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Characterization of phase structures in semiconducting SnWQ@powders by Mossbauer
and Raman spectroscopies
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Stannous tungstate, Sn\Vy@rystallizes in the low-temperatuceand high-temperatur@ phasesa-SnWQ,
powders were prepared by heating an equimolar mixture of SnO ang &\M@r in vacuum or in argon
atmosphere at 600 °C for 15 h. The high-temperaiphase was obtained as metastable at room temperature
after heating the mixture at 800 °C and rapid quenching. In addition to x-ray-diffraction statfes, Mcss-
bauer and Raman spectroscopies were used as “local” probes for the characterization of the phase structures
in the semiconducting and gas-sensitive powders. The composition of the powders was measured by the
energy-dispersive spectroscopy of x rays.ddloauer spectroscopy, especially, as a very local probe for tin
atoms gave valuable information of small extra pligsi the - and 8-SnWQ, powders originating in the
oxidation of SR* ions in the SnWQ@structures into the $f form. The SA™ Mdsshauer doublet from bot
and B phases showed some asymmetry not published before. The asymmetry was possible to relate to the
Goldanskii-Karyagin effect with calculations based on published results for the atomic positions and thermal
displacement parameters in the x-ray temperature factor at-thad 8- SnWQ, structures. Raman spectra are
given together with peak frequencies from a curve fit for hettand 8-phase powders. The symmetries and
selection rules of the normal modes at the center of the Brillouin zone are also given far Aoth3 phases.
[S0163-182698)00721-9

. INTRODUCTION easy oxidation of St into the SA™ form may generate
some extra pha$®), especially, at the grain surfaces which
Jeitschko and Sleighteported the fabrication of S(W,O may have a strong influence on the gas-sensing properties of
from SnO and WQ powders as two varieties, the low- the material.
temperaturen phase and high-temperatufphase, which Here we use'®Sn Mssbauer and Raman spectroscopies
transform into each other by a fast, but diffusion-controlledtogether with x-ray diffraction(XRD) measurements and
phase-transition mechanism at 670 °C. The decomposition ¢fnergy-dispersive spectroscoDS) analyses for the struc-
the a-SnWQ, phase during heating in air starts at tempera-ture characterization ot- and g-SnWQ, powders fused
tures above about 550 “Oyhile the metastablg-SnwQ,  from SnO and W@ powders both in vacuum and in argon
after a rapid quenching from above 670 °C, decomposes igtmospheres. In the case of very small crystgls, e.g. from an
air at temperatures above about 450°°The fabrication of extra phase at the grain surfaces, structural _|nfom_1at|0n from
the « phase is possible also in the form of thin films by XRD @nd Raman results may seem confusing, since x-ray-
sputtering In the orthorhombic crystal structure of diffraction probes long-range order whereas Raman is, in

H H 1 ” 8 N
a-SnWQ, both metal atoms have distorted octahedral oxy—g{;]ngm(;hg i'f‘;ai,e?m.?:éfm?ﬁig?uzbsepeg;f; g %rl)qy,hon etz‘?n e
gen coordinations as in Sp@nd WG;, whereas in the cubic X y P ’ P

structure of theB phase tungsten atoms sit inside ox eninteractions, for the study of possible small extra plgise

. 5P ng ) Y9 originating in the oxidation of St ions in the SNWQ@struc-
tetrahedra which are not linkéd. However, in contrast to ; f

. ; . : tures into the S form.
Sn0O, tin appears in the divalent form Shin both « and 8
structures. There are only a few reports of stannous tungstate
in the literature.
. . . Il. CRYSTAL STRUCTURES
Both SnQ_ and WQ, are well-known mate_nals in the field AND ATOMIC DISPLACEMENTS

of gas-sensirfyand electrochromicapplications. They are
extrinsic n-type semiconductors similarly with the and 8 Crystal structure is the basis for the interpretation of Ra-
phases of SnWPwhich are also gas-sensitive oxides. Theman resultdphonon symmetrigsand XRD patterns. In ad-
electrical conductivity of these oxides changes with concendition, a knowledge of the lattice vibratioigtomic displace-
trations of some gas components in the ambient atmosphereents is very important for the interpretation of Msbauer
which is the basis for gas sensing with semiconductor gaspectra. Here we use the results of Jeitschko and Stéight
sensors. However, electrical and gas-response properties fofr the crystal structure and thermal displacement parameters
SnWQ, powders are very sensitive to the process and condief a- and 8-SnWQ, at room temperaturex-SnWQ, has an
tions which are used for the fabrication of the material. Theorthorhombic crystal structure with the space group
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FIG. 1. Projection of thex-SnWQ, structure. The distorted Sp@ctahedra are shown on the left and the unit cell on the right. The
atomic positions together with tiecoordinates X 10°) in the unit cell are from Ref. 5.

