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The synthesis and crystal structures of new ternary manganese
selenides, AMnSe, (4 = Li, Na, K, Rb, Cs) and Na,Mn,Se,,
are reported. These compounds were synthesized by solid state
reaction and cation exchange techniques. The single-crystal
structures of AMnSe, (4 = Li, Na, Rb) and Na,Mn,Se; have
been determined; LiMnSe,: a=4.1905(3) A, ¢=6.619(2) A,
and P3m]1 (No. 156, Z=1); NaMnSe,: a = 4.2330(7) A, c=
6.942(3) A, and P3ml1 (No. 156, Z=1); RbMnSe,: a=
42660(4) A, ¢=14.033(2) A, and IAm2 (No. 119, Z=2);
Na,Mn,Se;: a=15.689(2) A, b=13.888(2) A, ¢=7.220(1) A,
p =115.65(2)°, and C2/c (No. 15, Z = 8). The fundamental build-
ing blocks of the title compounds are MnSe, tetrahedra. 4AMnSe,
(4 = Li, Na) are layered compounds in which MnSe, tetrahedra
share three corners in the formation of polar 2[MnSe,.Se]”
layers. AMnSe, (4 =K, Rb, Cs) exhibit 2[MnSe,,]” layers
which are built up by four-corner-shared MnSe, tetrahedra.
Na,Mn,Se, shows four-membered zigzag chains formed by edge-
shared MnSe, tetrahedra. These chains are fused by the remain-
ing apices to form a two-dimensional layer, 2[MnSe,,Se,,
Se,,1”. Magnetic susceptibility data for these compounds were
fit with a modified Curie—Weiss expression. © 1999 Academic Press

Key Words: ternary manganese selenides; solid state synthesis;
crystal structures; layered compounds; magnetic susceptibilities.

INTRODUCTION

Recent investigations of ternary manganese chalcogen-
ides with A-Mn-Q (4 = alkali metal; Q = chalcogen) com-
positions have revealed many new compounds with
a variety of structures and magnetic properties (1-7). These
ternary manganese chalcogenides are found with different
compositions and distinct structures, as illustrated in Fig. 1;
A,MnQ, (A = K, Rb, Cs), 4cMnQ, (4 = Na, K), 4,Mn;0,
(A = Rb, Cs), and Na,Mn,S;. In the first of these structure
classes, one-dimensional chains, L[MnQ,]*~, built up by
edge sharing of MnQ, tetrahedra are found. Discrete
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MnQ$~ tetrahedra are found in the second structure
class. The third series of compounds possess layered struc-
tures with the manganese chalcogenide framework,
2[Mn;Q,]*>". The last compound also has two-dimen-
sional layers, 2[Mn,S;]?~, in which tetrahedra share edges
and vertices to form zigzag chains that fuse into layers.

Our research on these systems originated with the dis-
covery of the layered compounds, AMnTe, (4 = Li, Na) (8,
9). These compounds exhibit polar 2[MnTe; 3 Te]* layers,
in which MnTe, tetrahedra share three corners. Our sub-
sequent systematic survey of A-Mn-Te systems (4 =
alkali metals)—an effort aimed at finding other polar com-
pounds—resulted in the synthesis of several new ternary
tellurides, AMnTe, (A4 =K, Rb, Cs), Na;Mn,Tes, and
NaMn; s¢Te,(10).

These new layered compounds, AMnTe, (4 = Li, Na),
crystallizing in the noncentrosymmetric space group, P3ml
(No. 156), are of great interest because of potential applica-
tions for the nonlinear optical (NLO) devices (11-16).
Layered compounds with noncentrosymmetric structures
might provide opportunities for the preparation of or-
ganic-inorganic hybrid nonlinear optical nanocomposites
because they offer noncentrosymmetric environments be-
tween the layers for the guest chromophores (17-21).

Our efforts to find polar layered compounds in a
A-Mn-Se system (A = alkali metals) continued and re-
vealed new ternary selenides, AMnSe, (4 = Li, Na, K, Rb,
Cs), and Na,Mn,Se;. In this paper, we report the synthesis
and structures of these new ternary selenides.

