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Abstract. The low frequency lattice dynamics and its relationship to the second order paraelectric-to-
ferroelectric transition in Sn2P2S6 is studied. The dispersion branches of the acoustic and lowest lying
optical phonons in the a∗-c∗ plane have been obtained in the ferroelectric phase, for x-polarized phonons.
Close to the phase transition a considerable softening is found for the lowest optical mode (Px), compa-
rable to the behaviour observed in previous Raman investigations. As found previously in Sn2P2Se6, a
strong coupling between the TO(Px) and TA(uxz) phonons is observed, although, apparently, not strong
enough to lead to an incommensurate phase. The soft TO(Px) mode at the zone center is observed. The
temperature dependence of its frequency and damping shows that the transition is not entirely displacive.
At low temperatures an unusual apparent negative LO-TO splitting is observed which is shown to arise
from the coupling of the x-polarized soft mode to the nearby z-polarized optical phonon. For comparison,
the soft TO(Px) dispersion in the a∗-b∗ plane is measured in both the paraelectric and ferroelectric phases.
Consistent frequency changes and LO-TO splitting are observed, revealing a significant interaction be-
tween the TA(uyx) and LA(uxx) acoustics branches and the TO and LO soft optic branches, respectively.
In contrast, the nearby y-polarized optic branch shows almost no temperature dependence. Finally, the
influence of piezoelectric effects on the limiting acoustic slopes in the ferroelectric phase is discussed.

PACS. 64.70.Kb Solid-solid transitions – 61.12.-q Neutron scattering – 63.20.Dj Phonon states and bands,
normal modes, and phonon dispersion – 63.20.Kr Phonon-electron and phonon-phonon interactions –
61.44.Fw Incommensurate crystals

1 Introduction

Ferroelectric phase transitions have received consider-
able attention with respect to their structural and dy-
namical aspects, as for example in BaTiO3 [1] and
Thiourea [2]. In particular the existence of soft modes
and/or order-disorder mechanisms has been the object of
numerous optical and neutron spectroscopic studies. In
certain systems, of which the so-called type II incommen-
surate proper ferroelectrics are examples, an incommen-
surate (IC) phase appears between the high temperature
(symmetric) phase and the ferroelectric phase. BCCD [3],
NaNO2 [4], Thiourea [2] and Sn2P2Se6 [5] are examples
of this class of systems. Type II means that the thermo-
dynamic potential contains no Lifshitz invariant. Hence,
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in such systems the incommensurate phase is viewed as
arising [6] from the interaction of the ferroelectric soft op-
tic mode with an acoustic mode [3] or with another optic
phonon [7], creating an instability at non-zero wavevector
just outside the Brillouin zone center.

Indeed, in a previous paper [5] it was shown that the
incommensurate phase formation in Sn2P2Se6 is a result of
a strong coupling between the TO (Px polarisation) soft
optic phonon and the TA(uxz strain) acoustic phonon,
propagating along the c∗ direction.

The Sn2P2(S1−xSex)6 family of uniaxial ferroelectrics
is an excellent model system to study the appearance of
an intermediate IC phase. Mixed crystals can be grown
for all values of x (0 < x < 1). Sn2P2Se6 (x = 1) shows an
intermediate incommensurate phase at ambient pressure,
in contrast to Sn2P2S6 (x = 0) (Fig. 1). The latter under-
goes a direct second order phase transition at T0 = 337 K
between a paraelectric phase (P21/n) and a ferroelectric
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)
for both). An important ques-

tion is therefore, why an incommensurate phase occurs in
Sn2P2Se6, and not in Sn2P2S6, with a rare Lifshitz point
[8] in the x-T phase diagram (xL = 0.28; TL = 288 K),
at which the period of modulation is expected to become
infinite [8].

It is well-known from lattice dynamical studies [9] that
the structural changes in ferroelectric phase transitions
bear a close relationship to the vibrational displacements
associated with the high temperature phase soft mode.
The changes in structure between the paraelectric and
ferroelectric phases have been well studied for Sn2P2S6

[10,11] and Sn2P2Se6 [12,13] using X-ray crystallographic
techniques. Throughout the paper we use the pseudo-
orthorhombic setting of Rizak et al. [14]: a = 9.318 Å,
b = 7.463 Å, c = 6.518 Å, α = γ = 90◦, β = 91.15◦

(Sn2P2S6, 358 K). Upon transition to the ferroelectric
phase, the main changes consist of pairwise displacements
of the Sn atoms, approximately along the a-axis, relative
to the rigid P2S6 groups, destroying the inversion symme-
try and the twofold axis. TheBu symmetry of the displace-
ments results in the appearance of a dielectric polarisation
in the a-c plane at an angle of 15◦ with the a-axis.

