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Abstract

Superionic conductors CugPSsBr are obtained in nanocrystalline state with ball-
milling. Phonon spectra of micro- and nano-powders are studied using Raman
spectroscopy. Due to reduction of crystalite size, we have observed essential
low-frequency shifts of the Raman scattering bands, broadening of the latter and
the corresponding intensity decrease. Specific features of the Raman spectra of
nanometric superionic conductors are explained predominantly by their surface
phonon modes.
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1. Introduction

CugPSsBr crystals belong to the family of compounds with argyrodite structure [1, 2].
They are characterised by high concentration of disordered vacancies and possess both
superionic and ferroelastic properties. High ionic conductivity at the room temperature
[3, 4] determines potential possibilities of their practical applications as solid electrolyte
sources of energy, sensors and highly efficient capacitors.

CusPS:Br crystals belong to the cubic system at the room temperature (the space

group F713m) and two phase transitions (PTs) occur at low temperatures. a ferroelastic
oneat T, = 268+2 K and a superionic one at Ts= 166-180 K [3, 4]. Below the ferroelastic
PT point CusPSsBr belongs to the monoclynic system (the space group Cc) and the
superionic PT reveals some features of an isostructural transformation [5]. Anomalous
behaviour of dielectric, calorimetric and acoustic properties has been detected in the
region of PTs mentioned above [3, 6-8]. Temperature studies performed with polarization
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optical technigue have shown that the domain structure [9] and optical birefringence [10]
of CusPSBr crystal are observed a 7<T,. Domain structure, therma expansion,
ultrasonic velocity and an x, T-phase diagram of the mixed crystals CusPSsI«Bri.x have
been studied in the work [11], whereas the Raman scattering, optical absorption and the
luminescence have been dealt with in [4, 12-15]. The studies of the optical absorption
edge in CusPSBr crystal have evidenced existence of excitons below the superionic
PT temperature, which undergo considerable changes with increasing temperature. The
transition into superionic state results not only in variations of the exciton structure, but
also in appearance of exponential contributions in the long-wavelength absorption edge.
At T>T, the temperature behaviour of the exponential parts has been successfully
described by the empirical Urbach rule [12, 13].

In spite of the fact that the optical properties of bulk crystals of CusPSsBr superionic
conductors have been studied extensively enough, researches of their changes due to
transition to micro- or nanometric sizes only begin. Since the nanometric superionic
conductors are of outstanding interest for the physics of nanoionic materials and
nanosensors, the present work is aimed at investigations of specific features of the Raman
scattering spectrain micro- and nanocrystalline superionic conductors CusPSsBr.

2. Experimental

CusPSsBr single crystals were grown using a chemical vapour transport technique. The
micro- and nanocrystalline powders of various grain sizes were obtained with ball-milling
the materia in acylindrical stainless-steel vial, using hardened steel balls. The grain size
reduction achieved during each milling step was followed by measuring the X-ray
diffraction spectra (XRD) of the powders with a horizontal Siemens diffractometer using
the Cu Kq; radiation. The XRD analysis has confirmed that the lattice structure of
CusPSBr is preserved in the nanocrystaline samples, though the diffraction peaks
become broader and less pronounced with decreasing size. The average grain size
parameters for different duration times were determined following from the XRD
patterns. Raman scattering measurements were performed on a double grating
monochromator LOMO DFS-24, the excitation being provided by a He-Ne laser
(632.8nm). The error of width contour registration did not exceed 1cm™ and the
intensity distortion was within the limits of 2—4%.

3. Results and discussion

We have performed Raman scattering studies of the bulk crystals and micro- and
nanocrystalline powders of CusPSsBr obtained by millings of different durations (see
Fig. 1). A number of separate groups of bands are observed in the Raman spectrum of the
bulk crystals [4]. In the low-frequency region (i.e., below 100cm™) the bands
corresponding to diffusive-type vibrations of Cu atoms and Cu-Br bond vibrations are
visible. In the region close to 315cm™ a broad asymmetric band has been revealed,
resulting from superimposition of doubly degenerate £ mode and triply degenerate F,
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mode. A band corresponding to A
symmetry vibration is observed in the
frequency region of 400-450 cm™,
which is the most pronounced in the

spectra.  Finaly, two bands are
revealed in the spectra in the region of
500-600 cmi . They have been related

4
to TO and LO vibrations of F, mode
3 corresponding to interna stretching
vibrations of tetrahedral PS>

groups [4].
L A considerable increase in
Rayleigh scattering, masking the low-
frequency Raman bands, is observed in
uu nanocrystalline  CusPSsBr  powders
. 1 . . (Fig. 1). Hence only the Raman bands
100 200 300 400 located above 100 cm™ could be detec-
ted. The spectra of the microcrystalline

powder with the average grain size of

Flg 1. Raman Spectra of bulk CU6P55Br 10um and the nanocryga“ine powder
crystals (1) and micro- (2) and nanocrystalline

powders of CugPSsBr with different average
grain sizes: 38 nm (3) and 15 nm (4).

Intensity (arb. units)

\S]

Raman shift (cm’1)

with the average grain size of 38 nm
contain two distinct maxima, the
higher-frequency one corresponding to
an A; symmetry vibration and the lower-frequency one being a superposition of E and F»
symmetry modes. The crystallite size reduction results in a low-frequency shift of the
both bands, their broadening and decrease in intensity. Moreover, in the nanocrystalline
powders with the average grain size of 15nm the band corresponding to the
superimposition of the £ and F, symmetry modes, is totally smeared and only the
maximum corresponding to the A; symmetry vibration is observed.

