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First-principles study of Sn2P2Se6 ferroelectrics

Razvan Caracas and Xavier Gonze
UniversitéCatholique de Louvain, Unite´ de Physico-Chimie et de Physique de Mate´riaux,

pl. Croix du Sud 1, B-1348 Louvain-la-Neuve, Belgium
~Received 27 December 2001; published 27 September 2002!

We have investigated the electronic, structural, and dielectric properties of the ferroelectric Sn2P2Se6 using
the local density approximation of the density functional theory. The charge density analysis reveals the
existence of isolated@P2Se6# groups and Sn atoms, which are weakly bonded to each other. The band structure
is made of weakly dispersive bands, which are assigned to different atomic and/or molecular orbitals. The
electronic gap is on the order of;1 eV. The theoretical determination of the structure underestimates the unit
cell parameters~up to 6%! and the Sn-Se interatomic bond distances~up to 11%! with respect to the experi-
mental results, while the agreement is excellent~within 1% for bond lengths! in the description of the@P2Se6#
group geometry. The Born effective charges of P and Se are much more anisotropic than those of Sn. The
computed spontaneous polarization is on the order of 15mC cm22.
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I. INTRODUCTION

Sn2P2Se6 belongs to a large family ofA2B2C6 uniaxial
displacive ferroelectrics, withA5Sn,Pb,Cu,In,B5P, and
C5S, Se,1–4 and is one of the few proper ferroelectrics th
shows the presence of an incommensurately modul
phase, intermediate between the paraelectric and ferroele
phases. The temperature range of stability of this incomm
surate phase is~193–220 K!. The high-temperature phas
has symmetryP21 /c and the low-temperature phase hasPc
symmetry.3 Experimental data are available in the literatu
phase transition analyses,3,5,6 reports of Raman,7,8 infrared,7

and Mössbauer9,10 spectroscopy, inelastic neutro
scattering11–13 experiments, thermal measurements14

memory effect analysis,15 etc. The theoretical studies hav
focused up to now on the application of the dipole Isi
model in order to understand the mechanisms governing
phase transitions and the appearance of
ferroelectricity.16,17 We are not aware of first-principles ca
culations of the properties of Sn2P2Se6. As concerns other
members of theA2B2C6 family, we are aware only of a
Hartree-Fock study of Sn2P2S6.6

In the present study we carry on such a first-princip
investigation, dealing with the electronic, structural, and
electric properties of the ferroelectric Sn2P2Se6. For this we
have used the local density approximation~LDA ! of the den-
sity functional theory~DFT! ~Refs. 18 and 19! as imple-
mented in theABINIT code.20

The paper is organized as follows. First the structure
the ferroelectric phase is briefly described~Sec. II!; then de-
tails of the calculation method are presented~Sec. III!. The
valence charge density distribution and the electronic b
structure are presented in Sec. IV. Theab initio determina-
tion of the crystal structure is discussed and compared to
experimental results in Sec. V, while the dielectric propert
are reported in Sec. VI. Finally, we summarize this study

II. CRYSTAL STRUCTURE

We considered the monoclinic ferroelectric phase us
the Pc symmetry setting, witha56.8145 Å, b57.7170 Å,
0163-1829/2002/66~10!/104106~7!/$20.00 66 1041
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c511.692 Å, andb5124.549° as determined at 193 K.21

There are 20 atoms in the unit cell. Equivalent pseu
orthorhombic unit cell choices are also reported in t
literature.22

Three-dimensional representations of the structure an
its corresponding Brillouin zone are shown in Fig. 1~a! and
Fig. 1~b!, respectively. With respect to basic chemical arg
ments and geometrical consideration, the structure may
seen as built of@P2Se6# anionic groups and Sn cations
Within the @P2Se6# group, each P atom is fourfold coord
nated ~one P atom and three Se atoms!. A distance of
2.225 Å separates the two P atoms. The Se atoms are
posed at the apices of a basal triangle. The P-Se bond
tance ranges between 2.18 and 2.20 Å . As a whole the gr
may be seen as a distorted trigonal antiprism, with mo
clinic 2/m symmetry. The@P2Se6# units are arranged alon
chains parallel to@010#. Two consecutive chains are in a
antisymmetrical relationship. The Sn atoms lie between th
@P2Se6# units, surrounded by eight Se atoms at distances
2.9 Å up to 3.6 Å, suggesting possible ionic-type bon
They ensure the in-chain connections and the further bind
of these chains in directions parallel to@100#, @001#,
and @101#.