The soft mode behaviour in Sn2P2S6 has been studied
by Raman [15], infrared [16] and dielectric spectroscopy
[17]. The acoustic properties were investigated by ultra-
sound measurements [18,19] and Brillouin scattering [20].
All experimental results indicate that the transition is
mainly displacive. In Sn2P2S6 the existence of a soft mode
in the ferroelectric phase has clearly been demonstrated
by Raman and infrared spectroscopy. The soft mode ap-
pears not to soften completely (about 0.35 THz at T0). In-
frared measurements in the paraelectric phase of Sn2P2S6

indicate an overdamped Bu soft mode at about 0.4 THz,
slowly varying with temperature. However, the analysis
is rather problematic due to a strong low frequency wing
partly obscuring the soft phonon response. The origin of
the wing is still unclear and might reflect a coupling of
the soft mode to a lower frequency excitation or an order-
disorder component in the neighbourhood of T0.

Further indications that the soft mode might contain
an order-disorder component come from Brillouin scatter-
ing, where the LA(uzz) response shows evidence of a cou-
pling to a low frequency excitation or a central peak close
to T0. Also, specific heat measurements [21] reveal a large
transition entropy at the second order phase transition
temperatures Ti (crystals with x ≥ xL) and T0 (crystals
with x ≤ xL), typical of an order-disorder transition.

Inelastic neutron scattering is a very suitable technique
to study the soft mode properties in both paraelectric
and ferroelectric phases, not suffering from problems and
limitations met with the optical techniques: Raman spec-
troscopy on the one hand is not sensitive to the Bu soft
mode of the centrosymmetric phase, while the infrared
spectroscopic data [16] on the other hand, do not allow
to extract unambiguous soft mode parameters due to the
contribution of the low frequency wing mentioned above.

Fig. 1. Composition-temperature phase diagram of
Sn2P2(S1−xSex)6 [8].

Another unsettled problem is the microscopic charac-
ter of the forces leading to the incommensurate transition.
Previous lattice dynamical calculations [14] were based
on zone center frequencies only, which is clearly insuffi-
cient. Although the calculations could simulate a strong
anisotropy of the a∗-c∗ low frequency branches, with a
soft direction along the incommensurate wave vector di-
rection, this occured only simultaneous to the erroneous
prediction of an instability along the b-axis. Beside dipole-
dipole interactions, changes in the short range repulsive
interactions upon replacing the S-atoms by the (larger)
Se-atoms are believed to be essential in order to explain
the incommensurate phase formation in Sn2P2Se6, and
not in Sn2P2S6 [14].

In this study of Sn2P2S6 it is shown that a clear soft
mode behaviour is observed in connection with the ferro-
electric phase, and that as in Sn2P2Se6, the coupling of
the soft optic x-polarized phonon with acoustic and other
optic phonons is strong.

An intriguing aspect of the Raman results by
Gommonai et al. [22], is the fact that the soft mode in
the ferroelectric phase of Sn2P2S6 has a complicated tem-
perature and directional dependence in the a∗-c∗, as well
as in the a∗-b∗ planes. This was tentatively attributed to
angular dispersion associated with the LO-TO splitting
together with strong anisotropic interactions of the soft
TO (Px) mode with the nearby optic modes of Py and Pz
polarization.

All these open questions motivated the present neu-
tron scattering study. Here, the dynamics of Sn2P2S6 in
both the paraelectric and ferroelectric phase is investi-
gated. The soft mode parameters are extracted as a func-
tion of temperature. The dispersion properties in the a∗-c∗

plane (ferroelectric phase) and a∗-b∗ plane (ferroelectric
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and paraelectric phases) are presented. Finally, the piezo-
electric contributions to the acoustic velocities for this
strongly piezoelectric crystal (in the ferroelectric phase)
are discussed.

2 Experimental

Two single crystals of Sn2P2S6 (respectively 1 and 2 cm3)
were used. The crystals were grown by the Bridgmann
technique. The sulfur-based crystals are normally opti-
cally transparent with a slight pink coloration, in con-
trast to the selenium-based crystals which show metallic
reflection. The crystalline quality of the specimens inves-
tigated was found to be adequate by neutron diffraction
standards, with no detectable mosaic structure or twin-
ning.

Experiments were carried out on several thermal and
cold-source three-axis neutron spectrometers at ILL-Gre-
noble (France), (IN3, IN12 and IN14) and LLB-Saclay
(France), (1T1). Several closed-cycle He-refrigerators and
cryofurnaces were used during the course of the measure-
ments, with typical temperature homogeneity and stabil-
ity of a fraction of a Kelvin.

Inelastic constant-Q measurements were performed in
both the energy gain and energy loss modes. The in-
strumental energy resolution was adjusted to match the
experimental requirements, by varying the incident and
scattered neutron energies (from 5 to 14 meV), as well as
the neutron beam collimations.

