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Ferroelectricity, Nonlinear Dynamics, and Relaxation Effects in Monoclinic Sn,P,S¢
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An ab initio—based model of the temperature-induced ferroelectric phase transition in Sn,P,S¢ (SPS) as
a prototype of an unconventional ferroelectric is developed. The order parameter in SPS is found as the
valley line on a total-energy surface of the zone-center fully symmetrical A, and polar B, distortions.
Significant nonlinear coupling between order parameter and strain is observed. Monte Carlo simulations
describe the additional low-temperature rearrangement in polar structure, which appears in domain
boundaries, and describe the relaxation phenomena near the ferroelectric phase transition.
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Over the years, the ferroelectric perovskites have been
extensively studied from both the experimental and theo-
retical points of view. The most important example is
BaTiO; [1]. Because of its simple crystal structure, the
first-principles scheme based on the local-mode approach
was developed and successfully applied to the study of the
ferroelectric phase transition (PT) more than ten years ago
[2]. In the present work we investigate the peculiarities of
chalcogenide-containing ferroelectrics, a wide class of
low-symmetry compounds, where the strongly pronounced
nonlinear phenomena have two origins: (i) The polariz-
ability of the anion sublattice is much higher than in
oxides; (ii) the symmetry is lower, allowing effects which
are forbidden in the high-symmetry perovskite structures.

One example of this class of ferroelectrics is the mono-
clinic ditin-hexathiophosphate Sn,P,S¢ (SPS), a prospec-
tive material for fast holography and nonlinear optics in the
infrared region [3]. The unit cell of SPS contains 2 formula
units, i.e., 20 atoms, forming anionic complexes (P,S¢)*~
with predominantly covalent bonding and ferroelectric-
active Sn’>* cations, connected via ionic bonding to the
anion complexes [4,5]. From a fundamental point of view
many interesting phenomena such as two-length scale
critical behavior [6], coexistence of NMR resonances of
paraelectric (PE) and ferroelectric (FE) phases [7], non-
Debye dielectric dispersion near 60 K [8], relaxation pro-
cesses near the second-order PT at 337 K [9], displacive vs
order-disorder crossover [10], complex nature of the optic
soft mode in the FE phase, and nonlinear soft-mode inter-
actions in the PE phase [11-14] have been observed ex-
perimentally in this proper uniaxial ferroelectric.
Isostructural to the SPS, the Sn,P,Seq ferroelectric exhibits
an incommensurate phase between the PE and FE phases
[15]. The Sn,P,(Se,S;_,)s solid solutions have a rare
Lifshitz point in the 7, x phase diagram [15], where an
incommensurate phase appears.

The aim of this Letter is to report a reasonable micro-
scopic model for SPS ferroelectrics with a monoclinic
reference structure. The monoclinic structure was re-
cently studied in Pb(Zr, Ti)O; using ab initio methods
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for the cubic reference structure utilizing the effective-
Hamiltonian approach for nonzero temperature investiga-
tions [16], and analytical interatomic potentials for studies
of compositional disordering [17]. We will point out that,
in contrast to BaTiO5; and PbTiOj5 [18], the FE instability in
SPS arises from nonlinear interaction of polar and fully
symmetrical modes, which leads to a triple-well potential.
We will present theoretical results, describing the conjec-
tured structural disorder with the polar symmetry [8] as a
reconstruction in the domain boundaries, and coexistence
of NMR resonances of PE and FE phases near the PT [7]
due to triple-well potential-energy surface.

