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Abstract

The new quaternary selenide CeMn, sOSe has been synthesized by the reaction of Ce, Mn, Se, and SeO, at 1223 K. This
compound crystallizes in space group P4/nmm of the tetragonal system with two formula units in a cell of dimensions at 153 K of
a = 4.0260(7) A c= 9.107(2) A. CeMn, sOSe has the LaAgOS structure type. It is built from [CeO] fluorite-like layers where Ce,O
tetrahedra share Ce—Ce edges that alternate with [MnSe] anti-fluorite like layers along [001]. An optical band gap of 2.01 eV has been
derived from absorption measurements on the (100) crystal face of a CeMng sOSe single crystal.

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

Numerous quaternary oxychalcogenides involving 4f
elements and 3d transition metals have been identified.
In most of these phases there is an early transition
element and a light lanthanide (La, Ce, Pr, Nd, Sm).
These include titanium oxysulfides LagTi,OsSg [1],
La4Ti3OgS4 [1], anoTi1106S44 (Ln:La, CC) [2,3],
La4TigOeS33 [4], LagTi;004S,4 [5], Lag+,Tig +yO4S24
(x+y<2) [6], LnyTi,05S, (Ln="Pr, Nd, Sm) [7,8], and
the recently synthesized titanium oxyselenides
Ln3.67Ti203Seé (Ll’l:CC, Nd, Sm) [9], Sm3Ti308S€2
[10], LasTi,04Ses [11], and LagTizOsSeq [11]. The only
two vanadium representatives are LnsV30,S¢ (Ln=La,
Ce, Pr, Nd) [12,13] and Ln;VO4Seg (Ln=Nd, Sm, Gd)
[14]. If one assumes Ln> ", then some of these phases are
mixed-valence compounds because they contain no O—-Q
bonds (Q=S, Se). In the chromium system LnCrOQ,
(Q0=S; Ln=La, Ce, Pr, Nd, Sm [15-18]; Q=Se;
Ln=La, Ce, Nd [19,20]) ferromagnetic ordering occurs
in LaCrOQ, (Q=S, Se) and antiferromagnetic interac-
tions occur in NdCrOS, [19].

These Ln/M/O/Q compounds (M =Ti, V, Cr) display
three-dimensional crystal structures comprising face-
and edge-sharing of polyhedra. Layered structures have
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been observed only with M=Cu in LnCuOQ (Q=S;
Ln=1La [21]; OQ=Se; Ln=La, Pr, Nd, Sm, Gd, Dy, Y
[22-24]) and more recently in LasCus04S7 [25].

Our interest in the preparation of new phases that
contain other transition metals led us to explore the
Ln/Mn/O/Se system, where we have been able to isolate
single crystals of the first quaternary cerium oxyselenide
that involves manganese, CeMn, sOSe, the subject of
the present paper.

2. Experimental
2.1. Synthesis

A few dark-orange plates of CeMngysOSe were
obtained in the reaction of Ce (2mmol, Alfa, 99.9%),
Mn (1 mmol, Alfa, 99.9%), Se (4 mmol, Alfa, 99.5%),
SeO, (0.5mmol, Aldrich, 99.8%) added as source of
oxygen, and KCI (5mmol, Aldrich, 99.9%) added
to promote crystal growth. The materials were mixed
and sealed in a fused-silica tube that was then evacuated
to 5x 107> Torr. The tube was heated to 1223K at
0.25K/min, kept at 1223K for 5 days, cooled at
0.05K/min to 923K, and then the furnace was turned
off. The reaction mixture was washed free of chloride
salts with water and then dried with acetone. Yield of
CeMn, sOSe crystals was about 5%; the composition of
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the bulk powder was not determined. Semiquantitative
analyses of the crystals were performed with a Hitachi
3500N SEM. EDX results confirmed the presence of Ce,
Mn, and Se in the approximate ratio 2:1:2, in good
agreement with the final formulation based on the X-ray
structure determination. Oxygen was detected but could
not be quantified. This compound is stable in a
laboratory atmosphere.

