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A single phase of MnSb,Se, was synthesized by combining
high-purity elements at 773 K. Single-crystal X-ray diffrac-
tion revealed that MnSb,Se, is isostructural with FeSb,Se,
crystallizing in the monoclinic space group C2/m with a =
13.076(3) A, b = 3.965(2) A, ¢ = 15.236(4) A, = 115.1(2)°, Z
= 4. MnSb,Se, melts congruently at 790 K and is thermally
stable up to 1000 K. Electronic band structure calculations,
infrared diffuse reflectance spectroscopy, and low-tempera-
ture electronic transport data indicate that MnSb,Se, is a
narrow-bandgap p-type semiconductor with an energy

bandgap of approximately 0.31 eV and exhibits a sharp in-
crease in the resistivity near 230 K. A large Seebeck coeffi-
cient (S = +945 uVK™), high electrical resistivity (p = 9 Qm),
and low thermal conductivity (x = 1.4 Wm™K™!) were ob-
served at 300 K. Direct current (DC) magnetic-susceptibility
measurements indicated that MnSb,Se, is paramagnetic at
300 K and undergoes an order/disorder antiferromagnetic
transition with a Néel temperature of approximately 20 K.
Alternating current (AC) susceptibility at various frequencies
suggested a spin-glass-like behavior.

Introduction

Substantial progress has been made over the past two
decades in the chemistry of multinary complex transition-
metal chalcogenides, which has led to the discovery of sev-
eral compounds that exhibit interesting physical proper-
tiest!-? and show potential for applications in thermoelec-
tricity,® > spintronics,/! nonlinear optics,[”! photoelec-
tronics,[®! and solid-state electrolytes.” 'l Among known
complex transition-metal chalcogenides is the fascinating
family of ternary MPn,Q4 (M = Fe, Mn; Pn = Sb, Bi; and
Q =S, Se) compounds with crystal structures that show 1D
to 3D connectivity (depending on composition and syn-
thetic method) as well as interesting physical proper-
ties.l'>2%1 For instance, MnSb,S, synthesized by solid-state
reaction crystallizes in the monoclinic lattice (;mC28)!'8! and
is isotypic with HgBi,S4,2!1 whereas an orthorhombic
modification (0P28),'>15] isostructural with FeSb,S,,13]
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was obtained from crystals of the same composition iso-
lated from a hydrothermal preparation method. In the crys-
tal structure of the orthorhombic and the monoclinic
MnSb,S,;, MnSy octahedra share edges to form single
chains separated by the Sb,S;-type substructure. These iso-
lated chains of MnSg octahedra represent the substructure
that controls the magnetic properties,[->?%231 whereas the
electronic properties of the compound are controlled by the
Sb,S;-type network that connects adjacent magnetic chains.
Because of the unique spatial arrangement of atoms in the
MPn,Q, structure, our research group has been very inter-
ested in how magnetism and electronic transport respond
to modifications of the structure by altering M, Pn, and/or
Q. For instance, electrical-conductivity and magnetic-
susceptibility measurements revealed that MnSb,S, is a
semiconducting antiferromagnet with a Néel temperature
(Tx) of 26.5 K and an energy bandgap (E,) of 0.77 eV.!>17]
By modifying the nature of the Sb—S bonds that connect the
magnetic and semiconducting subunits in MnSb,S, through
isoelectronic substitution of S by Se, we anticipate a signifi-
cant alteration in electronic charge transport as well as the
nature of coupling between adjacent magnetic chains. For
instance, an energy bandgap smaller than that of MnSb,S,
(E, = 0.77 eV) and high electrical conductivity are expected
for MnSb,Se4 due to an increase in the degree of covalency
of the Sb-Se bond.

MnSb,Se, was first investigated by Kurowski and re-
ported in his doctoral thesis.['>] Based on this work, four
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different crystal structure models were proposed. The first
model obtained from single-crystal structure refinement in
the space group C2/m revealed the Mn(2a) site to be ran-
domly occupied by Mn and Sb atoms with nearly equal
statistical probability, thus leading to a charge-unbalanced
final composition, Mng 75Sb, »5Se4. The other three models
have been obtained from Rietveld refinement using neutron
diffraction data. Two of them considered Mn/Sb mixed oc-
cupancies at all the Mn and Sb positions and featured very
large atomic displacement parameters for both Mn(2a) and
Mn(2d) sites. The last model, which was similar to the or-
dered structure of HgBi,S,, also showed large atomic dis-
placement parameters for Mn atoms. Therefore, a conclu-
sive structure model for MnSb,Se, could not be obtained
from this early study. Another investigation (from the same
research) of the MnSb,_,Bi,Se, solid solution also revealed
large discrepancies in the unit-cell parameters and atomic
distribution in MnSb,Se,.1**! Here, we report an accurate
determination of the crystal structure of MnSb,Se, by using
high-quality single crystals grown from a solid-state reac-
tion of high-purity elements at 500 °C and discuss results
of electronic and thermal transport, electronic structure, as
well as direct current (DC) and alternating current (AC)
magnetic-susceptibility data.