DS (Pans) and lattice constantsa=5.6270(3) A, b tweenB and g is'® B=(1/27?)FT8F, where the upper-
=11.6486(7) A, andc=4.9973(3) A. The unit cell con- triangular matrixF has the lengths of the unit-cell axes as
tains four formula units. Figure 1 shows a projection of theelements on the main diagonal and all off-diagonal elements
structure in thez direction. The positions of the atoms are are zero in the case of orthorhomigand cubig lattice. The
from Jeitschko and SleigfitThe distorted Sn@octahedra anisotropic temperature-factor coefficierfts are given for
are also shown in Fig. 1, and the distorted Watahedra SM W, A1), and A2) atoms(Fig. 1) of the a-SnWQ, struc-
(not shown in Fig. 1are linked at the four corners. In this furé at room temperature in Ref.[;;’s are isotropic for
manner, they form sheets pVO,]2~ polyanions which are ©(1) and G2) atomg. _

held together by Sn atoms with the formal valency-o®. 'B'S”XVQ has a cubic crystal structure with the space
The dark-red color of-SnWQ, could be due to the charge 9r0UP T* (P2,3) and a lattice constard=7.2989(3) A.
transfer involving an electron transfer from Bnto Wo* The unit cell contains four formula units. Figure 2 shows a

(Ref. 5. A value of 3.05 eV was obtained for the band gapprojection of the structure in thedirection. The positions of
the atoms are from Jeitschko and Sleiytthe distorted

E4 corresponding to direct allowed transitions from spectral -2
optical constants and k computed for ana-SnWQ, thin SnQ; octahedra around the Sn atoms are also shown in Fig.
2. The structure can be described as an arrangement of

film in the visible range from measured spectral transmi 5 : th B i
tance and reflectance datalo results were found in the LWOa]°™ tetrahedra interspersed with Snions. The

literature for the electronic structure af-SnwQ, from L WOa]?™ tetrahedra are not connected, i.e., they do not share

band-structure calculations. oxygen atoms. The W, Sn, and(1) atoms in Fig. 2 are
The temperature factdF,(H) of the Ith atom in the unit Situated on the threefold axémain diagonals of the unit

cell at the x-ray reflectioi, in the expression for the struc- C€ll: while the @2) atoms in the general positions fill the

ture factorF(H), has the general expression for a harmonic'€Maining places. The anisotropic temperature-factor coeffi-

crystaf® cientsg;; are given for Sn, W, @), and G2) atoms(Fig. 2)

at room temperature in Ref. [|8;;’s are isotropic for @1)

T\(H)=exp(— 27HTB(1)H), (1 and G2 atoms.
where B(1)=(u(l)-(u())™) is the mean-square displace- !
ment matrix of thelth atom. The elemen{u;u;) represents xr° y ©. o° ® ©. o°
the average value of the atomic displacements along the Car 95 05
tesiani axis multiplied by the displacements along fhaxis. 642506 e’
Usually, least-squares refinement programs yield a list of the . @®° (5560 o sn
anisotropic temperature-factor coefficierts for the atoms © o’ ol W
in t_he uni_t cell because _the mean p_osition of the_ atcimthe_ 345 a4 a6 2| @ o1
unit cell is not usually introduced in terms of its Cartesian "y 06634384 O o
components, but rather as fractional coordinates of the unit- (o 27 “O°
cell axesa, b, andc. The temperature factor now takes the (0]
form o Qo O.
o0 ® .0

T|(H>=exp( -2 2 hihjﬁijl), )
i
_ ) _ FIG. 2. Projection of theB-SnWGQ, structure. The distorted
whereh; andh; refer to the reciprocal-lattice vectét. Bis  SnQ octahedra are shown on the left and the unit cell on the right.
a symmetric matrix whose dimensionless elements are derhe atomic positions together with taecoordinates X 10?) in the
fined with respect to the unit-cell axes. The relationship beunit cell are from Ref. 1.
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IIl. EXPERIMENT

a)

(121)

o-SnWO,
The fabrication of stannous tungstate powder began b (in vacuum)
mixing equimolar quantities of SnO and W@owders and
by ball milling in acetone for 1 h. For the synthesis of
a-SnWQ, powder the mixture was sealed in a silica tube in
vacuum and heated at 600 °C for 15 h. Another method tc
obtain fusion was to heat the mixture in an argon atmospher.
at 600 °C for 15 h. The high-temperatuBephase was ob- o 20 40 S0 60
tained as metastable at room temperature by a rapid quenc Diffraction Angle 26 (deg)
ing of the mixture sealed in an evacuated silica tube afte ) =
heating at 800 °C for 15 h and slow cooling to 700 %Sn = a-SnWO,
Mossbauer spectroscopy studies were carried out at roor (in argon)
temperature with a Mssbauer spectrometer working in the
acceleration mode with sources on each side of the vibratol
The velocity calibration spectrum was measured with a
5’CoRh source and an-Fe absorber at room temperature.
The source used for th&'%Sn spectrum was G&Sn0; (2 i
mCi). 10 0 30 40

