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Single crystals of the first M—Pb—In—Se quaternary selenide, Feg -
Pbg 04In17375€34, With the structure stabilized by a divalent transition
metal (M = Fe), have been grown by a solid-state reaction. The
Fe'' ions partially occupy at the In sites with various Fe/In ratios.
Thus, a new crystal structure is evolved by partially occupied minor
Fe atoms at In sites. A part of the In atoms shows remarkably
distorted octahedral coordination. This compound shows relatively
high conductivity (~40 S/m at 300 K) with a narrow-band-gap-
type semiconducting property (E; = 0.078 eV).

dimensional Heisenberg antiferromagnetic (1D-HAF) chain
structure because most of them are considered as a prototype
in static physicg.Recently, we reported the crystal structure
and physical properties of a rage= 2 1D-HAF compound,
FePhShS,4. The magnetic susceptibility of this compound
shows a broad maximum, indicating short magnetic ordering
around 33.5 K, and a spin-glass behavior at the lower
temperature range.

Moreover, in very recent years, Lee and our group
independently found out that a small amount of the transition
metals (M) partially is substituted in the In sites in the “Pb

Recently, the research of transition-metal chalcogenidesIn—S" system. This substitution effect evolves the new
has been revived in solid-state chemistry because theCrystal structure types'® In other words, M acts as a
chalcogenides have various kinds of specific physical proper- Stabilizer element for those new structures. In this paper, we
ties and are in a wide variety for applied materials in the describe the crystal structure and physical properties of the

next generation, such as thermoelectric matetiatmlinear
optical material$,photoelectric materiaphosphorg,and
solid-state electrolytes for Li secondary battefigsaddition

new compound, kaPhsodni7sSe. (hereafterl). This is
the first selenide example that is structurally stabilized by a
divalent transition metal.

to applications, chalcogenides are also important in fields 1 crystals were grown by a solid-state reaction in an
of basic sciences such as magnetochemistry and magnetoevacuated silica tub€.Needle-shaped black crystals with
physics. We have studied a multinary chalcogenide systemshiny metallic luster were obtained with a small amount of
containing transition metals in anticipation of an exciting byproducts such as orthorhombic/RBNn g ssSess,*? Pbln-

new magnetophenomena. Many of chalcogenides have localSe,'® and PbSe. The chemical composition of the selected
dimensionalities caused by environments of the elements,crystal was estimated by the results of energy-dispersive
because the dimensionality of the framework structures or

doping level can control the ratio of the cation to chalcogen
atom in chalcogenides, as has been achieved in ofides.
Especially, we had focused on chalcogenides having a one-
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spectrometry (EDS) at kg hs o017 5:564 from an average
value of 20 different positions on a crystadFrom the results

of differential thermal analysis (DTA) measurements, the
melting and recrystallizing points of this compound were
determined at 987 and 951 K, respectiv®X-ray diffrac-
tion (XRD) results of the final product show the same pattern
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as the starting material. This suggests that this compound
exhibits a congruent melt. This compound does not appear

in the reported pseudobinary PbSa,Se; phase diagrart®
To identify the effect of the introduction of Fe, we also tried
to synthesize the pseudobinary region (0.37%bSe/ln-
Seg > 0.5625) without Fe atoms, but we could not observe
any isostructural phase ds Therefore, Fe is an essential
element to form the crystal structure bf

A single crystal of compoundl having approximate
dimensions 0.1x 0.1 x 0.2 mm for the crystal structure
determination was selected under a microsédpéis crystal

is as the same as the sample using EDS analyses. The bas

structure is an isostructure with Whsln; 7Sz (M* = Cu,
Ag, Au; hereafter?),1° and all of the atoms locate at the 2e
Wyckoff position inP2,/m. The refined structural composi-
tion is FQ,47(9)Db3,02(6Jn17_37(QSQ4.17 This composition is

exactly consistent with the results of EDS measurement. The

structure is formed by three PbSeNaCl)-related slabs (A

C) elongated to tha direction (Figure S1). A similar building
mode between these slabs is also observed in §&48;
structure'® The slabs A and C formed by In and Se atoms

