Available online at www.sciencedirect.com

rermer @ souw §TaTE
CHEMISTRY
ACADEMIC
PRESS Journal of Solid State Chemistry 177 (2004) 257261

http:/felsevier.com/locate/ jssc

Syntheses and characterization of the actinide manganese selenides
ThMnSe; and UMnSe;

Ismail Ijjaali, Kwasi Mitchell, Fu Qiang Huang, and James A. Ibers™

Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3113, USA
Received 29 May 2003; received in revised form 24 July 2003; accepted 1 August 2003

Abstract

The AnMnSe; (An=Th, U) compounds were synthesized from high-temperature solid-state reactions of the constituent elements
at 1223 and 1273 K, respectively. Both compounds are isostructural with UFeS; and crystallize in the space group Cmcm of the
orthorhombic system with four formula units in a cell. Cell constants (A) at 153 K are: ThMnSes, 4.0304(4), 12.795(1), 9.2883(9);
UMnSes, 3.931(5), 12.705(14), 9.148(10). The structure comprises layers of MnSes octahedra that alternate with layers of AnSeg
bicapped trigonal prisms along the b-axis. Because there are no Se—Se bonds in the structure of AnMnSe; the formal oxidation states

of An/Mn/Se are 4+ /2+ /2—. UMnSe; is a ferromagnet with 7¢ = 62 K.
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1. Introduction

A number of 4An/M/Q phases (An="Th or U); M = 3d-
transition metal; Q=S or Se or Te) have been isolated
[1]. However, single-crystal X-ray diffraction studies
have only been conducted on a few of these phases.
These include the U phases UFeS; [2], UCrS; [3],
UQFGSS [4], UzCUongeG [5], UQCUXTCG (X = 025, 033)
[6], UsCuxQ7 (O =S8, Se) [7], UsCu2015 (Q=S, Se) [8,9],
UgFeS;; [10], and UgCrS;; [11] and the Th phases
ThMTe; (M=Mn, Mg) [12] and Th,CuTes [13].
Although these ternary actinide chalcogenides were
initially investigated over four decades ago, a detailed
understanding of the relationship between the magnetic
and structural properties of these materials has yet to
evolve. Owing to the complex magnetic behavior of the
5f electrons of the actinides, a thorough investigation of
the structural properties of the An/M/Q phases is
necessary to draw correlations between the structural
and magnetic properties of the materials. In this paper,
we report the first single-crystal study of the Mn/Se
representatives of AnMnSe; phase, UMnSe; and
ThMnSe;, in addition to the magnetic properties of
UMnSe;.
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2. Experimental
2.1. Syntheses

Th and U metal were handled in an argon-filled
glovebox to prevent exposure to oxygen and moisture.
Crystals of ThMnSe; were synthesized from the direct
combination of the elements at 1223 K. Stoichiometric
amounts of Th (111 mg, Johnson Matthey, 99.8%), Mn
(26 mg, Alfa Aesar, 99.9%), and Se (113 mg, Alfa Aesar,
99.5%) were mixed and sealed in a fused-silica tube that
was then evacuated to ~10~* Torr. About 180 mg of Sn
was added to promote crystal growth. The sample was
then placed in horizontal tube furnace, reacted at
1223 K for 6 days, and cooled at 3°C/hour. Crystals,
which grew as black blocks with dimensions on the
order of 0.07mm, were manually extracted from the
reaction mixture. This reaction produces only a few
crystals of ThMnSe;. Most of the products were
amorphous unreacted material and spherical droplets
of elemental Sn.

Black needles of UMnSe; formed from the reaction of
U (119 mg, Omega Chemicals, 99.8%), Mn (27 mg), and
Se (120 mg) in a KBr flux (~350 mg, Alfa Aesar, 99%).
The materials were mixed and sealed in a fused-silica
tube that was then evacuated to ~10~*Torr. The tube
was heated to 1273 K in 60h, kept at 1273 K for 50 h,
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cooled at 4K/h to 473K, and then the furnace was
turned off. The reaction mixture was washed free of
bromide salts with water and then dried with acetone.
The yield of the reaction was approximately 50% (based
upon U).

Selected single crystals of each compound were
examined with an EDX-equipped Hitachi 3500N SEM
and found to have the stated composition within the
accuracy of the method (+5%). Both compounds are
stable in air.

