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Abstract: The temperature and frequency dependencies of sound attenuation for the proper uniaxial ferroelectric
Sn2P2S6, which has a strong nonlinear interaction of the polar soft optic and fully symmetrical optic modes
that is related to the triple well potential, were studied by Brillouin spectroscopy. It was found that the
sound velocity anomaly is described in the Landau–Khalatnikov approximation with one relaxation time.
For explanation of the observed temperature and frequency dependencies of the sound attenuation in the
ferroelectrric phase, the accounting of several relaxation times is needed and, for quantitative calculations,
the mode Gruneisen coefficients are more appropriate as interacting parameters than are the electrostric-
tive coefficients. Relaxational sound attenuation by domain walls also appears in the ferroelectric phase of
Sn2P2S6 crystals.
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1. Introduction

The proper uniaxial ferroelectric Sn2P2S6 undergoes asecond order phase transition (PT) at T0 ≈ 337 Kwith symmetry changing P21/c→Pc [1]. This transi-tion is placed in a crossover region between displacive–order/disorder types and also not far from the Lifshitzpoint (LP) and tricritical point (TCP) on the temperature–concentration phase diagram of Sn2P2(SexS1−x )6 mixedcrystals [2–6]. As was shown earlier by first–principlescalculations [7], the triple well potential model is appro-priate to these ferroelectrics. Here, a nonlinear interactionof AgB2
u between the soft optic mode Bu and full symmet-

∗E-mail: vysochanskii@univ.uzhgorod.ua

rical modes Ag plays an important role in nature of thePT. This transition was described in an anharmonic os-cillator model [8, 9] with a triple well potential in groundstate. The crossover character of the PT and their prox-imity to the tricritical point were explained by such anapproach [10].
The lattice anharmonicity in Sn2P2S6 crystals was inves-tigated by Raman and neutron scattering [11, 12]. Fromthese measurements, the optic soft mode temperature in-stability and its interaction with the set of low energynearest optic modes were observed. The critical dynamicswere also investigated by dielectric spectroscopy [13, 14].The thermal diffusivity and thermal expansion were stud-ied, and the crystal anharmonicity was characterized [15–17]. Ultrasound spectroscopy and Brillouin scatteringdata for Sn2P2S6 crystals and Sn2P2(SexS1−x )6 solid so-lutions have been presented in papers [18–22]. In the
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ferroelectric phase, the temperature dependence of ultra-sound velocity was described in Landau–Khalatnikov (LK)approximation [23]. By dielectric, optic, ultrasound andthermal diffusivity investigations [15, 16, 18–20, 24, 25], itwas found that the critical behavior appears as small log-arithmic corrections in the paraelectric phase of Sn2P2S6crystals. This fact is in agreement with the renorm–groupcalculations [26–28] for the appropriate universality classULTP  the second order phase transition in uniaxial fer-roelectrics near the Lifshitz point and tricritical point onthe state diagram.In all previous investigations for analysis of the tempera-ture dependence of LA phonons velocity in the ferroelectricphase, the LK model was applied [18–21]. But, the calcu-lated sound attenuation temperature dependence for theSn2P2(SexS1−x )6 crystals in earlier papers didn’t describethe experimentally observed anomalies well. The LK ap-proximation is based on the Akhieser theory for soundattenuation in isolators (see [29–34]). In this theory, itis assumed that the sound wave interacts only with theunique optic mode which is related to the order parame-ter fluctuations. It is obvious that in the considered caseof Sn2P2S6 ferroelectrics with complicated phonon spec-tra evolution across PT, which is related to the triple wellpotential, the temperature behavior of the sound velocityand attenuation could be informative enough for under-standing the lattice dynamics associated with the PT. Thegoal of the present paper is the investigation by Brillouinspectroscopy of sound attenuation in the paraelectric andferroelectric phases of Sn2P2S6 crystals. The relaxationmechanism of sound attenuation in the ferroelectric phasewas analyzed on the basis of the LK approximation withaccounting of different relaxation times for several latticemodes and with extraction of the contribution of the do-main wall. For the analysis, the prior data found for heatcapacity, heat expansion, heat conductivity, and results ofspectroscopic experiments (by neutron scattering, dielec-tric and ultrasound measurements) were used.
2. Experimental details

