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Raman scattering (RS) of light in a PbGagS4 crystal has been
studied. The method of factor-group analysis was applied to
calculate, for the first time, the phonon spectrum of this crystal.
The number of modes, which are active in Raman spectra,
their symmetry, and selection rules have been determined. The
identification of modes, which are observable in the Raman
spectra, with the vibrations of atoms that make up the crystal has
been carried out.

Crystals of lead thiogallate PbGasS, are related
to a wide class of ternary chalcogenide compounds
AUBIICY! where Al is Mn or Pb; B! is Ga or In;
and CV1is S, Se, or Te. Some compounds of this group
— in particular, CdGasS;, CdGasSes, and HgGasS,
— have been studied rather well [1,2]. At the same
time, the physical properties of the PbGasS, compound
have practically not been investigated, except a few
works [3,4]. From the viewpoint of the generality of
their chemical formula and taking into account the fact
that crystals of the concerned group of compounds are
effectively used in various devices of nonlinear optics
and in optical filters, one should expect that PbGasSy
crystals may be of interest for the applications. In this
work, we used the method of Raman light scattering to
study the phonon spectrum of those crystals. Besides the
independent identification of the compound structure,
this method allows a valuable information to be obtained
concerning the character of the interaction between
atoms that make up the crystal, as well as the nature of
the chemical bond between them.

Researches were carried out at a temperature of
300 K and using polarized light. Single crystals of
PbGayS, were fabricated by the Bridgman method. The
rate of crystallization front motion was 0.1 — 0.3 mm /h;
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the temperature gradient in the crystallization zone was
2 — 4 K/mm. Crystals were annealed at a temperature
of 473 K for 3 days; then they were cooled down to
room temperature at a rate of 30 K/h. In such a
way, there were obtained homogeneous single-crystalline
specimens of PbGasS, with a good optical quality (the
transmission coefficient was about 90% in the visible
range of spectrum), 25—55 mm in length and 15—22 mm
in diameter.

For the single crystals of the compounds concerned,
the phonon spectra have not been calculated. Therefore,
first, we used the method of factor-group analysis
[5, 6] to calculate the vibrational spectra of crystals
under investigation. The basic initial data for carrying
out the calculations within the method specified are
the symmetry parameters of the crystal lattice of the
compound under investigation. The X-ray diffraction
studies carried out by us for PbGasS; powders (a
DRON-4-07 diffractometer, filtered CuK« irradiation,
the scattering angle range 20 = 10 + 120°, Rpragg =
8.6%) testify that the crystalline structure of PbGagSy
belongs to the Fddd structural type. This conclusion
is in agreement with the data of works [7,8], where it
was found that the PbGayS4 compound crystallizes into
a rhombic structure (the Fddd spatial group is D3})
and contains 32 formula units in an elementary cell.
The atoms occupy the following positions in the crystal
lattice:
8Pb! at position (a): (1/8, 1/8, 1/8),
8Pb? at position (b): (1/8, 1/8, 5/8),
16Pb? at position (e): (0.8724(5), 1/8, 1/8),
32Gal at position (h): (0.0003(1), 0.8042(1), 0.1638(1)),
32Ga? at position (h): (0.0009(1), 0.2383(1), 0.3743(1)),
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32S! at position (h): (0.1649(2), 0.2474(4), 0.0052(4)),
3282 at position (h): (0.1643(2), 0.5023(2), 0.2474(4)),
3283 at position (h): (0.9975(2), 0.3438(2), 0.0008(3)),
32S* at position (h): (0.0008(2), 0.4184(2), 0.2663(3)).

The lattice constants are a = 20.72 A, b = 20.30 A,
and ¢ = 12.12 A. Since the corresponding Bravais lattice
is face-centered, the primitive cell contains 56 atoms.
The spatial group D%h is characterized by the following
set of possible atomic positions: 2D2(2), 2C;(4), 3C2(4),
and C(8). The results of the aforementioned X-ray
diffraction analysis testify that the Pb atoms occupy
the positions, the symmetry of which is described by
the point group D,, the Ga atoms do the positions
with the symmetry Cs and C4, and the S atoms do the
positions with the symmetry C;. Taking this information
into account, the factor-group analysis of the vibrational
spectrum of the PbGasS, crystal gave results, which are
presented in Table 1.

From this table, one can see that lattice vibrations
in the crystals concerned are distributed over the
irreducible representations of the factor-group Dsy, of the
crystal at the center of its Brillouin zone as follows:

I' = 194, (zx, yy, 22) + 22B14(xy) + 22Byg(x2)+

+21Bsy(y2) + 194, + 21By, + 21 By, + 20Bs,.