Mossbauer spectra in the transmission geometry wer: Diffraction Angle 26 (deg)
measured from samples with the amount of Sn of arounc

P - o c)

30 mg cm © in the radiation direction. To spread out the st-
annous tungstate powder over the whole measuring area tt
sample was mixed with BN to form a homogeneous mass
This was, in turn, pressed into a 2-mm-thick plate kept in the
holder by a thin aluminium layer on each side of the plate.
To avoid texture effects the measurement was conducted =
the “magic angle” (54.79.1* h

To obtain more information about the SNWQ, structure 10 20 20 40 50
two further experiments were conducted. The samples use Diffraction Angle 26 (deg)

contained thex-SnWQ, powder fused in vacuum, since this _
FIG. 3. XRD patterns froma-SnWQ, powders fuseda) in

powder had narrower line widftiull width at half maximum )
(FWHM)] than the one fused in the argon atmosphere. An/acuum andb) in argon, andc) from metastables- SNWQ; pow-

. . . der fused in vacuum.
experiment was carried out on a cube (1°grwhich was
gently filled with BN and 13 mg Sn per cmMeasurements IV. RESULTS AND DISCUSSION
were made in the, y, andz directions in order to check A. XRD and EDS experiments
possible texture effects. The second experiment was con-
ducted on a plate with only 3 mg Sn per Tho minimize

saturation effects. %b) show the patterns from the-SnWQ, powders fused in

Raman-scattering measurements were performed at roo di h ivel he identifi
temperature using the Jobin Yvon T-6400 triple Raman Spec\faquum and in argon atmosphere, respectively. T € identifi-
. i . cation of thea-SnWQ, phase is not ambiguous since prac-

trometer equipped with a CCD detector. An Ar-ion laser

) tically all reflections in both patterns belong to this phase. In
with a wavelength of 514.532 nm was employed and the,juition, the patterns are very identical to each other and it is

measurements were carried out with the backscattering cofy,hossible to see any differences in the structure of the two
figuration. The m|cr'o-Raman utility was used to measure th‘?)owders. An estimate for the average grain size of the pow-
spectra under a microscope. The Raman spectra were Megers is possible to obtain from the patterns by the Scherrer’s
sured from discs of pressed powders with a diameter of 1 cnformula. It gave the same value of about 40 nm for the av-
X-ray diffraction (XRD) and EDS were used for the char- erage grain size in both-SnWQ, powders in Fig. 3. How-
acterization of the crystal structure and composition of theever, there were considerable differences in the electrical and
stannous tungstate powders, respectively. EDS measurgas-response properties between the two powders.
ments were performed using the JEOL JSM-6400/LINK AN The XRD pattern from the metastabiize SnWQ, powder
10-85 spectrometer and the Philips PW 1353/00 diffractofused in vacuum is shown in Fig(&. The identification of
meter with CuK« radiation was used for the recording of the high-temperatur@ phase is also not ambiguous. Some
XRD patterns. very small reflections, e.g., from the rutile structure of $nO
For electrical and gas-response measurements some thickt the @ angles of 26.6°, 33.9°, and 51.8°, are seen in the
film samples were made from various Sn\/@owders by pattern in Fig. &). The average grain size of thg SnWQ,
screen printing on alumina substrates having preprinted goldowder was also about 40 nm. The EDS results for the com-
electrodes and a Pt-heating resistor on the reverse side of tip@sition of botha- and g-phase powders and screen-printed
substrate. thick films agreed with the chemical formula unit SnWO
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FIG. 5. Raman spectra from WOSnO, and Sngpowders. The
intensity values of the WQspectrum are multiplied by a factor of
1/10.

Intensity

pared with the peaks in the spectrum of the Ygowder.
Therefore, the main peaks in the Raman spectra-ofnd
B-SnWQ, may originate in the phonons which are closely
\ related to the vibrations of tungsten atoms.

