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Chalcophosphates are ternary (A/P/Q) and quaternary (A/M/
P/Q) compounds with [PyQz]

n� anions in their structure,
where M is a metal, A is an alkali metal, and Q is sulfur,[1]

selenium,[2] or tellurium.[3] They can exhibit fundamentally
and technologically important nonlinear optical[4] and ferro-
electric properties,[5] reversible redox chemistry relevant to
secondary batteries,[6] photoluminescence,[7] and phase-
change properties.[8] However, no metallic selenophosphates
have been reported to date. This lack is in striking contrast to
the oxophosphate counterparts, which are a well-defined
series of unusual metals, such as (PO2)4(WO3)2m, Ax(PO2)4-
(WO3)2m (A = Na, K), and Ax(P2O4)2(WO3)2m (A = K, Rb, Tl,
Ba).[9] The metallic properties of these phosphates derive
from mixed valency of the transition metals. There have been
attempts to explore chalcophosphate compounds as thermo-
electric materials. For example, in light of the known alkali
chalcophosphate compounds, the Tl+ analogues Tl3Ti2P5S18,
Tl2CeP2S7, TlTiPS5, and Tl2BiP2S7 were investigated.[10] How-
ever, they were wide-gap semiconductors and too resistive for
such applications. Inclusion of a transition metal gave a
better-conducting semiconductor Ni3Cr2P2Q9 (Q = S, Se).[11]

Herein, we report on Rb4Sn5P4Se20, the first metallic
selenophosphate. Its structure belongs to a class not previ-
ously known for this family, namely, a lamellar hybrid of
“conducting” [Sn5Se8] layers and “insulating” [P2Se6] ligands.
The structure is unique in that the [P2Se6]

4� anions coordinate
solely to the outer shell of the [Sn5Se8] backbone layers.
Consequently, the core of the latter consists only of Sn�Se
bonds and is free of [PySez]

n� units. Temperature-dependent
electrical conductivity, thermopower, and Hall effect meas-
urements on Rb4Sn5P4Se20 show n-type metallic behavior. The
Pauli paramagnetic properties of Rb4Sn5P4Se20 are consistent

with the metallic characteristics. The results of ab initio
density functional theory (DFT) calculations using the all-
electron full-potential linearized augmented plane wave
(FLAPW) method[12] reveal that the metallic behavior
originates from the overlap of conduction and valence
bands and not any formal mixed valency.

Rb4Sn5P4Se20 was synthesized by the reaction of Sn/Rb2Se/
P2Se5/Se in a 1:1:1:5 molar ratio at 490 8C for four days.
However, the complicated Lewis acid–base equilibria in the
flux also yielded Rb3Sn(PSe5)(P2Se6)

[13] as by-product. On the
other hand, the direct combination of the elements and
reaction at 515 8C gave SnP2Se6.

[14] We could obtain pure
Rb4Sn5P4Se20 only by direct combination reactions of Sn/
Rb2Se/P/Se at 850 8C. According to differential thermal
analysis (DTA), Rb4Sn5P4Se20 melts congruently at 517 8C,
and the melt crystallizes at 494 8C. The X-ray powder
diffraction patterns before and after melting and recrystalli-
zation were identical (Supporting Information Figure S1).

Rb4Sn5P4Se20 crystallizes in the trigonal space group
P3̄m1.[15] The structure features thick anionic [Sn5P4Se20]n

4n�

layers (Figure 1 and Figure S2 in the Supporting Informa-

tion). The layer is based on the SnSe2 structure (CdI2 type);
the latter consists of planes of hexagonally packed Se atoms
interleaved with planes of octahedral Sn atoms.[16] The
removal of 1=4 of the SnIV ions from the parent SnSe2 layer
creates vacancies and yields a [Sn3Se8]

4� layer in Rb4Sn5P4Se20

(Figure 2). A more descriptive formula is Rb4[SnIV
3Se8][SnIV-

(P2Se6)]2. The Sn vacancies created in the SnSe2 layer are
ordered and create a 2 � 2 supercell. That is, the values of the
crystallographic a and b axes of 7.6163(4) � are double those
of SnSe2 itself (a = b = 3.811(2) �).[16] The structure is com-

Figure 1. Structure of Rb4Sn5P4Se20 viewed down the b axis. All atoms
are labeled. Disordered atoms are omitted for clarity. Rb blue, Sn yel-
low, P black, Se red.
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pleted by “capping” of the [Sn3Se8] layer by two [SnP2Se6]
fragments from opposite sides in an alternating arrangement.
The SnP2Se6 fragments are located at the Sn vacancy points of
the Sn3Se8 layers (Figure 1).

