si to dope 
semiconducting silicon n-type. However, 
such an analogy fails to take into consider- 
ation the freedom of the bridging oxygen to 
adjust the Sn-0 and Sb-0 bond lengths of 
a 180” Sn-0-Sb link. The Mijssbauer data 
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show that the donor electrons are not 
trapped at the Sb positions, but are trans- 
ferred to the Sn atoms even at 1.2 K. Oxygen 
displacements and polarization toward the 
Sb atoms that lift the Sb-5s donor states 
above the Fermi energy E, would also lower 
the bottom of the cr” band. This situation 
places E, close to the energy EC of the bot- 
tom of the V* band in BaSnO,, so Sb doping 
introduces little change in the energy to ex- 
cite an electron from the valence 7~ band to 
the conduction U* band, see Fig. 4. More 
importantly, electrons are located in m*- 
band states, not impurity-band states, which 
changes the selection rules for optical ab- 
sorption. We suggest that this may be a con- 
dition to be satisfied in transparent conduc- 
tors such as In,O, : Sn. BaSn,,,+3b,,,,O,-, is 
bluish-black and is not a transparent con- 
ductor due to the high concentration of Sb; 
however, smaller levels of Sb doping may 
make this compound a transparent con- 
ductor. 

Such a model remains consistent with a 
mean-free-path of the conduction electron 
that is determined by the distance between 
impurity atoms, which are in high concen- 
tration. Therefore the mean-free-time Q-, be- 
tween scattering events would be short and 
temperature-independent, which would 
make the electron mobility p = eT,/m* low 
and temperature-independent. Since the 
concentration II of mobile charge carriers in 
the (T* band is also temperature-indepen- 
dent, it follows that the conductivity cr = 
rzep may be low and temperature-inde- 
pendent. 

5. Conclusions 

Single Miissbauer ‘19Sn and 12’Sb peaks in 
the compositions BaSn,,,,Sb,,,&, indi- 
cate that there is no disproportionation into 
Sn2+ and Sn4+ or Sb3+ and SbS+ species as 
had been suggested by Cava et al. (4) to 

account for the unusual resistivities they 
found in the system BaSn,-,Sb,O,-,. The 
IS data indicate a transfer of electronic 
charge density from Sb4+ to Sn4+, so that 
the dopant atoms are not present as shallow 
donor centers but as Sb5+ species down to 
1.2 K. The IS data and the FWHM line- 
widths for the ‘19Sn atoms are consistent 
with a transfer of electron density to the Sn 
system, but with the Sn atoms neighboring 
Sb atoms perhaps having a slightly higher 
electron density. 

We argue that local oxygen displacements 
away from Sn toward Sb neighbors in a 180” 
Sn-0-Sb bridge make possible the raising 
of the Sb-5s donor states above E, where 
they overlap and hybridize with the (+* 
band. Placement of EF within the c* band 
changes the optical-absorption selection 
rules so as to allow for transparent conduc- 
tivity at low dopant concentrations; it also 
gives rise to a low, temperature-indepen- 
dent conductivity. 
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