795

899

N
©
~

----------------------------------------------------- No data was found in the literature for the Raman spectra
0 200 400 600 800 1000 and phonon symmetries in the Sn\)/@hases. Therefore, we
Raman shift (cm™) determined the symmetries for the normal modes at the cen-

ter I of the Brillouin zone ina- and B8-SnWQ,. Now, the
group theory considerations are restricted to those normal
modes transforming as the irreducible representations of the
point group of the space group, which is isomorphic to the
_ little group atk=0. For the determination of the phonon
B. Raman experiments symmetries afl it is possible to use the mechanical &r

The characteristic Raman spectra of #eSnWQ, pow- representation at=0. It is a 3r X 3r matrix representation
ders fused in vacuum and in argon atmosphere, respectivel,("), wherer is the number of atoms in the crystal basis
in Figs. 4a) and 4b) are very similar, except for the inten- (r=4Xx6=24 in botha- and 8-SnWQ,).
sities. In the case of the vacuum-fused powder, the intensity The reduction of the representatiad!? into a direct sum
of the Raman peaks is higher and the spectrum is more d®f allowable irreducible representations of the point group of
tailed with narrower peak widths. The spectra were fittedthe space group determines the specific representations re-
with a curve fit program in order to determine the frequen-lated to the symmetry of all normal modes which occur at the
cies of the peaks. The results from the peak fit are seen imone centel’, where the little group is the factor group of
Fig. 4 for the main peaks. The-SnWQ, structure has a the space group with respect to the crystal translation group.
strong Raman mode at 779 cmand a narrow one at The number of times; , the jth irreducible representation,
59 cm L. Sixteen peaks were obtained from the fit of theappears in the direct-sum reduction &) is given by the
spectra for thex phase. equation

The Raman spectrum from the SnNWQ, powder fused in
vacuum is shown in Fig.(4) together with peak frequencies m
from the curve fit. The8-SnWQ, structure shows more re- aj=h"1X NxD(CoT*x ™M (C,), 3
solved peaks than the phase. It shows two characteristic x=1
narrow peaks, one at a high frequency of 955 ¢érand an- ) ) ]
other at a low frequency of 54 ci. There were 16 peaks Whereh is the order of the point groupn is the number of
that were obtained from the fit of the spectrum. Raman specclasses in the point groupl, is the pumber of elements in
tra from the initial SO and W@powders together with a the classC,, andy!(C,), andy®"’(C,) are the charac-
spectrum from the SnCrassiterite structur@utile-type) are  ters of the elements in the class, in the jth irreducible
shown in Fig. 5, for comparison. The Raman peaks in theepresentation of the point group and mechanical representa-
spectra from the tin oxides in Fig. 5 are very weak as comtion A1), respectively. Values of(C,) for different j

FIG. 4. Raman spectra from-SnWQ, powders fuseda) in
vacuum andb) in argon, andc) from metastable8 powder fused
in vacuum.
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TABLE I. Character table together with normal mode& &t0 and selection rules fax-SnWQ,. Bases of the irreducible representations
of the point groupD,;, are also given. R and IR indicate Raman-active and IR-active modes, respedijve{§00); t,=(a/2 00); t,
=(0b/20); tz=(al20cl2); t,=(0b/2c/2).

Space grouanh Group operations Modes &&=0
Irreps

(and

AM) Basis  {E[to)} {Cadto} {Caylta} {Caxlte} {llte} {odts} {oylts} {odts} Acoustic Optic R/R
Aq x2,y?,22 1 1 1 1 1 1 1 1 8 R
Big Xy 1 1 -1 -1 1 1 -1 -1 9 R
Bog Xz 1 -1 1 -1 1 -1 1 -1 10 R
Bag yz 1 -1 -1 1 1 -1 -1 1 9 R
A, Xyz 1 1 1 1 -1 -1 -1 -1 8

By z 1 1 -1 -1 -1 -1 1 1 1 8 IR
B,y y 1 -1 1 -1 -1 1 -1 1 1 9 IR
Bj, X 1 -1 -1 1 -1 1 1 -1 1 8 IR
AM 72 -4 0 -4 0 0 0 0

and k are given in standard character tables. The charactenan active, and three acoustic modes correspond to a repre-
(trace of the representation () for the operation{¢|t} is  sentatiorB,,®B,,® B, . Optical mode$,,, B,,, andBs,
given by the equation are IR active and eight optic&l, modes are silent. In all, we
. have the direct sum reductionAg® 9B, 10B,,® 9B
i) ®8A,98B,,99B,,48B;, for the 69 optical normal
XM (Co{elth==(1+2 COS“’)KZl ey ™ modes, of which 36 are Raman active.
The space group of the cubjg phase of SnWQis the
where each of the basis indicesand Ky refer to one of the nonsymmorphicT4 with the point groupT_ The character
r basis atoms and table of the point groufi together with the characters of the
mechanical representatiax(’, calculated from Eq(4), are
shown in Table Il. The direct-sum reduction of the mechani-
R belonging to the same Bravais sublattice cal representation isIg @ 6I',®6I';®18I',, as calculated
from the characters in Table Il with E3). The group op-
erations given in Table Il are all performed with respect to
The sum gives the number of basis particles left unchangedhe same origiriFig. 2). Optical moded; (or A in Mulliken
or sent into equivalent particles in the same Bravais sublatnotation, I', andI"; are Raman active and the modeésare
tice. The other factor in Eq4) arises from the trace of the only IR active. Three acoustic modes correspond to a repre-
rotation matrix wherep is the angle of rotation of the opera- sentationI", (or T in Mulliken notation). The complex-
tion {¢|0}. The * is for the proper/improper element, re- conjugate representatiod’, andI'; are bracketed together
spectively. In the case of symmorphic structure of the spacgnd labeled as a two-dimensional representafighulliken
group, it is possible to write Eq4) at k=0 in the simple notation in Table Il, because the time-reversal symmetry
form makes them degenerate. In all, we have the direct-sum re-
T duction 6" 1@6I',®61'3® 17", for the 69 optical normal
X" ({¢l0})=~n(e)(1+2cose), (5 modes, of which 18 are Raman active.