III. COMPUTATIONAL DETAILS

All the calculations were based on the LDA of th
DFT.18,19We used theABINIT code, a common project of th
UniversitéCatholique de Louvain, Corning Incorporated a
other contributors@ABINIT v2, ~Ref. 20!#. TheABINIT software
is based on pseudopotentials and plane waves. It relies o
adaptation to a fixed potential of the band-by-band conjug
gradient method23 and on a potential-based conjugat
gradient algorithm for the determination of the se
consistent potential.24 As usual with plane-wave basis set
the numerical accuracy of the calculation can be system
cally improved by increasing the cutoff kinetic energy of t
plane waves.

These wave functions describe only the valence and c
duction electrons, while the core electrons are taken into
©2002 The American Physical Society06-1
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FIG. 1. Fragment of the crystal structure of Sn2P2Se6 ferroelectrics~a! and its corresponding Brillouin zone~b!. The P-Se and P-P bond
inside the@P2Se6# group are shown. The atoms are, in decreasing size order, Se, P, and Sn. The numbers correspond to the
independent crystallographic sites. For the ease of the visualization, some of the atoms are labeled.
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count using pseudopotentials. We used Troullier-Mart
pseudopotentials25 for the three elements, the core config
ration for Sn being@Kr#4d10, the one for P being@Ne#, and
the one for Se being@Ar#3d10. The valence electrons shel
were 5s25p2, 3s23p3, and 4s24p4 for Sn, P, and Se, respec
tively.

For the characterization of the electronic properties a
of convergence tests has been done in order to choose
rectly the grid of specialk points26 and the plane-wave ki
netic energy cutoff. During these tests the grid density a
the cutoff energy value have been consecutively and in
pendently increased. The variation of the total energy
been monitored. A difference of 1 millihartrees (1 hartr
527.211 eV) between two successive grids and cutoff e
gies has been considered a good indication of the con
gence. A regular 43434 grid of specialk points, with 16
points in the irreducible part of the Brillouin zone, and
plane-wave kinetic energy cutoff of 26 hartrees have b
finally adopted for the calculation of the electronic prop
ties.

The structural relaxation was conducted using
Broyden-Fletcher-Goldfarb-Shanno minimization,27 modi-
fied to take into account the total energy in addition to
gradients. Technical details on the computation of respon
to atomic displacements and homogeneous electric fields
be found in Ref. 28, while Ref. 29 presents the subsequ
computation of dynamical matrices, Born effective charg
dielectric permittivity tensors, and interatom
force constants.
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IV. ELECTRONIC PROPERTIES

A. Valence charge density

We determine the electronic properties for the unrelax
experimental structure. The analysis of the valence cha
distribution supports the empirical description of the stru
ture, namely, the@P2Se6# group, and almost isolated Sn ca
ions. The isodensity lines in Fig. 2~a! display the main fea-
tures of the P-P and P-Se bindings within this group. T
electron density peaks lie around the Se, P, and Sn atom
distances of about 0.7–0.85, 0.6–0.7, and 0.6–0.7 Å
from the respective atomic centers. There is a large amo
of charge between the P atoms and in the PSe3 tetrahedral
regions. Along the P-P bond the minimum of the valen
electron density represents about 94% of the P maxim
peak, while along the P-Se this minimum represents 9
from the P maximum. The strength of the P-P bond induce
molecular behavior for the@P2Se6# group.

A comparison between the P-Se and Sn-Se bonds, as
in Fig. 2~b!, shows much weaker Sn-Se bonds with main
ionic character with a small covalent component.

B. Electronic band structure

The self-consistent calculation of the density of char
allows us to construct the LDA Kohn-Sham electronic ba
structure, represented in Fig. 3~a! along several special path
in the Brillouin zone. Directions parallel and perpendicu
to the @010# @P2Se6#1Sn chains are illustrated. The ele
6-2
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FIRST-PRINCIPLES STUDY OF Sn2P2Se6 FERROELECTRICS PHYSICAL REVIEW B 66, 104106 ~2002!
tronic band structure is made of weakly dispersive ban
with no big differences between the paths.

We clearly see the separation of several groups of ba
in the lower-energy region and the accumulation of flatba
in a 3.5 eV energy range just below the top of the valen
bands. In the lower-energy region, the gaps between the
ferent bands are up to 2 eV large. The nondispersive cha
ter of the band structure is less pronounced close to thG
point, where for certain bands belonging to the same grou
maximal splitting of 1 eV is observed.