2.2. Crystallography

Single-crystal X-ray diffraction data were collected on
a plate of dimensions 0.052 mm x 0.070 mm x 0.014 mm
with the use of graphite-monochromatized MoKu
radiation (4 = 0.71073 A) at 153K on a Bruker Smart-
1000 CCD diffractometer [26]. 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 w,
respectively, in groups of 606, 606, 606, and 606 frames
at ¢ settings of 0°, 90°, 180°, and 270°. The exposure
times were 20 s/frame. The collection of intensity data
on the Bruker diffractometer was carried out with the
program SMART [26]. Cell refinement and data
reduction were carried out with the use of the program
SAINT [26] and a face-indexed absorption correction
was performed numerically with the use of the program
XPREP [27]. The program SADABS [26] was then
employed to make incident beam and decay corrections.

The structure was solved and refined in the tetragonal
space group P4/nmm. The positions of the heavy atoms
(Ce, Mn, Se) were determined by direct methods with
the program SHELXS of the SHELXTL suite of
programs [27] and then the O atom position was located
from a difference electron density synthesis. The
structure was refined by full-matrix least-squares tech-
niques with the use of the program SHELXL [27]. The
resultant equivalent isotropic displacement parameter
for Mn was excessively large, indicating that there was
less electron density at this site than that assumed in the
refinement model of CeMnOSe. Refinement with
unconstrained occupancy for Mn led to a reasonable
displacement parameter and to an occupancy of 0.5.
Final refinement with this occupancy fixed at 0.5 led
to the agreement indices R = 0.0190 and R,, = 0.0493.
The resultant stoichiometry of CeMng sOSe achieves
charge balance with the formal oxidation states
Ce*"Mn3t 0% Se?”. Additional experimental details
are given in Table 1. The program STRUCTURE
TIDY [28] was used to standardize the positional
parameters. Fractional coordinates and equivalent
isotropic displacement parameters are listed in Table 2,
and selected interatomic distances and bond angles are
given in Table 3.

Table 1

Crystal data and structure refinement for CeMn, sOSe

Formula weight 262.55
Space group P4/lnmm
aA) 4.0260(7)
¢ (A) 9.107(2)
v (A% 147.61(5)
VA 2

T (K) 153 (2)
2 (MoKuw) 0.71073
pe (glem’) 5.907

u (em™h 294.73
Transmission factors 0.212-0.664
Total reflections/unique reflections 1240/143
R(F)* (F2>20(F2)) 0.0190
Ry, (F2)® (all data) 0.0493

“R(F) = Y_||Fo| = |Fell/Y | Fol-
Ry (F)=[w(F2 — F2)? /S wF4'? . w1 =62(F2) + (0.02 x F2)?
for F2>0; w™! = ¢?(F2) for F2<0.

Table 2
Atomic coordinates and equivalent isotropic displacement parameters
for CeMn, sOSe

Atom x y z Ue*

Ce 1/4 1/4 0.63386(6) 0.0095(2)
Mn® 3/4 1/4 0 0.0107(6)
o) 3/4 1/4 12 0.0086(13)
Se 1/4 1/4 0.17655(12) 0.0109(3)

#Ueq is defined as one-third of the trace of the orthogonalized
Uj; tensor.
®Occupancy =0.5.