The temperature dependence of the Brillouin spectrafor Sn2P2S6 crystals was investigated in previous pa-pers [21, 35] in right angle scattering geometry. Differentgeometries (right angle (90°, 90°A) and back scattering(180°) versions) were also used at room temperature forinvestigation of acoustic phonons with different wave num-bers [36]. At this paper, we present temperature depen-dencies in the interval 78–365 K for the back scatteringgeometry. The Brillouin scattering spectra were studiedusing a He–Ne laser and a pressure–scanned three pass

Fabry–Perot interferometer with sharpness of 35 and freespectral range of 2.51 cm−1. The scattered light was col-lected from the volume of investigated samples. The sam-ples were placed in a UTREX cryostat in which the tem-perature was stabilized with an accuracy of about 0.3 K.The investigated Sn2P2S6 monocrystals were grown by avapor–transport method [6]. They have good optical qual-ity and optical absorption ≈ 0.5 cm−1 at light wave length6328 Å. The dimensions of the investigated samples were10× 7× 5 mm.The quasielastic Rayleigh scattering was extracted as aLorentz line, taking into account the Gaussian instrumentfunction for fitting of the observed spectra (see Fig. 1 asexample). It was found that instrument function width isnear 0.04 cm−1. The halfwidth of the quasielastic scatter-ing ΓR for participation of phonons with wave number qin a hydrodynamic regime is determined by the thermaldiffusivity coefficient Dth through the relation [37]
ΓR = Dthq2 = χ

ρCP
q2. (1)

Here, the heat transport coefficient χ , density ρ, and heatcapacity CP also could be used for estimates. Thus, theexperimentally observed halfwidth of the Rayleigh spec-tral line can be compared with data from heat transportinvestigations for the Sn2P2S6 crystals [15, 16].For example, the quasielastic scattering halfwidths ΓR =0.064 cm−1 for the [001] direction at room temperaturecan be considered. In this case, the ratio ΓR /q2 =0.51× 10−6 m2s−1 and from data [15, 16] the thermal dif-fusivity coefficient Dth = 0.33 × 10−6 m2s−1. Some devi-ation between ΓR /q2 and Dth obviously is related to theappearance of additional contributions to the quasielasticlight scattering from relaxational order parameter dynam-ics near the phase transition.With the determined instrument function and from fitting ofthe satellite spectral lines by a Lorentz profile, the velocityand attenuation of acoustic phonons were calculated usingthe following relations for back scattering geometry:
VBr = λ0∆νBr2n , (2)
α = ΓBrπ

VBr
, (3)

where ∆νBr and ΓBr are the Brillouin component shift andhalfwidth, respectively, λ0 is the wave length of the He–Ne laser, and n is the refractive index. The accuracy wasabout 3% for sound velocities and about 10% for atten-uation. In calculations of the hypersound velocities, theknown refractive index and its temperature dependence forthe Sn2P2S6 crystals [38] were used.
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Figure 1. Brillouin backscattering at q‖[001] for Sn2P2S6 crystals at
temperatures: I – 350 K, II – 295 K, III – 78 K (top); fitting of
the central peak by Gaussian (dashed) and Lorentz (dot-
ted) spectral lines (bottom) for 365 K.

