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Eight quaternary rare-earth chalcogenides, RbNd2CuS4,
RbSm2CuS4, CsLa2CuSe4, CsSm2CuSe4, RbEr2Cu3S5,
CsGd2Ag3Se5, CsTb2Ag3Se5, and Rb2Gd4Cu4S9, have been syn-
thesized at 973 K with the use of a reactive 6ux of A2Q3

(A 5 Rb,Cs; Q 5 S, Se). All structural data were obtained at
153 K. The isostructural compounds ALn2CuQ4 (Ln 5 rare
earth) crystallize with four formula units in the KGd2CuS4 struc-
ture type in space group Cmcm of the orthorhombic system; the
isostructural compounds ALn2M3Q5 (M 5 Cu,Ag) crystallize
with four formula units in the RbSm2Ag3Se5 structure type in
space group Cmcm of the orthorhombic system; and Rb2Gd4Cu4S9

crystallizes with two formula units in space group C2/m of the
monoclinic system. The cell dimensions of ALn2CuQ4 (a, b, c
(As )) are as follows: RbNd2CuS4, 4.0762(3), 13.954(1), 13.964(1);
RbSm2CuS4, 4.0391(3), 13.815(1), 13.860(1); CsLa2CuSe4,
4.3129(6), 14.959(2), 14.798(2); CsSm2CuSe4, 4.2066(3),
14.6101(9), 14.5164(9). The corresponding R1 indices for the
re5ned structures are 0.0264, 0.0196, 0.0258, and 0.0224. The cell
dimensions of ALn2M3Q5 are as follows: RbEr2Cu3S5, 3.9283(3),
13.897(1), 16.348(1); CsGd2Ag3Se5, 4.2943(4), 15.424(1),
17.501(2); CsTb2Ag3Se5, 4.2779(4), 15.429(2), 17.426(2). The
R1 indices are 0.0257, 0.0255, and 0.0241. The cell dimensions of
Rb2Gd4Cu4S9 (a, b, c (As ), b (3)) is 13.897(1), 3.9883(3),
16.054(1), 109.273(1), and the R1 index is 0.0199. All eight
compounds have closely related three-dimensional tunnel struc-
tures. All alkali metal atoms in the tunnels are coordinated to
eight Q atoms. Their anionic frameworks are built from LnQ6

octahedra and MQ4 tetrahedra. ALn2CuQ4 contains 1

=
[CuQ3]

chains of vertex-sharing tetrahedra; Rb2Gd4Cu4S9 contains
1

=
[Cu4S8] chains of tetrahedra; and ALn2M3Q5 contains 2

=
[M3Q5]

layers of tetrahedra. Rb2Gd4Cu4S9 and RbEr2Cu3S5, which are
paramagnetic, obey the Curie+Weiss law, and have e4ective
magnetic moments of 7.9(2) lB for Gd31 and 9.43(5) lB for Er31.
A band gap of 1.94 eV for Rb2Gd4Cu4S9 was deduced from its
di4use re6ectance spectrum, and the typical 4f+4f optical
transitions for Er31 were found in RbEr2Cu3S5 at about 1.6, 1.9,
and 2.5 eV. ( 2001 Academic Press
29
INTRODUCTION

A number of A/¸n/M/Q (A"s-block metal; ¸n"f-block
element, usually a rare earth; M"d-block element;
Q"chalcogen"S, Se, Te) systems have been synthesized,
since the development of the reactive #ux method (1, 2).
These include Rb¸n

2
CuSe

4
(¸n"Sm, Gd, Dy) (3),

Rb
1.5

¸n
2
Cu

2.5
Se

5
(¸n"Gd, Dy) (3), RbSm

2
Ag

3
Se

5
(3),

CsUTiTe
5

(4), Ba¸nMQ
3

(¸n"rare-earth; M"Cu, Ag,
Au; Q"S, Se, Te) (5}8), Ba

2
¸nAg

5
S
6

(¸n"La, Y) (9),
K

1.5
Dy

2
Cu

2.5
Te

5
(8), K

0.5
Ba

0.5
DyCu

1.5
Te

3
(8),

KGd
2
CuS

4
(10), K

2
CeCu

2
S
4

(11), A¸nCu
2
S
6

(A"K, Cs;
¸n"La, Ce, Eu) (11}13), A¸nCuQ

3
(A"K, Cs; ¸n"Ce,

U; Q"S, Se, Te) (4, 13), K
2
CeAg

3
Te

4
(14), KCeCuTe

4
(15),

and Rb
2
CeCu

3
Te

5
(16). These compounds crystallize in

a variety of structure types that include two-dimensional
layered structures and three-dimensional tunnel structures.
The M atoms (except Ti) are tetrahedrally coordinated by
chalcogen atoms. These tetrahedra enter into chains, layers,
and other frameworks. The compounds A¸nCu