The acoustic modes have the symmetry I'ycoust = Biu +
By, + Bs,, therefore,

Topt (k = 0) = 194, (RS) + 22B1,(RS)+

+22B,,(RS) + 21Bs,(RS).

The given crystals possess the center of symmetry;
therefore, the exclusion principle is relevant, and there
are only 84 active vibrational modes in the Raman
spectra: nineteen modes of symmetry A;,, twenty two
modes of symmetry B4, twenty two modes of symmetry
Bsg4, and twenty one modes of symmetry Bs,.

Experimental researches of the Raman spectra were
carried out on a DFS-24 Raman-spectrometer at the
temperature " = 300 K. A photoelectric multiplier FEU-
79 served as a radiation detector. The sequence of the
instant intensity values of the light flux, averaged with
the use of the given time constant, was registered by
an electric circuit and a PDA-1 recorder. Then, the
data obtained were treated with the help of computer
facilities.

Raman spectra were excited with an LGN-215
helium-neon laser (A = 0.6328 ym and W = 50 mW)
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operating in a single-mode regime. The 90°-geometry of
scattering was used, which provided the most complete
registration of the scattered light. Such an experimental
geometry allowed the parasitic Tindall and Rayleigh
scattering to be avoided as much as possible. The
polarization of scattered radiation was controlled by a
Thompson polarization prism. The spectral resolution
ability and the noise level were 1 cm™! and 5 —
6% of the signal amplitude, respectively. The relative
measurement error for intensities at the curve peaks was
no worse than 1%. For measurements, single crystals
oriented with respect to planes (100), (010), and (001)
were used.

Figure 1 exhibits the obtained Raman spectra of the
PbGasS, crystal, and Table 2 reports the frequencies
of the registered RS lines, their symmetries, and the
halfwidth A\, /5. We also determined the depolarization
degree of the RS lines, which, although being forbidden
by the selection rules, were observed in the scattering
geometries. In Table 3, the selection rules for the chosen
scattering geometries are listed. The halfwidth of a RS
line was determined as the peak width at the half
of its amplitude, and the depolarization degree as the
ratio between the intensity of the line in the Raman
spectrum, where its occurrence is forbidden by the
selection rules, to its intensity in the spectrum, where
it has to reveal itself according to the selection rules.
The depolarization degree p of the RS lines was 0.12
and 0.16 for Ag-symmetry modes with frequencies of
277 and 354 cm ™!, respectively; 0.44 for B14-symmetry
modes (v = 356 cm™!'); and 0.18 and 0.21 for Bs,-
symmetry modes with the frequencies 21and 150 cm ™1,
respectively.

While interpreting the results obtained, it should
be noted that the numbers of lines in Raman
spectra calculated theoretically (84) and measured
experimentally (56) turned out different. It evidences for
a complicated, nonelementary character of some lines.
It is worth noting a low intensity of some RS lines at
T = 300 K, which prohibited them from being reliably
identified. Nowadays, the lack of the results of

T able 1. Factor-group analysis of lattice vibrations in
a PbGazS4 crystal

Factor-group Doy, ‘Number of vibrations‘ Symmetry ‘Activity

Ay 19 Az, Oyy, Qzz RS
Big 22 gy RS
By 22 gz RS
Bsyg 21 Oy z RS
Ay 19

Biu 21 Mz IR
Bay, 21 Ly IR
B3y, 20 Lo IR
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Fig. 1. Raman spectra of a PbGagSy crystal in various scattering geometries: z(zy)z (a), y(zz)z (b), z(zy)z (c), y(zz)z (d), z(yy)z

(e), and y(22)z (f)

experimental researches concerning the IR-spectra of
PbGayS, crystals makes the analysis of the data
obtained more complicated. The analysis of the Raman
spectra of the PbGasS, crystal is expedient to be fulfilled
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proceeding from the structural ordering of atoms that
compose the crystal lattice of this compound. Owing to
a plenty of atoms in the elementary cell of those crystals
(224 atoms), the structure analysis should be made in
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projections onto planes ab, be, and ac, where a, b, and ¢
are the parameters of the elementary cell in the z-, y-,
and z-directions in the rectangular coordinate system.

