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Abstract

Lattice structure and rod-like shaped SbSI nanocrystals obtained by ball milling with rod thickness down to

70 nm, as estimated from X-ray diffraction (XRD) and electron microscopy, is similar to that of the bulk crystals.

The dependence of the grain size on the milling duration is discussed in view of the chain-like crystalline

structure of SbSI. Possible factors, responsible for the observed Raman line broadening, are discussed, scattering

by surface phonons being considered the predominant one.
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1. Introduction

SbSI is a known ferroelectric material with the phase transition at room temperature (295 K), high
dielectric permeability, piesoelectric effect, electrooptical characteristics and photoconductivity making
it a promising material for a variety of applications [1]. The studies of nanometric ferroelectrics have
shown that their parameters can strongly depend on the crystallite size [2–5]. Therefore obtaining and
investigation of SbSI nanocrystals seems interesting for both fundamental and applied physics. As far
as we know, so far there has been only a single recent publication on nanocrystalline SbSI, obtained by
sol–gel method [6].
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Here we report the results on obtaining SbSI nanocrystals and their characterization by transmission
electron microscopy, X-ray diffraction (XRD) and Raman scattering.

2. Experimental

SbSI single crystals were grown by chemical transport, the details of the growth technique being
described in [7]. The microcrystalline powders of various grain size were obtained by ball milling the
material in a stainless steel cylindrical vial with a hardened steel ball, similar to that described in [8]. A
vibrating frame (type Fritsch Pulverisette 0) was used to keep in motion the vial and the ball. Prior to
milling the vial was evacuated and then sealed. The 50-h milling process was interrupted after 1-, 2-, 3-,
4-, 5- and 25-h periods and each time a small amount of powder was taken for investigation. The grain
size reduction achieved during each milling step was followed by measuring XRD spectra of powders
with a horizontal Siemens diffractometer by using Cu Ka1 radiation.

For transmission electron microscopy (TEM) investigations the ball-milled powder was mixed with
epoxy resin and a thin layer of this mixture was spread between two silicon layers, and this structure
was embedded into a 3-mm-diameter aluminium disc. After the epoxy being cured the sample was
grinded and polished mechanically from both sides. The final thinning was performed with low-angle
(<58) Ar-ion treatment. A JEOL 2000 FX-II transmission electron microscope equipped with an Oxford
Link-Isis EDS system was used for the TEM measurements.

Raman scattering measurements were performed at room temperature on a LOMO DFS-24 double
grating monochromator with a FEU-79 phototube and a photon counting system, the excitation being
provided by a He–Ne laser (632.8 nm). The spectral slit did not exceed 1 cm�1.

3. Results and discussion

Fig. 1 illustrates a TEM image of one of the fractions of the obtained SbSI microcrystalline powders
from which the shape and average size of the grains can be evaluated. It is clearly seen that the
crystallites are of needle-like shape similar to that of bulk SbSI crystals and are quite different from the
generally spherical shape of SbSI nanocrystals obtained in [6] by sol–gel method. The formation of the
rod-shaped crystallites under milling can be, in our opinion, related to the chain-like crystalline
structure of SbSI where four formula units in the unit cell form the elements of two chains with the
intrachain forces of ionic and covalent nature and weak van der Waals interchain forces [9].

Mechanical fracture of crystalline materials begins from their breaking down at the defects with
minimal strength (macro- and microcracks). Hence, in the course of attrition the strength of the
microcrystalline material increases what results in a considerable increase of energy being dissipated
for further milling. It is quite reasonable to suppose that the smaller and less deficient crystals will
break down more probably in the directions where the van der Waals forces act. That is why the shape
of the milled crystallites resembles that of the bulk samples. As seen from the TEM image of Fig. 1, the
length of the rod-shaped SbSI crystallites after 50-h milling varied from 0.5 to 1 mm while their
thickness was mostly within 50–100 nm.

X-ray diffraction analysis (Fig. 2) has confirmed that SbSI lattice structure is preserved for
the nanocrystalline samples. As seen from the figure, the intensities of the diffraction peaks
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corresponding to the planes parallel to the z axis ((3 1 0), (2 2 0), (1 3 0)) decrease with the milling
duration much faster than those for (1 2 1) and (2 1 1) peaks. This indicates that the amount of (h k 0)
reflecting planes decreases in the course of milling more rapidly, which is quite consistent with the rod-
like shape of the crystallites, observed in Fig. 1. However, in our opinion, the behaviour of the

Fig. 1. TEM image of SbSI powder after 50-h milling.

