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Abstract

The six LnYbQ3 compounds b-LaYbS3, LaYbSe3, CeYbSe3, PrYbSe3, NdYbSe3, and SmYbSe3 have been synthesized from high-

temperature solid-state reactions of the constituent elements at 1223K. The compounds are isostructural to UFeS3 and crystallize in

the space group Cmcm of the orthorhombic system with four formula units in a cell. Cell constants (Å) at 153K are: b-LaYbS3,
3.9238(8), 12.632(3), 9.514(2); LaYbSe3, 4.0616(8), 13.094(3), 9.932(2); CeYbSe3, 4.0234(5), 13.065(2), 9.885(1); PrYbSe3, 4.0152(5),

13.053(2), 9.868(1); NdYbSe3, 4.0015(6), 13.047(2), 9.859(1); SmYbSe3, 3.9780(9), 13.040(3), 9.860(2). The structure is composed of

layers of YbQ6 (Q=S or Se) octahedra that alternate with layers of LnQ8 bicapped trigonal prisms along the b-axis. Because there

are no Q–Q bonds in the structure the formal oxidation states of Ln/Yb/Q are 3+/3+/2�. Magnetic susceptibility measurements

indicate that CeYbSe3 and SmYbSe3 are Curie–Weiss paramagnets over the temperature range 5–300K.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The LnLn0O3 oxides, where Ln=La–Nd and
Ln0=Ho–Lu, Y, have been the focus of numerous
investigations of their structures and properties [1–12].
Typically, these oxides adopt the orthorhombic GdFeO3

structure type [13], which is a distorted variant of the
cubic ABO3 perovskite structure. Compared with
perovskite, in this variant the coordination number of
the A site is reduced from 12 to 8 and the coordination
of the B site is reduced from 8 to 6. Magnetic
measurements indicate that LaErO3 exhibits an anti-
ferromagnetic transition at 2.4K [1,12], whereas the
LnYbO3 (Ln=La–Pr) compounds order antiferromag-
netically with a weak ferromagnetism at 2.7K [12]. The
magnetic properties of these perovskites are independent
of the A site ions (La–Pr) but are dependent on the B site
ions (Er and Yb).
In contrast to the oxides, the LnLn0S3 chalcogenides

have received little attention and no corresponding
selenides LnLn0Se3 or tellurides LnLn0Te3 have been
reported. Single-crystal X-ray diffraction studies were
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conducted on YScS3 [14], CeScS3 [15,16], CeTmS3 [17],
NdYbS3 [18], and LaYbS3 [19], but no physical proper-
ties were measured. YScS3 and CeScS3 are isostructural
and as the LnLn0O3 oxides adopt the GdFeO3 structure
type. CeTmS3 crystallizes in a rather complex three-
dimensional structure. LaYbS3 crystallizes in two
different structure types: a-LaYbS3 (Pnma), synthesized
at 1520K, adopts a three-dimensional structure;
b-LaYbS3 (B2212; standard setting C2221), synthesized
at 1270K, adopts a layered structure.
This investigation details the syntheses, structure, and

magnetic properties of several LnYbSe3 compounds. It
also provides a redetermination of the structure of
b-LaYbS3, which crystallizes in a different space group
from that reported earlier.
2. Experimental

2.1. Syntheses

The following reagents were used as obtained: La
(Cerac, 99.9%), Ce (Alfa Aesar, 99.9%), Pr (Strem,
99.9%), Nd (Cerac, 99.9%), Sm (Alfa Aesar, 99.9%),
Yb (Strem, 99.9%), S (Alfa Aesar, 99.99%), Se (Cerac,
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99.99%), and KI (Aldrich, 99.99%). Reaction mixtures
consisted of 0.5mmol Ln, 0.5mmol Yb, and 1.5mmol S
or Se and 300mg of KI. The reactants were loaded into
carbon-coated fused-silica tubes in an Ar filled glove-
box. These tubes were sealed under a 10�4 Torr atmo-
sphere and then placed in a computer-controlled
furnace. The samples were heated to 1223K in 24 h,
kept at 1223K for 96 h, cooled to 823K in 144 h, and
then rapidly cooled to 295K. The reaction mixtures
were washed with water and dried with acetone.
Semiquantitative EDX analyses performed with a
Hitachi 3500N SEM confirmed the presence of Ln,
Yb, and S or Se in a 1:1:3 ratio, in agreement with the
final formulation based on the X-ray structure determi-
nation. b-LaYbS3 was obtained as yellow needles in
less than 10% yield, whereas the LnYbSe3 com-
pounds were obtained as black needles in approximately
50% yield.