are an isostructure, which is based on the ribbon structure

having the PbSé! unit. One In tetrahedron (In2 in slab A
and In8 in slab C) connects the unit of three In polyhedrons
arranged with different directions. The coordination type of
In atoms in these slabs (IRR2 and In8-9) is nearly regular
octahedral coordination with the range of average 3e
distance 2.7442.767 A (Figure 1a). On the other hand, the
slab B formed by PbIn—Se is based on the remarkably
distorted PhbSHEO structure because of the strong influence
of the lone-pair effect of Pi. The Pb atoms show the
triangular-prism coordination with two additional ligands;
each coordination number is 8, and a one-dimensional Pb
Se unit is formed running parallel to theaxis. Average
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Compositional analyses were carried out using EDS analyses using a

Figure 1. In coordination inl: (a) nearly regular octahedron coordination
(In1-3 and 79); (b) remarkably distorted octahedron coordination {tn4
6).

Pb—Se distances are 3.214 A (Pb1l), 3.214 A (Pb2), 3.228
A (Pb3), and 3.221 A (Pb4), respectively. This coordination
type of Pb atom is commonly found in complex Pb multinary
chalcogenide&:191219|n atoms in slab B show a specific
I::Coordination type. One is regular octahedral coordination (In3
and In7) with average HSe distances 2.784 A (In3) and
2.759 A (In7) (Figure 1a). Another type is remarkably
distorted coordination (In46) that is formed by four shorter
In—Se distances than 2.7 A and two longer distances over
3.2 A without any In-cation distances. These sites locate at
the center in slab B.

Each of the average #f5e distances calculated as octahedra
are 2.889 A (In4), 2.890 A (In5), and 2.843 A (In6), respec-
tively (Figure 1b). This specific distortion mode of this In coor-
ordination caused by the strong influence of the lone-pair elec-
trons of stereochemically active Plis also found in the struc-
tures of2'% and Pb ;dn15 ssSe4.22 However, we are convinced
that the charge valences of these In atoms are lower tan 3
to keep the total charge neutrality bfEven if In' is partially
occupied at these sites, these distortion modes are reasonable
because Ih has stereoactive lone-pair electrons?(3%

Fe atoms are partially substituted at In sites with various
Felln ratios: 9.5:90.5 atIn2, 5.1:94.9 at In4, 4.6:95.4 at In5,
and 4.1:95.9 at In8. These substitution behaviors are also
observed in FgPhs sin10S;2° and2.2° However, the substitu-
tion feature ofl is complex compared with the isostructure
2. In the case 02, two of the In sites in three crystallographi-
cally independent In sites at slab B are disordered, and the
transition metals are partially occupied at these disordered
In sites. Another In site is fully occupied by an In atom. On the
other hand, there is no disordered In sitd.itMoreover, the
Pb partially substitutes at In3, and a vacancy exists at In7.
These sites locate between each-Ble unit in slab B. More-
over, they work not only as space-filling sites but also as
charge neutralizers. Fe atoms are also substituted at In2 and

JEOL JSM-5600 scanning electron microscope at a 15-kV accelerating ) . )
voltage and a 1-min accumulation time per one position in which the In8 sites in slabs A and C. These sites are located at the

corrections were made for atomic number, absorption, and fluores- ~gnnected parts in ribbon structures. These effects ease a
cence. The following standards were used to calibrate each of the ener- )

gies: metal Fe (Fe &), PbSe (Pb M and Se lo), and InSb (In lo).

