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Abstract: A new family of quasi-one-dimensional ferromagnetic selenides with general formula
Fe,Pb,-,Sb,Seqp (0 < x < 2) was generated by isoelectronic substitution in octahedral positions of Pb
atoms by Fe within the structure of PbsSbsSe1o. Two members of this family with x = 0.75 and x = 1 were
synthesized as a single phase through direct combination of the elements at 823 K. Single crystal X-ray
diffraction revealed that Feq 75Pb3 25SbsSeq crystallizes with the orthorhombic space group Pnma, whereas
Feo.06Pb3.04SbsSe o adopts the lower symmetry monoclinic subgroup P2(1)/m (#11). Both compounds are
isomorphous with PbsSbsSeqo, and their crystal structures consist of corrugated layers of edge-sharing
bicapped trigonal prisms and octahedra around Pb atoms. Adjacent layers are interconnected by NaCl-
type {SbSe} ribbons. The voids left by this arrangement are filled by the novel one-dimensional {Fe,Se1o}
double chains (ladder) of edge-sharing octahedra running along [010]. Temperature dependent magnetic
susceptibility as well as field dependent magnetization isotherms showed that both Feg75Pbs25SbsSeqo
and FePbs;Sb,Seq, are ferromagnetic below 300 K and exhibit superparamagnetism at higher temperatures.
A dramatic reduction in the magnetic moment per Fe?', ~0.40 ug, was observed in Feg7s5Pbs25SbsSeqq
and FePbsSb4Se+ suggesting that the Fe,Pb,—,SbsSeq, (0 < x < 2) phases are not ordinary ferromagnets
where all the magnetic spins are parallel at low temperatures. Analysis of the magnetic coupling of spins
located on adjacent Fe atoms (within a localized Fe?* moment picture) using Goodenough—Kanamori rules
suggested that the magnetism within the ladder and ladder-single chain systems in Fe,Pbs_,SbsSe1, phases

is controlled by competing interactions.

Introduction

Impressive advances in the chemistry of multinary metal
chalcogenides have been made over the past decades through
the investigation of both synthetic and natural phases.' ® The
renewed interest in this family of compounds has been motivated
by the tremendous variety of physical properties such as
thermoelectrics,”® nonlinear optics,'® photoelectronics,'' and
solid-state electrolytes'> ' that can result from the diversity
and flexibility of their framework structures. Despite the
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considerable number of ternary and quaternary metal chalco-
genides reported so far, very little effort has been made to take
advantage of their composition and structural flexibility so as
to design new materials with multiple functionalities. For
example, the low symmetry associated with known ternary
semiconducting phases such as PbsSb,Se 10,7 PbsSbeSe3,'® and
PbeSbeSe; 7' can be exploited to target new low-dimensional
magnetic semiconductors by selective substitution of some Pb
atoms in octahedral positions with magnetic transition metal
elements, e.g. Mn and Fe. Such compounds are interesting not
only because they provide an excellent platform for the
investigation of interactions between magnetic ions, charge
carriers, orbital degrees of freedom, and their coupling with the
crystal lattice but also because they can play key roles in the
development of new types of molecular-scale high density data
storage and nonvolatile fast memory.'”

Over the past decades, there have been growing numbers of
purely inorganic compounds in which low-dimensional magnetic
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phenomena are reported. Some examples are CuGeOs'® in which
a spin-Peierls transition was observed, the Haldame compounds
Y,NiBaOs' and FePb,SbeS;42° which show 1D-Heisenberg
antiferromagnetic behavior, and, much more recently, the
KNaMSi,0,9 (M = Cu, Mn, Fe)*' phases in which the magnetic
behavior within the one-dimensional M,Og dimeric units follow
the Heisenberg—Dirac—van Vleck Hamiltonian. In purely
inorganic low-dimensional magnetic compounds, the inorganic
framework separating magnetic domains plays the role of the
organic ligands which help to preserve the low-dimensional
character in organometallic molecular magnets.?*> The indirect
exchange or superexchange interactions that govern the magnetic
behavior in such low-dimensional magnetic inorganic com-
pounds can be qualitatively understood using occupied orbitals,
bond lengths, and angles through the Goodenough—Kanamori
rules.”® 2> However, the sign and magnitude of the magnetic
interactions can be influenced by other factors such as the nature
of the bridging anionic atoms (covalency of the bond), the
distortion of the local environment of the magnetic atoms, and
the structural and chemical parameters of the inorganic frame-
work separating magnetic domains in the structure.?**’ For low-
dimensional magnetic systems with metal chalcogenide frame-
works such as the minerals Jamesonite (FePbsSbeS4)?%?® and
Benavidesite (MnPb,SbgS;4)?® in which 1D infinite {(Fe/Mn)Se}
single magnetic chain was reported, the strength of Sb—S and
Pb—S covalent bonds in the rigid {PbsSbeS;3} framework can
significantly shape the geometry of the [MS¢] octahedral
coordination and therefore also affect the type and magnitude
of the superexchange interaction of two spins on adjacent
transition metal centers,?*2**