EXPERIMENTAL
Materials and Instrumentation

Some compounds described herein are sensitive to both
oxygen and moisture, and experimental operations were
carried out under an inert gas atmosphere. Elemental start-
ing materials were used as received. LiCl (>99.0%, Aldrich),
NaCl (>99.0%, Aldrich), KCI (>99.0%, Aldrich), RbCl
(>99.0%, Aldrich), and CsCl (>99.0%, Aldrich) were
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(d) [Mn2Ss] layer

(¢) [Mn3Qq] layer

O chalcogen
© alkali metals

FIG. 1. (a) One-dimensional chains in A4,MnQ, (4 =K, Rb, Cs;
Q = chalcogen). (b) Isolated MnQ, tetrahedra in AsMnQ, (4 = Na, K;
Q = chalcogen). (c) Layers in A,Mn3;0Q, (4 = Rb, Cs; Q = chalcogen).
(d) Layers in Na,Mn,S;. White open circles are chalcogen atoms; gray
small circles are alkali metals in (a) and (b).

sublimed at least twice before use. Li,Se, Na,Se, and K,Se
were synthesized in liquid NH; as described in the literature
(22, 23), and MnSe was synthesized by direct reaction (24).
Purity of these binary chalcogenide starting materials was
confirmed by examination of Guinier X-ray powder pat-
terns. Unless otherwise indicated, reactions were performed
by the use of Nb tubes that were in turn sealed in evacuated
(~10"*Torr) silica tubes. Atomic absorption (AA)
measurements were performed on a Varian SpectrAA 250
Plus instrument after dissolution of products in 20% (w/w)
nitric acid. Wavelength-dispersive X-ray spectrometry
(WDS) analyses were performed using a Cameca SX 50
electron microprobe equipped with four WDS spectro-
meters. Each spectrometer contains an X-ray diffraction
crystal as a monochromator and a gas-flow proportional
ionization detector. For each element analyzed, a well-char-
acterized compound or pure element is used as a standard.
Crystals of ternary selenides were collected and mounted on
the top of sample holders with double-sided carbon tape.
For each compound, measurements were performed at least
three times for independent crystals and analyses were pro-
cessed through the Cameca PAP full-quantitative matrix
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correction program. Temperature-dependent magnetic sus-
ceptibilities were measured with a LakeShore 7229 AC
susceptometer with an external field strength of 10 Oe and
ac frequency of 125 Hz over the temperature range 4-300 K.
For each compound, about 50 mg was tightly sealed into
a delrin sample holder. Before measurements were begun,
samples were cooled to about 4 K without application of an
external field and measurements were taken at 3° intervals
as the temperature was increased. Data were corrected for
the diamagnetic contributions of the atomic cores (25) and
the sample holder.

Synthesis

LiMnSe, can be synthesized by mixing Li, MnSe, and Se
in a 1:1:1 molar ratio. The temperature of the reaction
vessel was uniformly raised to 230°C over 10 h, maintained
at 230°C for 2 days, uniformly increased to 1000°C over
4 days, held at that temperature for 10 days, slowly cooled
to 950°C at a rate of 2°C/h, and rapidly quenched to room
temperature in a water bath. Orange crystals suitable for
X-ray studies were found. WDS analyses of selected crystals
showed Mn:Se = 1.12(3):2 and no other elements heavier
than Na. AA analyses yielded the composition Lig g7z
Mng o5(1)Se>.

AMnSe, (A = Na, K, Rb, Cs) compounds were syn-
thesized by mixing LiMnSe,, LiCl, and ACl in 1:2:2 mole
ratios. In each case, the temperature was uniformly raised
from room temperature to 850°C over 4 days, held at that
temperature for 200 h, then cooled to room temperature at
a rate of 2°C/h. All products contained orange-red single
crystals suitable for X-ray crystallography. Alkali metal
salts were removed by washing with deoxygenated water
and rinsing with acetone two or three times under a nitro-
gen atmosphere. WDS analyses on selected crystals gave the
compositions Nag_ g3(1)Mny 093)59€2, Ko.93(1yMny 09(3)5€32,
Rbg.o11yMny o5(1)S€,, and Csg gg(1yMn; 4(1)5€2. No other
elements heavier than Na were found. AA measurements
were carried out to independently determine compositions
and yielded the following results: Nag o7(1,Mny og(3)S€2,
Ko.07(nyMny og(3)S€2, Rbg.og1yMny o1(1)S€;, and Csy goq)
Mny g4(1)S€,. No lithium was detected in AA analyses.

Na,Mn,Se; was synthesized directly using Na, MnSe,
and Se combined in a 2:2:1 ratio. The temperature of the
reaction vessel was uniformly raised to 230°C over 1 day,
maintained at 230°C for 2 days, uniformly increased to
850°C over 4 days, and then held at that temperature for 10
days. The reaction vessel was then cooled to room temper-
ature at a rate of 2°C/h. Orange-red crystals of Na,Mn,Se;
suitable for X-ray crystallography were found. WDS and
AA measurements on selected crystals from the product of
Na,Mn,Se; showed approximate compositions, Na; oo(3)
Mn; g52)9¢3 and Na, oq(1)Mn; 04¢1)S€3, respectively. No
other elements heavier than Na were found.
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X-Ray Crystallography