The indirect~LDA Kohn-Sham! electronic gap is 0.9 eV

C. Density of states

The electron density of states~DOS! as a function of the
energy has been calculated from a 43434 k-point grid with
a Gaussian smearing of 0.02 hartree. The DOS obtained
the valence and first conduction states is presented in
3~b!. The peaks in the DOS correspond to the differe

FIG. 2. Valence electron density distribution in Sn2P2Se6. ~a!
Transverse cross section through the@P2Se6# group. The P-P and
P-Se bonds are clearly seen.~b! Cross section through P-Se-S
atoms. The differences in the covalent character of the P-Se
Sn-Se bonds are clearly seen. Contour lines are separate
0.075e/Å3. The side ticks are spaced by 2 bohrs.
10410
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groups of electronic bands. They are labeledDS1,
DS2, . . . ,DS10. A partial valence electronic analysis wa
made in order to assign the charge belonging to the diffe
peaks in the DOS to different atomic orbitals~AO’s! and/or
molecular orbitals~MO’s!.

D. Partial charge density

The charge densities corresponding to certain groups
electronic bands are represented in Fig. 4. A cross sec
passing through the Se-P-P-Se median plane of the@P2Se6#
group and another one passing through a P-Se-Sn plan
shown for severalDS groups.

The DS1 up to DS5 charge stems mainly from th
@2P(3s)16Se(4s)# MO. As there are two@P2Se6# groups in
the unit cell, the number of bands assigned to the@2P
16Se# MO is doubled. TheDS1 (2 bands! charge has a
bonding character for both P-Se and P-P. TheDS2 (2 bands!
charge presents bonding P-Se and antibonding P-P chara
The DS3 ~eight bands! charge has a bonding character f
P-Se and antibonding for P-P. It is located mainly on
atoms and it is polarized toward the neighbor P atoms. T
DS4 ~two bands! charge is mainly concentrated on the
atoms. It has a bonding character for P-P and antibonding
P-Se. TheDS5 (2 bands! charge has antibonding charact
for both P-P and P-Se.

The electronic charge corresponding to the next fo
bands, labeled asDS6, belongs to the Sn@5s# AO with a
small hybridization of some Se AO’s. It presents a bond
character for Sn-Se.

The DS7 ~ten bands! charge corresponds to the 4Sn@5p#
AO and 6(P@3p#13Se@4p#) MO. The Sn@5p# electrons
have been partially transferred to the Se atoms, thus ensu
the ionic character of the structure. The remaining Sn@5p#
electrons have been concentrated in some distortedp lobes
away from the Se electron clouds. Their orientation is alm
perpendicular to the Sn-Se bond direction. Within t
@P2Se6# group the Se@4p# orbitals are perpendicular to th

nd
by

FIG. 3. Electron band structure~a! and the corresponding den
sity of states~DOS! ~b!. The arrow indicates the indirect gap. Th
different labels correspond to the different groups of electro
bands. See the text for an analysis of the electronic charge bel
ing to these electronic bands.
6-3
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RAZVAN CARACAS AND XAVIER GONZE PHYSICAL REVIEW B 66, 104106 ~2002!
P-Se bond direction, while the P@3p# orbitals are very polar-
ized towards Se. TheDS7 charge has a bonding charact
for P-Se and P-P and an antibonding for Sn-Se.

The remaining 24 bands of the valence bands form
group labeled asDS9. The corresponding charge belon
mainly to the Se@4p# AO’s with some participation of P@3p#
AO’s and less important Sn AO’s. It presents a bonding P
character and an antibonding P-Se character. Thep lobes of
Se are clearly seen.

The first bands in the conduction states (DS10) arep-type
AO’s which belong to all the three atoms. They present
tibonding character for all P-P, P-Se, and Sn-Se.