In this work, a new family of low-dimensional magnetic
semiconductors with general composition Fe,Pb,_,SbsSe; o (0
< x = 2) was rationally designed from the structure of
Pb,SbsSey,'” the selenium analogue of the mineral cosalite,
through substitution of Pb atoms by Fe atoms in octahedral
positions. The PbsSb,Se structure was selected as a template
for the search for low-dimensional magnetic semiconductors
because it presents interesting features such as the geometry of
octahedra around Pb atoms as well as their connectivity with
the remaining 3D structure. Preliminary analysis of the geometry
of octahedra around Pb atoms in the structure of PbsSbsSeq
revealed distortion from regular octahedral coordination toward
[2 + 4] geometry with two short apical bonds and four long
equatorial bonds. This type of distortion is similar to that of
{MS¢} (M = Fe, Mn) octahedra in the single magnetic chain
compounds MPb,;SeS 14 (M = Mn, Fe),?**® MSb,S, (M = Mn,
Fe),% and TLLMnAs,Ss.>° This suggested that transition metal
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atoms such as Fe and Mn will preferentially substitute Pb atoms
in octahedral positions when attempting to form isostructural
quaternary compounds through substitution of some Pb atoms
in the structure of Pb,SbsSeo. Although according to Gold-
schmidt’s substitution rules,>! the large difference in effective
ionic radii (AR) of Fe** (high spin, 0.78 A; low spin, 0.61 A)
and Pb?" (1.19 A) in octahedral coordination®** and the
difference in the electronegativity of Fe and Pb suggest little to
no substitution between both elements, the natural occurrence
of the MPb,SbgS;, (M = Mn, Fe) phases in which Fe?* and
Pb>" coexist, strongly indicated that quaternary compounds
containing a transition metal with the general formula
M,Pb,—.SbsSe;p (M = Mn, Fe, etc.) are possible. In this paper,
we show that despite the severe departure from the longstanding
Goldschmidt’s substitution rules, Fe>" ions readily substitute
Pb’" ions in octahedral positions within the structure of
Pb,Sb,Se o to generate a new family of ferromagnetic selenides
with the general composition Fe,Pb,—,Sb,Se;p (0 = x =< 2),
containing a novel quasi-one-dimensional {Fe,Se;o} dimeric
chains (ladders). The crystal structures as well as magnetic and
transport properties of Fej75Pb; »5SbsSe; o and FePbs;Sb,Se o, two
members of the Fe,Pb,—,SbySe;, family, are reported. Analysis
of structural details between Fe( 75Pbs »5SbsSe o, FePbsSb,Se;,
and Pb,Sb,Se is used to understand the formation of the one-
dimensional {Fe,Se o} ladder and its impact on the observed
magnetic properties.

Experimental Procedure

Synthesis. Single phases of Fe(75Pb;25SbsSe;o and FePb;Sb,Se ;o
were obtained from solid-state reactions involving elemental Fe
(99.999%), Pb (99.99%), Sb (99.999%), and Se (99.999%). All
reagents were purchased from Cerac and used as obtained. All four
components in their powder form, weighed in the desired ratio under
ambient atmosphere (total mass =10 g), were ground with an agate
mortar and pestle and transferred into a fused silica tube (J;p = 9
mm, Length =18 cm) which was flame-sealed under a residual
pressure of ~107* Torr. The sealed tube was placed into a tube
furnace and heated stepwise to the target temperature 823 K at
which a dwelling time of 72 h was imposed. The furnace was then
slowly cooled to room temperature over 24 h. The resulting products
were polycrystalline dark gray powders containing tiny needle-like
single crystals. Alternatively, a single phase of FePb;Sb,Se;, was
obtained using the same reaction procedure, by combining binary
FeSe and elemental Pb, Sb, and Se. Single crystals of Fe(75Pbs2s-
Sb,Se ;o and FePb;SbsSe ) suitable for X-ray single crystal structure
determination were grown by annealing in a slight temperature
gradient approximately 3 g of the synthesized polycrystalline
powders sealed in a quartz tube under a residual pressure of 10~
Torr. The temperature at the sample position was 823 K while the
temperature at the other end was maintained at 873 K. Single
crystals of Fe(75Pbs25SbsSe oy and FePbsSb,Se o were obtained at
the initial sample position.