In Fig. 2, the projection of the crystal structure onto
plane ab is shown. Two groups of tetrahedra, GaS,
and SGayPbs, can be distinguished, with the Ga and
S atoms being common for those two tetrahedra. The
coupling between the tetrahedra in direction b is fulfilled
through common S atoms located at the vertices of
a GaS, tetrahedron. From Fig. 2 a, one can see that
the tetrahedra GaS,; and SGayPby form densely packed
layers in the a-direction. The bond between the adjacent
layers occurs through the Pb atoms, which are common
for two SGasPbs tetrahedra, also located in the adjacent
layers. Since the Pb—S bond has a clearly pronounced
ionic character, it is obvious that the coupling between
the layers composed of GaS, tetrahedra is much weaker
than the coupling in the layer consisting of those
tetrahedra. This fact can explain the layered structure
of the crystals concerned in direction a.

In Fig. 2,b, the projection of the crystal structure
onto plane bc is shown. The figure demonstrates that,
in this projection, one can distinguish layers formed by
Pb atoms and oriented normally to the c-direction. The
distance between Pb atoms calculated by us amounts
to 10.19 A along the b-direction. The space between
Pb atoms includes two GaS, tetrahedra bound through
the common sulfur atom. According to our calculations,
the distance between two nearest Ga atoms from two
neighbor groups amounts to 7.36 A. Two adjacent layers
are shifted with respect to each other by a distance of
5.095 A along the b-direction.

In Fig. 2, the projection of the crystal onto plane ac
is depicted. One can easily distinguish the layers formed
by sulfur atoms along the c-direction, which alternate
with layers composed of lead and gallium atoms. Along
the a-direction, we have dense layers consisting of GaSy
tetrahedra and separated by the layers of lead atoms.
The sulfur atoms, which are located in positions S; and
S,, form the tetrahedra S'PbyGas and S?PbyGay. The
lead atoms — in both tetrahedra — are located between
two dense GaSy layers. The sulfur atoms in positions S3
and Sy form the tetrahedra S3PbyGas and S*PbyGas,
where the lead atoms of each tetrahedron are located in
the adjacent layers made up of lead atoms and separated
by a dense GaSy layer.

The fulfilled structure analysis made it possible to
identify RS lines of the PbGayS, crystal as follows. Since
the Pb—S bond has a clearly expressed ionic character
and its length is equal to 3.03 A, it is clear that the
coupling between the layers of GaSy tetrahedra is much
weaker than the coupling in the layer composed of those
tetrahedra, where the Ga—S bond length amounts to
2.32 A.

The Ga-S bond, similarly to what takes place in
AUBIVCY and ABMCY! compounds, is predominantly
covalent. Whence, it follows that the variation of
polarizability in this bond manifests itself more strongly
than it occurs in the Pb—S bond, which is ionic.
Therefore, we may assume that RS bands with
high intensities are caused by vibrations of atoms
that form the Ga—S bond. Accordingly, vibrations
with low intensities can be attributed to the Pb-S
bond.

T a ble 2. Mode frequencies, intensities, halfwidths, and symmetries

Ag By Bay Bsyg
frequency, | intensity, | halfwidth, | frequency, | intensity, | halfwidth, | frequency, | intensity, | halfwidth, | frequency, | intensity, | halfwidth,
cm~! rel. units cm~! cm~! rel. units cm~! cm~! rel. units cm~! cm~! rel. units cm~!
46 67 5 25 12 1 34 92 3 21 97 2
53 43 12 35 28 2 41 21 2 31 16 3
67 39 19 42 15 3 47 15 2 38 17 2
78 8 8 46 25 3 55 13 1 83 27 4
88 98 2 67 15 7 89 14 6 114 19 2
118 18 1 83 32 5 121 20 7 132 27 14
127 18 3 93 20 4 160 98 14 150 63 9
149 12 4 98 16 2 176 98 8 175 28 3
166 18 3 152 16 7 293 19 7 187 63 11
172 17 10 161 21 8 362 9 2 280 14 2
185 20 5 167 27 6 298 39 11
277 97 9 178 22 5 336 13 2
332 11 3 187 18 5 345 12 2
354 e 7 274 36 9
404 87 7 292 12 3
321 9 2
356 25 10
398 98 15
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Fig. 2. Structure of a PbGaxSy crystal projected onto planes (001)
(a), (100) (b), and (010) (c)

Vibrational modes of the PbGasS, crystal can be
conditionally classified into internal and external ones.
On the basis of considerations dealing with the structure

T a b 1 e 3. Selection rules for chosen scattering
geometries of RS spectra
Ag ‘ Big ‘ Bag ‘ Bsg
y(aw)z 2(zy)e y(@2)a 2(zy)2
2(yy)x y(z2)2 y(zy)x
y(zz)x z(zz)y
1146

of the PbGayS, crystal, the gallium and sulfur atoms
form an almost regular tetrahedron GaS,. Vibrations
of gallium and sulfur atoms in the Ga-S bond can
obviously be classified as internal. Then, vibrations of
lead and sulfur atoms, which form the Pb—S bond, can
be attributed to external ones.