Table 3

Selected interatomic distances (A) and angles (deg) for CeMn, sOSe
Ce-O x4 2.3533(5) Ce-O-Ce x 4 74.435(13)
Ce-Se x 4 3.3295(8) Ce-O—Ce x2 117.60(3)
Mn-Se x 4 2.5763(8) Se-Mn-Se x 4 112.92(2)
Mn---Mn x 4 2.8468(5) Se-Mn—Se x 2 102.77(4)

2.3. Optical properties

Optical absorption measurements on a CeMn, sOSe
single crystal were performed with the use of an Ocean
Optics model S2000 spectrometer over the range 400 nm
(3.10eV) to 800 nm (1.55eV) at 293 K. The spectrometer
was coupled by fiber optics to a Nikon TE300 inverted
microscope. White light originated from the TE300
lamp and passed through a polarizer before reaching the
sample. The crystal, aligned along [010], was positioned
at the focal point above the 20 x objective by means of
a goniometer mounted on translation stages (Line Tool
Company). The light transmitted through the crystal
was then spatially filtered before being focused into the
400 pum core diameter fiber coupled to the spectrometer.
Fine alignment of the microscope assembly was
achieved by maximizing the transmission of the lamp
profile. The extinction spectrum of the (100) crystal
plane (light in the [100] direction) was recorded. Owing
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to the dimensions of the crystal, the extinction spectrum O O
of the (001) crystal plane could not be obtained. The O
direct band gap (E,) for CeMn,sOSe was calculated O

according to the relation (ochv)2~hv—Eg, where o is

the molar absorption coefficient and Av is the incident Mn
photon energy. The molar absorption coefficient was

corrected to account for crystal thickness and the probe ' L O Se
spot fill factor. Then E, was calculated by extrapolation - Ses

to (ahv)* = 0. A detailed description of the band gap (a) (b)

calculation procedure was given previously [29].

3. Results and discussion
3.1. Synthesis
CeMn, s0Se was synthesized in very low yield in the

reaction of Ce, Mn, Se, and SeO, at 1223 K. Attempts to
improve the yield were unsuccessful.

(©) (d)
3.2. Structures Fig. 2. Atomic environments in CeMn, sOSe.
The unit cell of CeMng s0Se displayed down [100] is

shown in Fig. 1. This compound belongs to the layered — Mngy Q Q- Q- @ Y
phases crystallizing in the LaAgOS structure type [30]. i i

The structure of CeMn(sOSe is built from [CeO] ﬁ;\ Se O : o o
fluorite-like layers where Ce4O tetrahedra share Ce—Ce :

edges that alternate with [MnSe] anti-fluorite like layers 1.727A

along [001]. The distance between the [CeO] layers is — Ce

6.670 A. The distance between two [MnSe] layers is 1219 A § i

5.892A. — 0 o oi o0 o0 O

Several views of the structure showing the coordina-
tion polyhedra of Ce, Mn, Se, and O are presented in

s © o o
— Mn @ ) @ __________ P o o

Fig. 3. Interlayer distances in CeMng sOSe.

Fig. 2. The coordination polyhedron of Ce is a distorted
square antiprism comprising four O atoms in one base
and four Se atoms in the other. The height of this Se4O4
antiprism is 2.946 A, where Ce is situated 1.219 A from
the O base and 1.727 A from the Se base (Fig. 3). The
coordination polyhedron of Se is also a distorted square
antiprism with four Mn atoms in one base and four Ce
atoms in the other. The height of the Mn,Ce,4 antiprism
is 3.335 A, where the Se atom is located at 1.608 A from
the Mn base and 1.727A from the Ce base. Each O
atom is coordinated by four Ce atoms in a distorted
tetrahedral arrangement. Each Mn atom is coordinated
tetrahedrally to four Se atoms; the MnSe, tetrahedra

@ Ce @ Mn OSe 00

Fig. 1. Unit cell of CeMn, sOSe viewed down [100]. share edges to form the [MnSe] anti-fluorite like layer.
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Fig. 4. Structural relationships among the CeFeSi, CeMn, s0Se, and ThCr,Si, structures.
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Fig. 5. Optical absorption spectrum (A) and band gap calculation (B) for CeMn, sOSe. The light impinged on the (100) crystal face.