Specimens for electronic charge transport (electrical conductivity
and thermopower) measurements were fabricated by hot pressing
finely ground powders of FePb;Sb,Se;( using a 10-ton uniaxial hot
press system from Thermal Technologies Inc. The pressing was
carried out under a dynamic vacuum of ~10~* Torr. An ap-
proximately 95% dense pellet (with a thickness of 2.4 mm and
diameter of 13 mm) of FePb;Sb,Se;, was obtained by applying a
maximum pressure of 100 MPa with the furnace temperature set
at 698 K. A rectangular bar specimen with dimensions 2.4 mm x
2.6 mm x 11 mm for simultaneous measurement of the electrical
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conductivity and thermopower was cut from the pressed pellet using
a precision wire saw (South Bay Technology). The specimen was
polished to a mirror-like finish with SiC sandpaper, using an Ecomet
3000 polisher/grinder from Buehler, washed with ethanol, and dried
with acetone to remove remaining particles from the surface before
measurements.

Powder X-ray Diffraction (PXRD). X-ray diffraction patterns
of the finely ground powder of Fe(75Pb;,sSbsSe o and FePb;SbsSe
were recorded using curved graphite crystal monochromatized Cu
Ko radiation (1 = 1.54056 A) in reflection geometry on a
PANalytical X pert Pro X-ray powder diffractometer equipped with
a position sensitive scintillation counter and operating at 45 kV
and 40 mA. To assess the phase purity of Fe(75Pbs2sSbsSe; and
FePb;Sb,sSey, experimental X-ray diffraction patterns were com-
pared to the theoretical patterns simulated using single crystal
structure data.

Single Crystal Structure Refinement. Black needle shaped
single crystals of Feq7sPbsSbsSeiy and FePbs;SbsSe;, with ap-
proximate dimensions of 0.016 x 0.06 x 0.22 mm?® and 0.02 x
0.05 x 0.20 mm?, respectively, were used for X-ray data collection.
The intensity data were recorded at 300 K on a Bruker SMART
diffractometer with a CCD detector using a graphite-monochro-
matized Mo Ka radiation (A = 0.710 73 A). The structures were
solved and refined using the SHELTXL package.**

FePb;3Sb4Sey. Intensity data for FePb;Sb,Se;( were first indexed
in the orthorhombic primitive crystal system with unit cell
parameters a = 24.361(2) A; b = 4.1153(2) A, ¢ = 19.6918(9) A,
which is consistent with the unit cell parameters of the parent
compound PbsSbsSe,o (Pnma). Attempts to refine the structure of
FePb;Sb,Se o in the orthorhombic space group Pnma using the
atomic positions of Pb,Sb,Se;y as a starting model resulted in
systematic absence violations and a rejection of over half of the
collected reflections. This suggested a reduction of the symmetry
of the crystal upon substitution of Pb by the smaller Fe atoms.
Intensity data were ultimately indexed in the monoclinic crystal
system with 8 &~ 90°, and the structure was successfully solved by
direct methods in the Pnma subgroup, P2,/m (#11) and refined by
full-matrix least-squares techniques. The structure solution revealed
16 metal positions and 20 selenium atoms positions. At first, an
ordered model based on the atom connectivity in the structure of
PbsSbsSey was considered. All Pb atoms (Pb(1) to Pb(6)) were
located at the 8-fold and 6-fold positions forming the corrugated
layer. All Sb atoms (Sb(1) to Sb(8)) were located at the octahedral
positions building the NaCl-type ribbon, and Fe atoms (Fe(1) and
Fe(2)) were located on the octahedral positions filling the voids
between the corrugated layers and the NaCl-type ribbons. The
refinement of this model yielded R, =~ 8% with reasonable thermal
parameters for all atoms except Fe(1) and Fe(2) which showed
slightly smaller thermal parameters indicating mixed site occupan-
cies with a heavier element. Pb(5) and Pb(6) also showed slightly
larger thermal parameters than the other Pb atoms. Refinement of
Pb/Fe mixed site occupancy on the Fe(1), Fe(2), Pb(5), and Pb(6)
positions yielded more acceptable thermal parameters for all atoms
with R, dropping below 5%. In the final refinement cycles,
secondary extinction correction as well as anisotropic displacement
parameters for all atoms were included. The occupancy factor of
Fe(1) and Fe(2) positions were freely refined to ~75%Fe/25%Pb
while Pb(5) and Pb(6) were refined to ~25%Fe/75% Pb. The final
composition of the crystal obtained from the refinement was
Feo.062/Pb3.042)SbsSe .