The two crystallographically unique Sn atoms are stabi-
lized in a regular octahedral geometry. The Sn(1) atoms bond
to three Se(3) atoms of the tridentate [P2Se6]

4� anions and
three neighboring Se(2) atoms of the [Sn3Se8]

4� slabs
(Figure 1), consequently connecting [Sn3Se8]

4� and [SnP2Se6]
units to form anionic [Sn5P4Se20]n

4n� layers. The Sn(2) atoms
coordinate to two Se(1) and four Se(2) atoms to form the
[Sn3Se8] units. The Sn�Se separations are Sn(1)�Se(2)
2.6992(8) �, Sn(2)�Se(1) 2.7119(6) �, and Sn(2)�Se(2)
2.6972(5) �, comparable to those found in SnSe2 (2.682 �).
The [Sn5P4Se20]n

4n� anionic layers are separated by two
crystallographically independent Rb+ cations; the Rb(1) and
Rb(2) atoms are coordinated by twelve and eight Se atoms,
respectively. The Rb�Se distances of the former range from
3.20(2) to 3.47(1) � and those for the latter from 3.337(8) to
3.55(2) �.

The [P2Se6]
4� anions reside on the fixed-symmetry ele-

ments that they do not possess, that is, on the special position
of the P3̄m1 space group: (1/3, 2/3, z), Wyckoff position 2d,
site symmetry 3m. They adopt three different orientations by
positional disorder, and therefore, P atoms are one-third
occupied (Figure S3 in the Supporting Information). A
similar symmetry-related disorder is found in Cs10P8Se20,

[17]

K10Sn3(P2Se6)4,
[18] and [Mo2Cl8]

n�.[19] Selected area electron
diffraction patterns obtained by transmission electron mi-
croscopy and investigation of the reciprocal lattice using
extended X-ray exposure did not reveal any superstructure or
twinning (Figure S4 in the Supporting Information). We
further confirm the correctness of crystal structure with
disorder models by examining crystal structure in lower
symmetry of the triclinic and monoclinic space group, for
example, P1̄ and C2/m (subgroup of P3̄m1). We could still
observe similar disorder behaviors, including positional dis-
order of the [P2Se6]

4� units. Introducing additional available
symmetry elements gave the space group P3̄m1 from the
space groups P1̄ and C2/m and led to an improved R1 value.

This unusual crystal structure derived from the defect
layers of SnSe2 and the black color of the crystals brought us
to examine the temperature dependence of the charge-
transport properties. For charge-transport measurements,
we prepared large bubble- and crack-free polycrystalline
ingots ca. 8–10 g) using the Bridgman technique (Figure 3a),
and growth conditions were guided by the DTA results. The
electrical conductivity decreases linearly with temperature

over the entire temperature range, indicating metallic behav-
ior (Figure 3b); the value at 300 K is 51 Scm�1. The value
measured on a small single crystal at 300 K is approximately
238 Scm�1 (Figure S5 in the Supporting Information). The
transport properties of chalcophosphate compounds typically
reveal low conductivity. Rb4Sn5P4Se20 displays the highest
electrical conductivity at room temperature, compared to
other chalcophosphate materials such as KNb2P2S12

(0.15 S cm�1),[1d] TlTiPS5 (ca. 6.7 � 10�5 Scm�1),[10] Ni3Cr2P2Se9

(ca. 10 Scm�1),[11] and MnPS3 (ca. 10�8 S cm�1).[20]

Thermoelectric power measurements gave negative See-
beck coefficients with linear dependence on temperature,
suggesting n-type conduction; the value at 300 K is
�59 mV K�1. Seebeck coefficients measured on single crystals
reflect the anisotropic crystal structure: �45 mV K�1 along the
[Sn5Se8] layer parallel to the ab plane and �14 mVK�1

perpendicular to it. Hall effect measurements show a
phenomenological carrier concentration at room temperature
of �1.66 � 1019 cm�3, indicative of n-type conduction and
consistent with the negative Seebeck coefficient. Note that
this is the average value of conducting and insulating layers
owing to the polycrystalline nature of the ingots.[21] The
calculated mobility is 19.2 cm2 V�1 s�1. In comparison, SnSe2 is
an n-type semiconductor with a lower electrical conductivity
of 3.6 Scm�1 and electron concentration of 1018 cm�3.[22]