3 Lattice dynamics of Sn2P2S6

The low frequency phonon dispersion branches of Sn2P2S6

in the a∗-c∗ plane were studied on IN12 at four tempera-
tures (200 K, 250 K, 320 K and 330 K) in the ferroelectric
phase, mainly in the Brillouin zones (5 0 -1) and (3 0 1).
The phonon wavevector was selected along c∗ as well as
a∗ in order to probe both the transverse and longitudinal
behaviour of phonons polarised along a.

These geometries have been selected for two reasons.
First, since the same were used for Sn2P2Se6, in order
to provide a direct comparison of the dynamics of the
two crystals, useful in the understanding of the Lifshitz
point occurrence. The modulation wavevector of the latter
compound lies in the a∗-c∗ plane, close to c∗. Secondly,
the macroscopic polarisation in the ferroelectric phase in
both compounds is approximately along a∗. Therefore the
soft TO mode in both the ferroelectric and paraelectric
phases is expected to be observable for q//c∗. In addition,
the low frequency lattice dynamics has been investigated
in the a∗-b∗ plane in order to identify the low frequency
optic mode dispersions. Raman studies [22–25] showed the
presence of three closely spaced optic modes, assigned as
the x-polarized soft mode, and a y- and a z-polarized optic
mode.

Fig. 2. Low frequency phonon dispersion of Sn2P2S6 in the
ferroelectric phase as function of temperature (errorbars typi-
cally ±0.04 THz) obtained from DHO-fits. The soft TO phonon
and the transverse acoustic TA(xz) branch (dashed lines) show
a clear repulsion upon approaching T0. Solid lines and short
dashed lines are guides to the eyes.

3.1 Dispersion curves in the a�-c� plane

Figure 2 shows the temperature evolution of the low fre-
quency dispersion curves of Sn2P2S6 in the ferroelectric
phase, for 4 temperatures. The symmetry of the various
modes in the a∗-c∗ plane was described in [5]. The fre-
quencies were obtained by careful fitting of the phonon
spectra to damped harmonic oscillator lineshapes, includ-
ing Gaussian responses for elastic incoherent scattering
and Bragg contributions at low q values.

Clearly it can be observed that the TO(x) and LO(x)
branches decrease in frequency upon heating the crys-
tal in the ferroelectric phase towards T0, demonstrating
a clear soft mode behaviour. For non-zero wavevector the
TO branch decreases much faster than the LO branch. At
zero wavevector (q = 0) it appears that the branches meet
continuously, presumably related to a resolution artifact.
Due to the finite q-resolution both the LO and TO re-
sponses contribute close to q = 0, resulting in a complex
lineshape, and an intermediate frequency is therefore ob-
tained in the spectral analysis. This effect was accounted
for by extrapolating the branches towards q = 0, as shown
by the solid lines in Figure 2.

A remarkable feature is the apparently negative LO-
TO splitting at low temperatures (ν(TO) > ν(LO) at
200 K), which becomes positive only in the neighbour-
hood of the phase transition. To the authors knowledge,
no other experimental observation of an inverted polar



172 The European Physical Journal B

Fig. 3. Temperature evolution of the k3
f cot(φf)-corrected

spectra at (3 0 1.3) showing the interaction between the TO
and TA phonons. Solid lines present CDHO-line shape simula-
tions.

vibration is present in the literature (see e.g. [26–28] for
discussion and examples of LO-TO splittings). A sim-
ilar effect is however present in the related compound
Sn2P2Se6 [5]. The soft optic dispersion in Sn2P2S6 and
Sn2P2Se6 does not obey the usual temperature behaviour
[22]:

ω2(q, α, T ) = A|T − Tc|+Bq2 + C cos2 α (1)

in which α is the angle between the phonon wavevector
q and the spontaneous polarisation Ps in the xz or xy
plane, and C is the LO-TO splitting, which in this ap-
proximation is constant as a function of temperature. In
the Raman experiments by Gommonai et al. [22] substan-
tial deviations of the soft mode frequency ω2(q, α, T ) from
equation (1) have been found as well, with respect to both
angular and temperature dependences.

There are a few possible explanations for the apparent
negative LO-TO splitting. One is the presence of another
excitation at low frequencies, which contributes to the di-
electric properties in the soft mode frequency range. If
the resulting real part of the dielectric constant ε′ is neg-
ative, an inverted LO-TO order may result. However, at
low temperatures such an excitation was absent in both
infrared and Raman experiments. In Section 3.2 it will be
shown that the negative LO-TO splitting may more prob-
ably result from a coupling of the x-polarized soft mode
and the nearby z-polarized optic phonon, as suggested by
Gommonai et al. [22]. In both cases under consideration,
the Lyddane-Sachs-Teller-relationship remains valid when
all relevant modes are included.