Fey75Pb325SbsSeqq. Intensity data collected on the Fe(75Pbs os-
SbaSey crystal were indexed in the orthorhombic crystal system
with unit cell parameters a = 24.333(5) A b=4111(DA, ¢ =
19.673(4) A, and the structure was successfully solved by direct
methods in the orthorhombic space group Prnma (#62) and refined
by full-matrix least-squares techniques. The structure solution
revealed 8 metal positions and 10 Se positions. Atomic positions

Table 1. Selected Crystallographic Data and Details of Structure
Determinations for Feg 75Pb3 25SbsSeqo (x = 0.75) and
Feo.06Pb3.04SbaSeqo (x = 0.96)

Formula sum Feo_75Pb3_25Sb4Selo Feo_%Pb3,g4Sb4Selo

(x =0.75) (x = 0.96)
Crystal system; space group Orthorhombic; Pnma Monoclinic; P2,/m
(#62) (#11)
Formula weight (g/mol) 1991.85 1959.7
Density (pea) (g/cm?) 6.72 6.59
Lattice parameters/A
a= 24.333(5) A 19.6918(9) A
b= 4.1110(8) A 4.1153(2) A
c= 19.673(4) A 24.3607(11) A
p= 90.02(1)°

1968(1) A%; 4 1974 (2) A3; 4
0.016 x 0.06 x 0.22 0.02 x 0.05 x 0.20
Needle-shape, Black Needle-shape, Black

Volume (A%); Z
Crystal size (mm?)
Crystal shape, color

Radiation/A A(MoK,) = 0.71073 A(MoK,) = 0.71073
T/IK 293 293

ulem™ 521 503

Diff. elec. density (e/A%) +1.55 to —1.76 +1.68 to —1.82
R((F, > 40(F,))" 0.0293 0.0282

WR, (all)? 0.0717 0.0664

GOF 1.232 1.220

“Ry = JNF,| — IFIVZIF,). * wRy = [Xw(F3 — F)XXw(F2)*".

were assigned according to the PbsSbsSe o model, and the refine-
ment strategy was similar to the one described above. Fe/Pb mixed
occupancy could be established only on the octahedral positions
filling the voids between the corrugated layers and the NaCl-type
ribbons. The occupancy factor of the Fe(1) position was freely
refined to ~75%Fe/25%Pb, and the final composition of the crystal
obtained from the refinement was Fe 752)Pb3 2502)SbsSe 9. Summary
of crystallographic data for both Fej;5Pb;osSbsSe;p and
FePb;SbsSeo are given in Table 1. The atomic coordinates and
isotropic displacement parameters of all atoms are given as
Supporting Information in Table S1. Selected interatomic distances
and bonds angles are gathered in Table 2. The software Diamond*”
was utilized to create the graphic representation of the crystal
structure with an ellipsoid representation (98% probability level)
for all atoms.

Differential Scanning Calorimetry (DSC). Differential scanning
calorimetry (DSC) of finely ground powders of Feq;5PbsSbsSe
and FePb;Sb,Se;, was performed to assess melting and crystal-
lization temperatures and the thermal stability of the compounds.
DSC data were recorded using approximately 10 mg of finely
ground powders of the materials and an equivalent mass of alumina
(AL O3) as a reference. Both sample and reference sealed in small
quartz tubes under a residual pressure of ~10~* Torr were placed
on the sample and reference pans of an F401 DSC apparatus
(NETZSCH) maintained under flowing nitrogen gas. The sample
and reference were simultaneously heated to 1073 K at a rate of
25 K/min, isothermed for 2 min, and then cooled to 473 K at a
rate of 25 K/min. DSC data were recorded during two heating and
cooling cycles. The endothermic onset temperature is reported as
the melting point, and the exothermic onset temperature is the
crystallization point.

Magnetic Property Measurements. Magnetic measurements
were performed on polycrystalline samples of Fe(75Pbs25SbsSeio
(~51.4 mg) and FePb;Sb,Se o (~125 mg) using a Quantum Design
MPMS-XL SQUID magnetometer. DC magnetic susceptibility
measurements were performed over a temperature range of 3 to
360 K, and isothermal magnetization measurements were carried
out at 2, 300, and 360 K in dc magnetic fields varying from O to
10 kOe. In the susceptibility measurements, the samples were first
cooled to 3 K under zero magnetic field (ZFC) and the measure-
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Table 2. Selected Inter-Atomic Distances (A) in Fe,Pbs_,SbsSeqo (x = 0.75 and 0.96)?