X-ray diffraction data for LiMnSe,, NaMnSe,, RbMnSe,,
and Na,Mn,Se; were collected on a Siemens R3m/V dif-
fractometer with graphite monochromated MoK radiation
(4 =0.71073 /i) at 20°C. For each compound, cell constants
and an orientation matrix were obtained from a least-
squares refinement using the setting angles from at least 15
centered reflections. This cell was refined by centering on at
least 24 reflections in the range 15 <260 < 40°. Intensity
data for these compounds were collected by use of 0-20
scans, and three check reflections monitored every 97 reflec-
tions throughout the data collection process showed no
significant trends. The data were corrected for absorption
using the y-scan technique based on 5 reflections. Structure
refinements of these compounds were based on F? with the
use of the SHELX-93 program (26).

An orange crystal of LiMnSe, having approximate di-
mensions 0.13 x 0.10 x 0.05 mm was mounted in a glass cap-
illary. A full sphere of the data with 5 <260 < 55° was
collected (+h, +k, +I). Of the reflections, 115 were unique
and 113 with I > 20(I) were used in the refinements. No
systematic absences were observed. Guinier X-ray diffrac-
tion data and compositional analysis had made it clear that
LiMnSe, is isostructural with the known phase LiMnTe,
(9), so the atomic positions of LiMnTe, were used to begin
refinement.

Isotropic refinement of the structure with Mn and Se
positions fully occupied resulted in a residual (R) of 7.87%.
Anisotropic refinement of LiMnSe, showed reasonable
thermal parameters and gave 5.10 and 10.44% for final R(F)
and wR, (F?) with I > 20(I). Because of the weak scattering
power of Li, the position of Li in LiMnSe, was not deter-
mined. The largest remaining peak in the final Fourier
difference map was 1.545 e//°\3, located in the tetrahedral
sites between the layers of the structure.

An orange platelike crystal of NaMnSe, with approxim-
ate dimensions 0.14 x0.11 x0.03 mm was selected and
mounted in a glass capillary. A full sphere (+h, +k, +I)of
data with 5 < 20 < 60° was collected. Of the reflections, 148
were unique and 143 with I > 2¢(I) were used in the refine-
ments. No systematic absences were observed. NaMnSe, is
isostructural with NaMnTe, so the atomic positions of
NaMnTe, were used to begin refinement (9). Isotropic re-
finement showed reasonable thermal coefficients for all
atoms, and subsequent anisotropic refinement gave 4.74 and
9.37% for final R(F) and wR, (F?) with I > 2¢(I). The lar-
gest remaining peak in the difference Fourier map was 1.889
¢/A3 located in the tetrahedral holes between the layers.

An orange-red platelike crystal of RbMnSe, with approx-
imate dimensions 0.20 x 0.15 x 0.05 mm was selected and
mounted in a glass capillary. A hemisphere (+h, +k, +1[) of
data with 5 < 20 < 60° was collected. All data except those
for which h + k + [ = 2n + 1 were observed, consistent with
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a body-centered tetragonal space group. Of the reflections,
140 were unique and 136 with I > 2¢(I) were used in the
refinements. RbMnSe, in isostructural with the known
phase RbMnTe,, so the atomic positions of RbMnTe, were
used to begin refinement (10). Isotropic refinement showed
reasonable thermal coefficients for all atoms. Anisotropic
refinement yielded 3.80 and 7.29% for final R(F) and
wWR, (F?) with I > 2¢(I). The final difference Fourier map
showed no residual density outside 1.972 and — 2.151 e/A3.

KMnSe, and CsMnSe, are isostructural with RbMnSe,;
their cell parameters are determined and refined by Guinier
X-ray diffraction patterns; KMnSe,; a = 4.2184(2) A,
¢ =13767(1) A, and V =244.9802)A3; CsMnSe,: a =
4.3215(7) A, ¢ = 14.473(2) A, and V = 270.29(7) A3.

An orange-red platelike crystal of Na,Mn,Se; with ap-
proximate dimensions 0.13 x0.07 x 0.04 mm was selected
and mounted in a glass capillary. Indexing of Guinier X-ray
powder patterns had established a monoclinic unit cell with
lattice parameters, indicating that this phase was isostruc-
tural with a known compound, Na,Mn,S;. A hemisphere
(+h, £k, =+ ofdata with 5 < 20 < 55° was collected. The
systematic absences for hkl: h + k # 2n and hOL: | # 2n in-
dicated C2/c and Cc as possible space groups. It became
clear that Na,Mn,Se; is isostructural with Na,Mn,S;
(C2/c), and the atomic positions of Na,Mn,S; were used to
begin the refinement (1). Of the reflections, 1635 were unique
and 1588 were used in the refinements. Anisotropic refine-
ment showed reasonable thermal parameters and gave 5.23
and 10.15% for final R(F) and wR,(F?) with I > 2¢(I). The
largest remaining peak and hole in the final Fourier differ-
ence map were 1.504 and — 1.295 ¢/A3.