Besides the overall softening of the TO branch, its dis-
persion shows clear changes with temperature. At 250 K
the branch is quite flat, whereas at 320 K a strong disper-
sion with wavevector qc∗ is observed. At the same time,

Fig. 4. Temperature dependence of the soft mode frequency.
The solid lines (fits according to the model described by
Eq. (3)) are drawn according to ω2

TO=0.0135(T0 − T ) + 0.39
THz2, ω2

LO=0.0135(T0−T )+0.65 THz2 and ω2
para=0.0018(T0−

T ) + 0.49 THz2, respectively, including the interaction to the
z-polarised LO and TO phonon (at 1.36 and 1.22 THz, respec-
tively) in the ferroelectric phase. The A and B modes (dashed
lines) observed in backscattering Raman experiments (Gom-
monai et al. [22,23]) have been included for comparison (see
text).

the TA(xz) branch is clearly repelled towards lower fre-
quencies, indicative of a TO-TA phonon interaction.

This is supported by clearly observable spectral fea-
tures typical of mode interaction, for example in the
temperature dependence of the (3 0 ±1.3) spectra (Fig. 3).
At low temperatures, the TO soft mode is strong, whereas
the TA mode is barely visible. As the temperature is raised
the TO phonon moves down in frequency, transfering part
of its intensity to a lower frequency maximum at ap-
proximately the TA(xz) frequency and showing repulsion
effects. It is clear that the TO and TA phonons interact,
quite similar to the interaction observed in the paraelec-
tric phase of Sn2P2Se6.

Therefore the TO-TA spectra were analysed using the
coupled damped harmonic oscillator (CDHO) response,
using the procedure described in a previous paper on
Sn2P2Se6 [5]. Figure 3 shows that the CDHO model ac-
counts satisfactorily for the observed spectral features.

3.2 Temperature behaviour of the soft phonon

In Figures 4 and 5 the temperature behaviour of the LO(x)
and TO(x) frequency and damping in the paraelectric and
ferroelectric phases is shown. In the paraelectric phase the
soft mode, studied in the zone center of the (3 0 1) Bril-
louin zone, exhibits a slow frequency decrease upon ap-
proaching the phase transition. In the ferroelectric phase
the soft mode was studied in the (3 0 ±1) and (5 0 ±1)
zones. The observed frequencies and damping are catego-
rized as transverse “T” (qc∗ = 0.1 c∗), longitudinal “L”
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(qa∗ = 0.1 a∗) and mixed longitudinal-transverse “LT”
(zone center measurement). The soft mode in the para-
electric phase stabilizes at a frequency intermediate be-
tween the extrapolated LO (0.78 ± 0.05 THz) and TO
(0.60 ± 0.05 THz) frequencies of the ferroelectric phase,
showing that the paraelectric response (at q = 0) is a su-
perposition of the LO- and TO-components. No attempts
were made to determine the LO-TO splitting existing in
the paraelectric phase, which should be of same size as
in the ferroelectric phase close to the transition. The ob-
served temperature behaviour is nevertheless illustrative
of the soft mode frequency changes in the paraelectric
phase.

In the ferroelectric phase the TO-phonon (qc∗ = 0.1c∗)
changes close to T0 as ω2 = a′(T0 − T ) + d′, in which
a′ = 0.0135± 0.002 THz2/K and d′ = 0.39± 0.05 THz2.
The frequency in the paraelectric phase is analysed by a
similar temperature behaviour ω2 = a(T −T0) + d, where
a = 0.0018 ± 0.0005 THz2/K (similar to Sn2P2Se6)
and d = 0.49 ± 0.04 THz2. The relative ferroelectric-to-
paraelectric soft mode frequency changes in Sn2P2S6 are
much larger

(R =
dω2

dT
(T−0 )/

dω2

dT
(T+

0 ) = −7.5± 2.5) than expected on

the basis of a φ4 potential (R = −2).

In this respect it is interesting to note that Sn2P2S6

is close to a tricritical point, where the fourth order
term in the thermodynamic potential vanishes [29]. Con-
sequently, the (virtual) paraelectric-to-ferroelectric tran-
sition changes from second order (Sn2P2S6) to first order
(Sn2P2Se6). Since the thermodynamic potential and the
soft mode potential are related, it can be expected that
terms higher than fourth order contribute significantly to
the soft mode anharmonic potential. The deviation from
R = −2 might alternatively be related to the presence
of order-disorder effects. This has been shown by molecu-
lar dynamics simulations of anharmonic systems [30]. In-
dications for order-disorder effects in both Sn2P2S6 and
Sn2P2Se6 are indeed found in a number of experimental
investigations: specific heat indicates a large transition en-
tropy [21] and Brillouin spectra showed features of a cen-
tral peak [20]. Note that the soft mode LO-TO splitting
found here is relatively small (about 0.16 THz near T0),
which in part might be related to the negative splitting
observed at low temperatures. The dielectric contribution
of the Bu optic modes, deduced by IR methods [16], was
found to be more than one order of magnitude lower than
the dielectric constant near the phase transition.