A considerable low-frequency shift of the Raman bands and their broadening
occurring in nanometric crystals are most often explained by confinement-related
relaxation of selection rules due to small crystallite sizes [16] and surface phonon modes
[17]. The former factor seems to be hardly possible in our case because, according to the
calculations [18], the minimal crystallite size under studies (15 nm) is too large to ascribe
the observed features of size-related behaviour of the Raman band parameters to phonon
confinement. Hence, the changes in the Raman spectra observed with decreasing
nanocrystallite size could be assigned to surface phonon modes.

It should be noted that, contrary to the case of bulk crystals, the contribution of
surface phonons to the Raman spectrum of nanocrystalline powders should be taken into
account independently of exciting beam probing depth [18]. Therefore, for the spherical
microcrystals of diameter d one might expect Raman observation of a series of surface
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phonon modes with the quantum numbers| =1, 2, 3, ... corresponding to

s@=-e,, )

where &,,is the dielectric constant of the medium surrounding the microcrystals [19]. The

intensity of these modes in nanocrystals decays as 1/r'™* with increasing distance from the
surface of the sphere, with the exception of a so-called Frohlich mode (I = 1) which has a
constant amplitude over the whole volume of the sphere. The Raman scattering efficiency
in asmall spherical crystal isgiven by [19]

S=C|a,8+b|2<E2>A(K,k), @)
where C is a constant, the parameters a and b give respectively the contributions of
atomic displacement and electro-optical effect to the scattering, =2/M («fy — &f) , Z
is the effective charge, M the reduced mass, wry the long-wave transverse optical
phonon frequency, and <E2> the volume- and thermal-averaged squared field amplitude

of the surface mode. Here

A(K,k)=1 k"+1/R

(K -K)? +(K +1/R)? )

where R denotes the radius of the sphere, K the radial wave number of the bulk phonon
defined from the momentum conservation law, and k' and k" are real and imaginary parts
of the complex radial wave number introduced in order to include both the bulk phonons
(real values in the case of damping effects being neglected) and the surface phonons
(imaginary values) in the same formulation.

In order to estimate the contribution of surface phonon modes to the spectra
measured experimentally we have fitted the A; Raman band by a superposition of two
Lorentzian contours. The corresponding results are shown in Fig. 2. It isclearly seen from
Table 1 that the A; band is well fitted by the two peaks, the lower-frequency one being
broader than the higher-frequency peak. It should be noted that the averaged ratio of
intensities referred to the surface and bulk phonons depends strongly on the grain size.
Decrease in the latter results in larger contribution of the lower-frequency band and the
resulting A; band shifts towards lower energies and broadens. Such the behaviour enables

Table 1. Spectral positions and halfwidths of the “bulk” and surface phononsin

CusPSsBr.
Compounds “Bulk” phonon Surface phonon
wem™) | Tem™D | wem™) | T (em™)
Bulk single CugPSsBr crystals 425 31 - -
Microcrystalline powders (10 pm) 424 2.8 422 18
Nanocrystalline powders (38 nm) 423 6.7 421 7.7
Nanocrystalline powders (15 nm) 421 6.9 418 111
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Fig. 2. Part of the Raman spectrum that includes the most intense A; band for the

bulk single CugPSsBr crystals (a) and the micro- and nanocrystalline powders of
CugPSsBr (the average grain sizes of 10um (b), 38 nm (c), and 15 nm (d)) and

simulation of the spectrum by the two Lorentzian contours corresponding to the
surface (1) and “bulk” (2) phonons whose frequencies and halfwidths are given in
Table 1.

us to attribute the broader lower-frequency bands to the surface phonons in
nanocrystalline superionic conductors CusPSsBr.

Let us point out that the mode located at 425 cm™ represents a fully symmetrical
polar vibration for the hypothetic case of an ideal free PS, tetrahedron. However, this
vibration becomes dlightly polar due to effect of the crystal field. The polarity increases
with the size decrease due to a breakdown and changes in the chemica bonds occurring
for the tetrahedra directly at the nanocrystal surface. That is why our explanation of the
shift and broadening observed in the Raman spectra with the average size reduction,
which involves increasing contribution of the surface phonon scattering seems to be quite
reasonable.

4. Conclusions

Nanocrystalline superionic CusPSsBr conductors are obtained with ball-milling and their
average size is estimated from the direct XRD measurements. A considerable increase in
Rayleigh scattering, masking the low-frequency Raman bands, is observed with
decreasing average grain size in the nanocrystalline CusPSsBr powders. The effect is aso
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accompanied by a low-energy shift, a broadening and intensity decrease in the phonon
bands. The evolution of the Raman spectra occurring as a result of decreasing crystallite
size is explained predominantly by the surface phonon modes, of which contribution to
the Raman spectrum then increases due to higher surface-to-volume ratio.
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Anomauin. Cynepionni nposionuxu CUsPSBr oyiu ompumani y nanoxpucmaniunomy cmani 3
BUKOPUCMAHHAM KYTb08020 MAUHY. Memodom chekmpockonii KoMOIiHayilino2o po3cianHHA ceimaa
00Cni0NCeHO (QOHOHHI cnekmpu MIKpo- i HaHOpo3MipHux nopowkig. Ilpu 3menutenHi posmipy
Kpucmanie Hamu CcHocmepieaecs Cymmeeull 3Cy8 cmyau KOMOIHAYIlIHO20 PpO3CIsHHA Y
HU3bKOYacmomuy obracmo, I po3wupenHs 1 6i0N0GiOHe 3MEHWEHHs I[HMEeHCUBHOCHI.
Ocobnueocmi  nNoBedinKU  CneKmpié KOMOIHAYIUHO20 —PO3CIAHHA — C8IMINA  HAHOPOIMIPHUX
CYNepioHHUX NPOBIOHUKIE NOACHEH] OOMIHYIOUUM GNIUBOM NOBEPXHEGUX (POHOHHUX MOO.
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