2.2. Crystallography

For each compound a single crystal was mounted
directly in the cold stream (153 K) of a Bruker Smart-
1000 CCD diffractometer [14]. Graphite-monochroma-
tized MoKa radiation (4 = 0.71073 A) was used. The
crystal-to-detector distance was 5.023cm. Data were
collected by a scan of 0.3° in w in groups of 606, 606,
606, and 606 frames at ¢ settings of 0°, 90°, 180°, and
270°. The exposure time was 15s/frame. The collection
of intensity data on the Bruker diffractometer was
carried out with the program SMART [14]. Cell
refinement and data reduction were carried out with
the use of the program SAINT [14] and a face-indexed
absorption correction was performed numerically with
the use of the program XPREP [15]. The program
SADABS [14] was then 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 [15]. Each final refinement included aniso-
tropic displacement parameters and a secondary extinc-
tion correction. The program STRUCTURE TIDY [16]
was used to standardize the positional parameters.
Additional crystallographic details are given in
Table 1. Fractional coordinates and equivalent atomic
displacement parameters are listed in Table 2. Table 3
presents selected interatomic distances.

2.3. Magnetic susceptibility

Measurements on single crystals of UMnSe; (4.4 mg)
were carried out with the use of a Quantum Design
SQUID magnetometer (MPMSS5 Quantum Design).
The composition of the sample was verified by
EDX measurements. The sample was loaded into a
gelatin capsule and magnetic susceptibility measure-
ments were collected between 5 and 300 K by means
of a zero-field cooling—field cooling (ZFC-FC) proce-
dure with an applied field of 20 kG. Data were corrected
for the diamagnetic contributions of the atomic
cores [17].

Table 1

Crystal data and experimental details for AnMnSe;

Formula ThMnSe; UMnSes
Formula weight 523.86 529.85
Space group Cmcem Cmem
aA) 4.0304(4) 3.931(5)

b (A) 12.795(1) 12.705(14)
¢ A) 9.2883(9) 9.148(10)
V(A% 478.99(8) 456.909)
z 4 4

T (K) 153 153

pe (g/cm?) 7.264 7.702
Linear abs. coeff. (cm™") 562.44 618.48
Transm. factors 0.075-0.178 0.014-0.189
R(F)* (F?>20(F?)) 0.0183 0.0239

Ry (F2)® (all data) 0.0449 0.0604

“R(F) = Y IF | = [ Fll /30| Fol.
_ 2
PRU(F2) = [Cw(F=F2) /w2, wl = aX(F3) + (g x F3)
for F2>0; w!' = S-%(F2) for F2<0. ¢ = 0.02 for ThMnSe; and 0.03
for UMnSe;.

Table 2
Atomic coordinates and equivalent isotropic displacement parameters
for AnMnSe;

Atom X y z Usq (AD?
ThMnSe;
Th 0 0.74907(2) 1/4 0.0026(2)
Mn 0 0 0 0.0066(3)
Se(1) 0 0.35502(5) 0.05864(7) 0.0033(2)
Se(2) 0 0.08274(7) 1/4 0.0032(2)
UMnSe;
U 0 0.74949(3) 1/4 0.0100(2)
Mn 0 0 0 0.0170(4)
Se(1) 0 0.35334(6) 0.06038(8) 0.0105(3)
Se(2) 0 0.08702(8) 1/4 0.0105(3)

# Uqq is defined as one-third of the trace of the orthogonalized Uy
tensor.

Table 3 .
Selected distances (A) for AnMnSe;

ThMnSe; UMnSes
An-Se(2) x 2 2.9309(7) 2.850(2)
An-Se(1) x 4 3.0096(5) 2.935(2)
An-Se(1) x 2 3.1611(7) 3.126(3)
An---Mn 3.9623(4) 3.919(1)
Mn-Se(2) x 2 2.5520(4) 2.540(2)
Mn-Se(1) x 4 2.7926(5) 2.764(2)

3. Results and discussion

ThMnSe; and UMnSe; are isostructural with UFeS;
[2]. A view of the unit cell is depicted in Fig. 1. It consists
of a three-dimensional framework in which layers of
MnSes octahedra alternate with layers of AnSeg
bicapped trigonal prisms along the b-axis. As shown in
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Fig. 1. Unit cell of AnMnSe; (An=Th, U) viewed down the a-axis.

Fig. 2. MnSeq layer viewed down the a-axis.