2.2. Crystallography

Single-crystal X-ray diffraction data were collected
with the use of graphite-monochromatized MoKa
radiation (l=0.71073 Å) at 153K on a Bruker Smart-
1000 CCD diffractometer [20]. 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 0.3� in o
in groups of 606, 606, 606, and 606 frames at j settings
of 0�, 90�, 180�, and 270�. The exposure times varied
from 10 to 20 s/frame. The collection of the intensity
data was carried out with the program SMART [20].
Cell refinement and data reduction were carried out with
the use of the program SAINT [20] and face-indexed
absorption corrections were performed numerically with
the use of the program XPREP [21]. Then the program
Table 1

Crystal data and structure refinements for LnYbQ3
a

Compound

b-LaYbS3 LaYbSe3 CeYb

Formula weight 408.13 548.83 550.04

a (Å) 3.9238(8) 4.0616(8) 4.0234

b (Å) 12.632(3) 13.094(3) 13.065

c (Å) 9.514(2) 9.932(2) 9.885(

V (Å3) 471.6(2) 528.2(2) 519.6(

rc (g/cm
3) 5.748 6.901 7.031

m (cm�1) 297.68 460.65 473.68

Transm factors 0.23–0.57 0.020–0.16 0.048–

R1
b 0.0216 0.0245 0.0177

wR2
c 0.0551 0.0562 0.0526

aFor all structures Z=4, space group=Cmcm, T=153(2)K, and l=0.71
bR(F)=

P
||Fo|�|Fc||/

P
|Fo| for Fo

242s(Fo
2).

cRw(F
2)={

P
[w(Fo

2�Fc
2)2]/

P
wFo

4}1/2 for all data. w�1=s2(Fo
2)+(q�Fo

2)2 f

q=0.04 for the others.
SADABS [20] was employed to make incident beam and
decay corrections.
The structures were solved with the direct methods

program SHELXS and refined with the full-matrix least-
squares program SHELXL of the SHELXTL suite of
programs [21]. Each final refinement included aniso-
tropic displacement parameters and a secondary extinc-
tion correction. Additional experimental details are
given in Table 1. The program STRUCTURE TIDY
[22] was used to standardize the positional parameters.
The structure of b-LaYbS3 [19] was determined earlier in
space group B2212 (standard setting C2221) of the
orthorhombic system, although the resultant structure
differs minimally from one in Bbmm (standard setting
Cmcm). In space group Cmcm there is the systematic
absence h 0 l, l=2n; all other systematic absences are the
same in space groups Cmcm and C2221. The present
data for b-LaYbS3 conform strictly to the condition
h 0 l, l=2n; the structure has been satisfactorily refined
in space group Cmcm. Fractional coordinates for the six
structures determined are listed in Table 2. Selected
interatomic distances are given in Table 3.

2.3. Magnetic properties

Magnetic susceptibility measurements on CeYbSe3
(21.5mg) and SmYbSe3 (31.1mg) were carried out with
the use of a Quantum Design SQUID magnetometer
(MPMS5 Quantum Design). The composition of each
sample was verified by EDX measurements. The
samples were loaded into gelatin capsules. Zero-field
cooled (ZFC) susceptibility data were collected in the
range 5–300K. The applied field was 500G for CeYbSe3
and 200G for SmYbSe3. All measurements were
corrected for core diamagnetism [23]. The susceptibility
data in the temperature range 200–300K were fit by a
Se3 PrYbSe3 NdYbSe3 SmYbSe3

550.83 554.16 560.27

(5) 4.0152(5) 4.0015(6) 3.9780(9)

(2) 13.053(2) 13.047(2) 13.040(3)

1) 9.868(1) 9.859(1) 9.860(2)

1) 517.2(1) 514.7(1) 511.4(2)

7.075 7.151 7.276

482.09 490.59 507.04

0.42 0.074–0.67 0.041–0.36 0.010–0.63

0.0220 0.0191 0.0235

0.0631 0.0526 0.0577

073 Å.