Feo75Pbs2sShaSero (x = 0.75)°

FeogsPbs 0sSbsSerp (x = 0.96)°

Pb,SbsSes (x = 0)¢

Pbl—Se2 3.023(9)  Pbl—Se3 3.009(7)
Pb1—Se(6,6) 3.038(6)  Pbl—Se(11,11) 3.031(5)
Pbl1—Se(1,1)) 3.089(7)  Pbl—Se(l,1}) 3.100(6)
Pbl—Se5 3.492(8)  Pbl—Sel0i 3.526(7)
Pb1—Se(81, 8iii) 3.520(6)  Pbl—Se(16%,16) 3.528(6)
Pb2—Se(1,17) 3.112(6)  Pb3—Se(1,1) 3.098(5)
Pb2—Se(3.3)) 3.149(6)  Pb3—Se(5.5) 3.163(5)
Pb2—Sed 3.1929)  Pb3—Se7 3.198(7)
Pb2—Se(7",7") 3252(7)  Pb3—Se(14,14) 3.238(6)
Pb2—Se5 33378)  Pb3—Sel0i 3.319(7)
Pb3—Sel0 2.926(10)  Pb5IFel—Sel9 2.950(8)
Pb3—Se(7,7) 2.942(7)  PbSIFel—Se(13,13) 2.957(6)
Pb3—Se(6,6') 3.055(6)  PbSIFel—Se(11,11) 3.059(5)
Pb3—Se9 3.1339)  Pb5IFel—Sel? 3.107(7)
FellPb4—Sel0 2.674(12)  Fe3IPb7—Se20v 2.711(7)
FellPbd—Se(10%,109)  2.696(9)  Fe3IPb7—Se(20,20%1)  2.711(7)
FellPb4—Se8 2919(11)  Fe3IPb7—Sels 2.893(10)
FellPb4—Se(3,3)) 2.924(7)  Fe3IPb7—Se(5,5") 2.927(6)
Sb1—Se3 2.646(8) Sb1—Se5 2.650(8)
Sb1—Se(8,8) 2.758(6) Sb1—Se(15,15) 2.784(5)
Sb1—Se(4,4%) 3.038(7) Sb1—Se(7,7%) 3.020(6)
Sb1—Se5 3.159(10)  Sb1—Se9 3.159(8)
Sb2—Se6 2.674(9) Sb3—Sel 1 2.682(8)
Sb2—Se(9,9%) 2.830(8) Sb3—Se(17,17) 2.832(6)
Sb2—Se(2,2) 3.104(7) Sb3—Se(3,3%) 3.123(6)
Sb2—Se2vi 3.467(10)  Sb3—Se3i 3.469(8)
Sb3—Sel 2.640(9) Sb5—Sel 2.635(8)
Sb3—Se(4,4%) 2.878(7) Sb5—Se(7,7%) 2.887(6)
Sb3—Se(2,2) 2.915(7) Sb5—Se(3,3%) 2.908(6)
Sb3—Se9vii 3.324(9) Sb5—Sel7i 3.333(8)
Sb4—Se7vi 2.618(9) Sb7—Sel3i 2.618(8)
Sb4—Se(5,5") 2.738(7) Sb7—Se(9,9)) 2.724(5)
Sb4—Se(9¥ii 9 3.206(8) Sb7—Se(171,17i) 3.214(6)
Sb4—Se4 3.384(9) Sb7—Se7 3.401(7)