Fig. 2. X-ray diffraction patterns for SbSI micro- and nanocrystals.
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diffraction peak intensities with the size reduction should not be used for quantitative estimations since
no special measures for providing random orientation of the crystallites under measurement have been
taken.

With the decrease of h k 0 intensities the diffraction peaks become broader (Fig. 2). The estimation of
the crystallite size, which is related to the peak halfwidth [10], have shown that the strongest size
reduction occurs during the first hour of milling, and it slows down subsequently.

The measured Raman spectra of nanocrystalline SbSI powders, obtained by milling of different
duration, are shown in Fig. 3 along with the bulk crystal spectrum from [11]. As seen from the figure, in
the low-frequency range (below 100 cm�1), where for the bulk crystal a rich phonon spectrum is
reported [11–13] (curve 1), in the spectra of powder samples the phonon bands are smeared, being
masked in the Rayleigh scattering wing, the intensity of the latter increasing with the size reduction.
Only for microcrystalline powders (curve 2) and the first nanometric powder fraction (curve 3) some
features in the low-frequency range can be detected. Meanwhile the Raman bands at 107 and 139 cm�1

are clearly observed for all nanometric samples. It should be noted that the frequencies of the discussed
two bands are practically independent of the milling duration, i.e. of the nanocrystal size, while their
halfwidths, estimated after Rayleigh wing constituent having been subtracted, appear to grow
continuously in the course of the milling what is illustrated by Fig. 4.

Such behaviour of Raman band parameters on the crystallite size is rather typical for semiconductor
microcrystals whose Raman spectra were thoroughly studied, e.g. for Si [14,15], GaP [14], CdS1�xSex

[16,17]. It should be noted that, contrary to our case, in most cases the size decrease-induced
broadening is accompanied by slight downward shift of the peak frequencies and Raman band
asymmetry with a more pronounced low-frequency wing. Generally the observed features are most
often explained by confinement-related selection rules relaxation due to the small crystallite size [15–
18] and surface phonon modes [16,19,20].

Fig. 3. Raman spectra of SbSI crystallites before milling (curve 2) and after 1-h (curve 3), 3-h (curve 4) and 25-h (curve 5)

milling compared with the bulk crystal spectrum, taken from [12] (curve 1).

1770 A.V. Gomonnai et al. / Materials Research Bulletin 38 (2003) 1767–1772



We have estimated the confinement-related contribution into the Raman line broadening and
asymmetry for the observed Raman bands with the nanocrystal size decrease. The calculations have
shown that such effects can be revealed only if the size parameters are reduced to 5–10 nm, which is
much smaller than the nanocrystals under investigation. Hence, the observed Raman line broadening
should be explained by surface phonon modes.

The theory of surface phonon modes, arising in crystals due to the finiteness of their size, is well
elaborated, especially for ferroelectrics [21]. Due to the size decrease in nanocrystals the surface-to-
bulk contribution ratio into the Raman spectrum is much higher than in bulk crystals. Therefore, one
might expect Raman observation of Fröhlich surface phonon modes [19] whose frequencies are
usually somewhat below those for the corresponding longitudinal bulk phonons while the surface
phonons bands being considerably broader. Since in our case the frequencies of the discussed phonon
modes are only slightly above 100 cm�1, the shift of the band frequency due to the increase of the
surface phonon contribution could hardly be detected. However, the broadening of the Raman lines
by factor of about 2 in the course of milling is quite consistent with the increase of the surface-to-
bulk ratio.

4. Conclusions

Nanometric needle-like crystals of SbSI were obtained by milling, their shape and average size was
determined from TEM measurements. X-ray diffraction studies have shown that the decrease of SbSI
grain size is much slowed down after the first hour of milling. The average transverse size of the
crystallites of about 100 nm was achieved. This fact is related to the chain-like crystalline structure of
SbSI and the difference in the nature of the interchain and intrachain forces. In the Raman spectra of
SbSI nanocrystals with the average width down to �70 nm, the bands at 107 and 139 cm�1 are
observed; their broadening with the size decrease is discussed in view of phonon confinement-related
selection rule relaxations and scattering by surface phonons. Based on calculations, the former factor is
considered to be negligible in comparison with the surface phonons contribution.

Fig. 4. Raman halfwidth dependence for SbSI crystallites on the milling duration for the bands centred at 107 cm�1 (open

triangles) and 139 cm�1 (solid squares).
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