Results and Discussion

Synthesis and Characterization

A single-phase polycrystalline powder of MnSb,Se, was
obtained through combination of elemental Mn, Sb, and Se
at 773 K. Slow heating of the starting mixture to the reac-
tion temperature with intermediate annealing at 573 K was
necessary to produce a high-purity phase. Attempts to
speed up the reaction by either eliminating the intermediate
dwelling step or by slow cooling the starting mixture from
the molten state resulted in polycrystalline samples with un-
reacted selenium as the main impurity phase. Rapid in-
crease of the furnace temperature presumably results in
high vapor pressure of the low-melting Se inside the sealed
tube, thus leading to a reaction mixture with lower Se con-
tent. Upon cooling the furnace to room temperature, the
Se vapor ultimately condenses and mixes with the reaction
product. X-ray diffraction on polycrystalline powders of the
synthesized compound (Figure 1) showed an excellent
match with the theoretical pattern simulated from the sin-
gle-crystal structure refinement. This indicates successful
formation of nearly a single phase of MnSb,Se, and also
attests to the accuracy of the proposed structural model.
The accuracy of the structural model, as well as the success-
ful synthesis of MnSb,Se,, is also supported by the experi-
mental density of 5.65(2) gcm™> (measured using helium-
gas pycnometry), which represents approximately 99% of
theoretical density calculated from single-crystal structure
data (Table 1). MnSb,Se, melts congruently at 790 K and
shows no sign of decomposition after heating up to 1000 K
(Figure 2). Upon cooling, MnSb,Se, fully recrystallizes at
771 K, thereby suggesting its high thermal stability. The
3970
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absence of additional endothermic peaks on heating again
suggests the successful synthesis of MnSb,Se, as a single
phase.
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Figure 1. X-ray diffraction pattern of MnSb,Se, compared with the
theoretical pattern calculated from the single-crystal structure re-
finement data. The excellent match between both patterns attests
to the accuracy of the proposed structural model and also indicates
successful synthesis of single-phase polycrystalline powder of
Mnszse4.

Table 1. Selected crystallographic data for MnSb,Se, at 300 K.

Crystal system; space group monoclinic; C2/m (no. 12)

Formula weight [gmol ] 614.28
Density (peaica) [gem 3] 5.70
Density (Pmeasa.) [gem ] 5.65(2)
Lattice parameters [A]

a[A] 13.076(3)
b[A] 3.965(1)
¢ [A] 15.236(3)
B [‘1 115.1(3)
VA3 716(2)

z 4

Crystal size [mm)] 0.04<0.09x0.25

needle, black
AMo-K,) = 0.71073

Crystal shape, color
Radiation [A]

4 [em™] 295

Diff. elec. density [e A 7] +1.36 to —1.35
Ry [F, > da(F,) 0.027

WR, (all)®l 0.072

GoF 1.124

[a] Ry = X|IFo| — |FVZIF,|. [b] wRy = [Zw(Fg — Fo)Y/Zw(F5)]".
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Figure 2. Differential scanning calorimetry (DSC) of MnSb,Sey
showing a single endothermic peak of congruent melting upon
heating as well as a single recrystallization peak upon cooling.
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Crystal Structure

MnSb,Se, is isostructural with FeSb,Se,['4! crystallizing
in the monoclinic space group C2/m (no. 12) with lattice
parameters, a = 13.076(3)A, b = 3.965(1)A, ¢ =
15.236(3) A, p = 115.1(3)° (Table 1). The observed slight in-
crease in the unit-cell parameters of MnSb,Se, relative to
those of FeSb,Se, is consistent with the difference in the
effective ionic radii of Mn (0.83 A) and Fe (0.78 A) in six-
fold coordination.”®! The structure (Figure 3) contains two
crystallographically independent Mn atoms located at spe-
cial positions Mn(3) (2d) and Mn(4) (2a) (Table 2). The
Mn(3) position is fully occupied by Mn, whereas the Mn(4)
position contains 19% Sb. Both Mn positions are coordi-
nated by six selenium atoms with Mn(3) located in a dis-
torted [2+4] octahedral geometry with two short axial
bonds at 2.550(2) A and four long equatorial bonds at
2.721(2) A, whereas Mn(4) is found in an almost regular
octahedral geometry with bond lengths that range between

b)