Fig. 2, the MnSeq octahedra share Se(1)-Se(1) edges
along the g-axis and Se(2) corners along the c-axis to
form an infinite buckled sheet. The AnSeg bicapped
trigonal prisms (Fig. 3) share edges and caps to form a
spacer layer that separates the sheets of MnSeq
octahedra. The AnSeg and MnSeg polyhedra participate
in edge- and corner-sharing to bind the layers together
and form the overall three-dimensional structure.

The infinite buckled sheet of transition-metal centered
octahedra found in the present AnMnSe; compounds is
also encountered in the UCrS; distorted perovskite
structure (GdFeOj; structure type) [3]. A number of

Sel

Sel

Sel Sel

Fig. 3. Coordination environment of 4n in AnMnSe;.

actinide-metal transition-metal chalcogenides adopt the
UCTrS; structure and crystallize in the space group Pnma
of the orthorhombic system, including UMS; (M =V,
Cr, Co, Ni, Ru, Rh) and UMSe; (M =V, Cr, Co, Ni),
whereas only UFeSe;, ThMnTe;, and the present
compounds adopt the UFeS; structure type [1,12]. The
UCrS; structure is related to that of the AnMnSes
compounds and is composed of layers of corner-sharing
CrSg octahedra. However, in UCrS; the CrSq4 layers are
condensed and the octahedra participate in additional
corner-sharing along the b-axis to form a three-
dimensional tunnel network in which the U atoms
reside (Fig. 4). Conversely, one may also imagine that
the structure of the AnMnSe; compounds may be
compressed so that the MnSeg layers connect via the
Sel or Sel’ atoms (Fig. 1). This modification would
form the tunnel network evident in the UCrS; structure.
The reason for the formation of the layered UFeS;
structure as opposed to the UCrS; tunnel structure is
unknown.

Ordered phases with the Mn”>" cation octahedrally
coordinated by Se atoms are uncommon. Examples we
can find are MnSe, which adopts the rock salt [18] and
NiAs [19] structures, and Mn,SiSe,, which crystallizes in
the olivine structure type [20]. The Mn-Se distances,
which range from 2.540(2) to 2.7926(5) A in the present
compounds (Table 3), are consistent with those of
2.685(2)72.756(3)A in Mn,SiSe, [20]. Other distances in
the present compounds are also normal. Thus the An-Se
distances, which range from 2.850(2) to 3.1611(7) A, are
consistent, for example, with those of 2.962(1)-
3.0153(6) A for Th-Se in KTh,Ses [21] and 2.868(2)-
3.041(1) A for U-Se in UPdSes [22]. Because there are
no Se—Se bonds in the structure of AnMnSe; the formal
oxidation states of An/Mn/Se are 4+ /2+/2—.

A plot of the molar susceptibility (y) vs. T for
UMnSe; is shown in Fig. 5. The compound exhibits a
ferromagnetic transition at approximately 62 K. The
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Fig. 4. Unit cell of UCrS; viewed down the g-axis. The U-S bonds
have been removed for clarity.
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Fig. 5. Zero-field cooled (ZFC) and field cooled (FC) magnetic
susceptibility data (y) vs. T for UMnSes.

slight differences observed between the ZFC-FC sus-
ceptibility data below 50K arise from magnetocrystal-
line anisotropy. This effect disappears when a
sufficiently high field is applied or a high enough
temperature is reached. Similar deviations were detected
for the U3Z, Tes (Z=Ge, Sn) ferromagnets [23]. The
high-temperature susceptibility data (7' >200 K) were fit
by a least-squares method to the Curie—Weiss equation
x = C/(T—0yp), where C is the Curie constant and 0, is
the Weiss constant. The effective magnetic moment

(4er) was calculated from the equation .z =
(7.997C)"* iy [24]. The values obtained are
C =4.60(2)emuKmol™', 0,=50.02)K, and =
6.06(4) ug. As is typical of U chalcogenides, uegr is
lower than the theoretical value of 6.92 uy, calculated
from the theoretical magnetic moments for U*" and
Mn?" of 3.58 and 5.92 g, respectively. This may be
attributed to crystal field effects or to 5/ electron
delocalization or both. Similar effects are observed in
the magnetic properties of U,Tes; [25], UsTes [26],
U3ZxT€5 (Z:GC, Sn) [23], U7T€12 [27], UCOS3 [28],
URUS3 [29], and U0432M06Seg [30]
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