The magnitudes of the sound velocities along differentcrystallographic directions and elastic moduli in Sn2P2S6crystals were recently studied by Brillouin right anglescattering [21] and ultrasonic investigations [18–20]. Thedependencies of LA and TA phonons velocities and theirwave vector orientation were determined for different crys-tallographic planes of Sn2P2S6 and compared with calcu-lated dependencies from the polarized ions model [21]. Inaddition, ω(q) dependence for LA phonons had been in-vestigated earier, and dispersion of sound velocity wasfound in the [001] direction of the paraelectric phase ina Sn2P2(Se0.28S0.72)6 mixed crystal [36]. This dispersionreflects the linear interaction of soft optic and acousticphonon branches which is related to the incommensuratephase appearance at x > 0.28 [2–5, 39]. In this paper wewill analyze the temperature dependence of longitudinalacoustic phonons propagated along the [001] axis with themain attention on their attenuation.
3. Experimental results and their
analysis
The temperature dependencies of the velocity and attenu-ation for longitudinal acoustic waves in the [001] crystal-lographic direction of Sn2P2S6 crystals, which were de-termined from the Brillouin spectra taken in the coolingregime in the temperature region 78–365 K, are presentedin Fig. 2. A sharp minimum is observed for the V (T ) de-pendence in the ferroelectric phase near the second orderPT temperature. But, the α(T ) dependence has a smearedmaximum just below the PT temperature T0, and a highlevel of sound attenuation is also observed in all rangesof the ferroelectric phase.Let us first analyze the sound attenuation in the para-electric phase of Sn2P2S6 crystals. From the Akhiesertheory for interaction between acoustic and heat trans-ferring phonons follows the next relation for the soundattenuation coefficient: [29, 30]

α = CVTγ23ρV 3 ω2τ. (4)
Here, CV is the heat capacity per unit volume, γ is theaveraged Gruneisen coefficient, V and ω are the veloc-ity and cyclic frequency of the sound, and τ is the lifetime of heat transferring phonons. But, if all modes havethe same Gruneisen coefficient, the sound attenuation isequal to zero. In fact, the value of γ represents the differ-ence between Gruneisen coefficients of heat transferringphonons and other phonons of the crystal.Determined by relation (4), the coefficient α = 400 cm−1agrees with observed sound attenuation value in the para-
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Figure 2. The temperature dependence of longitudinal sound wave
velocity V (dark points) and attenuation α (open triangles)
for the Sn2P2S6 crystal in [001] direction. The calculated
dependencies by relation (13) for V (T ) and by relation (11)
for α(T ) are presented by continious lines.

electric phase of Sn2P2S6 crystal (Fig. 2) by using theGruneisen coefficient γG ≈ 1 from relation (15) and
τ ≈ 8.3× 10−13 s from neutron scattering [12].We see (Fig. 2) that α ≈ const in the paraelectric phase,at T > T0 = 337 K, and this is naturally because
α ∼ χT , and χ ∼ T−1 at these relatively high temper-atures (for Sn2P2S6 crystals the Debye temperature isabout 82 K [6]).It is interesting to compare the spectroscopic data con-cerning acoustic phonons attenuation with the thermody-namic and heat transport data for the Sn2P2S6 crystals.From Eq. (3) and (4) can found the relation for halfwidthΓBr of Brillouin spectral satellites with frequency ωBr :

ΓBr = CVTγ23πρV 2
Br
ω2
Brτ. (5)

For convenience, one can use the molar heat capacity Cµ
P .

It follows that
τ = 3πµV 2

BrΓBr
Cµ
Pγ2ω2

BrT
, (6)

where µ is the molar weight, and, using the relation ΓR =
Dthq2 = χ

ρCV
q2 = 13V lq2 = 13

(
V
VBr

)
ω2
Brτ, one can find themean group velocity V of the short-wave phonons whichparticipate in heat transport:

V 2 = 3V 2
BrΓR
ω2
Brτ

= Cµ
Pγ2ΓRT
πµΓBr . (7)

Using values for τ and V calculated by (6) and (7) and ΓRfrom quasielastic scattering, the mean free path of the heatconducting phonons can be determined as l = Vτ. Cal-culated in this way the mean free path l of the heat con-ducting phonons in the paraelectric phase reaches nearly15 angstroms, that is equal to 2 ÷ 3 elementary cells ofSn2P2S6 crystal structure. Thus, the mean life-time τof these acoustic phonons, which was estimated by re-lation (6), is about 10−12 s. This value is in agreementwith the neutron scattering spectral line halfwidth for theacoustic branches in the middle of Brillouin zone [12, 39].The related mean group velocity V of the consideredacoustic phonons is found near 1700 m s−1 and also agreeswith the neutron scattering data for the low energy acous-tic dispersion branches in the investigated crystals. As awhole, we can conclude that the acoustic attenuation inthe paraelectric phase of the Sn2P2S6 crystals coincideswith their thermodynamic and dynamic properties.Now we will consider the acoustic properties of the fer-roelectric phase of Sn2P2S6 crystals. Using the Landautheory of second order PT, one can describe the soundvelocity and attenuation anomalies. For the case of one–component order parameter P=(P, 0, 0) and strain inter-action, the thermodynamic potential can be representedin the following form:
Φ = Φ0 + 12AP2 + 14BP4 + 16CP6 + cijuiuj+ q11iuiP2 + r11ijuiujP2 + . . . (8)