Pb2—Sed 3.013(7)  Pb3—Se3 2.988
Pb2—Se(12,121) 3.026(5)  Pb3—Se7(x2) 3.096
Pb2—Se(2,2) 3.105(6)  Pb3—Se6(x2) 3.101
Pb2—Se(15",15') 3.524(6)  Pb3—Sel(x2) 3.513
Pb2—Se9i 3.527(7)  Pb3—Sel0 3.557
Pb4—Se(2,2) 3.094(6)  Pb2—Se7(x2) 3.109
Pb4—Se(6,6)) 3.161(5)  Pb2—Se8(x2) 3.144
Pb4—Se8™ 3.199(7)  Pb2—Se2 3.163
Pb4—Se(13,13) 3237(6)  Pb2—SeS(x2) 3.308
Pb4—Se9i 3321(7)  Pb2—Sel0 3312
Pb6IFe2—Se20 2.946(8)  Pb4ISb2—Se9 2.970
Pb6IFe2—Se(14,147) 2957(6)  Pb4ISb2—Se5(x2)  2.976
Pb6IFe2—Se(12%,12%)  3.060(5)  Pb4lSb2—Se6(x2)  3.028
Pb6IFe2—Sel8 3.112(7)  Pb4iSb2—Sed 3.018
Fe4/Pb8—Se 19 2707(9)  PblISbl—Se9 2.969
FedlPb8—Se(197,19%)  2.719(7)  PblISb1—Se9(x2)  2.793
FedlPb8—Sel6 2.894(10)  PblISbl—Sel 2.892
Fe4lPb8—Se(6*,6%) 2.922(6)  PblISbl—Se8(x2)  3.028
Sb2—Se6™ 2.660(8)  Sb6IPbS—Se8 2.691
Sb2—Se(16,16%) 2776(5)  Sb6IPb8—Sel(x2)  2.839
Sb2—Se(8,84) 3.025(6)  Sb6IPbS—Se2(x2)  3.012
Sb2—Sel10 3.163(8)  Sb6IPbS—Se8 3.119
Sb4—Sel12V 2.681(8)  Sb4lPb6—Se6 2710
Sbd—Se(18,18%) 2.837(6)  Sb4lPb6—Sed(x2)  2.883
Shd—Se(4+ 4xiify 3.122(6)  Sb4lPb6—Se3(x2)  3.129
Sbd—Sedx 3471(8)  Sb4lPb6—Se3 3.509
Sb6—Se2 2.640(8)  Sb5IPb7—Se7 2.675
Sb6—Se(8",8*) 2.881(6)  Sb5IPb7—Se3(x2)  2.910
Sb6—Se(4,441) 2.907(6)  SbSIPb7—Se2(x2)  2.924
Sb6—Se 18 3.330(8)  Sb5IPb7—Sed 3.321
Sb8—Se14ii 2.615(8)  Sb3IPb5—Se5 2.656
Sb8—Se(10,10') 2.721(6) Sb3IPb5—Sel0(x2)  2.750
Sb8—Se(187,18) 3210(6)  Sb3IPb5S—Sed(x2)  3.237
Sb8—Se8 3401(7)  Sb3IPb5—Se2 3415

“ Standard deviations corresponding to the last digits are indicated in brackets. Corresponding bond distances in the PbsSbsSe;y (x = 0) aristotype
structure are also included for comparison. © Operators for generating equivalent atoms for Fey75Pbs25SbsSeo (x = 0.75): (1) x, —1 + y, z; (i) 0.5 — x, 1
-y, —0.5 + z (ii) 0.5 — x, =y, =05 + z; (iv) =05 +x, =1 + y,05 —z; (v) =05+ x, y, 05 —z (v x, 1 + y, z; (vii) 1 —x, 1 —y, 1 — z; (viii)
1—x —y,1—2z(@(x)05—x, =y, 05+ 2z (x)05 —x, 1 —y, 0.5+ z “Operators for generating equivalent atoms for Fe(¢sPbs 0sSbsSe o (x = 0.96):
Dx, =1l +yz@@1l—x1—yl—zG)] —x,—y1—zG)-1l+x,y,zOx,—1+y —1+z )xy —1+z Wil —x, —y, —z; (viii)
l=—x 1=y, —z@x)1I+xy,z&x1+x, —1+yzEx)2—x —y 1 —z&i)x, 1 +yzEii)x, | +y, —1+z xiv) —x, 1 —y, 1 — z; (xv)

-1+ x, 1 +y, z. “ Adapted from ref 15.

ments were performed on heating. For the field cooled (FC)
measurements, a 100 Oe magnetic field was applied upon cooling
to 3 K.

Charge Transport Measurements. Thermopower and electrical
conductivity data for FePb;SbsSe o were measured simultaneously
using a commercial ZEM-3 Seebeck coefficient/electrical resistivity
measurement system (ULVAC-RIKO, Japan). Data were recorded
in the temperature range 300 to 570 K. A rectangular shaped
specimen with dimensions 2.4 mm x 2.6 mm x 11 mm cut from
a 95% dense hot pressed pellet of FePb;SbsSe y was sandwiched
between two nickel-based electrodes (current injection) with two
voltage probes in perpendicular mechanical contact with the flat
and smoothly polished face of the specimen. The specimen,
mounted on the sample holder, was then inserted into the furnace
chamber, and the system was flushed several times using He gas.
The measurement was performed under a residual pressure of He
gas (~150 Torr) to facilitate homogeneous distribution of heat inside
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the furnace chamber. Data were collected on three heating and
cooling cycles to ensure reproducibility.