V. STRUCTURAL RELAXATION

The ab initio determination of the crystal structure wa
done using a 23232 and a 43434 grid of specialk
points, with 2 and 16k points in the irreducible part of the
Brillouin zone, respectively. During the calculations a ma
mum limit of 1025 hartree/bohr tolerance on the maxim
force on the atoms is allowed. The results between the

FIG. 4. Partial valence electron densities corresponding to
ferent blocks of electronic bands of Sn2P2Se6. ~a!–~d! Transverse
cross section through the@P2Se6# group corresponding in order t
the DS2, DS5, DS8, andDS9. ~e! and~f! Cross sections passin
through Sn-Se-P atoms corresponding toDS8 and DS9, respec-
tively. The electronic charge belonging to the first two blocks ste
mainly from P1Se electrons, while that of theDS8 block, the last
valence block, stems mainly from Se1P atoms with a weak partici
pation of Sn electrons. The blockDS9, the first conduction block
contains hybrids belonging to all the three atoms. Line contours
in 0.005, 0.01, 0.05, and 0.02e/Å3 for DS2, DS5, DS8, andDS9,
respectively. The side ticks are spaced by 2 bohrs.
10410
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grids of k points are very similar, with differences less tha
1%. A further calculation using the theoretical structure a
a grid of 63636 specialk points, with 54k points in the
irreducible part of the Brillouin zone, showed that the r
sidual axial stresses are lower than 1025 hartree/bohr3, the
shear stresses are less than 1026 hartree/bohr3, and the
forces on the atoms are less than 1024 ha/bohr.

The results of theab initio structural determination are
presented in Tables I, II, and III.
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TABLE I. Ab initio structural determination. Unit cell param
eters.

Parameter Experimentala Theory Difference~%!

a(Å) 6.8145 6.496 24.67
b(Å) 7.7170 7.490 22.93
c(Å) 11.692 10.955 26.32
b(°) 124.54 124.84 0.68
Volume(Å3) 506.473 437.473 213.62

aExperimental parameters are taken from Ref. 21.

TABLE II. Ab initio structural determination. Atomic positions

Atomic position Experimentala Theory Difference~absolute!

Sn1_x 0.4917 0.4871 20.0046
Sn1_y 0.1215 0.1291 0.0076
Sn1_z 0.6794 0.6800 0.0006
Sn2_x 0.0486 0.0637 0.0151
Sn2_y 0.3689 0.3659 20.0030
Sn2_z 0.1753 0.1953 0.0200
P1_x 0.4179 0.4304 0.0125
P1_y 0.6424 0.6436 0.0012
P1_z 0.5222 0.5223 0.0001
P2_x 0.1670 0.1506 20.0164
P2_y 0.8537 0.8524 20.0013
P2_z 0.3917 0.3858 20.0059
Se1_x 0.1799 0.1862 0.0063
Se1_y 0.4434 0.4366 20.0068
Se1_z 0.5119 0.5146 0.0027
Se2_x 0.5864 0.5975 0.0111
Se2_y 0.5509 0.5531 0.0022
Se2_z 0.4200 0.4087 20.0113
Se3_x 0.6689 0.6988 0.0299
Se3_y 0.7595 0.7783 0.0188
Se3_z 0.7253 0.7346 0.0093
Se4_x 0.3969 0.3872 20.0097
Se4_y 0.0592 0.0660 0.0068
Se4_z 0.4025 0.3942 20.0083
Se5_x 0.0089 0.9982 20.0107
Se5_y 0.9451 0.9462 0.0011
Se5_z 0.5005 0.5079 0.0074
Se6_x 0.9148 0.8818 20.0330
Se6_y 0.7441 0.7203 20.0238
Se6_z 0.1859 0.1711 20.0148

aExperimental parameters are taken from Ref. 21.
6-4
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The values of the unit cell parameters~Table I! are, as
often observed in the LDA, smaller than the experimen
ones. The difference is more important in the (010) pla
that was subjected to an average compression of 5%.
theb angle changes very little. The total volume contracti
is significant:213% with respect to the experiment. How
ever, the atomic reduced coordinates~Table II! are in good
agreement with the experiment, with absolute differences
to 0.03.

Table III shows that the theoretical geometry of t
@P2Se6# group agrees well with the experiment. The absol
differences in the calculated and experimental P-Se and
bond distances are less than 1% and the Se-P-Se angle
well described. The distortions between the two Se pla

TABLE III. Ab initio structural determination. Bond lengths an
angles. The labeling of the atoms corresponds to Fig. 1.

Parameter Experimentala Theory Difference~%!