wheren(¢) is the number of basis atoms left unchanged by
the elemen{¢|0}. The use of character tabtéd* together
with Eq. (3) and characters oA, calculated either with Figures @b) and €c) show characteristic Visbauer
Egs. (4) or (5), makes it possible to reduce the mechanicalspectra of ther-SnWQ, powders fused in vacuum and in the
representation into a direct sum of the irreducible represenargon atmosphere, respectively. For each spectrum, the
tations of the point group of the space group. Mossbauer data analysis progranvas used to analyze the
The space group of the orthorhomhkicphase of SN\WQ  data. The small peak at around 0 mnt svas treated as a
is the nonsymmorphitﬁ)gh with the point groupD,,. The  doublet and is called here the Sh@omponent, although
character table of the point grolp,;, together with the char- other phases such as, 83 and SpO, containing SA" ions
acters of the mechanical representatidth), calculated by may also result from the oxidation and decomposition of
Eq. (4), are shown in Table I. The direct-sum reduction of SnWQ,. The larger peaks in Fig. 6 were also treated as a
the mechanical representatiax(") is 8A ®9B,,®10B,;  doublet with an intensity difference in the two peaks, this
©9B3,®8A,®©9B,,®10B,,®9B;,, as calculated from the ratio being calleds-K (see below. The full width at the half
characters in Table | with Eq3). The group operations maximum(FWHM) was set to be equal for the two doublets.
given in Table | are performed with respect to different ori- The initial values for the doublet splittingEq, the chemi-
gins which are given in the International Tables for x-raycal isomer shifts, the FWHM, and the intensities were given
crystallography. Everigerade representations only are Ra- and the fittings made. The results are given in Table III.

1, if x and «, are identical basis nuclei

0 otherwise,

C. Mossbauer experiments
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TABLE II. Character table together with normal modeskat0 and selection rules fo8-SnWQ,. Bases of the irreducible representa-
tions of the point groupl are also given. R and IR indicate Raman-active and IR-active modes, respectiveBxp(—2mi/3); t,
=(000); t;=(al2a/20); t,=(al20a/2); t;=(0al2a/2).

Space grou* Group operation Modes &=0

Irreps {Ca2Alto}, — -

(and {Cyylta}, {3’ 4to} {c3to} {Cgiyjto}ﬂ{C%YZ“s}

AM) Basis  {E|to}  {Caulto}  {c¥t}.{c¥dtsy  {cP¥qt,}.{c3¥qt,}  Acoustic  Optic  R/R

A r, 1 1 1 1 6 R

E I, 1 1 ) w? 6 R
I' 1 1 w? o 6 R

T r, X,Y,z 3 -1 0 0 1 17 IR

A 72 0 0 0

The linewidth in the spectrum of the-SnWQ, powder  the small peak at around 0 mm'swas treated as a doublet
obtained by fusion in vacuum was narrower than the one "torresponded to the Sp@omponent and the larger peaks
the spectrum of the powder fused in the argon atmosphergyere also treated as a doublet with some asymmetry in their
No significant differences were detected in the ddloauer jntensities(G-K ratio) belonging to theg-SnWQ, phase.

spectra in Fig. 7 measured in three edge directions of th¢pe FywHM was set to be equal for the two doublets and the
cube(see Experiment The differences were inside the mar- fitted results are presented in Table II.