We pursue a completely ab initio effective-Hamiltonian
approach [2] to carry out a theoretical study of the FE
phase transition in SPS, since (i) the transition from the
high-symmetry P2,;/n to the low-symmetry Pn structure
can be described in terms of small structural distortions
[4,5], and (i) the polar soft mode with B, symmetry in the
PE phase is clearly observed experimentally [13,14]. Our
first-principles calculations of the Born effective charges,
phonon spectra, and elastic properties have been conducted
within the density functional perturbation theory using the
ABINIT code [19] and the pseudopotential method [20] with
the following electronic configurations of the pseudo-
atoms: 5s%5p? for Sn, 3s23p> for P, and 3s*3p* for S.
The exchange-correlation interaction was taken into ac-
count within the local-density approximation (LDA) [21].
We have used a4 X 4 X 4 k-point mesh, and a plane-wave
energy cutoff of 30 Ry. The theoretical values of the
structural parameters differ from the experimental ones
[4,5] within 1% for the P—P and P-S interatomic distances
and within 9% for Sn-S.

Our finite-temperature studies of the PT proceeds in four
steps: (i) investigation of the transition path to determine
the important degrees of freedom, (ii) recasting the full
anharmonic lattice Hamiltonian into a form with a reason-
ably small number of parameters, (iii) determination of the
parameters from the highly accurate ab initio LDA calcu-
lations, and (iv) Monte Carlo (MC) simulations to deter-
mine the phase-transformation behavior of SPS.
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In BaTiO; and other perovskites the subspace of the
important degrees of freedom for the anharmonic part of
the Hamiltonian is determined by just the eigenvector of
the soft mode, which has imaginary frequency in harmonic
ab initio phonon calculations. In contrast, we have found
that in the case of SPS the phonon spectrum of the high-
symmetry phase is dynamically stable over the entire range
of the Brillouin zone. Compatible with the PT group-
subgroup relation are two mode types: polar B, and non-
polar fully symmetrical A,. Using the resulting relaxed
geometry of the PE and the FE phases and the zone-center
normal-mode displacements in the PE phase we can de-
compose the reference PE structure distortions in terms of
the A, and B, optical-mode amplitudes. It turned out that
the B, (39 cm™ ') and A, (41 cm™") modes with the lowest
energy make the largest contributions to the FE lattice
distortions, but the contributions of the other modes with
a higher energy cannot be neglected as well. The eigen-
vector of the low-energy optical B, mode describes in-
phase displacements of the four Sn>* cations mostly along
the a-axis and the corresponding counter-phase displace-
ments of the two anion complexes. In the low-energy A,
vibration only the out-of-phase displacements in the cation
sublattice are observed. These findings are very similar to
the recent semiempirical results [22].

Frozen-phonon calculations of the total energy for the
low-energy B, mode does not point at any additional
minima, which might be related to the FE instability. But
surveying the potential-energy surface in the subspace of
low-energy B, and A, modes the strong deviation from
harmonic behavior can be clearly seen, though the global
FE minima still are not observed (see Fig. 1). The energy
positions of the FE global minima can be reached only in
the subspace of all 15A, + 13B,, normal coordinates and
four monoclinic components of strain, the order parameter
is determined as a valley line in the 32-dimensional phase
space. Using the approach proposed in [23], we evaluate
the total energy as a function of an amplitude u = (u2 +

u?+ u?)'/? of the FE atomic displacements

FIG. 1 (color online). Frozen-phonon energy surface (in eV)
for a linear combination of A, and B, mode amplitudes for
Sn,P,S¢ within LDA. Black circles denote the projections of the
positions of the global FE minima.

[Zn(rﬁ(p ) — p2PEY2]1/2 i the PE unit cell, where r"(PE)
and r"?) are the position of atom 7 in the PE and polar
structures, respectively. For each u we have performed the
simulations of (i) the direct-path, obtained with no struc-
tural relaxations connecting PE and FE configurations,
(i1) the internal relaxation path, when the internal degrees
of freedom were allowed to relax, while the lattice shape
was fixed to the reference PE structure, and (iii) the real
path, when all possible degrees of freedom were allowed to
relax during energy minimization procedure. For the first
two simulations the homogeneous strain induced by inter-
nal deformation was relaxed using linear stress-strain rela-
tion with calculated clamped-ion elastic moduli, and the
related elastic energy was extracted from the correspond-
ing path. The results are collected in Fig. 2.