A summary of crystal and data collection parameters of
LiMnSe,, NaMnSe,, RbMnSe,, and Na,Mn,Se; are listed
in Table 1, final atomic coordinates as shown in Table 2 and
the anisotropic thermal parameters in Table 3.

DISCUSSION
Syntheses

We recently reported new ternary manganese tellurides,
AMnTe, (A =Li, Na, K, Rb, Cs), Nas;Mn,Tes, and
NaMn; s¢Te, (8-10). These ternary tellurides show many
interesting structural types and interrelationships. Parti-
cularly interesting are the polar layers, 2[MnTeTes;3] ",
found in AMnTe, (A = Li, Na). Our attempts to prepare
analogous selenides via direct and cation exchange reac-
tions are discussed in this paper.

LiMnSe, was first synthesized using the stoichiometric
proportions of starting materials Li, Mn, and Se in Nb tubes
at 850°C for 7 days. Guinier X-ray powder patterns showed
that the major products were Li,Se and MnSe, but orange
single crystals of LiMnSe, suitable for X-ray studies were
obtained as a minor phase. After the structure and composi-
tion of LiMnSe, was determined, several reactions were
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TABLE 1
Crystallographic Data for AMnSe, (4 = Li, Na, Rb) and Na,Mn,Se,

LiMnSe,

Plate (orange)
0.13x0.10 x 0.05
P3m1 (No. 156), 1

Empirical formula
Crystal shape (color)
Crystal size (mm)
Spalce group, Z

NaMnSe,

Plate (orange)
0.14x0.11 x0.03
P3m1 (No. 156), 1

RbMnSe,

Plate (orange-red)
0.20 x 0.15 x 0.05
I4m2 (No. 119), 2

Na,Mn,Se;

Plate (orange-red)
0.13 x0.07 x 0.04
C2/c (No. 15), 8

a, A 4.1905(3) 4.2330(7) 4.2660(4) 15.689(2)

b, A 13.888(2)

o A 6.6199(5) 6.9420(6) 14.033(2) 7.220(1)

B, deg 116.65(2)

v, A3 100.66(2) 107.72(4) 255.38(9) 1406.0(3)
Formula weight 219.80 235.85 298.33 392.74

T (°C) 20 20 20 20

2 (A) 0.71073 0.71073 0.71073 0.71073
Peatea (g/cm?) 3.626 3.636 3.880 3.711

u (mm~1) 21.104 19.826 26.110 19.119
2014, deg 55 60 60 55

h, k, | range +5, +5, +8 +5, +5, +9 +6, +6, +19 +20, +15, +9
F(000) 96 104 260 1392

No. of obs. reflections 964 1042 827 3276

No. of unique reflections 115 148 140 1635

R (%) 5.24 6.38 5.99 9.54
Restraints/parameters 0/9 0/12 0/9 0/66
Goodness of fit 1.078 1.182 1.185 0.944

R.,* WR," (%) 5.10, 10.44 4.74,9.37 3.80, 7.29 5.03, 10.15
x and y in wR,’ 0.000, 5.086 0.051, 2.662 0.000, 9.768 0.011, 0.000
Flack parameter (x) 0.00 0.00 0.00

Max., min. Ap, eA ™3 1.545, — 1.882 1.889, — 1.862 1.972, —2.151 1.504, —1.295

“Ry(F) =3 (IFo| = Fl)/Y (1 Fo))

PWR,(F?) = [Y.|w(FZ — F2*| /3. |w(F2)*|1"%, w = 1/[¢*(F2) + (xP)* 4+ yP] where P = (Max (FZ, 0) + 2F2)/3.

performed to find optimum reaction conditions for
LiMnSe, formation.

The yield of LiMnSe, is highest when the reactants are Li,
MnSe, and Se and the reaction is carried out at 950°C for 10
days with rapid quenching of the products. When the reac-
tions were carried out below 950°C, the reaction products
contain MnSe and Li,Se as major products instead. When
the reaction was followed with slow cooling, we observe the
decomposition of LiMnSe, to from MnSe and Li,Se. We
observed that the formation of undesirable niobium sele-
nides (NbsSe, and NbSe,) was appreciably reduced when
a binary starting material (MnSe) was used. It is likely that
elemental Li and Se form less volatile and reactive Li,Se,
(x <2) early in the reaction. This is in contrast to the
synthesis of LiMnTe, in which either elemental or binary
starting materials can be used and slow cooling is recom-
mended to obtain good single crystals. Silica tubes were
used for the synthesis of LiMnSe, from the starting mater-
ials, Li,Se, MnSe, and Se, but reaction products stuck to the
silica tube and single crystals were not readily recovered.
Furthermore, silica tubes are reactive to Li,Se and some-
times do not survive the high reaction temperature
( >950°C). Powder diffraction patterns indicate that among
the products are LiMnSe, and MnSe, but the crystallinity of

LiMnSe, was poorer than that obtained when a Nb con-
tainer was used.