2
S
6
,

KCeCuTe
4
, and Rb

2
CeCu

3
Te

5
all contain Q}Q bonds and

have layered structures. The coordination environment of
these ¸n atoms are bicapped or tricapped trigonal prisms.
In the compounds without Q}Q bonding interactions, each
¸n atom is coordinated to an octahedron of six Q atoms.
These compounds provide considerable information about
how diverse chalcogenide structures are constructed from
octahedra and tetrahedra.

Here we report the syntheses and structural characteriza-
tion of eight new compounds containing f- and d-block
metals, namely RbNd

2
CuS

4
, RbSm

2
CuS

4
, CsLa

2
CuSe

4
,

CsSm
2
CuSe

4
, RbEr

2
Cu

3
S
5
, CsGd

2
Ag

3
Se

5
, CsTb

2
Ag

3
Se

5
,

and Rb
2
Gd

4
Cu

4
S
9
. They all possess three-dimensional

structures containing similar tunnels. In addition, we report
the magnetic and optical properties of Rb

2
Gd

4
Cu

4
S
9

and
RbEr

2
Cu

3
S
5
.
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TABLE 1
Crystal Data and Structure Re5nement for RbNd2CuS4, RbSm2CuS4, CsLa2CuSe4, CsSm2CuSe4, RbEr2Cu3S5, CsGd2Ag3Se5,

CsTb2Ag3Se5, and Rb2Gd4Cu4S9a

Compound RbNd
2
CuS

4
RbSm

2
CuS

4
CsLa

2
CuSe

4
CsSm

2
CuSe

4
RbEr

2
Cu

3
S
5

CsGd
2
Ag

3
Se

5
CsTb

2
Ag

3
Se

5
Rb

2
Gd

4
Cu

4
S
9

Formula weight 565.73 577.95 790.11 812.99 770.91 1165.82 1169.16 1342.64
a (As ) 4.0762(3) 4.0391(3) 4.3129(6) 4.2066(3) 3.9283(3) 4.2943(4) 4.2779(4) 13.897(1)
b (As ) 13.954(1) 13.815(1) 14.959(2) 14.6101(9) 13.897(1) 15.424(1) 15.429(2) 3.9883(3)
c (As ) 13.964(1) 13.860(1) 14.798(2) 14.5164(9) 16.348(1) 17.501(2) 17.426(2) 16.054(1)
b (3) 90 90 90 90 90 90 90 109.273(1)

Space group Cmcm Cmcm Cmcm Cmcm Cmcm Cmcm Cmcm C2/m
Z 4 4 4 4 4 4 4 2
< 794.3(1) 773.4(1) 954.7(2) 892.2(1) 892.5(1) 1159.2(2) 1150.2(2) 839.9(1)
o
c
(g/cm3) 4.731 4.964 5.497 6.053 5.738 6.680 6.752 5.309

k (cm~1) 225.66 249.33 299.14 355.99 321.36 349.93 360.33 273.61

Transm factors 0.364}0.555 0.152}0.399 0.233}0.325 0.082}0.191 0.208}0.397 0.328}0.509 0.390}0.514 0.220}0.451
R

1
b 0.0264 0.0196 0.0258 0.0224 0.0257 0.0255 0.0241 0.0199

wR
2
c 0.0668 0.0517 0.0701 0.0617 0.0626 0.0566 0.0591 0.0534

aFor all structures ¹"153 K and j"0.71073 As .
bR

1
"+ DDF

0
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#
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0
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0
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0
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cwR
2
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0
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0
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TABLE 2
Atomic Coordinatesa and Equivalent Isotropic Displacement

Parameters (As 2) for RbNd2CuS4, RbSm2CuS4, CsLa2CuSe4, and
CsSm2CuSe4

Atom y z ;
%2

b

RbNd
2
CuS

4
Rb 0.10667(5) 1

4
0.0101(2)