@P2Se6# group

P1-Se1~Å! 2.1866 2.1828 20.17
P1-Se2~Å! 2.1912 2.1964 0.24
P1-Se3~Å! 2.1852 2.2012 0.73
P1-P2~Å! 2.2252 2.2121 20.59
P2-Se4~Å! 2.1819 2.1849 0.14
P2-Se5~Å! 2.1981 2.1860 20.55
P2-Se6~Å! 2.1839 2.1977 0.63
Se1-P1-Se2~deg! 110.20 110.40 0.18
Se1-P1-Se3~deg! 116.69 119.07 2.04
Se2-P1-Se3~deg! 113.37 113.25 20.11
P2-P1-Se1~deg! 102.67 100.22 22.39
P2-P1-Se2~deg! 107.37 108.63 1.17
P2-P1-Se3~deg! 105.41 103.66 21.66
P1-P2-Se4~deg! 104.22 101.77 22.35
P1-P2-Se5~deg! 106.04 107.43 1.31
P1-P2-Se6~deg! 106.87 104.72 22.01
Se4-P-Se5~deg! 107.74 107.03 20.66
Se4-P-Se6~deg! 115.83 115.86 0.03
Se5-P-Se6~deg! 115.11 118.51 2.95

Selected Sn-Se bonds

Sn1-Se1 3.1307 2.8914 27.64
Sn1-Se2 3.5586 3.2251 29.37
Sn1-Se3 2.9690 2.8657 23.48
Sn1-Se4 2.9598 2.8513 23.67
Sn1-Se5 3.0409 2.9457 23.13

Sn1-Se4(01̄0) 3.3286 3.1305 25.95

Sn2-Se1 2.9135 2.9221 0.29
Sn2-Se2 3.4201 3.1925 26.65
Sn2-Se4 3.3545 2.9959 210.68
Sn2-Se5 3.0816 2.9774 23.38
Sn2-Se6 3.0591 2.8742 26.04

Sn2-Se1(01̄0) 3.5539 3.1573 211.16

aExperimental parameters are taken from Ref. 21.
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and the P-P bond direction are more important, as seen in
Se-P-P angle deviation from experiment.

The Sn-Se bond distances are worse. They are under
mated by the theory up to 10%. This underestimation com
from the weak bondings between the Se and the@P2Se6#
group, and looks very similar to the case of van der Wa
bonding. This underestimation in the bond length accomm
dates the general underestimation of the volume, while p
serving the experimental geometry of the@P2Se6# group.

This underestimation suggests the need for the gen
gradient approximation~GGA!,30,31 which offers usually a
better agreement with the experiment. Actually, prelimina
data obtained from GGA calculations of the LDA-relaxe
structure show relatively large stresses, on the order
;22.731024 hartree/bohr3, and large forces, usually o
the order of ;531023 hartree/bohr, but raising up to
;1021 hartree/bohr for some of the Se atoms. The LD
underestimation is certainly due to the weak bonding
tween the@P2Se6# group and the Sn cations, but it looks ve
similar to the known problems for the description of we
bonding in LDA ~e.g., van der Waals!.32,33

VI. BORN EFFECTIVE CHARGES

We computed the Born effective chargesZk,ab* , defined
as the change in polarization due to an atomic displacem
under zero external electric field. Table IV lists the calcula
Born effective charges and the diagonal values. The
charges are weakly anisotropic, due to the neighbor Se at
distributed evenly around the Sn atoms. The P and
charges are much more anisotropic. Thex andy components
are higher than thez components, a fact which reflects th
topology of the chemical bonds in the structure: the P2Se6
groups are linked by bridging Se-Sn-Se in all the threex, y,
andz directions. But along bothx andy directions the bonds
are shorter than along thez direction. Consequently the po
larization current that may flow along thex andy directions
is more important than the one flowing along thez direction.
There is no report of Born effective charge computations
Sn2P2Se6. However for the isostructural Sn2P2S6 compound,
the effective charges calculated using Hartree-Fo
techniques6 ~from 0.21 to 1.48 for P and from20.74 to
21.16 for S! are very similar to our results.

On this basis the spontaneous polarization has been
mated using the first-order approximation, like in Refs. 3
36. For this purpose the spontaneous polarization along
directionb is approximated as the sum over all the atomsk
of the displacements along directiona multiplied by the cor-
respondingab component of the atomic Born effectiv
charge tensorZk* , times the inverse of the unit cell volum
V0:

dPb5
1

V0
dtk,aZk,ab* . ~1!