or Fo
2
X0 and w�1=s2(Fo

2) for Fo
2o0. q=0.03 for both La compounds;
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least-squares method to the Curie–Weiss equation w=
C/(T�yp), where C is the Curie constant and yp is
the Weiss constant. The effective magnetic moment
(meff) was calculated from the equation meff=(7.997C)1/2

mB [24].
Table 2

Atomic coordinatesa and equivalent isotropic displacement parameters

for LnYbQ3

Atom y z Ueq
b (Å2)

b-LaYbS3
La 0.74651(6) 1/4 0.0049(3)

Yb 0 0 0.0053(3)

S(1) 0.3585(2) 0.0611(3) 0.0066(6)

S(2) 0.0835(3) 1/4 0.0074(9)

LaYbSe3
La 0.74759(6) 1/4 0.0073(2)

Yb 0 0 0.0073(2)

Se(1) 0.35719(7) 0.0607(1) 0.0074(3)

Se(2) 0.0831(1) 1/4 0.0080(3)

CeYbSe3
Ce 0.74821(3) 1/4 0.0060(2)

Yb 0 0 0.0064(2)

Se(1) 0.35619(4) 0.06245(5) 0.0070(2)

Se(2) 0.08601(6) 1/4 0.0084(2)

PrYbSe3
Pr 0.74829(4) 1/4 0.0072(2)

Yb 0 0 0.0068(2)

Se(1) 0.35599(5) 0.06264(7) 0.0073(2)

Se(2) 0.08671(7) 1/4 0.0076(3)

NdYbSe3
Nd 0.74853(3) 1/4 0.0074(2)

Yb 0 0 0.0071(2)

Se(1) 0.35551(4) 0.06340(5) 0.0074(2)

Se(2) 0.08800(5) 1/4 0.0081(2)

SmYbSe3
Sm 0.74940(3) 1/4 0.0076(2)

Yb 0 0 0.0075(2)

Se(1) 0.35482(5) 0.06519(7) 0.0081(2)

Se(2) 0.09061(7) 1/4 0.0084(2)

ax=0 for all atoms.
bUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.

Table 3

Selected distances (Å) for LnYbQ3

Compound

b-LaYbS3 LaYbSe3 CeYb

Ln–Q(1)� 4 3.013(2) 3.1173(9) 3.0780

Ln–Q(1)� 2 3.244(3) 3.377(1) 3.3763

Ln–Q(2)� 2 2.844(3) 2.960(1) 2.9218

Yb–Q(1)� 4 2.717(2) 2.8258(8) 2.8210

Yb–Q(2)� 2 2.602(2) 2.7109(7) 2.7147

Ln?Yb 3.9889(9) 4.1338(9) 4.1143
3. Results and discussion

3.1. Structure

The LnYbQ3 compounds b-LaYbS3, LaYbSe3,
CeYbSe3, PrYbSe3, NdYbSe3, and SmYbSe3 are iso-
structural to UFeS3 [25]. A view of the unit cell is
depicted in Fig. 1. It consists of layers of YbQ6 (Q=S
or Se) octahedra that alternate with layers of LnQ8

bicapped trigonal prisms along the b-axis. As shown in
Fig. 2, the YbQ6 octahedra share edges along the a-axis
and corners along the c-axis to form an infinite buckled
sheet. The LnQ8 bicapped trigonal prisms share edges
and caps to form a spacer layer that separates the sheets
of YbQ6 octahedra. The LnQ8 and YbQ6 layers are
bound together via edge- and corner-sharing of the rare-
earth polyhedra to form the overall structure. This
structure of the LnYbQ3 materials is closely related to
that of the GdFeO3 structure-type adopted by LnLn0O3
Se3 PrYbSe3 NdYbSe3 SmYbSe3

(5) 3.0700(6) 3.0555(5) 3.0275(7)

(7) 3.3720(8) 3.3749(7) 3.392(1)

(7) 2.9117(8) 2.8965(6) 2.8712(9)

(4) 2.8189(5) 2.8191(4) 2.8201(6)

(4) 2.7142(5) 2.7190(4) 2.7334(7)

(5) 4.1086(5) 4.1036(5) 4.0931(8)

Fig. 1. Unit cell of LnYbQ3 viewed down the a-axis.
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Fig. 2. YbQ6 layer viewed down the b-axis.