Figure 3. (a) Graphic representation of the crystal structure of
MnSb,Se, projected along the b axis highlighting the separation
between 1D chains of edge-sharing {Mn}Ses octahedra. Ellipsoids
are set at 98 % probability level for all atoms, and a bond threshold
of 3.14 A was used. Dashed bonds are weak Sb—Se connecting ad-
jacent 1D [{Mn} {Sb}4,{Se},+4/] structural subunits. Geometrical
details of 1D chains of edge-sharing Mn-centered (b) {Mn(3)}Se,4
and (c) {Mn(4)}Ses octahedra running along [010].
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2.676(2) A and 2.7022) A. Along [010], adjacent
{Mn(3)}Se,+4 octahedra share edges to form one-dimen-
sional (1D) [{Mn(3)}Se,+4]- chains (Figure 3, b), which are
weakly linked [through an Sb(1)-Se(2) bond of 3.116(2) A]
along the a axis by the Sb(1) atom in a distorted [1+2+2]
square pyramid of Se atoms (Table 3) to build a slab de-
noted B parallel to the ab plane. A similar type of slab de-
noted A4 is formed by interconnecting [through the Sb(2)—
Se(4) bond of 3.093(2) A] 1D [{Mn(4)}Seg].. chains (Fig-
ure 3, c¢) parallel to [010] with Sb(2) atoms in a distorted
[14+2+2+1] octahedral coordination (Figure 3, A). Both 4
and B slabs are linked along the ¢ axis by a rather long
Sb(2)-Se(3) bond [3.138(2) A] to build the three-dimen-
sional (3D) structure. Alternatively, the structure of
MnSb,Se, can be better described as a one-dimensional ar-
rangement of [{Mn}{Sb},{Se}4].. chains of edge-sharing
octahedra parallel to [010], thus giving the rather long Sb—
Se bonds (dashed bonds in Figure 3, a) interconnecting in-
dividual chains.

Table 2. Atomic coordinates, Wyckoff positions (W.P.), site-occu-
pancy factors (k), and equivalent isotropic displacement param-
eters Uy,/10~* A2 for all atoms in the asymmetric unit of MnSb,Se,.

Atom WP k X y z Ue g™
Sb(l) 4 095 027382) 0 0.6334Q) 2673)
Mn(l) 4 005 027382) 0 0.6334Q2) 26703
Sb2)  4i 096 035542) 0  0.1260Q2)  242(3)
Mn(2) 4 0.04 035542) 0  0.1260Q2) 242(3)
Mn(3) 2d 0 12 12 265(7)
Sb4)  2a  0.19 0 0 0 252(9)
Mn@4) 2¢ 081 0 0 0 252(9)
Se(1) 4i 0.0123(2) 0 0.1799(2) 269(4)
Se) 4 0.11432) 0  045752)  228(4)
Se3)  4i 03446(2) 0 03277(2)  243(4)
Se(4) 4i 0.6549(2) 0 0.0533(2) 246(4)

[a] Ueq is defined as one-third of the trace of the orthogonalized
Uj; tensor.

Table 3. Selected interatomic distances [A] in MnSb,Se, at 300 K.

Sb(DHMn(1)-Se(2)  2.607(2) Mn(3)-Se(3)i 2.550(2)
Sb(DHMn(1)-Se(3)  2.731(2) Mn(3)-Se(3)i 2.550(2)
Sb(DMn(1)-Se(3)i  2.731(2) Mn(3)-Se(2)"ii 2.7212)
Sb(DMn(1)-Se2)i  3.116(2) Mn(3)-Se(2)* 2.7212)
Sb(HMn(1)-Se2)  3.116(2) Mn(3)-Se(2) 2.7212)
Sb(DMn(1)-Se(1)i  3.620(2) Mn(3)-Se(2)* 2.7212)
Sb(HMn(1)-Se(1)  3.620(2)

Mn(@)|Sb@)-Se(1)  2.676(2)
Sb(2)Mn(2)-Se@)ii  2.674(2) Mn(@)|Sb@)-Se(1)  2.676(2)
Sb()Mn(2)-Se(1)Y  2.718(2) Mn(4)|Sb(d)-Se(4)<i  2.702(2)
Sb)Mn(2)-Se(1)*  2.718(2) Mn(4)|Sb(d)-Se(4)i  2.702(2)
Sb(2)Mn(2)-Se@)*  3.093(2) Mn(4)|Sb(4)-Se(4)si  2.702(2)
Sb(2)Mn(2)-Se(@)¥i  3.093(2) Mn(@)|Sb(d)-Se(4)"  2.702(2)
Sb(2)Mn(2)-Se(3)  3.138(2)

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Operators for generating equivalent atoms: (i) 1/2 — x, —1/2 — y,
1-z @) 12-x, 12—y 1 -z @)1 —x, -y -z Gv) 1/2 + x, 1/2
+ (V) 12+ x, =12+ y, 2, (vi) =172 + x, -1/2 + y, z; (vii) —1/2
+x, 12+ y, z (viii) x, 1 +y, z; (ix) —x, -, 1 —z; (X) —x, 1 — y,
1 -z (xi) —x, -y, —z; (xii) 12 — x, =1/2 — y, —z; (xiii) 1/2 - x,
12—y, —z.
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Magnetism