gin of error, i.e., the peak asymmetry for the doublet of

a-SnWQ, was not due to texture effects. The fitted results

for the three spectra in Fig. 7 together with fitted results for 1. Central doublet

a spectrum of the thin samp(see Experimeitare also pre- For all Massbauer spectra we interpret the small doublet

sented in Table Ill. The FWHM was, as expected, smaller inat around 0 mmg! to originate in some extra phasgcon-
the spectrum of the thin sample than in the ordinary one. taining SH* ions. The chemical isomer shiff is about

e o e of 0.0 s and s clectic Quadiupole SpInGE '
B QP ' about 0.54 mms! in Table Ill. These values are in good

agreement with the published data for the crystalline SnO
SnWO, [6=0.02(2) mm s andAE4=0.50(1) mm s (Ref. 16].
The intensity of this Sn@component is roughly around 18%
8 in Table Ill, but the amount of this phase component is not
necessarily 18%. The intensity is a product of the amount
95 and the relevant Mgsbauer recoil-free fractioh (see be-
low). For polycrystalline Sng thef factor at room tempera-
ture is reported to be 0.58 The values of thé factor for the
SnWQ, phases are unknown in the literature, but the calcu-
lations done here using reported x-ray temperature factors
(see below gave values of around 0.16-0.20 for théac-
tors. Using these values and 0.56 for the SmOmMponent
gives around 7% for the amount of the extra pligse
In the case of very small grains of the extra pligsat the
surface of the SnWpmatrix, it is not possible to see their
reflections in the XRD patterns. However, they may have a
strong influence on the chemical surface properties. In con-
version electron Mssbauer specti@EMS) from a-SnWGQ,
thin films, made by sputtering, the central doublet was much
higher than the doublet from the-SnWQ, phase after an-
nealing the films at 400 °@However, in the XRD patterns
of the films there were high reflections only from the@hase
and very small reflections from Sp@nd some other phases.
The reason may relate to the fact that CEMS gives informa-
+ tion which is more surface sensitive and sputtered surfaces
are more sensitive to decompose during annealing. Large
differences were found in the gas-response properties be-
FIG. 6. 11%n Mossbauer spectra frofa) metastablg8-SnwQ,  tweena-SnWQ, thin films, made by sputtering, and thick-
powder fused in vacuum and from SNWQ, powders fusedb) in  films, made by screen printing from fused powders, with
vacuum andc) in argon. similar XRD patterns but very different Msbauer spectra.

a) 100 }-

b) 100

PO

a
vacuum

Transmission (%)

95f'

¢) 100

95

N N 1 N i N
40 20 00 20 40 6.0
velocity (mmy/s)
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TABLE llI. Results from the fitting of Masbauer spectra for $nand SR" cations in variousy- and
B-SnWQ, powder samplegsee Experiment FWHM is for the linewidth,| is for the fractional intensity
between S#" and SR doublets,s is for the chemical isomer shiflEq is for the electric quadrupole
splitting, andG-K is the intensity ratio of the $i doublet.

Parameters for 37 Parameters for Sh
FWHM | ) AEq | ) AEq
(mmshH (% (mms?YH) (mmsYH % (mmsH (mmsH G-K
Sample +0.01 +1.0 +0.02 +0.03 +1.0 +0.01 +0.01 +0.02
B-SNWGQ, 0.47 14.0 —-0.01 0.49 86.0 3.50 1.30 1.08
a-SnNWQ, 0.66 19.5 0.03 0.52 80.5 3.42 1.18 1.08
(argon
a-SnWQ, 0.58 19.7 0.02 0.55 80.3 3.42 1.18 1.06
(vacuum
a-SnWQ, 0.60 18.8 0.03 0.59 81.2 3.43 1.18 1.08
(cubex)
a-SnNWQ, 0.63 18.6 0.01 0.56 81.4 3.43 1.18 1.09
(cubey)
a-SnWQ, 0.63 18.6 0.02 0.50 81.4 3.43 1.18 1.06
(cubez)
a-SnWQ, 0.46 18.8 0.01 0.54 81.2 3.43 1.16 1.08
(thin sample
2. Goldanskii-Karyagin effect ina-SnWQ, whereh(6)=1 in the case of no texturé.The quantities

The peak-intensity asymmetry is most probably due to thd®1(6,#) andP,(6,¢) are the relative angular-dependent ab-
Goldanskii-Karyagin effect’ The Mdssbauer spectra for the Sorption probabilities for the transitions (1#21/2)— (3/2,
a phase in Figs. ®) and 6c) are very similar irrespectively *3/2) and (1/2£1/2)—(3/2,£1/2), respectively. In the
if the samples were fused in vacuum or in argon, conse-
quently we can deal with them together. From the aniso-
tropic temperature-factor coefficieng; [Eq. (3)] in Ref. 5
for the Sn atom ine-SnWGQ, it is possible to calculate the
mean-square displacement matBX Eq. (1)] and diagonal- 99
ize it to get B’ with Bj;=(u},), Bj,=(uj,), and Bj,
=<u§,> to represent the principal axes components of the
vibrational ellipsoid in the new coordinate system
(x'y',2):

-SnWO,
100 fory sifennin,

98

17350 0 0
B'=( O 1006.96 0 |1075A2, (6)
0 0 712.2

The diagonalization in Eq6) means a rotation around the
unit-cell ¢ axis of thea-SnWQ, structure and’ andc axes
are parallel. Figure 8 shows a projection of the distorted
SnQy octahedron in the unit-cell coordinate system of
a-SnNWGQ,. The lone-pair orbital of Sn is in the direction of 100 frezspntpics
the z axis. Since the lone pair has the strongest effect in the
electric-field-gradienfEFG) tensor it can be considered that
the principal axis of the EFG tensor coincides with thexis o8
of the unit cell.