Here A = AT (T −T0), B and C do not depend on temper-ature, cij are the elastic moduli, qijk are the electrostric-tion coefficients, and rijkl are the quadratic electrostrictioncoefficients. In the approximation of one relaxation time
τ = τ0/(T0 − T ) for the order parameter dynamics, whichwas assumed in the LK model [23], the expression for thejump of the elastic modulus at the PT and its temperature
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dependence in the ferroelectric phase has the form:
∆c∗ij = − 11 + iωτ

 2q11iq11j
B
√1− 4AC

B2
+ r11ijB2C

(√1− 4AC
B2 − 1)] . (9)

The real and imaginary part of the complex elastic mod-ulus are connected with the sound velocity and attenua-tion, respectively. In consideration of the known relation∆c = ρ(V 2 −V 2
∞) (here V∞ is equal to the sound velocityin the paraelectric phase) and using relation (9), it fol-lows that the form for the temperature dependence of thevelocity and attenuation is:

V 2
ij = V 2

ij∞ −
11 + ω2τ2

 2q11iq11j
ρB
√1− 4AC

B2
+ r11ijB2Cρ

(√1− 4AC
B2 − 1)] , (10)

α = V 2
∞ − V 22V 3 ω2τ1 + ω2τ2 . (11)

It should be noted that, for the Brillouin scattering mea-surements, the frequency ω is not constant, but it is de-termined through ω = Vq.For hypersound waves propagated in the Sn2P2S6 crys-tals along the [001] crystallographic direction (in the(010) monoclinic plane), the longitudinal waves are quasi–longitudinal. From the Christoffel equation it follows that:
~q ‖ [001] : ρV 232 = c44;(c33 − ρV 2

i )(c55 − ρV 2
i ) = c235 , Vi = V31, V33 . (12)

By taking into account that the monoclinic angle is closeto a right angle (≈91.2°) for the Sn2P2S6 crystals, the c15and c35 elastic modulus can be neglected [21]. Therefore,using (12), we have ρV 211 ≈ c11, ρV 233 ≈ c33, and using (9),we obtain
V 233 = V 233∞ − 11 + ω2τ2

 2q2113
ρB
√1− 4AC

B2
+ r1133B2Cρ

(√1− 4AC
B2 − 1)] . (13)

The analysis of the temperature dependence of the longi-tudinal sound velocity propagating along the [001] direc-tion in the Sn2P2S6 crystals (Fig. 2) with use of Eq. (13)