AMnSe, (A = Na, K, Rb, Cs) can be synthesized by
loading LiMnSe,, LiCl, and AClin a 1:2:2 ratio at 850°C.
The most likely driving fore for this type of reaction is the
lattice energy difference between LiCl and ACl (4 = K, Rb,
Cs). This approach was used in the synthesis of AMnTe,
(A = Na, K, RD, Cs) from the corresponding LiMnTe, and
AM,Q, (A =Rb, Cs; M = Ni, Co; Q =S, Se) from the Tl
compounds, TIM,Q, (M = Ni, Co; Q =S, Se) (9, 10, 27).
Unlike the telluride analogs, AMnTe, (4 = Na, K, Rb, Cs),
these newly synthesized selenides, AMnSe, (4 = Na, K, Rb,
Cs), are relatively stable in deoxygenated water for 2 or
3 days. Consequently, excess ACl and LiCl salts could be
removed from selenides by washing with deoxygenated
water and rinsing with acetone.

Attempts to synthesize NaMnSe, by loading elemental or
binary starting materials in stoichiometric proportions at
750°C resulted in the formation of a mixture of Na,Mn,Se;
and MnSe (see below). Subsequent attempts at the direct
synthesis of NaMnSe, by changing reaction temperatures,
loading compositions, and cooling speeds resulted in the
formation of Na,Mn,Se; as a major phase, MnSe, and
unidentified phases. Thus, neither NaMnSe, nor NaMnTe,
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TABLE 2
Atomic Coordinates and Equivalent Isotropic Displacement
Parameters
Atom  Position X y z U, (A2 x 10%)
LiMnSe,
Mn la 0.0 0.0 0.6129(9) 18(1)
Sel la 0.0 0.0 0.0 15(1)
Se2 1b 13 2/3 0.4889(6) 16(1)
NaMnSe,
Mn la 0.0 0.0 0.6258(8) 18(1)
Sel la 0.0 0.0 0.0 16(1)
Se2 1b 1/3 2/3 0.5133(7) 18(1)
Na le 2/3 1/3 0.260(2) 33(3)
RbMnSe,
Rb 2a 0.0 0.0 0.0 23(1)
Mn 2d 0.0 0.5 3/4 10(1)
Se 4e 0.0 0.0 0.3521(1) 12(1)
Na,Mn,Se;
Sel 8f 0.1452(1)  0.4242(1)  0.0655(2) 20(1)
Se2 8f 0.1335(1)  0.7202(1)  0.0498(2) 20(1)
Se3 8f 0.1113(1)  0.1139(1)  0.0483(2) 25(1)
Mnl 8f 0.2110(1)  0.5766(2)  0.2943(3) 22(1)
Mn2 8f 0.1857(2) 0.2621(2)  0.2610(4) 21(1)
Nal 4e 0.0 0.4298(8) 0.25 33(2)
Na2 4e 0.0 0.7203(6) 025 24(2)
Na3 8f 0.1018(5) 0.9155(5)  0.1310(9) 53(2)

“Equivalent isotropic U defined as § of the trace of the orthogonalized
U,; tensor.

are readily synthesized by direct reactions. Attempts to
synthesize KMnSe, by loading either elements or binaries
as starting materials result in the formation of a mixture of
K,MnSe, and KMnSe,, despite many attempts in which
the loading composition, reaction time, and temperature
were varied. KMnSe, was generally found as a minor prod-
uct. Because the colors of K,MnSe, and KMnSe, are sim-
ilar (orange-red), it is impractical to physically separate
KMnSe, from a reaction mixture. The indirect cation ex-
change method described above therefore proves to be the
best means of obtaining pure KMnSe,.

Na,Mn,Se; was first obtained in a reaction designed
to synthesize NaMnSe, from elemental or binary starting
materials. In several reactions intended to produce
Na,Mn,Se;, we observed that binary phases (MnSe and
Na,Se) were produced as major products at temperatures
lower than 850°C. The same results are obtained when the
silica tubes are used. Inspection of the Nb tube used as
a container revealed clean and smooth surfaces, indicating
no significant reaction with Se.