A comparison of the present results with infrared [16]
and Raman [15,22] data indicates a lower soft mode fre-
quency near T0 (about 0.4 THz) in the optical work. How-
ever, the analysis of the Raman and infrared (IR) spec-
tra is obscured by the presence of a low frequency wing,
especially strong just below T0 and (in IR) in a wide
temperature range above the transition. The temperature
variation of the soft mode frequency in both phases is simi-
lar to that deduced from the neutron experiment, although
the Raman analysis results in a 15% faster ω2 change in
the ferroelectric phase.

Fig. 5. Temperature dependence of the soft mode damping.
Full lines are the theoretical damping curves including the res-
olution (0.25 THz) of the neutron experiment. The dashed line
in the ferroelectric phase shows the damping values deduced
from the Raman data in [15].

The damping shows the usual increase upon approach-
ing the ferroelectric phase transition from both sides
(Fig. 5). In the ferroelectric phase the temperature evo-
lution of the damping is compared to predictions based
on third order anharmonic decay of the optic phonon into
acoustic phonons [31], allowing a comparison with a sim-
ilar analysis of the Raman spectra by Vysochanskii et al.
[15]:

Γ = a
T

√
T0 − T

+ b
T

T0 − T
+ c. (2)

Using similar parameters as in [15] (here we find: a ≈
0.006 THz/

√
K, b ≈ 0.015 THz and c ≈ 0.049 THz) the

prediction from equation (2) convoluted with the resolu-
tion width wR of the neutron experiment is shown as solid
lines in Figure 5 (wR ≈ 0.25 THz). The dashed line in the
ferroelectric phase denotes the temperature behaviour ob-
served in the Raman experiment (wR ≈ 0.04 THz), which
is in reasonable agreement with the damping values found
here. Clearly, the LO mode has a lower damping close to
T0.

As in the case of Sn2P2Se6, the damping constant in
the paraelectric phase shows a weaker temperature de-
pendence, consistent with the slower rate of change of the
paraelectric soft mode frequency.

Below 250 K, both LO- and TO-frequencies saturate
near 1.4 THz, and an apparent negative LO-TO splitting
is observed. As stated earlier, this can be explained by
a coupling of the x-polarized soft mode to the nearby z-
polarized polar phonon, as shown by the model presented
below.

The model is further motivated by the outcome of Ra-
man and polariton scattering experiments [22,32], where
a strong anisotropy in the behaviour of the low frequency
optic branches is observed, whose origin was tentatively
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Temperature (T/T0)

Fig. 6. Model of the x-polarised and z-polarised phonon-
interaction resulting in an apparently negative LO-TO(x) split-
ting at low temperature (T/T0 ≤ 0.7).

attributed to such a coupling mechanism. It was shown
that both y-polarized (A′′-symmetry) and z-polarized (A′-
symmetry) polar optic mode frequencies lie close to the
soft mode.

Our model assumes a positive LO-TO splitting for
both x- and z-polarized phonons (Fig. 6); a possible
coupling to the y-polarized optic mode is ruled out by
symmetry. The thermodynamic potential Φ allows two
types of interaction terms, an analytical (in (qx, qz))
isotropic term, dPxPz, and a non-analytical interaction

term f
qxqz

q2
PxPz, which is only strong for wave vector di-

rections intermediate between x and z. This results in the
following dynamical matrix:

D =

(
ω2
x(q, α, T ) d+ f cosα sinα

d+ f cosα sinα ω2
z

)

=

(
ω2
x(q, α, T ) d′

d′ ω2
z

)
(3)

in which ω2
x(q, α, T ) is described by equation (1). The in-

teraction d′ = d+f cosα sinα results in a repulsion of the
two phonons. In the neutron experiments the wave vector
was selected q//c∗, not exactly perpendicular to the po-
larisation Px (α ∼= 76◦), showing that, in principle, both
coupling terms may contribute.

In Figure 6 the qualitative temperature dependence
of the LO and TO parts of the soft mode have been de-
picted according to this model, assuming constant A, C
and d′, coupled to a temperature independent z-polarized
optic phonon. At low temperatures the z-polarized phonon
is assumed to be at slightly lower frequencies than the
x-polarized phonon. As the temperature is raised, the
LO(z) first interacts with the TO(x) phonon and at
somewhat higher temperatures the TO(z) interacts with
the LO(x) phonon. Consequently, the apparently repelled

LO(x) (lowest curve in Fig. 6 for
T

T0
≤ 0.7) is lower in

frequency than the TO(x) at low temperatures, thus ex-
plaining the observed negative LO-TO splitting. Close to
T0, in contrast, the TO (Px) shows an normal softening.