has been performed with previously determined [2–6] val-ues of the coefficients AT = 1.6 × 106 J mC−2K−1, B =7.4×108 J m5C−4, C = 3.5×1010 J m9C−6. It was found that
q113 = 3.4 × 109 J mC−2 and r1133 = 0.1 × 1010 N m2C−2.The relaxation time temperature dependence is character-ized by coefficient τ0 = 4.5× 10−11s K.Thus, using the parameters of thermodynamic potential (8)which were determined at previous investigations [2–6, 18–21], the relaxational temperature anomaly of the sound ve-locity in the ferroelectric phase of Sn2P2S6 crystals canbe described correctly. But calculated with these parame-ters though relation (11) the relaxational anomaly of soundattenuation does not coincide with the observed tempera-ture behavior (Fig. 2). The minimum of V (T ) and peak of
α(T ) anomalies in the relaxational LK model are placedat a temperature which follows from the condition ωτ ≈ 1and at τ = τ0/(T0 − T ) with τ0 = 4.5 × 10−11s K. Sucha value of τ0 for the relaxational dynamics of the orderparameter in the ferroelectric phase of Sn2P2S6 crystalsagrees with previous results which have been found inRaman and neutron scattering experiments [11, 12], andalso with ultrasound measurements [18–20]. A full set ofavailable data about critical dynamics related to PT inSn2P2S6 crystals, including results of both back–wave andmicrowave dielectric spectroscopy [13, 14], is presented inFig. 3. The temperature dependence of the reciprocal ofthe mean value of the relaxation time also coincides withthe observed behavior of the reciprocal of the static di-electric susceptibility [24]. Generally, we can see that,in the ferroelectric phase of Sn2P2S6 crystals, the relax-ation time for the order parameter fluctuation obeys thedependence τ−1 = τ−10 (T0 − T ) with τ0 ≈ 4.5 × 10−11s Kand satisfies the observed position of the minimum of thetemperature dependence of V (T ).It can be supposed that the observed disagreement in de-scribing the experimentally obtained attenuation of acous-tic waves in the ferroelectric phase of Sn2P2S6 crystals isobviously connected with determination of interaction pa-rameters between acoustic waves and optic modes whichare related to the spontaneous polarization. In the LKapproximation with one mean relaxation time τ, it is sup-posed that a unique soft optic mode is related to ferro-electric phase transition. For Sn2P2S6 crystals not onlya unique soft optic vibration is involved in the lattice in-stability, but many low energy optic branches are mixedby linear and nonlinear interactions. In the paraelectricphase, the nonlinear interaction of AgB2

u type is at originof the lattice instability determined by the triple well po-tential [7]. However, not only the lowest energy polar Bumode decreases their frequency at cooling in paraelec-tric phase to T0, but also the nearest fully-symmetrical
Ag mode lowers their energy. These modes also interact
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Figure 3. The temperature dependencies for the reciprocal of the or-
der parameter relaxation time in the paraelectric and ferro-
electric phases of Sn2P2S6 crystals that were determined
on the data of microwave dielectric spectroscopy (dark
squares) [13], back–wave dielectric spectroscopy (open
circles) [14], neutron scattering (open triangles) [12] and
Raman scattering (open inverted triangles) [11]. The de-
pendence τ−1 = τ−10 (T0 − T ) with τ0 ≈ 4.5 × 10−11s K is
shown by the dotted line.

linearly at deviations from Brillouin zone center in mostdirections (excepting the normal to the monoclinic symme-try plane). Finally, these modes reach frequencies near8 cm−1 and 30 cm−1 at T0, respectively [11, 12], and therelaxational mode is actrually fully softened at T → T0,as was observed by dielectric microwave spectroscopy [13].In the ferroelectric phase with Pc space group, both Buand Ag modes find A′ symmetry and already linearly in-teract. By Raman spectroscopy [11], an ”effective” softoptic mode with an almost linearly temperature depen-dent squared frequency Ω2
TO =∏ω2

i was observed, whichis the product of many optic modes with frequencies ωi inthe range 8–60 cm−1. In this case the frequencies of theoptic modes were determined within 1 cm−1 precision.Thus, the ”resonance” LK model with one mean relaxationtime for the Sn2P2S6 crystals must be obviously gener-alized by taking into account the set of low frequencyphonon branches which are effectively modulated by theacoustic wave. Such a generalization was considered ear-lier in the papers [29–34] and can be expressed in thefollowing way. From Eqs. (4) and (11), it follows that
CVTγ2 = c∞ − c0. The difference between Gruneisencoefficients of phonons can be accounted by the relation
c∞ − c0 = ∑[γ(q, s)]2CV (q, s)T , where s is the phononbranch index. From this, the heat capacity is representedas CV =∑CV (q, s), and the sound attenuation coefficientas α ∝ ∑CV (q, s)τ(q, s){[γ(q, s)]2 − γ2}T . Usually, thesoft optic mode ω(q = 0) has the largest Gruneisen coeffi-cient (γi → γi max ) and the largest population (ni → ni max ).