Figure 4 (a) shows the magnetic susceptibility and the
inverse susceptibility of the synthesized polycrystalline pow-
ders of MnSb,Se, measured at 100 and 1000 Oe. The
susceptibility exhibits a broad peak at 20 K, which suggests
an ordering of Mn magnetic moments at low temperatures.
The susceptibility data above 120 K could be fitted to the
Curie—Weiss law with a Curie constant of 5.48 emuK mol!
and a Weiss constant of —74 K. The corresponding effective
magnetic moment is i = 5.82(2) up per Mn atom. This
value is relatively close to the expected theoretical value of
Legr = 5.92 ug for Mn?* (3d°) in the high-spin configuration,
thereby confirming our assignment of the oxidation state of
Mn ions (2+) in the crystal structure. The large negative
value of the Weiss constant indicates that the interaction
between the Mn?* magnetic moments is predominantly
antiferromagnetic (AFM). However, the slight increase in
the susceptibility observed below 5 K (Figure 4, a, inset)
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Figure 4. (a) Temperature dependence of the field-cooled (FC) and
zero-field-cooled (ZFC) molar magnetic susceptibility and inverse
susceptibility of MnSb,Se, measured under applied field of 100 and
1000 Oe. Blue circle: FC at 100 Oe; red square: ZFC at 100 Oe;
black triangle: ZFC at 1000 Oe. The inset is the magnification of
the susceptibility around Ty = 20 K. (b) Temperature dependence
of the in-phase component of the AC susceptibility measured for
various applied frequencies from 500 Hz to 10 kHz under an ap-
plied field of 10 Oe. The inset is a magnification of the portion of
the curves around the maximum y'. Black symbols: 10 kHz; red
symbols: 5 kHz; green symbols: 2 kHz; blue symbols: 1000 Hz; yel-
low symbols: 500 Hz.
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also suggests the existence of a small ferromagnetic (FM)
ordering in the sample at very low temperatures. In ad-
dition, the observed strong dependence of the magnetic
susceptibility below 20 K on the applied magnetic field, the
shift of the blocking temperature to lower values with the
increase in the applied magnetic field, as well as the differ-
ence between the ZFC and FC data suggests competing
magnetic ordering similar to spin-glass behavior within the
sample.??! To better assess this magnetic behavior, AC
susceptibility measurements at various frequencies and dif-
ferent amplitudes of the excitation field were performed.
Figure 4 (b) shows the in-phase part, 7', of the AC suscep-
tibility of MnSb,Se, for selected frequencies between 500
and 10000 Hz. The amplitudes and positions of the peak
maxima (7,.,) depend on the frequency of the applied AC
magnetic field (Figure 4, b, inset). Ty, gradually shifts to
higher temperatures, and the peak intensity decreases with
increasing frequency, which indicates that the peaks are as-
sociated with the onset of spin freezing. These features are
typical for classical spin-glass systems such as Cu; Mn,
and Au,_Mn, alloys.?°?l A quantitative measure of the
change in the freezing temperature with frequency in spin-
glass materials is obtained by calculating the Mydosh pa-
rameter (K) defined as the relative shift of the maximum
temperature (7, per decade of frequency.”! The esti-
mated K = AT, /[Tnlog(w)] = 0.013 is about three times
higher than K values found in spin-glass systems such as
Cu;_Mn, (K = 0.005) and Au,_Mn, (K = 0.0045) and
suggests that the relaxation behavior is consistent with a
spin-glass-like behavior. However, in most spin-glass sys-
tems, the magnitude of the AC susceptibility below T, is
frequency-dependent and becomes independent of the fre-
quency above T,..% Therefore, the observed dependence
of the magnitude of the AC susceptibility above and below
Tmax upon frequencies (Figure 4, b, inset) suggests that the
downturn on the magnetic-susceptibility curves (ZFC and
FC) of MnSb,Se, is more complicated in nature. A tentative
explanation of this behavior is provided below.

To understand the magnetic behavior of MnSb,Se,, we
have carefully analyzed geometrical details of the [MnSe¢]..
magnetic chains, their arrangement in the 3D structure, and
the coupling (intrachain and interchain) between localized
spins on adjacent Mn atoms by using the Goodenough—
Kanamori rules.?' 33 As described above, the Mn3 atom is
located in a distorted octahedral geometry, [{Mn(3)}Ses.4]
with two apical short bonds [2.550(2) A] and four equato-
rial long bonds [2.721(2) A]. Despite the fact that Mn2*
(3d%) is not a Jahn—Teller ion, this kind of severe distortion
of the octahedral coordination results in a Jahn—Teller-type
splitting of the d orbitals, thus leading to an increase in the
energy level of d_., d,. and d,. orbitals. This suggests the
orbital and spin distribution (d,,)!(d,., d,.)'(d,> ,»)'(d.»)!
leads to a total spin value of S = 5/2 (high spin). The more
regular octahedral coordination of the Mn(4) atom
[{Mn(4)}Sec] suggests an octahedral splitting of 3d> orbit-
als with spin distribution of (d., d,., d,)'(d, d. )",
which corresponds to a total spin value of S = 5/2 (high
spin). The total number of spin, S = 5/2 for both Mn3 and