Despite many attempts involving variations of loading
compositions, thermal treatments and reaction containers,
the synthesis of ternary manganese selenides isostructural
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with NaMn, s¢Te, and Nas;Mn,Tes (10) from either ele-
mental or binary starting materials failed. These efforts
inevitably yielded Na,Mn,Se; and NagMnSe, as the only
ternary compounds formed.

Na,Mn,Se; and LiMnSe, are formed at high temper-
atures (>850°C) from elemental or binary starting mater-
ials in Nb or silica tubes. If appreciably lower temperatures
are used, binary products, 4,Se (4 = Li, Na) and MnSe, are
observed. However, its synthesis requires quenching from
above 850°C; only LiMnSe, seems to be genuinely unstable
at these lower temperatures. Na,Mn,Se; is obtained in high
yield when cooling from above 850° is slow.

Structure

The crystal structure of NaMnSe, is shown in Fig. 2, and
selected interatomic distances and angles are listed in
Table 4. NaMnSe, has polar layers, 2[MnSeSes,3] ~; half of
the Se atoms (Se2) are bonded to three Mn atoms and the
other half of Se atoms (Sel) are bound to only one Mn atom.
In an alternative description, MnSe, tetrahedra are fused to
give the intrinsic polarity of the extended layers by sharing
Se atoms (Se2) in three corners. The MnSe, tetrahedra are
so arranged that all the Mn-Sel vectors point in the same
direction (Sel is the terminal Se atom; see Fig. 2).

TABLE 3
Anisotropic Thermal Parameters (A>x10°) for AMnSe,
(4 = Li, Na, Rb) and Na,Mn,Se,

Atom Uy Us, Uss Uy, Uis Uss
LiMnSe,
Mn 16(1)  16(1)  22(2) 81) 0 0
Sel 41 141)  16Q2) M) 0 0
Se2 16(1)  16(1)  16(2) 81) 0 0
NaMnSe,
Na 355 355 29(7) 1720 0 0
Mn 151)  15(1)  23Q2) M) 0 0
Sel ) 12)  23Q) 61) 0 0
Se2 18(1)  18(1)  18(1) 9a1) 0 0
RbMnSe,
Rb 23(1) 231 22(1) 0 0 0
Mn 8(1) (1) 16(2) 0 0 0
Se 7y 10)  10(1) 0 0 0
Na,Mn,Se;
Sel 27(1) 161 19(1) — 11 131 —1(1)
Se2 2(1)  2(1)  20(1) —21)  12(1)  —2(1)
Se3 19(1)  19(1)  34(1) oy 81 —21)
Mnl 01 23(1)  24(1) on 131 —1(1)
Mn2 23(1)  19(1)  21(1) A1) 10(1) 1(1)
Nal 275)  376) 3705 0 16(4) 0
Na2 2605 225 25(5) 0 13(4) 0
Na3 544) 214 93(5) 44) 424 10(5)
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FIG. 2. Thermal ellipsoid plot of NaMnSe,. 70% probability ellip-
soids are shown.

X-ray studies show that LiMnSe, contains the same
layered structure as that in NaMnSe,, but the Li positions
could not be determined. Our attempts to refine the Li
positions were inconclusive. After Mn and Se atoms’ loca-
tions and thermal parameters had been refined, peaks of
comparable magnitude remained in both the octahedral
and tetrahedral sites between the [MnSe,]” layers. In
LiMnSe,, the Mn-Sel bond distance (2.562(8) /OX) is nearly
identical to the other three Mn-Se2 bond distances
(2.555(2) /OX); for NaMnSe,, the Mn-Sel bond distance
(2.597(6) A) is slightly longer than the other three Mn-Se2
bond distances (2.566(2) Z\). The Na™ ions in NaMnSe, are
in slightly irregular trigonal antiprismatic environments,
having Na-Se distances 3 x 3.04(1) A (Sel) and 3 x 3.01(1) A
(Se2). Oddly, both the Mn-Se and Na-Se distances are
slightly longer for the four-coordinated selenium atoms
(Sel) than for the six-coordinated selenium atoms (Se2). The
shortest Se-Se contacts in LiMnSe, and NaMnSe, are
4.1905(3) and 4.2330(7) A, respectively.

In the presence of larger alkali metal cations, K, Rb,
and Cs, tetragonal [MnSe,] ™ layers are formed by a sym-
metrical condensation of four-corner-shared tetrahedra,
[Mny4Seq;»]. A thermal ellipsoid plot of RbMnSe, is
shown in Fig. 3. Selected bond distances and angles for
RbMnSe, are listed in Table 4. [MnSe, ]~ layers are separ-
ated by alkali metals that center slightly compressed square
prisms formed by eight Se atoms (Fig. 3). The distances
between alkali metals and Se atoms in RbMnSe, are
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3.662(1) A (x8). Na atoms in NaMnSe, sit on the trigonal
antiprismatic sites surrounded by six Se atoms, a difference
that is clearly attributable to the increased size of the
heavier alkali metal cations. The differences between the
structures of the Li or Na compounds and the K, Rb, and Cs
compounds are also seen in the telluride analogs (8-10).
RbMnSe, layers consist of fairly regular MnSe, tetrahedra
with Mn-Se distances of 2.569(1)1& (x4) and Se-Mn-Se
angles of 108.10(3)° (x4) and 112.24(6)° (x2).