We compute the atomic displacements in the ferroelec
phase as the difference with respect to their correspond
positions in the paraelectric phase. Moreover, in
paraelectric phase there are two positions for the Sn ato
denoted by Sn11 and Sn12,21 and thus there are two possib
6-5
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TABLE IV. Computed Born effective charges. The eigenvect
are given in brackets. The nominal charges of Sn, Se, and@P2Se6#
are 2,22, and24, the P nominal charge is22, and the nominal
charge for the group is28. In the tensorial notation of the Bor
effective charges, the columns~lines! correspond to atomic dis
placements~polarization! directions.

Sn1 3.8821 0.151220.0445
0.4097 4.8634 0.0714
0.0130 0.6425 4.7438

@3.7941 4.4968 5.1983#

Sn2 4.194520.069920.4376
0.3273 4.862220.2756
20.0696 0.4386 4.9599
@4.0902 4.8797 5.0466#

P1 2.2374 0.856320.1287
1.1738 1.9091 0.9346

20.3277 0.1801 1.1816
@0.5309 1.6760 3.1212#

P2 1.4716 0.595220.0792
1.1829 1.8657 0.6551

20.6900 0.3578 1.9492
@0.4943 2.1630 2.6292#

Se1 21.8749 0.3198 0.7099
20.356123.174720.0460

0.8820 0.254821.8710
@21.075222.654623.1908#

Se2 22.164620.488920.5756
20.412421.6211 0.1412
20.4757 0.432323.1424

@21.225722.326723.3757#

Se3 22.2925 0.7323 0.0998
0.928522.0367 0.0480

20.2301 0.240021.1158
@21.086321.343123.0156#

Se4 21.4019 0.2829 0.7649
20.686522.801120.0343

1.1027 0.154322.5068
@20.858422.736223.1153#

Se5 21.955921.054120.3883
20.750821.9041 0.2359
0.0492 0.404322.8989

@20.964522.778523.0159#

Se6 22.1751 0.7694 0.0851
0.933621.8699 0.3051

20.2479 0.272921.2792
@21.026721.372222.9252#
10410
choices for the calculation of the Sn displacements. We
culate first the displacements of the atoms as the differe
between theexperimentallydetermined low-T and high-T
structures. Considering the Sn in the high-T structure in the
Sn11 positions we obtain a spontaneous polarization
22.56mC/cm2, corresponding to a @8.29 0.0
220.98# mC/cm2 Cartesian vector. Considering the Sn
the high-T structure in the Sn12 positions we obtain
slightly higher spontaneous polarization, of 23.44mC/cm2,
corresponding to a@9.36 0.0221.48# mC/cm2 Cartesian vec-
tor. Then we repeat the same calculation taking the displa
ments of the atoms as the difference between thecalculated
low-T and experimentally determined high-T structures. We
consider the Sn first in the Sn11 and second in the S
positions and we obtain a spontaneous polarization of 14
and 15.93mC/cm2, corresponding to a @9.19 20.0
211.64# and @10.2720.0 212.14# mC/cm2 Cartesian vec-
tor, respectively.

To our knowledge there are no experimental measu
ments of the spontaneous polarization in Sn2P2Se6 at low
temperatures. However, it is possible to do a compari
with the experiment for some other structurally relat
compounds.37 The Sn2P2S6 has a spontaneous polarization
;15–16mCcm22, according to Ref. 38. As the two com
pounds, which form a complete solid solution, exhibit ma
common physical properties, our results confirm this te
dency. The spontaneous polarization of the ferrielec
CuInP2S6 is much lower,39 ;3 mC cm22, than for Sn2P2S6
~experimental data! and Sn2P2Se6 ~this study!.

VII. CONCLUSIONS

A first-principles study of the ferroelectric low
temperature phase of Sn2P2Se6 was done using the local den
sity approximation of density functional theory. The valen
charge density was first determined; then the electronic b
structure and the density of states were calculated.

An analysis of the different groups of electronic ban
revealed the existence of isolated Sn orbitals and P-Se
lecular orbitals. Thus, the main characteristic of the struct
is the presence of a@P2Se6# group, characterized by stron
molecular bonds. The Sn21 cations are ionically bonded with
this group.

The ab initio determination of the structure in the LDA
framework underestimates the total volume. This undere
mation acts mainly on the Sn-Se interatomic bond distan
while the@P2Se6# group is well described. However, the us
of the GGA is suggested.

The calculated Born effective charges are relatively i
tropic for Sn and highly anisotropic for P and Se. The spo
taneous polarization is on the order of;15 mC cm22.
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