Eur. J. Inorg. Chem. 2011, 3969-3977



Studies on MnSb,Se,

Mn4 atoms, is consistent with the effective magnetic mo-
ment calculated from the magnetic-susceptibility data. The
structure of MnSb,Se, can therefore be regarded as layers
A and B of magnetic chains alternating along the ¢ axis.
The magnetic behavior of MnSb,Se, therefore depends on
the interactions between adjacent magnetic atoms within a
single chain (intrachain) and/or the interchain interactions.
The shortest distance between magnetic chains in adjacent
magnetic layers is around 7.653 A, and the intralayer sepa-
ration between magnetic chains is around 6.832 A (Fig-
ure 3, a). These distances are too long for direct or indirect
magnetic exchange interactions between neighboring mag-
netic chains, thereby suggesting that MnSb,Se, is a quasi-
1D magnetic system. Therefore, the magnetic behavior of
the compound is controlled by the nature and magnitude
of exchange interactions between adjacent magnetic atoms
in [{Mn(3)}Ses].. and [{Mn(4)} Seg].. magnetic chains. How-
ever, Mn atoms within individual chains (along [010]) are
3.965 A apart (Figure 3, b). This separation is too long for
direct magnetic exchange interactions between the magnetic
moments on neighboring Mn atoms. Therefore, adjacent
Mn(3) and Mn(4) atoms are magnetically coupled by indi-
rect exchange interactions through the bridging Se atoms.
For instance, the observed Mn(3)-Se(2)-Mn(3) bond angle
of 93.6° within the [{Mn(3)}Seg].. chain suggests antiferro-
magnetic or weak ferromagnetic coupling of spins localized
on adjacent Mn(3) atoms. Within the [{Mn(4)}Se¢].. chain,
two Mn(4)-Se(4)-Mn(4) coupling paths with bond angles
of 92.3 and 94.4° are possible, thereby indicating competi-
tion between AFM and FM ordering of spins localized on
adjacent Mn(4) atoms (Figure 3, ¢). This magnetic frustra-
tion within the [{Mn(3)}Seg].. and [{Mn(4)}Ses].. chains are
believed to be responsible for the observed broad downturn
of the magnetic susceptibility at 20 K as well as the fre-
quency dependence of the peak (7,,y,) position and ampli-
tude. Upon cooling the sample below 5 K, the FM coupling
presumably begins to dominate, thus leading to the ob-
served increase in the DC magnetic susceptibility.

Optical and Charge-Transport Properties

The diffuse reflectance infrared absorption spectrum of
MnSb,Se, was recorded at room temperature in the range
0.05-0.5eV. The bandgap estimated from the absorption
coefficient/scattering coefficient (a/S) ratio versus energy
plot is about 0.32 eV, which indicates that the compound is
a narrow-bandgap semiconductor at 300 K (Figure 5, a).
The observed value of the energy gap is comparable to the
optical bandgap of FeSb,Se, (E, = 0.33 eV)['* and is con-
sistent with the black color of the MnSb,Se, crystals. The
temperature dependence of the electrical resistivity (p) of
MnSb,Se, was measured from 100 to 300 K (Figure 5, b).
At room temperature, the electrical resistivity is approxi-
mately 8.9 Qm and slightly increases with decreasing tem-
perature down to about 230 K. This trend is consistent with
the semiconducting nature of the compound. The observed
large value of the electrical resistivity of MnSb,Se, at 300 K

Eur. J. Inorg. Chem. 2011, 3969-3977
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Figure 5. (a) Room-temperature diffuse reflectance infrared spec-
trum of MnSb,Se, showing a narrow optical bandgap. Temperature
dependence of electronic and thermal charge transport of
MnSb,Se,: (b) electrical resistivity; (c) Seebeck coefficient; (d) ther-
mal conductivity. The sharp increase in the electrical resistivity
around 230 K is attributed to a semiconductor-to-insulator (SI)
transition. The inset of (b) shows the plot of In(p) versus 1/2kgT
from which the bandgap of 0.52 eV was estimated.