Fig. 3. Unit cell of the GdFeO3-type LnLn0O3 compounds viewed

down the a-axis. The Ln–O bonds have been removed for clarity.

Fig. 4. Structure of a-LaYbS3.
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(Ln=La–Nd; Ln0=Ho–Lu, Y) and LnScS3 (Ln=Ce, Y)
(space group Pnma) [13]. The distorted perovskite
phase, pictured in Fig. 3, is constructed from Ln0O6

octahedra that share edges and corners along the a and
c-axis to form a buckled sheet similar to that of the
YbQ6 octahedra in LnYbQ3. However, the Ln0O6

octahedra of the perovskite compounds participate in
additional corner-sharing along the b-axis to form a
three-dimensional tunnel structure. The Ln atoms reside
within these tunnels and are coordinated to eight O
atoms in a bicapped trigonal prismatic arrangement.
The structure of b-LaYbS3 found here differs mini-

mally from that reported earlier [19], although the
present results suggest that the earlier determinations of
the structures of both b-LaYbS3 and NdYbS3 [18] were
carried out in the wrong space group, as was the case for
CeScS3 [15,16]. In contrast, the structure of a-LaYbS3
[19], Fig. 4, is significantly different from that of the
other materials. This complex three-dimensional struc-
ture is composed of distorted LaS6 trigonal prisms and
YbS6 octahedra and bears little resemblance to the
layered structures described here.
In the LnYbQ3 materials all of the bond lengths are

normal (Table 3). The following comparisons can be
made: La–S, 2.844(3)–3.244(3) vs. 2.89(1)–3.14(2) Å in
La2Fe2S5 [26]; La–Se, 2.960(1)–3.377(1) vs. 2.975(3)–
3.222(5) Å in La3AgSiSe7 [27]; Ce–Se, 2.9218(7)–
3.3763(7) vs. 3.0027(9)–3.0253(9) Å in KCe2CuSe6
[28]; Pr–Se, 2.9117(8)–3.3720(8) vs. 2.970(2)–3.281(2)
Å in Pr3InSe6 [29]; Nd–Se, 2.8965(6)–3.3749(7) vs.
2.970(1)–3.152(2) Å in NdSe1.9 [30]; Sm–Se, 2.8712(9)–
3.392(1) vs. 2.9285(8)–3.296(1) Å in Sm3CrSe6 [31];
Yb–S, 2.602(2)–2.717(2) vs. 2.677(2)–2.694(2) Å in
CaYbInS4 [32]; and Yb–Se, 2.7109(7)–2.8258(8) vs.
2.804(2)–2.818(2) Å in CaYbInSe4 [32]. Because there
are no Q–Q bonds in the structure of LnYbQ3 the
formal oxidation states of Ln/Yb/Q are 3+/3+/2�.

3.2. Magnetic properties

CeYbSe3 and SmYbSe3 are paramagnetic in the range
5–300K (Fig. 5). Both compounds deviate from ideal
Curie–Weiss behavior at low temperatures (o100K) as
a result of crystal-field effects [33]. The values of C

(emuKmol�1), yp (K), and meff (mB) for the materials
are: CeYbSe3, 3.46(7), �44.6(9), 5.26(6); SmYbSe3,
2.11(8), �107.6(4), 4.11(7). The large negative values
of yp are indicative of a substantial degree of local
antiferromagnetic coupling and it is possible that these
materials order antiferromagnetically below 5K, as do
the LnLn0O3 materials. The values of meff agree well with
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Fig. 5. Inverse magnetic susceptibility (1/w) vs. T for CeYbSe3 and

SmYbSe3.
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the theoretical values of 5.20 and 4.78mB, calculated for
CeYbSe3 and SmYbSe3 from the magnetic moments for
Ce3+, Sm3+, and Yb3+ of 2.54, 1.5, and 4.54 mB,
respectively [34].
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[33] C. Cascales, R. Sáez-Puche, P. Porcher, J. Solid State Chem. 114

(1995) 52–56.

[34] C. Kittel, Introduction to Solid State Physics, 6th Edition, Wiley,

New York, 1986.


	Syntheses, structure, and magnetic properties of several LnYbQ3 chalcogenides, Q=S, Se
	Introduction
	Experimental
	Syntheses
	Crystallography
	Magnetic properties

	Results and discussion
	Structure
	Magnetic properties

	Acknowledgements
	References