(15) DTA was performed with a MacScience TG-DTA 2000 thermal

analyzer. The ground samples were sealed in quartz ampules under

vacuum. A quartz ampule containingAl,Os of almost equal mass

was sealed and used as the reference. The samples were heated te

1273 K at 10 K/min and then isothermed 5 min followed by cooling

at 10 K/min to room temperature. This process was repeated three

times. After DTA measurements, the samples were rechecked by XRD.
Intensity collection for the crystal structural analysis was carried out
on a Rigaku R-AXIS RAPID imaging-plate-based single-crystal
diffractometer (Mo Kx radiation, 46 kV, 36 mA) at 295 K.
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structural distortion from an ideal PbSe-type structure in slab
B caused by the strong influences of the stereoactive lone-
pair effects of P
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are metallic behavior. This behavior suggests that the
conduction electrons start to not move thermally below the
40 K region, and the point at 120 K is considered as the
metalk-insulator (or semiconductor) transition point bf
Therefore, the temperature dependencg wof this temper-
ature region is the same as that of the semiconductor behavior
having a narrow band gap. The estimated band Bggrom
an Arrhenius plot using data below 120 K is 0.078 eV. This
value is much lower than that of PbSe (0.27 é¥Thus,
this narrowetk, range should be considered as the band gap
between the impurity band formed by Fe substitution at In
sites and the conduction (or valence) band.
Magnetic properties of this compound show a non-
temperature-dependent paramagn#tithe Weiss constant
Figpr(_a 2. Inverse temperature dependence of logarithmic electrical estimated from the CurieWeiss fitting is 15 K. The effective
resistivity of a single crystal of. magnetic momenfes, estimated fronC, is 4.72ug, which

From the coordinated feature of these Fe-substituted sites SU9gests that Pe takes a high-spin statexfte?, S= 2) in
the Fe seems to be taking a high-spirf-Fstate, and the this compound, although it is s_llghtly lower than the
substituted Fe atoms do not seem to influence the crystal-Calculateder (4.90uz) for a high-spin F&".2> These results
lochemical features (coordination type, average bond length,indicate thatl has a weak ferromagnetic interaction among
average bond angle, and coordination volume) of these Inthe F&" ions but is paramagnetic at least down to 2 K

sites. This substitution behavior is consistent witl 4Pd; s- without any magnetic orderings. .
CN=6 _ .80 A) and F&" In summary, we obtained the first #Pb—In selenide

In10S;2° because ionic radii [Rf (rs = ,
(rE¥=6HS — 0.780 A)] and their bonding nature are very example,l,.that is evo_Ived from the new structure-type pf_\gse
close?! Therefore, from these crystallochemical features and 2Y the partially occupied small amount of a divalent transition
synthetic results, the Fe atom seems to be an essentiametal (Fe) at In sites. The crystal structure forms by three
element to stabilize this type of structure, the same &s Fe <inds of PbSe related slab structures. The In atoms have wo
in Fes 5Py dn16S,2° and isostructure sulfide M(=Cu, Ag, specn‘_|c c_oordmahon types; one is nearly _regular octahed_ral
Au) in 2,19 Because of a previous report on the failure of coordination octahedror_1, and the other is remarkably dis-
synthesized MPhyin;Ses (MT = Cu, Ag, Au)l the torted octghedra! COOI‘dI.natIO.I’] octahedron. From the crys-
tallochemical point of view, it seems that monovalent In
atoms partially occupied at the latter coordination site to
maintain total charge neutrality. The Fe atoms are patrtially
substituted at In sites with various ratios. This substituted

divalent transition metals may be suitable for stabilizing this
type of structure in selenide.

The electrical resistivityq) is as low as~0.025Q m at
300 K22 (Figure 2). This value suggests thhis called a ) ) N >
bad metal® p is ~0.15Q m at 400 K, and its temperature feature is consistent Wlthln our prewously reporte@,f&,;—
dependence shows three specific behaviors. As a first part!Nio>22 1 shows relatively high conductivity as a semicon-
in the temperature range 46080 K, p gradually decreases ~ducting material with a narrow-band-gap-type property. From
with a decrease in the temperature down 4d80 K the crystallographic point of view and transport properties

(~0.00072 m). The temperature range of the second region WIth & very narrow band gag, seems to have a potential
is 180-40 K. In this region, it shows almost a flat for thermq(_alectnc apphcatlthrom_the_ results of magngtlc
temperature dependence with a small minimum poirt,ef susceptibility measurements, the ionic valence of Fetis 2
0.000 13Q m at 120 K. Below 40 K, it increases rather and the dominant interaction is weak ferromagnetic.
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