Nd 0.36580(2) 0.06141(2) 0.0064(2)
Cu 0.83517(7) 1

4
0.0092(2)

S1 0.26115(9) 0.61141(9) 0.0070(3)
S2 0.4255(1) 1

4
0.0070(4)

S3 0 0 0.0094(4)
RbSm

2
CuS

4
Rb 0.10719(4) 1

4
0.0092(2)

Sm 0.36588(1) 0.06153(2) 0.0058(1)
Cu 0.83516(6) 1

4
0.0084(2)

S1 0.26108(8) 0.61026(7) 0.0067(2)
S2 0.4256(1) 1

4
0.0067(3)

S3 0 0 0.0084(3)
CsLa

2
CuSe

4
Cs 0.10560(4) 1

4
0.0100(2)

La 0.36548(3) 0.06068(2) 0.0065(2)
Cu 0.83478(8) 1

4
0.0110(3)

Se1 0.26027(4) 0.61220(5) 0.0069(2)
Se2 0.42193(6) 1

4
0.0072(2)

Se3 0 0 0.0092(2)
CsSm

2
CuSe

4
Cs 0.10720(4) 1

4
0.0114(2)

Sm 0.36592(2) 0.06125(2) 0.0090(2)
Cu 0.83369(8) 1

4
0.0123(3)

Se1 0.25978(4) 0.60841(4) 0.0093(2)
Se2 0.42192(6) 1

4
0.0095(2)

Se3 0 0 0.0107(2)

a The x coordinate of all atoms is 0.
b;

%2
is de"ned as one third of the trace of the orthogonalized;

ij
tensor.
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EXPERIMENTAL

Syntheses

The following reagents were used as obtained: Rb
(Aldrich, 98#%), Cs (Aldrich, 99.5%), La (Alfa, 99.9%),
Nd (Alfa, 99.9%), Sm (Alfa, 99.9%), Gd (Alfa, 99.9%),
Tb (Aldrich, 99.9%), Er (Alfa, 99.9%), Cu (Aldrich,
99.999%), Ag (Alfa, 99.99%), S (Alfa, 99.5%), and Se
(Aldrich, 99.5%). A

2
Q

3
(A"Rb, Cs; Q"S, Se), the reactive

#uxes (1) employed in the syntheses, were prepared by
FIG. 1. Unit cell of A¸n
2
CuQ

4
viewed down in [100].



TABLE 3
Atomic Coordinatesa and Equivalent Isotropic Displacement

Parameters (As 2) for RbEr2Cu3S5, CsGd2Ag3Se5, and
CsTb2Ag3Se5

Atom y z ;
%2

RbEr
2
Cu

3
S
5

Rb 0.43407(6) 1
4

0.0096(2)
Er 0.30771(2) 0.59379(2) 0.0061(2)
Cu1 0.15201(8) 1

4
0.0108(3)

Cu2 0.08220(5) 0.53943(5) 0.0112(2)
S1 0.0628(1) 0.1151(1) 0.0069(3)
S2 0.7407(1) 1

4
0.0070(4)

S3 0.3299(1) 0.0694(1) 0.0068(3)
CsGd

2
Ag

3
Se

5
Cs 0.43810(5) 1

4
0.0129(2)

Gd 0.30746(3) 0.59525(2) 0.0088(1)
Ag1 0.15584(7) 1

4
0.0126(2)

Ag2 0.08265(5) 0.54101(4) 0.0140(2)
Se1 0.06742(5) 0.11654(5) 0.0092(2)
Se2 0.75264(8) 1

4
0.0095(3)

Se3 0.31952(6) 0.07026(5) 0.0089(2)
CsTb

2
Ag

3
Se

5
Cs 0.43850(5) 1

4
0.0121(2)

Tb 0.30705(2) 0.59531(2) 0.0082(1)
Ag1 0.15577(6) 1

4
0.0122(2)

Ag2 0.08222(4) 0.54205(4) 0.0129(2)
Se1 0.06855(5) 0.11624(4) 0.0086(2)
Se2 0.75310(7) 1

4
0.0091(2)

Se3 0.31894(5) 0.06989(4) 0.0083(2)

aThe x coordinate of all atoms is 0.