Here the index i belongs to some values of q and s.In the case of anharmonic interaction of acoustic wavesat ωτ � 1 with phonons from several optic branches, the”two-mode” approach could be used at which all optic vi-brations are represented by a single optic mode ”opt”, andall acoustic phonons are involved in a single acoustic mode”ac”. Anharmonicity of these modes is characterized byGruneisen coefficients γopt and γac . Also, they contributeto heat capacities Copt and Cac , and their relaxation timesare τopt and τac . Thus, the sound attenuation coefficientcan be represented in the form [33, 34]
α = CoptT (γac − γopt)22ρV 3 · ω2τ1 + ω2τ2 , (14)

with τ = τopt + Copt
Cac

τac.

It can be seen that γac → 0 was assumed in the LK ap-proximation (4).The value for τopt can be obtained from Raman scatteringdata by using τ−1 = τ−10 (T0 − T ) with τ0 ≈ 5× 10−11s K.We suppose that the thermal flow is mostly determined byacoustic phonons, and the value of τac can be determinedfrom thermal conductivity measurements [15, 16].To find γac and γopt , we can first calculate tha averageGruneisen coefficient by the known thermodynamic rela-tion [40]
γG = βeBSµ

Cµ
Pρ

, (15)
where βe is the volume heat expansion coefficient, and BSis the adiabatic bulk modulus. All these characteristicsand their temperature dependence have been earlier de-termined [6]. The temperature dependence for the thermo-dynamic Gruneisen coefficient calculated by relation (15)is presented in Fig. 4. It is seen that in the paraelectricphase, at T > 337 K, γG ≈ 1. At cooling into ferroelectricphase, the γG(T ) dependence shows sharp jump to neg-ative values and, at low temperatures (T < 200 K), γGreturns to positive values again. Thus, we could specify atemperature range in the ferroelectric phase of Sn2P2S6crystal with a negative Gruneisen coefficient γG .In a similar temperature interval, between 200 K and
T0 = 337 K, negative values for volume heat expansion co-efficient βe were observed [17]. The anomalous parts of thetemperature dependence of Sn2P2S6 lattice parameters inthe ferroelectric phase were determined by appearanceof the spontaneous polarization and are characterized byelectrostriction coefficients. So, negative values for both
βe and γG coefficients are determined by the tempera-ture evolution of the ferroelectric phase transition orderparameter in the Sn2P2S6 crystal.
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Figure 4. Temperature dependence of the thermodynamic
Gruneisen coefficients γG (dark squares) and their ”optic”
γopt (open triangles) and ”acoustic” γac (open circles)
parts for Sn2P2S6 crystals.

Figure 5. Temperature dependence of the molar heat capacity for
Sn2P2S6 crystals [42] (open circles) and their calculated
”acoustic” (1), ”optic” (2) and total (3) contributions to the
regular behaviour.

By definition, the Gruneisen coefficient γG is determinedby the volume dependence of lattice vibration frequen-cies: γi = −d lnωi/d lnV [41]. Generally, this coefficientcould be represented as a sum of contributions γi fromall phonon modes. In this case, the weight of the modeGruneisen coefficient γi is determined by contributionsof named phonon modes to the heat capacity. Simplify-ing, we can separate contributions from optic and acousticmodes in the next form
γG = γoptCopt + γacCac

CV
. (16)

The temperature dependence for the Sn2P2S6 crystal heatcapacity [42] and the separate contributions Cac and Copt

from acoustic and optic modes, which were calculated ac-cording to the known Debye and Einstein models, arepresented in Fig. 5. The acoustic contribution to theGruneisen coefficient was calculated by using known val-ues for the longitudinal Vl and transverse Vt sound ve-locities for the Sn2P2S6 crystals by relation [43] γac =32 (3V 2
l − 4V 2