Fits of the soft mode frequencies according to the
model described by the 2×2 dynamical matrix of equation
(3) are shown by the solid lines in Figure 4. A constant in-
teraction strength d′ = 0.2 THz2 is assumed together with
temperature independent bare mode frequencies 1.36 THz
(LO(z)) and 1.22 THz (TO(z)), respectively.

The LO(x) temperature dependence is nearly the same
as obtained in Raman studies [22] (not shown). In con-
trast, close to the phase transition, the TO(x) mode
follows the A-mode observed in the Raman study of Gom-
monai et al. [22], who assigned it as the TO(x) soft mode.
At lower temperatures a disagreement between the neu-
tron and Raman results occurs, where the neutron data
show that the soft mode follows more closely the B-mode
observed in the Raman study (which was assigned as the
TO(z)-mode).

Two reasons could explain the discrepancy. Firstly,
since the Raman results are obtained at much lower
q-values than the neutron results, an additional disper-
sion in the low q-range could be present. On the other
hand, the neutron data are more likely to show the cor-
rect soft mode behaviour since a direct relationship be-
tween Raman tensor elements and mode assignment does
not exists. The neutron data indicate a change of the soft
mode polarisation from the x-direction to a direction in
the plane including a z-component. The latter would ex-
plain moreover the anomalous behaviour of the B-mode
at low temperatures (below 100 K) [22], where it shows a
predominant frequency increase, up to 1.36 THz. In con-
trast, the A-mode is temperature independent in the same
range.

Additional neutron studies, in particular on
z-polarized vibrations, are necessary to verify this
conjecture and to clarify the anisotropic behaviour of the
Raman scattering spectra in detail.

In the discussion one should not underestimate the in-
fluence on the resulting lineshapes of the interaction of the
soft mode, both with the z-polarized optic phonon and
with the TA(xz) acoustic phonon. An interesting example
is the investigation of the soft mode behaviour in the fer-
roelectric orthorhombic phase of KNbO3 [33], where the
longstanding discrepancy between Raman and INS stud-
ies was resolved only after a coupled damped harmonic
oscillator analysis of the Raman and INS results [33].

3.3 Soft mode dispersion in the a�-b� plane

The low frequency phonon dispersion branches of Sn2P2S6

in the a∗-b∗ plane were studied on 1T1 (LLB, Saclay) at
two temperatures (302 K in the ferroelectric phase, and
440 K in the paraelectric phase) with a typical energy
resolution of 200 GHz, probing the soft branch dispersion
along b∗ as well as the behaviour of y-polarized phonons.
In this way, the dispersion along the three main crystal
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Fig. 7. Mode symmetry along the b∗ direction in the paraelec-
tric phase (P21/n). Solid lines represent B-type symmetry and
dashed lines A-type symmetry modes.

directions has been obtained, as required for setting up a
lattice dynamical model of the transition.

The symmetry of the lowest frequency phonon
branches along the b∗ direction are given in Figure 7
for the paraelectric phase. At the Γ point four different
irreducible representations Ag, Bg, Au and Bu exist.
Along the b∗ direction the modes are symmetric (A) or an-
tisymmetric (B) with respect to the two-fold screw-axis.

At
1

2
b∗, the modes are doubly degenerate (E). There are

no symmetries left in the ferroelectric phase for modes
propagating along b∗, except at the zone center (A′ and
A′′ representations).

The experimental dispersion branches are given in Fig-
ure 8 (302 K) and Figure 9 (440 K). A clear TA(xy)
phonon along b∗ is observed in the (4 ζ 0) geometry, with
a limiting slope (at 302 K) in agreement with ultrasound
measurements of the sound velocity (295 K) [34]. When
comparing its dispersion in the paraelectric phase to that
in the ferroelectric phase, a strong frequency reduction at
high ζ values is apparent, and simultaneously, its linewidth
is significantly broader at 440 K. This indicates a repul-
sion because of coupling to the TO(x) soft optic branch.

The soft optic TO(x) phonon could be observed in the
(5 1+ζ 0) zone, as shown in the spectra given in Figure 10.
A clear frequency change of the soft mode (1.10 THz at
302 K versus 0.78 THz at 440 K for (5 1.15 0)) is seen,
which is consistent with its temperature dependence at
the Brillouin zone center (as discussed in Sect. 3.2).

Fig. 8. Low frequency phonon dispersion branches in the
ferroelectric phase of Sn2P2S6 (302 K) (errorbars typically
±0.04 THz); (a) x-polarized soft optic mode and acoustic
branches. (b) same for the y-polarization. Solid lines are guides
to the eye.