presumably originates from the quasi-1D nature of the crys-
tal structure in which individual [{Mn}Se¢].. chains parallel
to [010] are only weakly interconnected along [100] and
[001] through long Sb-Se bonds to the 3D network (Fig-
ure 3, a). The resistivity rises rapidly with further decreases
in the temperature, and below 180 K, it attained such high
3973
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values (>10 kQm) that the noise precluded collection of the
data (Figure 5, b). The rapid increase in the resistivity is
similar to the one observed in FeSb,Se,.!'*! From the
Arrhenius plot (Figure 5, b, inset), we calculate the
bandgap value to be 0.52 eV. This value is consistent with
the observed optical bandgap, thereby confirming again the
semiconducting character of MnSb,Se, at 300 K. Figure 5
(c) shows the temperature dependence of the Seebeck coefti-
cient of MnSb,Se, from 200 to 300 K. Positive values of the
Seebeck coefficient were observed in the whole measured
temperature range, thereby indicating that MnSb,Se, is a
p-type narrow-gap semiconductor. The Seebeck data have
progressively larger error bars as the temperature decreases
due to the noise on the Seebeck voltage contacts associated
with the rapid rise in electrical resistivity. The Seebeck coef-
ficient at 300 K is around 950 uVK! and gradually in-
creases with the decreasing temperature to a value of about
1050 VK- at 200 K. The temperature dependence of the
total thermal conductivity of MnSb,Se, is shown in Fig-
ure 5 (d). Because of the large electrical resistivity of
MnSb,Se,; in the measured temperature range, the elec-
tronic contribution to the thermal conductivity (rec) is
negligible. Therefore, the observed thermal conductivity
values essentially correspond to the lattice contribution
(k). At 300K, the lattice thermal conductivity of
MnSb,Sey is 1.4 Wm ' K-! (Figure 5, d). This low value of
the lattice thermal conductivity of MnSb,Se, can be attrib-
uted to the combination of low crystal symmetry and com-
plex structure and chemical composition with heavy ele-
ments such as Sb and Se. The lattice thermal conductivity
of MnSb,Se, gradually increases with decreasing tempera-
ture and a xy,, value of 2.1 Wm'K~! was measured at
90 K. The observed increase in the lattice thermal conduc-
tivity with decreasing temperature is consistent with a grad-
ual freezing of phonon umklapp processes.

Electronic Structure

Electronic band structure calculations of MnSb,Se, show
a small energy gap of around 0.3 eV in a narrow window
around the Fermi level (Ef) (Figure 6, a). This value is con-
sistent with the observed optical bandgap as well as the
activation energy near room temperature, thus further con-
firming the room-temperature semiconducting character of
MnSb,Se,. The site-projected density of states (DOS) for
one formula unit of nonmagnetic MnSb,Se, (Figure 6, b),
shows that the highest-occupied states cross the Fermi level
at high density of states, which is attributed to Mn?" ty,
states. The next occupied bands above Eg are formed by
Mn?* e, states. The electron distribution of the d orbital
could be ty,*(d,,, d.., d,.)! and e,*(d,> >, d.>)!, thus con-
firming the magnetic effective moment calculated from
magnetic-susceptibility data. The large broad bands in the
energy range from —4 to —1 eV are dominated by bonding
p states of Sb and Se, whereas the bottom of the conduction
band is based mainly on empty Mn p orbitals. The analysis
of bonding interactions between atoms in MnSb,Se; by
using the crystal orbital Hamiltonian population (COHP)
method# showed that the major part of the valence band
between —3 and —1 eV is dominated by Mn—-Se bonding in-
teractions, whereas at the top of the valence band, Sb-Se
and Mn-Se interactions dominate the antibonding interac-
tions (Figure 6, ¢). The Mn(3)-Se interactions contribute
more strongly to the covalent bonding than Mn(4)-Se in
the energy range of -3 to —1 ¢V, and around the Fermi level
both Mn(3)-Se and Mn(4)-Se equally contribute to the
antibonding. Despite the significant antibonding interac-
tions at Eg, the compound is stable because of the positive
values of integrants, -ICOHP (Table 4), which predomi-
nantly emphasize the bonding character of orbitals below
Er Above the Fermi level, all states are strongly antibond-

DOS

b) c)
‘ o || ] —Mmi-se
M ——— Mn4—Se
Il ——Sbl-Se
—Sb Sb2-Se
—Se 1 T
10 20 30 40 = 6 4 2 0 2 4

-COHP

Figure 6. (a) Electronic band structure of MnSb,Se, near the Fermi energy showing a small energy gap of around 0.3 eV. (b) Site-projected
total density of states (DOS) and partial density of states for Mn, Sb, and Se atoms. (c) Crystal orbital Hamiltonian populations (COHP)
for selected Mn(3)-Se, Mn(4)-Se, Sb(1)-Se, and Sb(2)-Se interactions.
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ing, which suggests destabilization of the compound upon
atomic substitutions by more electron-rich elements if the
crystal structure of the phase remained the same.

Table 4. -ICOHP for the Sb(1), Sb(2), Mn(3), and Mn(4) sites in
MnSbZSe4.

Bond No. Bond length -ICOHP
Mn3-Se2 4 2.721(2) 1.26
Mn3-Se3 2 2.550(2) 1.86
Mn4-Sel 2 2.676(2) 1.81
Mn4-Se4 4 2.702(2) 1.53
Sb1-Se2 2 3.116(2) 0.21
Sb1-Se2 1 2.607(2) 2.32
Sb1-Se3 2 2.731(2) 1.64
Sb2-Sel 2 2.718(2) 1.77
Sb2-Se3 1 3.138(2) 0.22
Sb2-Se4 1 2.674(2) 1.88
Sb2-Se4 2 3.093(2) 0.32
Sb1-Sel 2 3.622(2) 0.01
Conclusion