TABLE 5
Selected Bond Distances (As ) for RbNd2CuS4, RbSm2CuS4,

CsLa2CuSe4, and CsSm2CuSe4

RbNd
2
CuS

4
RbSm

2
CuS

4
CsLa

2
CuSe

4
CsSm

2
CuSe

4

A}Q1]4 3.362(1) 3.3379(9) 3.5825(7) 3.5250(6)
A}Q2]2 3.247(2) 3.221(1) 3.4928(9) 3.4281(8)
A}Q3]2 3.7951(4) 3.7682(3) 4.0227(5) 3.9527(3)
¸n}Q1]2 2.7892(9) 2.7589(7) 2.9614(6) 2.8749(4)
¸n}Q1 2.821(1) 2.787(1) 3.0036(8) 2.9105(7)
¸n}Q2 2.7622(7) 2.7394(6) 2.9261(6) 2.8595(4)
¸n}Q3]2 2.8976(2) 2.8704(2) 3.0832(4) 3.0086(3)
Cu}Q1]2 2.356(1) 2.349(1) 2.486(1) 2.4676(9)
Cu}Q2]2 2.397(1) 2.375(1) 2.5199(8) 2.4669(8)
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stoichiometric reactions of the elements in liquid NH
3
. The

reaction mixtures were (A
2
Q

3
, ¸n, M, Q in mmol):

A¸n
2
CuQ

4
(1.2, 1.0, 0.5, 2.0), A¸n

2
M

3
Q

5
(1.2, 1.0, 1.0, 3.0),

and Rb
2
Gd

4
Cu

4
S
9

(1.5, 2.0, 2.0, 5.0). These mixtures were
loaded into fused-silica tubes under an Ar atmosphere in
a glove box. These tubes were sealed under a 10~4 Torr
atmosphere and then placed in a computer-controlled fur-
nace. The samples were heated to 973 K in 15 h, kept at
TABLE 4
Atomic Coordinatesa and Equivalent Isotropic Displacement

Parameters (As 2) for Rb2Gd4Cu4S9

Atom x z ;
%2

Rb 0.02799(4) 0.76965(3) 0.0107(1)
Gd1 0.23221(2) 0.60443(2) 0.0066(1)
Gd2 0.65408(2) 0.05370(2) 0.0069(1)
Cu1 0.24845(6) 0.22924(5) 0.0109(2)
Cu2 0.43260(6) 0.54142(5) 0.0121(2)
S1 0.1394(1) 0.42523(9) 0.0071(3)
S2 0.2978(1) 0.10142(9) 0.0075(3)
S3 0.3916(1) 0.37451(9) 0.0078(3)
S4 0.6558(1) 0.22218(9) 0.0079(3)
S5 0 0 0.0093(4)

aThe y coordinate of all atoms is 0.
973 K for 3 days, slowly cooled at 10 K/h to 473 K, and then
cooled to room temperature. Major products in all instan-
ces were red (A¸n

2
CuQ

4
and Rb

2
Gd

4
Cu

4
S
9
) or brown

(A¸n
2
M

3
Q

5
) needles of the desired materials. Yields varied

from 70 to 90%. Selected single crystals were examined with
an EDX-equipped Hitachi S-4500 SEM and found to have
the stated compositions within the accuracy of the method
($5%). All these compounds are modestly stable in air.

Crystallography

Single-crystal X-ray di!raction data were obtained with
the use of graphite-monochromatized MoKa radiation
(j"0.71073 As ) at 153 K on a Bruker Smart-1000 CCD
di!ractometer (17). The crystal-to-detector distance was
5.023 cm. Crystal decay was monitored by recollecting 50
initial frames at the end of data collection. Data were
collected by a scan of 0.33 in u in groups of 606, 606, and 606
frames at u settings of 03, 1203, and 2403 for all the com-
pounds except CsSm