A polyhedral representation of the Na,Mn,Se; layer
viewed on the bc plane and a thermal ellipsoid plot projec-
ted approximately along the a axis are shown in Fig. 4.
Selected interatomic distances and angles are listed in Table
4. The structure consists of two hexagonally close-packed
layers of Se atoms, between which 2/3 of the tetrahedral
interstices filled to form zigzag chains. These chains are
fused to form a two-dimensional layer by sharing other
corners with each other (Fig. 4). As a result, networks
comprise half of the tetrahedra that “point up” and half of
the tetrahedra that “point down”. The MnSe, tetrahedra
are slightly distorted; Mn-Se bond distances in the

TABLE 4
Important Interatomic Distances (A) and Angles (°)

LiMnSe,
Mn-Sel 2.562(8) Sel-Mn-Se2 (3x) 108.7(2)
Mn-Se2 (3 x) 2.555(2) Se2-Mn-Se2 (3x) 110.2(2)

NaMnSe,
Mn-Sel 2.597(6) Na-Se2 (3x) 3.01(1)
Mn-Se2 (3 x) 2.566(2) Na-Sel (3 ) 3.04(1)
Sel-Mn-Se2 3x) 107.7(1) Se2-Mn-Se2 (3x) 111.2(1)

RbMnSe,
Mn-Se (4 x) 2.569(1) Rb-Se (8 x) 3.662(1)
Mn-Mn 4.266(1) Se-Se 4.266(1)
Se-Mn-Se (4 x) 108.10(3) Se-Mn-Se (2 x) 112.24(6)

Na,Mn,Se;

Mn1-Sel 2.597(3) Nal-Sel 3.113(2)
Mn1-Sel 2.590(3) Nal-Sel(2 x) 3.136(7)
Mn1-Se2 2.578(3) Nal-Sel 3.113(2)
Mn1-Se3 2.548(3) Nal-Se2 (2 x) 3.057(7)
Mnl1-Mn2 3.162(3) Na2-Sel (2x) 3.122(6)
Mn2-Sel 2.581(3) Na2-Se2 (2 x) 3.032(2)
Mn2-Se3 2.519(3) Na2-Se3 (2 x) 3.102(7)
Mn2-Se2 2.571(3) Na3-Se2 2.865(8)
Mn2-Se2 2.602(3) Na3-Se3 2.977(8)
Mn2-Mn2 3.138(5) Na3-Se3 3.022(6)
Na2-Na3 (2 x) 3.45(1) Na3-Se3 2.837(8)
Sel-Mn1-Sel 108.3(1) Se3-Mn2-Se2 110.1(1)
Sel-Mn1-Se2 105.32(9) Se3-Mn2-Sel 116.5(1)
Sel-Mn1-Se3 119.5(1) Se2-Mn2-Sel 105.7(1)
Sel-Mn1-Se2 107.2(1) Se3-Mn2-Se2 103.6(1)
Se2-Mn1-Se3 103.5(1) Sel-Mn2-Se2 115.2(1)
Sel-Mn1-Se3 113.0(1) Se2-Mn2-Se2 105.3(9)
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FIG. 3. Thermal ellipsoid plot of RbMnSe,. 70% probability thermal
ellipsoids are shown. Rb-Se contacts for one Rb atom are indicated with
dashed lines.

tetrahedra fall between 2.548(3) and 2.602(3) A, Se-Mn-Se
angles range from 103.5(1) to 119.5(1)°. There are three
crystallographically distinct Se atoms in the Na,Mn,Ses;
Sel and Se2 are bonded to three Mn atoms in different ways
but Se3 is bonded to two Mn atoms (Fig. 4; 2[Mn,Se;] =
;[MnSe3/3S€1/2]).

Sodium ions occupy 5 of the octahedral sites (Nal and
Na2) and 3§ of irregular tetrahedral sites (Na3) between
layers (see Fig. 4). The Na-Se distances in Na,Mn,Se;
range from 2.837(8) to 3.136(7) A.