The Ce-O distance of 2.3533(5)A and the Ce-Se
distance of 3.3295(8)A are comparable to those in
Cey(Si,07)Se; (Ce-O, 2.399-2.545A; Ce-Se, 2.991-
3.483A) [31] and those in CeCrOSe, (Ce-O, 2.354-
2.428 A; Ce-Se, 3.146-3.255A) [20]. The Mn-Se dis-
tances of 2.5763(8)A agree well with those reported in
the literature for Mn in tetrahedral coordination, e.g.,
2.524-2.601 A in Ba,MnSe, [32], 2.575A in Rb,MnSe,
[33], and 2.571(7) A in Mng[BeSiO4]eSe, [34].

It is useful to compare (Fig. 4) the CeMn,sOSe
structure with the intermetallic structure types CeFeSi
[35] and ThCr,Si, [36] (an ordered substitution variant
of the BaAly structure type). The main feature is the
existence of a common block in these three layered
structures. This block is defined by the Ce-Si—Fe-Si—Ce
sequence in the CeFeSi structure, the Th—Si—Cr—Si—Th
sequence in the ThCr,Si, structure, and the Ce—Se-Mn-—
Se—Ce sequence in the CeMn, sOSe structure, where Fe,
Cr, and Mn are tetrahedrally coordinated to Si or Se
atoms. This sequence has been denoted as a “BaAly”
slab [37]. Therefore, the ThCr,Si, structure is consti-
tuted from two juxtaposed BaAl, slabs along [001]
whereas the CeFeSi structure is built from two
BaAl, slabs with additional Ce—Ce interactions. In
CeMn, sOSe structure, the O layer is inserted between
these two Ce layers 1.219 A from each. Several other
chalcogenide phases crystallize with the ThCr;Si,
structure type, namely 4M,Q, (A =alkali or alkaline-

earth metal; M= 3d-transition metal; Q=S, Se) [38,39],
ACuMnS, (A=K, Rb) [40], CsCuFeS, [41], and
KCuZnTe, [42]. In an alternative description Ce
Mn, sOSe may be considered as an intergrowth struc-
ture consisting of two kinds of infinite slabs with
square—mesh interfaces. The first slab with composition
“Ce0,” is sliced from the binary oxide CeO, (CaF,
structure type) The second slab with composition
“CeMn,_,Se,” has an atomic arrangement that corre-
sponds to the ThCr,Si, structure. The only atoms
positioned on the slab interfaces and shared between
the intergrown slabs are the Ce atoms, an arrangement
that has been catalogued [43].

3.3. Magnetism

Because of their interesting magnetic properties the
Mn representatives of the CeFeSi and ThCr,Si,
structure types, namely LzMnX and LnMn,X, (X=Si
or Ge), have been extensively studied by macroscopic
magnetic measurements, neutron diffraction, and
Moéssbauer spectroscopy. It has been found that
magnetic ordering of the Mn sublattice appears to be
correlated with the intra-layer Mn—Mn spacing [44—47].
In these compounds long Mn—Mn distances (> 2.86 A)
yield antiferromagnetic (001) Mn layers whereas shorter
distances yield ferromagnetic Mn layers. The Mn
sublattice in CeMn, sOSe comprises (001) square planes,
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with the Mn-Mn distance in this plane being
2.8465(5) A. Disregarding the metallic nature of bonding
in the CeFeSi and ThCr,Si, structures and the partial
occupancy of Mn in the present structure, the structural
analogy among these phases is obvious. Unfortunately,
the magnetic properties of CeMn,;OSe remain un-
known owing to our inability to prepare this material
and other rare-earth representatives in sufficient
amounts.

3.4. Band gap

The optical absorption spectrum and its second
derivative vs. photon energy are displayed in Fig. 5
for light impinging on the (100) crystal face of a
CeMn, sOSe single crystal. Analysis leads to a band gap
of 2.01eV. The dark-orange color of CeMngsOSe is
consistent with this band gap.
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