The spectra showed that for higher values of ζ the
modes present (TA(xy), TO(x) and another optic mode
O1) start to overlap. At 302 K, the soft optic mode pa-
rameters were reliably extractable, with the TA(xy) fre-
quencies close to the corresponding ones obtained in the
(4 ζ 0) geometry. The linewidths and intensity variations
as a function of ζ confirm that the TO(x) and TA(xy)
phonons are coupled. Moreover, Figures 8 and 9 show that
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Fig. 9. Low frequency phonon dispersion branches in the
paraelectric phase of Sn2P2S6 (440 K) (errorbars typically
±0.04 THz); (a) x-polarized soft optic and acoustic branches.
Notice the pronounced lowering of the TO and LO frequen-
cies with respect to Figure 8a. Both LA(xx) and TA(xy) are
clearly repelled by the soft branches. (b) y-polarized optic and
acoustic dispersions. Solid lines are guides to the eye.

also the LO(x) and LA(xx) phonons are coupled, as evi-
denced by the branch repulsion. At the two experimental
temperatures, the LO-TO splitting turns out to be rather
low in both phases, with a value at 302 K consistent with
the measurements in the a∗-c∗ plane.

At 440 K, the broad response in the (5 1 + ζ 0) geom-
etry was analysed assuming the TA(xy) frequencies ap-
proximately at the values independently obtained in the
(4 ζ 0) geometry. Because of the broad response, the error-

Fig. 10. Constant-Q spectra at (5 1 + ζ 0) for ζ = 0.15 (a)
302 K and (b) 440 K. A second optic mode (O1) is observed
at 440 K in addition to the TA(xy) acoustic and TO(x) soft
optic mode.

bars for the branch frequencies at high ζ values is larger
(±0.06 THz) at this temperature.

Interestingly, the soft branch dispersion seems to be
qualitatively different along the b∗ compared to the c∗ di-
rection, since along b∗ the dispersion is rather flat, whereas
the coupling between the acoustic and optic modes pro-
duces an upward bend of the dispersion curve along c∗. At
440 K, the soft branch remains quite flat along b∗, though
it is clear from the spectra (intensity and linewidth trans-
fer from the optic to the acoustic mode) and the tem-
perature dependence of both branches, that the coupling
between the acoustic and optic mode must be consider-
able. No indications of an instability along b∗, as suggested
by previous lattice dynamical calculations [14], can be seen
in the shape of the soft branch.

The y-polarized TO and LO optic phonons at about
1.2 THz could be followed in the (1−ζ 4 0) and (1 4+ζ 0)
geometries, as shown in Figures 8 and 9. In the ferroelec-
tric phase the branches are close to the soft branch, but,
in contrast to the x-polarized optic mode, show almost no
frequency change (δω ≤ 0.03 THz) between the paraelec-
tric and ferroelectric phase. The LO-TO splitting of this
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mode is also quite small. The near temperature indepen-
dence of the y-polarized mode is in agreement with Raman
studies [23], with a frequency consistent with the present
INS measurements (Fig. 8). The LO(y) mode shows, sim-
ilar to the couplings observed for the soft mode, an inter-
action with the LA(yy) mode (A symmetry) along b∗.

3.4 Acoustic branches

The acoustic branches in the a∗-c∗ plane shown in Figure 2
represent a TA (uxz) phonon and two LA (uxx and uzz)
phonons. The limiting slopes obtained from ultrasound
velocities [18] v(zz) (3.75× 103 ms−1 at 295 K and 3.59×
103 ms−1 at 330 K) and v(xz) [34] (2.30 × 103 ms−1 (at
295 K)) agree well with the extrapolations of the neutron
data towards q = 0 at all temperatures.

However, the slope corresponding to v(xx) obtained
from neutron scattering (about 4.26×103 ms−1 at 250 K)
is substantially higher than the slope expected from the
ultrasound velocity v(xx) measurements (2.9× 103 ms−1

at 70 MHz). A similar deviation was found in Sn2P2Se6

(100 K) [5].
Two phenomena turn out to contribute to the differ-

ence. First, a strong dispersion in the ultrasound velocity
v(xx) occurs in the MHz-region, which has been related to
domain relaxation. This relaxation does not extend to the
THz-region. A good estimate for the final velocity with-
out dispersion can be obtained from the ultrasound de-
termination in the paraelectric phase, where domains are
absent: v(xx) = 3.05× 103 ms−1 at 70 MHz.