t )/(V 2
l + 2V 2

t ). Using these data and rela-tion (16), the optic contribution γopt was found. The tem-perature dependencies of γopt and γac are illustrated inFig. 4.It is seen that the acoustic modes’ contribution to theGruneisen coefficient γac is positive and constant for tem-perature variation across the ferroelectric phase, and ithas a small jump to a larger value at the transition tothe paraelectric phase. Interestingly, all of the anoma-lous behavior of the Gruneisen coefficient γG comes fromthe ”optic” contribution γopt . Negative values of γopt areobserved in the temperature range between 200 K and
T0 = 337 K.Such behavior of γopt coincides with high negative val-ues of the volume thermal expansion coefficient in the fer-roelectric phase of Sn2P2S6 crystals [17]. This behaviorof γopt can also be interpreted as a result of sharp riseof quantity of the low frequency optic modes with similarsymmetry in ferroelectric phase (in compare with paraelec-tric phase). The optic Gruneisen coefficient γopt containscontributions from all optic branches ω(q) in the Bril-louin zone and, generally for any modes, γopt(q) ∼ ω−2

TO(q).By investigating Raman spectra in Sn2P2S6 crystals un-der the influence of hydrostatic pressure, the frequencydependence of the mode Gruneisen coefficients γi wasfound [44]. It was shown that for the internal optic vi-brations of the (P2S6)4− anions with covalent P-S andP-P chemical bonds these coefficients are smaller thanfor the external vibrations of the crystal lattice, which arerelated to the rigidity of ion–covalent Sn-S bonds. At theappearance of the spontaneous polarization in ferroelec-tric phase, the inequivalency of the Sn-S bonds is clearlyobserved  the crystal structure becomes ”layered” due todifferent shifts of two pairs of Sn2+ cations. Such structurerearrangement obviously induces growth of the Gruneisencoefficients γi for the lattice modes with an ”interlayer”component in their eigenvectors. The reasons for this areobviously complex electronic interactions caused by thelone electron pair 5s2 of the Sn2+ cations, as was pointedout by recent first–principles calculations of the electronicstructure for the Sn2P2S6 compound [7].Thus, a high quantity of low frequency fully symmetricphonon modes in the ferroelectric phase of Sn2P2S6 crys-tals is related to the observed behavior of γopt . And finally,the existence in the paraelectric phase of strong nonlinearinteractions like AgB2
u, which is related to the lone elec-
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tron pair of the Sn2+ cations, induces lowering of Ag modefrequencies at cooling to T0, and by this determines a richset of the low frequency optic modes in the ferroelectricphase of Sn2P2S6 crystals.The temperature dependence of α(T ) calculated by rela-tion (14) together with experimental data are presented inFig. 6. It can be seen that the calculated peak in α(T ) issmaller in comparison with that calculated by Eq. (11) inthe LK approach with one relaxation mode (Fig. 2). Thisdifference can be explained as follows. In the LK model,the parameter of interaction between the acoustic waveand the optic mode is related to the electrostrictive con-stant, and its value follows from the lattice thermal expan-sion induced by spontaneous polarization in the ferroelec-tric phase. But the latter is devoted to static conditionsand contains contributions from all optic modes for whicheigenvectors take part to the lattice distortion at the spon-taneous polarization appearing in the ferroelectric phase.In this case, only one normal mode is involved with thisinteraction parameter in the LK approach. In reality, theacoustic wave modulates frequencies of several low en-ergy modes with different efficiencies, which is reflectedby different values of Gruneisen coefficient γi for thesemodes. The Gruneisen coefficient of the lowest frequencyoptic mode is smaller than follows from dilatation data. Inthis case, the contributions to sound attenuation from thehighest frequency optic modes is small enough.It is important to mention that by accounting for the acous-tic contribution τac to the relaxation time τ in relation (14)have not drastic influence on calculated dependence of
α(T ) (Fig. 6). For example, near 330 K such contributionis only about 103 m−1. Also, enough small contributionto the sound attenuation arises from the nearest low fre-quency optic modes  this one could add near severalpercents to the calculated value of α at temperature of itsmaxima.In general, with participation of set of optical modes, thesound attenuation could be described in the LK modelwith several relaxation times. In this case, the maximaon the α(T ) dependence near the phase transition will besmaller than calculated α value in the approach with onemean relaxation time.In addition to the relaxational sound attenuation by opticmodes in the ferroelectric phase of Sn2P2S6 crystals, anadditional contribution increases with lower temperatureand reaches an almost saturated value (Fig. 6). This at-tenuation is qualitatively proportional to the spontaneouspolarization magnitude and could be related to the domainwalls. Indeed, sound attenuation observed by Brillouinscattering in a monodomain Sn2P2S6 sample is smallerthan in the polydomain state.The frequency dependence of the sound attenuation in

Figure 6. The temperature dependence of the longitudinal sound
wave attenuation α (open triangles) for the Sn2P2S6 crys-
tal in [001] direction. The dependence α(T ) calculated by
relation (14) is represented by the continuous line.