A single phase of the monoclinic MnSb,Se, phase was
successfully synthesized by solid-state reaction of the ele-
ments at 773 K and an accurate structural model was pro-
posed by using single-crystal diffraction data. The com-
pound crystallizes isostructurally with FeSb,Se,'#! and ex-
hibits Mn/Sb mixed occupancy at the Mn-rich M(4)(2a)
site, as well as in all Sb-rich M(1) and M(2) positions.
Charge-transport data, diffuse reflectance infrared spec-
troscopy, and electronic structure calculations revealed that
MnSb,Se, is a narrow-gap p-type semiconductor with E, =
0.32 eV and exhibits a sharp increase in the resistivity below
180 K. The compound displays a low lattice thermal con-
ductivity (ca. 1.4 Wm~! K-! at 300 K), melts congruently at
790 K, and is thermally stable up to 1000 K. DC and AC
magnetic-susceptibility measurements and the analysis of
the geometrical parameters within the [{Mn}Ses).. single
chains in light of the Goodenough-Kanamori rulesi3! 33
strongly suggest that MnSb,Se, is not an ordinary anti-
ferromagnet in which all the magnetic spins are antiparallel
below T = 20 K. The magnetism within individual chains
in MnSb,Se, is rather controlled by competing interactions.

Experimental Section

Synthesis: A single phase of MnSb,Se, was synthesized by solid-
state reaction of the elements in the stoichiometric ratio. All rea-
gents (99.999% purity) were used as purchased from the supplier
(Cerac). The starting materials in their powder form, weighed in
the desired ratio under argon atmosphere in a dry glovebox (total
mass: 10 g), were roughly mixed using a mortar and pestle and
sealed in an evacuated quartz tube (ca. 103 Torr). The sealed tube
was loaded into a tube furnace and heated slowly to 573 K over
12 h. This heating rate was required to prevent explosive reactions
of the low-melting Se with Mn and/or Sb. The temperature was
held at 573 K for 48 h to allow complete melting of Se and reaction
with the remaining Mn and Sb powders. The temperature was then
ramped up to 773 K over 12 h and remained there for 72 h until
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finally being cooled slowly to room temperature over 48 h. Several
needle-shaped black crystals suitable for single-crystal X-ray struc-
ture determination were selected from the resulting polycrystalline
product. The remaining sample was ground to a powder, and a
high density (>95%) pellet for physical properties measurements
was fabricated using a uniaxial hot press.

Powder X-ray Diffraction (PXRD): To assess the phase purity of
the synthesized polycrystalline powder, PXRD data were collected
using curved graphite crystal monochromated Cu-K, radiation (1
= 1.54056 A) in reflection geometry with a Philips X-ray powder
diffractometer equipped with a position sensitive scintillation
counter and operating at 45 kV and 40 mA. The experimental X-
ray diffraction pattern was subsequently matched with the theoreti-
cal pattern simulated by using single-crystal structure data.

Single-Crystal Structure Refinement: A black needle-shaped single
crystal of MnSb,Se, with approximate dimensions of
0.04 X 0.09 X 0.25 mm? was used for X-ray data collection. Inten-
sity data were recorded at 300 K with a STOE Imaging Plate Dif-
fraction System (IPDS-2T) using graphite-monochromated Mo-K,,
radiation (4 = 0.71073 A) and were indexed in the monoclinic crys-
tal system with cell parameters a = 13.076(6) A, b = 3.9651(8) A,
¢ =15.236(4) A and # = 115.1(1)°, which are similar to the unit-cell
parameters of FeSb,Se,.['* Therefore, atomic positions of FeSb,Se,
were used as starting model for the structure refinement in the
space group C2/m (no. 12) using the SHELTXL package.* Ini-
tially, Sb atoms were assigned to the general positions M(1)(47) and
M(2)(4i) located respectively in a distorted octahedral and square-
pyramidal coordination, whereas Mn atoms were located in special
positions M(3)(2d) and M(4)(2a) with octahedral coordination.
The refinement of this model using full-matrix least-squares tech-
niques resulted in R; = 5% with reasonable thermal parameters for
all atoms except Mn(4), which displayed a smaller thermal param-
eter than those of the Sb atoms. This suggested Mn/Sb mixed occu-
pancy at the M(4) position. To allow for a charge-balanced final
composition, Sb/Mn mixed occupancy at the M(1), M(2), and M(3)
positions was also considered. The refinement of this model re-
sulted in more uniform thermal parameters for all atoms and an
almost neutral composition with about 5% Mn in each of the Sb(1)
and Sb(2) sites, whereas the M(3) position remained fully occupied
by Mn. In the final refinement cycles, an electro-neutrality restraint
was included along with a secondary extinction correction and an-
isotropic displacement parameters for all atoms. The occupancy
factors at M(1), M(2), and M(4) positions were refined to the final
values of M(l) =95%, Sb + 5% Mn, M(Z) =96% Sb + 4% Mn,
and Mn(4) = 81% Mn + 19% Sb, which led to the final charge-
balanced composition Mng 995(3)Sb» 00s(3)S€4 assuming 2+, 3+, and
2— oxidation states for Mn, Sb, and Se, respectively. The final as-
signment of Sb and Mn atoms at metal positions and the suggested
oxidation state for Sb and Mn atoms in MnSb,Se, are consistent
with the results of bond valence sum (BVS) calculations?®! [Sb(1):
2.8; Sb(2): 2.8; Mn(3): 2.3; Mn(4): 2.2]. Summary of crystallo-
graphic data for MnSb,Se, are given in Table 1. The atomic coordi-
nates and isotropic displacement parameters of all atoms are given
in Table 2. Selected interatomic distances are gathered in Table 3.
The software Diamond®” was utilized to create the graphic repre-
sentation of the crystal structure with an ellipsoid representation
(98 % probability level) for all atoms.