2
CuSe

4
for which 606, 606, 606, and
TABLE 6
Selected Bond Distances (As ) for RbEr2Cu3S5, CsGd2Ag3Se5,

and CsTb2Ag3Se5

RbEr
2
Cu

3
S
5

CsGd
2
Ag

3
Se

5
CsTb

2
Ag

3
Se

5

A}Q1]4 3.453(1) 3.7475(8) 3.7463(8)
A}Q2]2 3.228(2) 3.577(1) 3.572(1)
A}Q3]2 3.388(2) 3.639(1) 3.6406(9)
¸n}Q1]2 2.686(1) 2.9109(7) 2.8970(6)
¸n}Q2 2.6409(6) 2.8626(6) 2.8509(6)
¸n}Q3 2.6858(2) 2.902(1) 2.8846(9)
¸n}Q3]2 2.770(1) 2.9390(7) 2.9240(6)
M1}Q1]2 2.530(2) 2.705(1) 2.6915(9)
M1}Q2]2 2.319(1) 2.6152(9) 2.6135(8)
M2}Q1 2.364(2) 2.665(1) 2.661(1)
M2}Q1 2.540(2) 2.767(1) 2.766(1)
M2}Q3]2 2.364(1) 2.6738(7) 2.6713(6)



FIG. 2. Unit cell of A¸n
2
M

3
Q

5
viewed down [100].

TABLE 7
Selected Bond Distances (As ) for Rb2Gd4Cu4S9

Rb}S1 3.224(1) Gd2}S2 2.783(1)
Rb}S2]2 3.289(1) Gd2}S4 2.697(1)
Rb}S3]2 3.506(1) Gd2}S5]2 2.8437(2)
Rb}S4]2 3.277(1) Cu1}S2 2.369(2)
Rb}S5 3.8439(6) Cu1}S3 2.516(1)
Gd1}S1 2.737(1) Cu1}S4]2 2.3562(9)
Gd1}S1]2 2.819(1) Cu2}S1]2 2.3706(8)
Gd1}S3]2 2.726(1) Cu2}S3 2.370(2)
Gd1}S4 2.704(1) Cu2}S3 2.549(1)
Gd2}S2]2 2.746(1)
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606 frames at u settings of 03, 903, 1803, and 2703 were
collected. The exposure times were 15 s/frame for all the
compounds. The collection of intensity data on the Bruker
di!ractometer was carried out with the program SMART
(17). Cell re"nement and data reduction were carried out
with the use of the program SAINT (17) and face-indexed
absorption corrections were carried out numerically with
the program XPREP (18). Then the program SADABS (17)
FIG. 3. Unit cell of Rb
2
Gd

4

was employed to make incident beam and decay correc-
tions.

The structures were solved with the direct methods pro-
gram SHELXS and re"ned with the full-matrix least-
squares program SHELXL of the SHELXTL-PC suite of
programs (18). Each "nal re"nement included anisotropic
displacement parameters and a secondary extinction correc-
tion. Additional crystallographic details are given in
Table 1. Tables 2, 3, and 4 give positional parameters and
equivalent isotropic displacement parameters, and Tables 5,
6, and 7 present selected bond distances for RbNd

2
CuS

4
,

RbSm
2
CuS

4
, CsLa

2
CuSe

4
, CsSm

2
CuSe

4
, RbEr

2
Cu

3
S
5
,

CsGd
2
Ag

3
Se

5
, CsTb

2
Ag

3
Se

5
, and Rb

2
Gd

4
Cu

4
S
9
.

Magnetic Susceptibility

A 20-mg sample of Rb
2
Gd

4
Cu

4
S
9

and a 15-mg sample of
RbEr

2
Cu

3
S
5

containing single crystals were used for mag-
Cu
4
S
9

viewed down [010].



FIG. 4. The ¸n/Q fragment of A¸n
2
CuQ

4
viewed down [100]. The

2
=
[¸n

2
Q

5
] layer is in the dashed box. FIG. 6. The ¸n/Q fragment of A¸n

2
M

3
Q

5
viewed down [100]. The

2
=
[¸n

2
Q

5
] layer is in the dashed box.
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netic susceptibility measurements. The composition of each
sample was veri"ed by EDX measurements. The magnetiz-
ation was measured at 200 G between 5 and 300 K with the
use of a Quantum Design SQUID magnetometer. All
measurements were corrected for core diamagnetism (19).

UV}Vis Diwuse Reyectance Spectroscopy

A Cary 1E UV}visible spectrophotometer with a di!use
re#ectance accessory was used to measure the di!use re#ec-
FIG. 5. The 2
=

[¸n
2
Q

5
] layer of A¸n

2
M

3
Q

5
viewed do
tance spectra of the compounds Rb
2
Gd

4
Cu

4
S
9

and
RbEr

2
Cu

3
S
5

over the range 350 nm (3.54 eV) to 900 nm
(1.38 eV) at 293 K.