Since a principal axis of the mean-square displacement
matrix B’ is now parallel to the principal axis of the EFG
tensor, a general formula for the ratio between the intensities T
in the two peaks of the Mssbauer doublet for a nonsymmet- 40 20 00 20 40 6.0
ric electric-field gradient $ velocity (mm/s)

Transmission (%)

99

. FIG. 7. 1%n Mdssbauer spectra from a cubie SNWQ, pow-
I_' _ JIPI(0,0)h(6)f(0,¢)sin 6 dode ) der (fused in vacuumsample measured in the three cube directions
l2 JIP2(60,0)(0)f(8,¢)sin 6 dode’ X, y, andz.
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FIG. 8. Projection of the distorted Sg@ctahedron around the
lone-pair tin cation ink-SNWQ,. The lone pair is in the direction 1
(parallel to thez’ andc axeg and is marked by two dots.
FIG. 9. The intensity ratid, /1, for the two peaks in the V&s-
case of a randomly oriented crystal the transition probabilibauer doublet ofx-SnWQ, calculated as a function of the asym-

ties are metry parameter from Eq. (7).
7 cientsg;; in Ref. 1 for the Sn atom it is possible to calculate
Pi(6,0)=4~\/1+ ?+(3 cog §—1+ x sir? 6 cos 2p), the mean-square displacement matiixand diagonalize it
into the form
Po(6,¢) =4/ 1+ -~ (3008 f—1+ 7 Sir?  cos 3p), 1408.82 0 0
@® B/ = 0 1408.82 0 |10°°A2. (10
0 0 955.

where 7 is the asymmetry parameter. For a positive value of

the electric quadrupole splittingEqo=1/2eQV,,, P, corre-  The principal axisz' of the vibrational ellipsoid is in the
sponds to a higher energy and thus to a larger velocity in thgl11] direction in the unit-cell cube. The average recoil-free
spectrum. For they-photon direction(6, ¢) the recoil-free  fraction f can be calculated by numerical integration of Eq.

fraction is given as (9) and the diagonal elements of the matBx in Eq. (10)
gavef=0.16.
f(9,<p):exp{—k2[((u)2<,>cosz @+ (u2)sir? )sir? ¢ Figure 10 shows a projection of the distorted oxygen oc-
y tahedron surrounding the lone-pair tin cation in the
+<u§,)c032 01}, (99  B-SnWQ, structure. The lone-pair orbital of the Sn cation is

along thez’ ([111]) direction, and as in thex phase the
The wave vector is her&= E,(%c)=12.0908 A1 using principal axis of the EFG tensor coincides with the principal
the vaIueEph(”gSn):23.875 keV of they-ray transition for 2 axis of the vibration ellipsoid. Through the Sn position on
119%n. The average recoil-free fractidncan be calculated
by numerical integration of E(9), and the use of the diag- A z'
onal elements of the matri®’ in Eq. (6) gavef=0.20. [111]

The integrals in Eq(7) were calculated for different val-
ues of the asymmetry parametebetween 0 and 1 and the
ratios|,/1, (Fig. 9 were obtained as a function af The
experimental asymmetry of about 1.08 fa-SnWGQ, in n
Table Il corresponds well with the calculated values that
ranges from 1.06 to 1.14 in Fig. 9. The experimental average
value of 1.08 corresponds to a value of 0.75 fpin Fig. 9. 02 02
Furthermore, we can conclude thaEg is positive. Since 02
the nuclear quadrupole mome@tis negative for''°Sn the
electric-field gradien¥/,, is also negative.

o1 o 01 O1

o
3. Goldanskii-Karyagin effect in8-SnwWQo, y
The Mcssbauer doublet g8-SnWQ, in Fig. 6a) is also FIG. 10. Projection of the distorted Sg@ctahedron around the

asymmetric due to the Goldanskii-Karyagin effect. The tinjone-pair tin cation i3-SnWQ,. The lone pair is in the’ direction
environment is also now a distorted octahedron as is showihich is parallel to th¢111] direction in the unit cell and is marked
in Fig. 2. From the anisotropic temperature-factor coeffi-by two dots.
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the cube diagonal in th8-SnWQ, structure, the cylindrical For the 3 phase there are three oxygen atoms at 2.21 A
symmetry gives the value zero for the asymmetry parametdfO(2)] and also three at 2.81 fO(1)] around the lone-pair
” Sn cation in Fig. 10. Similarly, as in the phase above, the