Secondly, Sn2P2S6 exhibits strong piezoelectric prop-
erties in the ferroelectric phase, which account for the re-
maining difference. The sound velocity is changed by the
piezoelectric effect, if the induced electric dipole field Pind

of the acoustic displacement wave has a component along
the propagation direction q = l [35,36], leading to an in-
crease in the effective restoring forces. Therefore, velocities
are classified as vE (Pind,l = 0, constant electric field E
condition) and the (slightly) higher vDl (Pind,l 6=0, con-
stant electric displacement Dl condition).

The piezoelectric relation P = dX enables one to de-
duce the ultrasound velocity vDl from the piezoelectric
modulus tensor d and the propagation direction l and
strain field X of the acoustic phonon [37].

Here, the modifications to the ultrasound velocities
(Tab. 1), to be used in the comparison with the neutron
acoustic branches along a∗ and c∗ (Fig. 2), are calculated
on the basis of the electromechanical coupling constants
klj according to

vDlij =
vEij√

1− k2
lj

(4)

in which the electromechanical coupling constants are re-
lated to the piezoelectric moduli following:

klj =
dlj√
εllε0
Cjj

(5)

Table 1. Piezoelectric corrections to the sound velocities v at
295 K.

q kij vE(103 ms−1) vD(103 ms−1)

// a∗ k11 = 0.67 vE11 = 3.05 vD1
11 = 4.11

// c∗ k33 = 0.15+ vE33 = 3.75 vD3
33 = 3.79

// c∗ k35 = 0.39+ vE13 = 2.30 vD3
13 = 2.50

// a∗ k15 = 0.10+ vE13 = 2.30 vD1
13 = 2.31

with εllε0 and Cjj the corresponding dielectric constant
and elastic compliance.

The electro-mechanical coupling constant k11 is rela-
tively high: k11 = 0.67 at 295 K [38], which is reflected

in the strong change in the sound velocity vD1
11 . Using for-

mula (4) a value of vD(xx) = 4.11 × 103 ms−1 at 295 K
is obtained, in good agreement with the limiting slope of
the neutron scattering data, thereby solving the remaining
discrepancy.

The values for k11, k12, k13, k31 and k32 and part of the
piezoelectric modulus tensor d have been determined by
Vysochanskii et al. [39]. The electromechanical coupling
constants indicated in Table 1 by + have been estimated
using formula (5). k33 was calculated from the known elas-
tic compliances and coefficients k32, d33 and d32 according

to k33 =

(
C33

C22

)1/2(
d33

d32

)
k32. An estimation of the rela-

tive value of C55 and C22 allowed to calculate k15 and k35

in a similar manner.
The resulting ultrasound velocities vDlij in Table 1 were

used in Figure 2, where good consistency is obtained with
respect to the limiting slopes on all four acoustic branches.

Along the b∗ direction and for the y-polarized TA(yx)
mode along a∗, the slopes obtained from ultrasound
(295 K) and from the present neutron study at 302 K
are consistent (Fig. 8). Here, indeed piezoelectric correc-
tions are absent because the corresponding piezoelectric
moduli, with b perpendicular to the glide plane of the Pn
space group, vanish by symmetry.

4 Conclusions

The relationship between lattice dynamics and the ferro-
electric phase transition has been studied for the proper
ferroelectric Sn2P2S6. The lattice dynamics in the a∗-c∗

plane is studied in the ferroelectric phase, where a clear
x-polarized soft optic mode is observed. In the paraelec-
tric phase its softening is relatively slow, indicative of a
mixed order-disorder/displacive transition, and stabilizes
at about 0.6 THz around T0. A question which could not
be answered in the framework of this work is, whether
or not this is accompanied by a central component, as in
Sn2P2Se6 [5] for the paraelectric-to-incommensurate tran-
sition.

The low frequency dispersion in both phases were ob-
tained in the a∗-b∗ plane, with consistent zone center
soft mode frequency changes. Additional lattice dynami-
cal calculations using the present information are expected
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to provide a more microscopic insight in the nature of the
forces leading to the phase transitions, in particular why
an incommensurate phase appears in Sn2P2Se6, and not
in Sn2P2S6.

An apparent inverted soft mode LO-TO splitting is ob-
served at low temperatures, which can be related to cou-
pling of the soft mode to the nearby Pz optical phonon.
The related temperature dependence of the soft mode
also indicates a pronounced coupling to the z-polarized
optic mode, which seems to be at the origin of the anoma-
lous anisotropy of the phonons observed in Raman spec-
troscopy.

An interaction between the soft TO(Px) and TA(xz)
acoustic modes is present in the ferroelectric phase,
as evident from the dispersion and phonon lineshapes,
quite similar to the interaction in the paraelectric phase
of Sn2P2Se6 [5]. Clearly, the x- and y-polarized op-
tic phonons show distinct interactions with the acoustic
phonons.

Consistency between the sound velocities obtained
from ultrasonic measurements and from the limiting
slopes in the neutron scattering study is obtained when
including piezoelectric corrections.
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