Results and Discussion

Synthesis, X-ray Powder Diffraction, and Thermal Analysis.
Single phases of Fe(75Pb;,sSbsSe;o and FePb;SbsSe;, were
successfully synthesized by direct combination of the elements
at 823 K. Annealing the reaction mixture at 823 K for 3 days
is typically enough to achieve a single phase of Fe,Pb,_,SbsSe;.
However, the crystallinity of the resulting polycrystalline powder
is very poor under these conditions and longer annealing times
(up to 10 days) are necessary to bring the reaction product into
thermodynamic stability. Needle shaped single crystals with a
typical size of 0.02 x 0.05 x 0.2 mm? are generally grown at
the sample location during the long annealing process. A similar
synthetic strategy using FeSe instead of elemental Fe as a
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Figure 1. Powder X-ray diffraction pattern of FePb;SbsSe;o compared with
the theoretical pattern calculated from structure refinement of FejosPbs o4-
Sb4Sem.

starting material also resulted in single phases of Fe,Pb,_,Sby-
Sejo. Attempts to speed the reaction process by increasing the
reaction temperature to 973 or 1173 K result in the formation
of Fe,Pb,—,Sb,Se o compounds together with ~10 to 20% Sb,Ses
as a minority phase. Fe,Pbs—,SbsSe;( phases seem to be air stable
for several months. However, their thermal stability as revealed
by differential scanning calorimetry (DSC) is not very high.
FePb;Sb,Se;y melts congruently at ~873 K and recrystallizes
at ~860 K together with impurity phases (Figure S1). This poor
stability of FePb;SbsSe( at high temperatures may be the reason
why a single phase of the compound could not be achieved by
slow cooling of the melt from high temperatures. The formation
of FePb;Sb,Se;, at 823 K instead proceeds by a slow solid-
state diffusion process of molten Pb and Se into the solid mass
of the reaction mixture. X-ray diffraction on polycrystalline
powders of the resulting products (Figure 1) showed an excellent
match with the theoretical pattern simulated from the single
crystal structure refinement indicating the formation of
FePb;SbsSe) as a single phase.

Structure. Despite the fact that bivalent Pb?>* and Fe>" ions
both prefer a 6-fold coordination environment when combined
with chalcogenides, the idea of partial or full substitution of Pb
by Fe into ternary heavy main group metal chalcogenides seems
to be unreasonable. According to the Goldschmidt rule, atomic
substitution within a structure is primarily controlled by (1) the
radii and (2) the charge of the ions substituting each other. Free
substitution will occur for the difference between effective ionic
radii AR < 15%. For 15% < AR =< 30%, limited substitution
is possible. If AR > 30%, there will be little to no substitution.*'
Considering the effective ionic radii of Pb2* (1.19 A) and Fe?*
(low spin, 0.61 A; high spin, 0.78 A) for a 6-fold coordination,*>3
the large difference (AR ~ 34% (HS) and 49% (LS)) strongly
points to almost impossible substitution between both elements.
However, under special conditions where, for example, the size
of the targeted octahedral polyhedron can be significantly altered
by structural distortions (expansion or contraction of the unit
cell), both elements can isomorphically substitute each other.
In such circumstances, Fe>" ions will likely adopt the high spin
(HS) state, as the deviation from the effective ionic radius of
Pb will be smaller (~34%) than if Fe** ions were in a low spin
(LS) state (~49%). This geometrical flexibility requirement
seems to be very well satisfied in the structure of the Pb,;Sb,Se
phase. As depicted in Figure 2, the 3D network formed by the
corrugated layers (bicapped trigonal prisms and octahedra
around Pb atoms) and the NaCl-type ribbons of edge-sharing
{SbSes} octahedra provide voids that are large enough to
accommodate a double-chain of edge-sharing octahedra. The

NaCl-type {SbSe} ribbon

Figure 2. Crystal structure of Fe,Pb,_,SbsSe o (x = 0.96) projected along
[010]. The corrugated layers, {SbSe} ribbons, and the quasi 1D {M,Se;o}
ladder (blue ellipsoid) and {MSes}—{M,Se;o}—{MSes} tetrameric chain
(purple dashed ellipsoid) are highlighted. The intrachain and interchain
separations between magnetic centers in the structure of FegosPb304SbsSeqo
are provided.