Further details of the crystal structure investigation can be ob-
tained from the Fachinformationszentrum Karlsruhe, 76344 Egg-
enstein-Leopoldshafen, Germany (fax: +49-7247-808-666; E-mail:
crysdata@fiz.karlsruhe.de) on quoting the depository number
CSD-421940.
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Differential Scanning Calorimetry (DSC): Differential scanning cal-
orimetry data were recorded with a 404-F1 DSC apparatus
(NETZSCH) by using approximately 15 mg of the synthesized
compound sealed in a small quartz tube under a residual pressure
of ca. 103 Torr. An equivalent mass of alumina (Al,Osz) was used
as the reference. The sample and reference were simultaneously
heated to 1073 K at a rate of 20 Kmin™!, isothermed for 2 min, and
then cooled to 423 K at a rate of 20 Kmin™!'. DSC data were re-
corded during two heating and cooling cycles. The endothermic
onset temperature is reported as the melting point, and the exother-
mic onset temperature is the crystallization point.

Infrared Spectroscopy: To probe the optical bandgap of MnSb,Se,,
room-temperature diffuse reflectance infrared spectroscopy was
performed in the 4000-400 cm™! region with a Thermo Nicolet
NEXUS 670 FTIR spectrometer. The reflectance data were con-
verted into absorption data by using the Kulbelka-Munk function
alS = (1 — R*/2R1¥ (in which R is the reflectance at a given wave-
length, a is the absorption coefficient, and S is the scattering coefti-
cient), and the optical bandgap was estimated from an absorption
(a/S)P33-31 versus energy plot.

Magnetic Measurements: DC and AC magnetic-susceptibility mea-
surements were performed on polycrystalline MnSb,Se; powder
(53 mg) with a superconducting quantum interference device
(SQUID). DC susceptibility data in FC and ZFC modes were re-
corded over a temperature range from 2 K to 300 K with an applied
field of 100 and 1000 Oe. AC susceptibility data at various fre-
quencies (500 Hz to 10 kHz) were recorded between 2 and 300 K
in an applied field of 10 Oe.

Charge-Transport Measurements: A rectangular-shaped specimen
with dimensions of 2.4 X 2.6 X 11 mm? cut from a 96% dense hot-
pressed pellet of MnSb,Se, was used for low-temperature measure-
ments of electrical conductivity, the Seebeck coefficient, and ther-
mal conductivity. Electrical conductivity was measured by a four-
probe method by using a high-sensitivity AC bridge with an exci-
tation frequency of 17 Hz. The Seebeck coefficient and the thermal
conductivity at 7=300 K were measured by using a longitudinal
steady-state technique with calibrated Au:Fe/Chromel-P thermo-
couples (Omega Corp.) traceable to the National Institute of Stan-
dards and Technology (NIST) standards and with copper leads
serving as voltage probes.

Electronic Structure Calculations: The electronic structure of
MnSb,Se, was calculated with the linear muffin-tin orbital
(LMTO) method in the atomic sphere approximation (ASA) by
using the tight-binding program TB-LMTO-ASA 4% A charge-bal-
anced model was constructed by assigning Sb atoms at M(1) and
M(2) positions, whereas Mn atoms were located at the M(3) and
M(4) sites. The radii of the Wigner—Seitz (WS) spheres were as-
signed automatically so that the overlapping potentials would be
the best possible approximations to the full potentials, and an inter-
stitial sphere was necessary with the default 16% overlap restric-
tion.[*% Since the structure of MnSb,Se, is rather open, special care
was taken in filling the interatomic space. Using only atom-cen-
tered spheres resulted in errors because of overlaps that were too
large. Therefore, the empty interstitial spheres (ES) were added to
the crystal potential and the basis set. The sphere radii and their
positions were chosen so that space-filling was achieved without
exceeding a sphere overlap of 16%. All sphere positions and radii
were calculated automatically; the WS radii [A] were Mn 1.47-1.57,
Sb 1.57-1.61, Se 1.45-1.53, and ES 0.74-1.33. The calculations
used a basis set of Mn-4s/4p/3d, Sb-5s/5p, and Se-4s/4p orbitals
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and the reciprocal space integrations were performed on
12 X 12X 12 grids of irreducible & points by using the tetrahedron
method.[#1:42]
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