The intensities of the two peaks of the asymmetric dou{opulations for the § and 5 electrons in3-SnWQ, can be
blet can now be calculated by the numerical integration oftalculated. Theg phase has cylindrical symmetry around the
the integrals in Eq(7) and the results arb,=8.547 and , Sn cations andh,=n, . The results for the population of the
=7.785, so the ratid, /I ,=1.098. The experimental asym- 5s and 5 electrons arens=1.48, n,=0.52, n,=n,

metry of 1.08 reported fo3-SnWQ, in Table Il corre- =0.065, andn,=0.39. Again, the results are in agreement
sponds well with the calculated value. Also here afg,  With the lone-pair drawing in Fig. 10. The withdrawal o$ 5
>0 andV,,<0 as fora-SnWQ,. electrons from Sn is larger for Sn in thephase than in the

B phase, as expected from the surrounding oxygen octahedra
4. Electric quadrupole splittings and chemical isomer shifts  in Figs. 8 and 10.

The obtained experimental values for the chemical isomer
shift 6 and electric quadrupole splittingEg in the a- and
B-SnWQ, structures compares well with the values reported  11%Sn Massbauer and Raman spectroscopies together with
by Ballard and Birchalf’ For the a phase there are two x-ray-diffraction measurements were used to study the phase
oxygen atoms at 2.82 fO(1)], two oxygen atoms at 2.18 A structure of SnW@powders fused from SnO and W@ow-
[O(2)] and two oxygen atoms at 2.39[&(2')] around the ders in vacuum and in argon into the and 8-SnWQ,
lone-pair tin cation in Fig. 8. Thesbelectrons in Sn are thus phases. X-ray-diffraction patterns were incapable to reveal
not bare, but take part in the bonding. The electric quadrusmall extra phags) from the oxidation of Sfi” ions into the
pole coupling in covalent tin systems is almost entirely madeSrf* form in the a- and 8-phase powders. Raman spectros-
up by the imbalance in the population of theorbitals and  copy as a local probe was also insensitive to expose the extra
the electron density on the surrounding atoms and ions caphase componef® in the powders. The reason may be in
be ignored?! the low intensities of Raman peaks in spectra from various

The electric quadrupole momef is negative and the tin oxides such as SnO and Sp/ossbauer spectroscopy,
electric quadrupole splitting for Sn has been approximate@n the other hand, is sensitive to changes in the valence state
with the expressi and bonding and revealed clearly the extra ptasm®ntain-

1 ing Srf* ions in the powders. An asymmetry was found
AEq=+4.0n,~0.3n,+ny)Jmm s, (1D petween the two peaks in the Nibauer doublet at both
wheren,, n,, andn, are the populations of differerp SnWQ, phases and it was possible to relate the asymmetry to
orbitals. the Goldanskii-Karyagin effect in both and 8 phases. The

The chemical isomer shift depends on the electron densityalues 0.20 and 0.16 were calculated for the average recoil-
at the nucleus, and for Sn general formulas have beeftee fractionf from published thermal parameters ferand
obtained??2Flinn?® has suggested the following formula for 8 phases respectively, and a value of around 0.75 was ob-
the chemical isomer shift with the absorber and source at 7fained for the asymmetry parametem a-SnWQ,. The -

K: and different H-electron populations in the stannous ions in
the a- and B-phase structures were calculated from the ob-
o(vs BaSnQ)w[S.O]nS—O.20ﬁ§—0.17hsnp—0.38]m st tained values for the electric quadrupole splitting and chemi-
(12)  cal isomer shift, and the results exposed the lone-pair char-
wheren, andn,, are the 5- and 5p-electron populations. In acter of the tin cations in both phases. Raman spectra are also
the case here, th&versus CaSngand with the absorber and given for_ bothe- and ,B—phage powders together W|th.peak
source at room temperature is reported. Assuming the San{[aequenu('es from a curve fit. Normal-mod'e symmetries to-
Debye temperature for the two tin oxides involved this for-gether with selection rules are also given fer and
mula can also be used up to room temperature. In this cadd SNWQ, at k=0.
stannous ions are assumed, i.Bgt+n,=2. Furthermore,
n,=(ny+ny)+n,. There are now four equations with four
variablesng, n,, n,+ny,, andn,. The populations can be J.S. expresses his gratitude to International Science Pro-
calculated and the results arg=1.45, n,=0.55, n,+n,  grams at the Uppsala University, Sweden for the financial

=0.17, andn,=0.38. The results are in agreement with thesupport. Additional support was received from the Academy
lone-pair drawing in Fig. 8. of Finland.
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