Sn2P2S6 crystals at 295 K is presented in Fig. 7. Ex-perimental data for this temperature were collected fromultrasound measurements [18–20] and from Brillouin spec-troscopy in right angle (90°, 90°A) and back–scattering(180°) geometries [21, 36]. The sound attenuation was de-termined with precisions of about 7% for ultrasound and10% for Brillouin measurements. The dependencies of
α(ω) calculated by using relation (11) at different temper-atures in the ferroelectric phase are also shown in Fig. 7.From comparison of the experimental data with the calcu-lated frequency dependence of sound attenuation at fixedtemperature, it clearly follows that there is an additionalmechanism of sound losses in the ferroelectric phase.The difference between the experimental data for soundattenuation at different frequencies for 295 K determinedfrom Fig. 7 and the calculated α(ω) dependence at thistemperature which arises from sound interaction with op-tical modes is presented in Fig. 8. In this way a sup-posed contribution to attenuation from domain walls wasextracted. This mechanism of sound attenuation at fixedtemperature obeys a frequency dependence according tothe relation

α = Dω2τ2V 3 · V
2
∞ − V 21 + ω2τ2 , (17)

with relaxation time τd ≈ 1.4 × 10−10 s which does notdepend on temperature. Here the constant D = 5.5 wasused.Using relation (17), the temperature dependence of soundattenuation caused by domain walls was also calculated(Fig. 9). Both the LK and domain contributions into the
α(T ) dependence together explain observed temperaturedependence of the hypersound attenuation in the ferro-electric phase of Sn2P2S6 crystals.
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Figure 7. The frequency dependencies of longitudinal sound wave
attenuation α for the Sn2P2S6 crystal in [001] direction as
calculated by relation (11) at temperatures 332 K (dash
line), 308 K (dot line), 304 K (dash dot line ), and 295 K
(solid line). The experimentally observed frequency de-
pendence of the sound attenuation at 295 K from the ultra-
sound investigations data [18–20] and from Brillouin spec-
troscopy in right angle (90°, 90°A) and in back scattering
(180°) geometries [21, 36] is shown by points.

Figure 8. The frequency dependence of an additional contribution
(points) to the sound attenuation in the Sn2P2S6 crystals
which is observed at 295 K (in comparison to the calcu-
lated α(ω) dependence by LK model with relation (11)),
and its fit (continuous line) to Eq. (17).

4. Conclusions
By Brillouin spectroscopy and with analysis accountingfor available thermodynamic, kinetic and spectroscopicdata, it was shown that the temperature anomaly and fre-quency dependence of the longitudinal sound attenuationin the ferroelectric phase of Sn2P2S6 crystals can be de-scribed in the LK approximation with taking into accountseveral relaxation times related to the low energy opticmodes which contribute the most to the spontaneous po-

Figure 9. Observed temperature dependence of longitudinal sound
attenuation for the Sn2P2S6 crystal (open triangles) and
dependence α(T ) (continuous line) as sum of contribu-
tions, which were calculated from relations (14)  dashed
line, and (17)  dotted line.

larization. The mode Gruneisen coefficient should be usedfor quantitative analysis of relaxational sound attenuation.This peculiarity of Sn2P2S6 ferroelectrics is related to thetriple well potential and the strong nonlinear interactionof the polar soft optic mode with fully symmetrical opticmodes. For such a specific nature of second order phasetransition, a high concentration of the domain walls ap-pears in the ferroelectric phase and they also stronglycontribute to the sound attenuation. In the paraelectricphase the sound attenuation coincides with the calculatedvalue from Akhiesers’ theory.
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