Magnetic Measurements

The temperature-dependent molar magnetic susceptibili-
ties and inverse molar magnetic susceptibilities for AMnSe,
(A =Li, Na, K, Rb, Cs) and Na,Mn,Se; are shown in
Fig. 5. On cooling, magnetic susceptibilities for AMnSe,
(4 = Li, Na) increase, reaching a maximum of 9 K, and then
decrease. In Figs. 5a and 5b, we see that the inverse suscep-
tibilities for AMnSe, (A = Li, Na) are linear above 120 K.
These data were fit to a modified Curie-Weiss expression
(r = y0 + NuZe/(T — 0), where y, accounts for very small
temperature-independent contributions that are handled
imperfectly by our diamagnetic corrections, 0 is the Weiss
constant, p is the effective magnetic moment per Mn
center, and N and kg are Avogadro’s and Boltzmann’s
constants), giving the following parameters: for LiMnSe,,
%o = 1.70x 10”7 emu/mol, 0 = — 640 K, and pio¢; = 4.68 ug;
for NaMnSe,, 1o = 2.33x 1073 emu/mol, 0 =~ — 1000 K,
and p.; = 4.79 ug. The effective magnetic moments are
nearly to 4.90 uy (S = 2), expected for a free high-spin Mn™
ion in a tetrahedral field. It is not clear that the decrease of
magnetic susceptibilities of AMnSe, (4 = Li, Na) around
9 K is caused by the antiferromagnetic transitions, but the
large negative values of the Weiss constant (—640 and
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—1000 K) for these compounds indicate strong antifer-
romagnetic interactions between Mn™ ions.

The inverse susceptibility if Na,Mn,Se; increases on
cooling and is linear above 70 K, giving y, = 6.32x 10~#
emu/mol, 0 =~ — 140 K, and p = 5.53 ug. The effective
moment is somewhat less than 5.92 ug (S = 3), expected for
a free high-spin Mn" ion in a tetrahedral field. The corres-
ponding sulfide, Na,Mn,S;, which shows a nearly temper-
ature-independent magnetic susceptibility over 4-300 K (1).
Although no sharp antiferromagnetic transitions are ob-
served, the negative value of the Weiss constant (—140 K)
for Na,Mn,Se; implicates strongly interacting moments.

Sharp antiferromagnetic transitions were observed in the
AMnSe, (4 = K, Rb, Cs) series. These transitions are seen
at 24 K for KMnSe,, 10 K for RbMnSe,, and 27 K for
CsMnSe, (Figs. 5c and 5d). These compounds’ reciprocal
magnetic susceptibilities show nearly linear temperature

O Se2

[MI‘I4SCG] layer
O Na (Op)

© Na (Ty)

@ Na

FIG. 4. Top: polyhedral representation of a [Mn,Se3]?~ layer viewed
on the bc plane. MnSe, tetrahedra are shown; Se atoms are indicated with
open circles. Bottom: thermal ellipsoid (70% probability) plot of
Na,Mn,Se; viewed down the ¢ axis. Na atoms within the unit cell are
shown.
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FIG. 5. Molar magnetic susceptibilities (a, c) and inverse molar susceptibilities (b, d) of AMnSe, (4 = Li, Na, K, Rb, Cs) and Na, Mn,Ses.

variation at higher temperatures. For T > 80 K, Curie-
Weiss fits yielded the following parameters: for KMnSe,,
%o =126x10"% emu/mol, 0=~ —280K, and i =
4.84 up; for RbMnSe,, 3o =1.79%x107° emu/mol, 0 =
—120K; and pr = 4.79 pg; for CsMnSe,, yo = 1.36 X
10~ emu/mol, 0 =~ — 680 K, and p.¢; = 5.06 . The effec-
tive magnetic moments are in reasonable agreement with
the value of 4.90 ug (S = 2), expected for a free high-spin
Mn'™ ion.

These results are comparable to those of telluride analogs
and other manganese chalcogenides with two-dimensional
nets of Mn atoms such as 4,Mn;Q, (A = Rb, Cs; Q = Se,
Te) (6). Neutron studies of these compounds revealed that
Mn spins were antiferromagnetically arranged within the
layers. More extensive magnetic studies of the materials
reported here are clearly needed.

CONCLUSIONS

The layered compounds, AMnSe, (4 = Li, Na, K, Rb, Cs)
and Na,Mn,Se;, have been prepared and characterized by

the use of single-crystal and powder X-ray diffraction,
microprobe analysis, atomic absorption spectroscopy, and
temperature-dependent magnetic studies. The proper choice
of reaction conditions (temperature, cooling speed, reaction
vessel, starting materials,. and their stoichiometry) are im-
portant for successful syntheses. All these compounds form
layered structures with the MnSe, tetrahedron as the funda-
mental building block. All compounds behave as nonideal
Curie-Weiss paramagnets. Antiferromagnetic transitions
are observed in AMnSe, (4 = K, Rb, Cs).
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