The registered RS spectra demonstrate that the
range of vibrations of Pb atoms in the Pb—S bond
extends over the frequency interval 20 — 55 cm~!. The
calculations support the following types of vibrations for
Pb atoms: a non-degenerate one of the Ag-symmetry;
four vibrations for each of the symmetries Bi4 and Bayg,
and three vibrations of the Bs,-symmetry. The analysis
of the intensity of the RS lines with the frequency
v = 21 cm™! in various scattering geometries allowed
us to classify them as the modes of the Bsg-symmetry.

The modes of the symmetries A, and Bj,, that
manifest themselves as RS lines at a frequency of
46 cm~! in scattering geometries concerned satisfy the
selection rules. Therefore, the following identification
of the registered modes (Fig. 1), associated with the
vibrations of lead atoms, can be done: A; — 46 cm™!;
By — 25, 35, 42, and 46 cm™'; By, — 34, 41, 47, and
55 cm™!; Bs, — 21, 31, and 38 cm 1.

The registered spectra demonstrate the absence of
RS lines in the range from 200 to 250 cm~!. We
may assume that this frequency interval separates the
ranges of vibrational spectra of gallium and sulfur
atoms. Therefore, the RS lines, which correspond to the
vibrations of gallium atoms, will probably be localized in
the range 50 — 200 cm ™!, while the modes corresponding
to the vibrations of sulfur atoms in the range 250 —
500 cm L.

It should be noted that low-temperature
measurements of RS spectra will allow the absent lines
to be reliably detected and the total identification of
the vibrational spectrum of the PbGagS, crystal to be
made.

1. H. Neumann, H. Sobotta, N.N. Syrbu, S.I. Radautsan, and
V. Rieder, Crystal Res. Technol. 19, 709 (1984).

2.  R. Bacewiczt, P.P. Lottici, and C. Razzetti, Solid State Phys.
12, (1979).

3. N.N. Musaeva, R.B. Dzhabbarov, U.F. Kasumov, and
Kh.B. Ganbarova, Opt. Zh. 70, 9 (2003).

4. B.G. Tagiev, N.N. Musaeva, and R.B. Dzhabbarov, Fiz. Tekh.
Poluprovodn. 33, 1 (1999).

5. G.N. Zhizhin, B.N. Mavrin, and B.F. Shabanov, Optical
Vibrational Spectra of Crystals (Nauka, Moscow, 1984) (in
Russian).

ISSN 0503-1265. Ukr. J. Phys. 2007. V. 52, N 12



VIBRATIONAL SPECTRUM OF LEAD THIOGALLATE CRYSTALS

6. A.L. Grigoriev, Introduction to Vibrational Spectroscopy of
Inorganic Compounds (Moscow Univ. Publ. House, Moscow,
1977) (in Russian).

7. T.E. Peters and J.A. Baglio, J. Electrochem. Soc. 119, 230
(1972).

8. R. Roques, R. Rimet, J.P. Declercq, and G. Germain, Acta
Crystallogr. B 35, 555 (1979).

Received 07.11.06.
Translated from Ukrainian by O.I.Voitenko

ISSN 0503-1265. Ukr. J. Phys. 2007. V. 52, N 12

KOJIUBAJILHUI CIIEKTP KPUCTAJIIB TIOTAJIATY
CBUHIIIO

B.M. Kamenwuxos, B.O. Cmeparosun, 3.I1. Iadvmawu,
B.1. Cidet, JI.M. Cycaixos

Peszowme

Hocnimxyerses kombinaniiine poscisaus ceitna (KPC) y kpucrani
PbGagSs. Merogom akTop-rpymnoBoro aHajisy BIEpIIe BUKOHA-
HO PO3paxyHOK (POHOHHOI'O CIIEKTPa JAHOIO KpHUCTaja. Busnadena
KiJIBKICTh MOJI, 110 akTuBHI y cuekrpax KP, ix cumerpito i npasu-
na 7obopy. IIpoBemeHO OTOTOXKHEHHS CIIOCTEPEXKEHUX y CIIEKTPAaX
KP Moj 3 KommBaHHSIMU aTOMIB, IO CKJIAJAI0Th KPUCTAJI.
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