The total thermal conductivity ktotal as a function of
temperature is extremely low value at 0.44 Wm�1 K�1 at room
temperature (Figure 3c), which was measured perpendicular
to the [Sn5P4Se20]n

4n� layer using a vertically grown ingot. Such
a low value might plausibly arise from the structural and
compositional complexity of the compound; the presence of
alkali metals that are loosely bound and likely mobile in the
interlayer space likely scatters strong heat-carrying phonons.

Figure 2. Formally underlying single SnSe2 (left) and Sn3Se8 layers in
Rb4Sn5P4Se20 (right) viewed down the c axis. Removal of one-quarter of
the SnIV ions results in the defect Sn3Se8 layer. The unit cell is outlined
with dashed lines. Sn white, Se gray.

Figure 3. a) A representative ingot of Rb4Sn5P4Se20 grown in a Bridg-
man furnace. Temperature dependence of b) electrical conductivity (*)
and Seebeck coefficient (!) and c) total thermal conductivity ktotal.
d) The magnetic susceptibility showing temperature-independent Pauli
paramagnetic behavior. e) IR reflectivity spectrum of Rb4Sn5P4Se20

single crystal (*) and the best fit by the extended Drude model (black
line).
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The value of ktotal increases slightly with temperature, as
observed previously in some metal chalcogenide thermo-
electric materials containing alkali metals such as
A1+xM4�2xM’7+xSe15 (A = K, Rb; M = Pb, Sn; M’= Bi, Sb)[23]

and KBi6.33S10.
[24] The value of ktotal is the sum of the phonon

(lattice vibrations) and electronic contribution. The electronic
thermal conductivity ke was calculated using the Wiedemann–
Franz law ke = LsT, assuming the Lorentz number Lo = 2.44 �
10�8 WWK�2. Then, the lattice conductivity klat was calculated
by subtracting the electronic component from ktotal. (Figure S6
in the Supporting Information). The result showed that ktotal is
dominated by klat. The heat capacity at room temperature is
0.19 J g�1 K�1, and it increases with temperature monoto-
nously (Figure S4 in the Supporting Information).

Molar magnetic susceptibility measurements of
Rb4Sn5P4Se20 indicate temperature-independent, Pauli para-
magnetic behavior (Figure 3d) consistent with metallic
behavior. This observation is agreement with the charge-
transport results. The “Curie tail” observed at low temper-
ature often results from a trace of paramagnetic impurities in
the sample. The data were corrected for ion core diamagnet-
ism[25] of�1.13 � 10�3 emumol�1 and were fitted to a modified
Curie–Weiss law [Eq. (1)]:

cm ¼ c0 þ
C

T � q
ð1Þ

where cm is the molar susceptibility, c0 is the temperature-
independent Pauli paramagnetic susceptibility, C is the Curie
constant, and q is the critical temperature. The best-fit
parameters are c0 = 2.21 � 10�3 emumol�1, C = 2.41 �
10�3 emumol�1, and q = 0.41 K. The value of the effective
magnetic moment mexp = 0.43 mB was calculated from the C
value of the fit, thus suggesting the formation of an itinerant
spin system typical of metallic compounds.

Infrared reflectivity spectra were collected on single
crystals in the 1000–6000 cm�1 spectral region at room
temperature with a resolution of 2 cm�1 (Figure 3e). The
minimum in reflectivity at approximately 3600 cm�1 is typical
of a metallic system. The data were fitted by the equation of
the extended Drude model for the complex dielectric function
~e [Eq. (2)]:[26]