RESULTS AND DISCUSSION

The structure of the isostructural compounds
RbNd

2
CuS

4
, RbSm

2
CuS

4
, CsLa

2
CuSe

4
, and CsSm

2
CuSe

4
is illustrated in Fig. 1. This is the KGd

2
CuS

4
structure type
wn [010]. The 1
=

[¸n
2
Q

6
] chain is in the dashed box.



FIG. 7. The ¸n/Q fragment of Rb
2
Gd

4
Cu

4
S
9

viewed down [010]. The 2
=
[¸n

2
Q

5
] layer is in the dashed box.
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(10). The structure of the isostructural compounds
RbEr

2
Cu

3
S
5
, CsGd

2
Ag

3
Se

5
, and CsTb

2
Ag

3
Se

5
is illus-

trated in Fig. 2. This is the RbSm
2
Ag

3
Se

5
structure type (3).

The structure of Rb
2
Gd

4
Cu

4
S
9
, a new structure type, is

illustrated in Fig. 3. These three structures all have three-
dimensional tunnel frameworks with similarly shaped tun-
FIG. 8. Unit cell of A¸n
2
CuQ

4
viewed down [100] with only Cu}Q

bonds shown.
nels. Each tunnel is only large enough in cross section to
accommodate one A atom. The tunnel in A¸n

2
CuQ

4
com-

prises a 10-membered ring of two Cu}Q bonds and eight
¸n}Q bonds, that in A¸n

2
M

3
Q

5
consists of a 10-membered

ring of six M}Q bonds and four ¸n}Q bonds, and that in
Rb

2
Gd

4
Cu

4
S
9

consists of a 10-membered ring of four Cu}S
bonds and six Gd}S bonds.
FIG. 9. Unit cell of A¸n
2
M

3
Q

5
viewed down [100] with only M}Q

bonds shown.



FIG. 10. Unit cell of Rb
2
Gd

4
Cu

4
S
9

viewed down [010] with only Cu}S bonds shown.
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The entire framework in each of the three structure can be
derived topologically from the NaCl structure. When larger
eight-coordinated A atoms and smaller four-coordinated
M atoms replace some of the six-coordinated ¸n atoms, the
NaCl-like ¸n/Q framework distorts. Some alkali-metal/
rare-earth/chalcogenides, such as A¸nQ

2
(20, 21), CsEr

3
Se

5
(22), and A

3
¸n

7
Se

12
(22, 23), are three-dimensional NaCl-

like tunnel structures built from ¸nQ
6
.

FIG. 11. Plots of the inverse molar susceptibility (1/s) vs ¹ for
(a) Rb

2
Gd

4
Cu

4
S
9

and (b) RbEr
2
Cu

3
S
5
, where the solid lines are the

least-squares "t.
The three-dimensional anionic frameworks in the three
structures are built from ¸nQ

6
octahedra and MQ

4
tet-

rahedra, as shown in Figs. 1, 2, and 3. The ¸n/Q fragments in
these structures consist of similar 2

=
[¸n

2
Q

5
] layers, as

shown in Figs. 4, 5, 6, and 7. As an example, the 2
=

[¸n
2
Q

5
]

layer in A¸n
2
M

3
Q

5
is displayed in Fig. 5. This layer is

composed of 1
=

[¸n
2
Q

6
] chains along [100], which are built

from the edge-sharing of ¸nQ
6

octahedra. These chains are
connected to each other by the vertex-sharing of Q atoms to
form the two-dimensional 2

=
[¸n

2
Q

5
] layer (Fig. 5). The
FIG. 12. Di!use re#ectance spectra of (a) Rb
2
Gd

4
Cu

4
S
9

and
(b) RbEr

2
Cu

3
S
5
.
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2
=
[¸n

2
Q

5
] layers in A¸n

2
CuQ

4
and Rb

2
Gd

4
Cu

4
S
9

are con-
nected to their neighboring layers by the edge-sharing of
two Q atoms to form the three-dimensional frameworks
(Figs. 4 and 7), but such connections are not present in
A¸n