The obtained energy profile has a triple-well shape,
where two FE valleys arise from the nonequivalent lattice
distortions Ag *= B, as a result of strong nonlinear AgBﬁ
interaction. The PE valley is the main source of the ex-
perimentally observed [11,13,14] relaxation part of the
order-parameter fluctuation spectrum. Relaxation pro-
cesses, observed as the coexistence of the FE and PE
NMR-resonances within a 16 K temperature range below
the PT [7], also confirm the obtained triple-well shape of
the potential-energy surface.

In the vicinity of the PE reference structure a difference
between the real path and the elastically relaxed counter-
parts for the direct path and the internal relaxation path is
considerably large (see Fig. 2), which indicates a signifi-
cant nonlinear coupling between the order parameter and
the strain. The internal relaxation path coincides well with
the real path only in the middle of the valley line, while its
elastically relaxed counterpart does not reach the global FE
minima in the FE valley. Within the whole of the FE valley
the real path coincides with the elastically relaxed counter-
part of the direct path. Therefore, as a local polar distortion
we have chosen the set of the linear atomic displacements
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FIG. 2 (color online). Energy profile along the valley lines in

Sn2P286 within LDA.
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with reduced amplitude ¢ = u/u’F along the direct path.
This distortion accounts for all 28 optical A, and B, modes
only implicitly, while the coupling with four elastic defor-
mations is treated explicitly. The displacement of the atom
n from its position in the PE structure, multiplied by the
respective value of the Born effective charge, calculated for
the reference PE phase, is associated with the elementary
electric dipole u,, contributing to the polarization of the
unit cell. The linear dependence of the atomic displace-
ments with respect to the distortion amplitude ¢ allowed us
to construct the effective Hamiltonian in the simple pseu-
dospin form, similar to Ref. [2]:

8
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where the sums over i and j run over all unit cells within
the simulation MC cell; the sum over [/ runs over the unit
cells neighboring to the i cell in the x, y, and z directions;
the sums over m and n run over all elementary dipoles u
within the unit cell; D= (R; —R;) — (" —r") + d,
where R; is the position of the unit cell Z, r" is the position
of the elementary dipole m, within the unit cell, and d is
the position of the simulation cell replicas in the system
with periodic boundary conditions. The use of the poly-
nome with eight A; constants is necessary to properly
describe the anharmonicity of the local-distortion self-
energy (see the curve “Direct path” in Fig. 2). The other
input parameters for the effective Hamiltonian are the
following: three B; constants, describing the short-range
nearest-neighbor intersite coupling; one €5, constant cal-
culated as a trace of the optical dielectric tensor; four
monoclinic lattice parameters, describing the geometry
and volume V,. of the MC cell; twelve independent con-
stants of the clamped-ion elastic tensor C,;,, and four
dependencies o,(£) of the stress, induced by the internal
deformation ¢. Computational details and the values of the
parameters can be found in [24].

We solve this Hamiltonian using the METROPOLIS MC
simulations [25] on an L X L X L supercell with artificial
periodic boundary conditions. As usual [2], we choose the
single-flip algorithm and define one MC sweep as L> flip
attempts. It is well known that the ferroelectric PT tem-
perature is very sensitive to the hydrostatic pressure [2].
Since within LDA the equilibrium volume of the PE phase
is underestimated, the calculated PT temperature 7 =
100 K for Sn,P,S¢ differs significantly from the experi-
mental value T = 337 K. Therefore, as usual [2], the
negative-pressure correction has been applied. We have
found good agreement with the experimental PT tempera-

ture for the external pressure of P = —4.2 GPa, which is of
the same order as for perovskites [2]. With this correction
the difference between the theoretical and experimental
volume at low temperature is within 1.5%. We have used
10* and 4 X 10* MC sweeps for equilibration and produc-
tion, respectively. A typical value of the MC cell was L =
12. Using a larger box with L = 14 and L = 20 slightly
shifts the PT temperature upwards, but does not influence
the main peculiarities of the PT.