~e wð Þ ¼ e1 1�W2
P þ i gP � g0ð Þw

w w� ig0ð Þ

� �
ð2Þ

WP is the plasma frequency, gP the carrier damping constant at
the frequency w = WP, g0 the damping value at w = 0, and e1
the high-frequency permittivity. The application of this model
fits well to the data with the fitting parameters of e1= 7.1,
Wp = 3420 cm�1, gp = 1154 cm�1 and g0 = 670 cm�1. The low
value of e1 is indicative of strongly damped phonon
oscillations, consistent with the low thermal conductivity
observed. The physical meaning of the double-damped Drude
model is that the carrier damping is not constant but
frequency-dependent [Eq. (3)]:[26]

g wð Þ ¼ g0 þ gP � g0ð Þ w2

W2
P

ð3Þ

The mobility mopt at w = WP, the DC optical conductivity s(0)
at w = 0, and the free carrier�s effective mass m* were
calculated to be mopt = 451 cm2 V�1 s�1, s(0) = 2059 W�1 cm�1

and m*/m0 = 0.018 by the relations in Equations (4) and (5):

mopt ¼
e

m*gP
s 0ð Þ ¼ e1W2

P

g0

ð4Þ

N ¼ W2
Pm*e1 ð5Þ

The values of mopt, s(0), and N clearly establish that
Rb4Sn5P4Se20 is semimetallic. The far-IR spectrum displays
absorptions at 513, 488, 417, 301, and 213 cm�1, which are
characteristic of the [P2Se6]

4� group.[27] Absorptions at 234
and 181 cm�1 account for Sn�Se vibrations.[28]

To understand the origin of the metallic and charge-
transport properties, we performed electronic structure
calculations using the highly precise full-potential linearized
augmented plane wave (FLAPW) method[12] with the
screened-exchange local density approximation (sX-LDA)
as well as the Hedin–Lundqvist form of the exchange-
correlation potential (LDA).[29] The sX-LDA method has
been applied to a wide range of semiconductors and yielded
excellent excited states owing to its better long-range treat-
ment of the exchange-correlation hole compared to the LDA
method.[3a, 4b, 30] Indeed, for Rb4Sn5P4Se20, the sX-LDA method
reduces the significant LDA overlap (ca. 0.34 eV) between
valence and conduction bands, resulting in semimetallic
behavior (Figure 4a–c), which leads to small concentrations
of electrons in the conduction band (along G–A), and holes in
the valence band (near M). At nonzero temperatures, the
L-point will also contribute to the hole-carrier population
since the valence top at the L-point is only 0.01 eV lower than
EF. The low dispersions of the bands along the G–A direction

Figure 4. The calculated band structures of Rb4Sn5P4Se20 using a) the
LDA method and b) the sX-LDA method. The overlap between the
valence and conduction bands in (a) and the small electron and hole
populations in (b) are indicated by dashed lines. c) The area involving
the band overlap in (b), enlarged for clarity. d) The projected density of
states for individual atoms calculated with the sX-LDA method.

Zuschriften

8998 www.angewandte.de � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2011, 123, 8996 –9000

http://www.angewandte.de


originate from the two-dimensional characteristics of the
structure. The n-type transport behavior discussed above
suggests that the electrons are much more dominant in
transport than the holes.

The angular-momentum-resolved density of states (DOS)
for the different atom types in Figure 4d reveals that the low-
energy states (�6 to �3 eV) are derived from the strong
covalent interactions among P, Sn, and Se p orbitals. The
predominant Se p orbitals in the higher-energy states (valence
band maximum (VBM) ca. �3 eV) can be attributed to their
lone-pair states. However, the strong ionic bonding between
Se(2) and Rb atoms contributes exclusively to the valence-
band top (�1 eV to VBM). The strong antibonding states
between Sn s and Se p orbitals form a relatively strongly
dispersed conduction-band bottom, which leads to the semi-
metal characteristics in the compound. At room temperature,
it is envisioned that the transport properties are dominated by
electrons of high mobilities, that is, the in-plane large
dispersion of the bottom conduction bands.

The discovery of Rb4Sn5P4Se20 reflects the rich structural
chemistry of Sn with [PyQz]

n� chalcophosphate ligands. The
compound incorporates SnSe2-derived building blocks with
[P2Se6]

4� ligands to form a unique low-dimensional structure.
Its key element is the metallic character, which is attributed to
the “conducting” [Sn5Se8] layers. This behavior arises from
overlap of conduction and valence bands in this formally
valence-precise compound. In addition to the high electrical
conductivity, Rb4Sn5P4Se20 shows extremely low thermal
conductivity. This finding implies that a large family of
chalcophosphate compounds could be developed for thermo-
electric investigations, which have been so far excluded for
such a purpose because of typical high resistivity. Investiga-
tion of new compounds with crystal structures related to
Rb4Sn5P4Se20 would give more insight into how to circumvent
such a problem.
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