2
M

3
Q

5
(Fig. 6). In A¸n

2
CuQ

4
and A¸n

2
M

3
Q

5
there is

only one unique ¸n atom and one unique 1
=
[¸n

2
Q

6
] chain,

but in Rb
2
Gd

4
Cu

4
S
9

there are two Gd atoms (Gd1, Gd2)
and two chains. Each 1

=
[¸n

2
Q

6
] chain in A¸n

2
CuQ

4
is

connected to two chains in the neighboring layers by edge-
sharing (Fig. 4). Although the 1

=
[Gd1

2
S
6
] chain in

Rb
2
Gd

4
Cu

4
S
9

is not linked to other layers, each
1
=
[Gd2

2
S
6
] chain is connected to other layers (Fig. 7) in

a manner similar to the 1
=
[¸n

2
Q

6
] chains in A¸n

2
CuQ

4
. In

going from A¸n
2
M

3
Q

5
to Rb

2
Gd

4
Cu

4
S
9
to A¸n

2
CuQ

4
, the

Q :¸n ratio decreases. As a consequence, the linkages be-
tween the layers increase and the 2

=
[¸n

2
Q

5
] layer becomes

more distorted, as shown in Figs. 4, 6, and 7. The A :¸n ratio
in the three structures is 1:2, but the M :¸n ratio decreases
from 3:2 to 1:1 to 1:2. In fact, the ¸n/Q framework in
Rb

2
Gd

4
Cu

4
S
9

can be considered to be an intermediate
phase.

In order to understand the coordination environments of
M, Figs. 8, 9, and 10 show only M}Q bonds. A¸n

2
CuQ

4
contains some isolated Q2~ species and one-dimensional
vertex-sharing MQ

4
tetrahedra that result in single

1
=
[CuQ

3
] chains running along the [100] direction (Fig. 8)

A¸n
2
M

3
Q

5
contains single 1

=
[MQ

3
] chains as well as

double 1
=
[M

2
Q

4
] chains made up from two edge-sharing

single 1
=
[MQ

3
] chains; the single chains and double chains

are connected together by vertex-sharing to form the two-
dimensional 2

=
[M

3
Q

5
] layer (Fig. 9). Rb

2
Gd

4
Cu

4
S
9

con-
tains one-dimensional 1

=
[Cu

4
S
8
] chains made up of two

single 1
=
[CuS

3
] chains and one 1

=
[Cu

2
S
4
] double chain

(Fig. 10).
Selected bond distances for RbNd

2
CuS

4
, RbSm

2
CuS

4
,

CsLa
2
CuSe

4
, CsSm

2
CuSe

4
, RbEr

2
Cu

3
S
5
, CsGd

2
Ag

3
Se

5
,

CsTb
2
Ag

3
Se

5
, and Rb

2
Gd

4
Cu

4
S
9

are listed in Tables 5, 6,
and 7. In these structures all A atoms are in bicapped
trigonal prisms of eight Q atoms with reasonable A}Q
distances. ¸n}Q distances are unexceptional and decrease
from Nd to Er, as expected from the lanthanide contraction.

Plots of the reciprocal of the molar susceptibility (1/s) vs
¹ for Rb

2
Gd

4
Cu

4
S
9

and RbEr
2
Cu

3
S
5

are shown in Fig. 11.
Both of these materials are paramagnetic in the range of
5!300 K. The susceptibility data were "t by a least-
squares method to the Curie}Weiss equation s"C/(¹!h),
where C is the Curie constant and h is the Weiss constant.
The resulting values for C and h are 7.8(1) emuKmol~1 and
!8.9(2) K for Rb

2
Gd

4
Cu

4
S
9

and 11.12(4) emuK mol~1

and !7.60(5) K for RbEr
2
Cu

3
S
5
. The calculated e!ective

magnetic moments of 7.9(2) k
B
and 9.43(5) k

B
agree well with

the theoretical values of 7.94 k
B

and 9.58 k
B

for Gd3`and
Er3`, respectively (24).
The di!use re#ectance spectra of Rb
2
Gd

4
Cu

4
S
9

and
RbEr

2
Cu

3
S
5

from 1.5 to 3.5 eV are shown in Fig. 12. An
optical band gap of 1.94 eV for Rb

2
Gd

4
Cu

4
S
9

was deduced
with the use of a straightforward extrapolation method (25).
This gap is consistent with the red color of the material.
RbEr

2
Cu

3
S
5

exhibits a typical Er3` absorption spectrum,
with 4f}4f transitions at approximately 1.6, 1.9, and 2.5 eV.
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