In accordance with the experimental observations [15],
our model describes the existence of FE 180° domain
ordering along the b-axis. No additional boundary condi-
tions were applied for the pseudospins localized at the
domain wall, and the quantum effects at low temperatures
were neglected. We performed two runs in heating (7' =
4-350 K) and cooling (T = 130-4 K) mode with tempera-
ture steps of 2 K. For both runs an initial configuration has
been chosen with the domain boundary as shown in
Fig. 3(a), left, but with equal within domain-space values
of pseudospins = P, which correspond to the FE minimum
and determine the saturated values of the possible sponta-
neous polarization P;.

After the equilibration run in the heating mode the
domain boundary becomes smooth, leading to the multi-
peak distribution associated with the two types of pseudo-
spins [see Fig. 3(a)]: (i) sharp peaks for =P, pseudospins,
and (ii) broad peaks for = %Ps, which correspond to the
pseudospins near the domain boundaries (see left panel).
Heating leads to the strong decrease of the type-(i) peaks
and to significant smoothing of the type-(ii) peak distribu-
tion. This configuration survives up to 66 K, where the
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FIG. 3. Left: Snapshots of pseudospin configurations near the
domain boundaries (thin line) for (a) metastable and (b) stable
ordering. Right: Corresponding average histograms of pseudo-
spin distribution vs temperature from MC simulations (L = 12;
40000 MC sweeps per temperature point).
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pseudospin distributions transform to a three-peak form
[see Fig. 3(b)]: (i) peaks for £P,; (ii) peaks near * %Ps,
related with the domain boundaries, and (iii) at P; = 0,
representing the existence of the nonpolar cells at the
domain boundaries. This pseudospin configuration is
more stable, having a free energy lower by about 1 meV
(per unitcell)at 7 = 4 Kand 10 meVat T = 60 K surviv-
ing down to 7 = 324 K, where the transition to the PE
phase occurs. Upon cooling the initial configuration with a
sharp domain boundary changes into the three-peak form
with a central peak in the distribution after the equilibra-
tion run at 7 = 130 K. This configuration is maintained
down to T = 4 K and reveals the sharpening of the peak
distribution. So, we observe the presence of a metastable
configuration of pseudospins, which can be conserved in
the temperature range of less than 65 K. The rearrangement
occurs in the domain-wall region, and it is related to the
presence of nonpolar cells at the boundary as a direct
consequence of the triple-well potential. This can be re-
sponsible for the experimentally observed non-Debye type
dielectric dispersion at low temperatures near 7 = 60 K
[8], which was suggested to be related to the structural
disordering in the polar phase. Above 7 = 60 K thermal
fluctuations allow the motion of the domain-walls chang-
ing their shape from stable configuration to the metastable
one. At low temperatures an external electric field can
stabilize the metastable configuration and hence fix the
smooth shape of the domain boundary by decreasing the
amount of P; = 0 pseudospins. This in turn leads to the
freezing of the contribution of domain-wall motions to the
macroscopic polarization, which is observed experimen-
tally. Note that the calorimetric experiments [10], which
are conducted at equilibrium conditions, reveal no anoma-
lies in the low-temperature region. The same results (not
presented here) were obtained for the L X 4L X L MC
cell, enlarged along the b-axis as well as for the isostruc-
tural selenide Sn,P,Seg.

In conclusion, we have presented the successful appli-
cation of the local-mode approach to the low-symmetrical
monoclinic chalcogenide ferroelectrics. We have found a
complex potential-energy surface, leading to the freezing
phenomena at low temperatures and to the existence of
nonpolar cells in the ferroelectric phase. The nonlinear
mode interactions lead to a triple-well shape of the
potential-energy surface as a result of significant
electron-phonon interaction and, correspondingly, to the
theoretically and experimentally observed complex nature
of the soft mode. We believe this nonlinearity to be a
reflection of the strong polarizability of Sn’>* cations in
chalcogenide surrounding, which will be a subject of a
forthcoming article.

K.Z.R. is grateful to the Alexander von Humboldt
Foundation for financial support.
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