open spaces around the double chain provide flexibility for the
octahedra to expand or contract as necessary to accommodate
changes in the nature of the “guest” atom (Fe or Pb in this case).
As can be observed from the change in the lattice parameters
of Feo'75Pb3'25Sb4Selo ((l = 243330(5) z&, b= 41110(8) z&, C
=19.673 (4) A) obtained from single crystal refinement (Table
1), the partial substitution of Pb by Fe within the double chain
in the structure of the parent compound PbsSbsSe;y (¢ =
24.591(8) A, b = 19.757(8) A, ¢ = 4.166(8) A) results in a
notable contraction of the unit cell volume (~3%) while
maintaining the overall symmetry of the original structure. The
refinement of the structure of Feg75Pbs,5SbsSe o indicated that
Fe atoms are exclusively located within the double chain (we
will refer to this as the Fe-ladder) with approximately 75% of
Pb atoms replaced by Fe. Consequently, the shape of the
coordination polyhedron changes from the [2 + 4] distortion
to a more regular [3 + 3] octahedral configuration. Bond
distances between the central atom (Fe/Pb) and the Se atoms
of the coordination sphere are not equally affected by the
substitution. The most severe contraction of ~9% is observed
between the central atom and the Se(10) atom connecting the
Fe-ladder to the corrugated layer (Table 2). This particular bond
contracts from 2.969 A in Pb,SbiSej, to 2.674(2) A in
Fey.75Pbs25SbsSe . Interestingly, when more Pb atoms in the
structure of Pb,SbsSe;, are substituted by Fe atoms as is the
case in FegogPbs uSbsSe o, the unit cell volume does not continue
to contract as would normally be expected. Instead, a slight
expansion of the cell parameters (¢ = 19.6918 (9) A b=
4.1153(2) A, ¢ = 24.361(2) A; = 90.02°) with reduction of
the symmetry of the overall structure from orthorhombic to
monoclinic was observed. Reasonable explanations of this
apparently abnormal expansion of the unit cell upon increasing
the Fe content as well as the reduction in the crystal symmetry
from orthorhombic to monoclinic are provided below.

In addition to the abnormal change in the unit cell parameters,
the refinement of the structure of FegosPbs0sSbsSen also
indicated that the increase in the proportion of Fe atoms in the
structure of PbsSbsSe;y does not translate into an increase in
the fraction of Fe substituting Pb within the double chain (Fe-
ladder) as would be expected. The amount of Fe substituting
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Pb within the Fe-ladder remains unchanged (~75%) while the
“excess” of Fe atoms (~ 25%) instead substitute Pb atoms at
the octahedral position located within the corrugated layers
(Table S1). It is still unclear what maximum amount of Fe can
potentially be inserted in the octahedral Pb positions within the
Fe-ladder before triggering the substitution in the octahedral
position within the corrugated layer. However, the fact that both
structures contain nearly 75% Fe in the Fe-ladder suggests that
this critical occupation may be close to 75%. The absolute
determination of this fraction could provide valuable information
about the approximate composition at which the transition from
orthorhombic to monoclinic symmetry occurs. Also, questions
of the substitution limit of Pb by Fe in the structure of
Pb,Sb,Se o including that of the existence of the hypothetical
composition Fe,Pb,Sb,Se o in which both octahedral positions
would be completely filled by Fe atoms are still unanswered.
These studies are currently in progress and will be reported later.
The observed atomic distribution in the structure of FegsPbs o4-
Sb,Sey gives rise to the formation of isolated “clusters” of four
octahedra (tetramers) sharing corners and edges to build quasi-
one-dimensional chains running parallel to the b-axis. This
clustering of Fe atoms induces a slight expansion of bond
distances in both octahedral positions as can be appreciated from
the comparison of corresponding bonds in Table 2. It is
important to note that the substitution of Pb by Fe in the structure
of PbsSbySe o does not involve the Pb atom located at the 8-fold
coordinated position within the corrugated layer. A likely reason
for this site discrimination is that the volume of the bicapped
trigonal prisms is too large for the small Fe atoms.

Structure—Composition and Group—Subgroup Relation-
ships. The structures of Fe,Pby_,SbySe;y (x = 0.75 and 0.96)
are both derivatives of the PbsSbsSe structure type where
partial substitution of Pb atoms in octahedral positions retained
the overall topology of the original structure (aristotype). Upon
increasing the Fe content, the resulting quaternary composition
with 0 < x < 0.75 maintained the orthorhombic symmetry of
the Pb,SbySe o parent structure. As observed from the structure
refinement of the composition (x = 0.75), Fe atoms in this case
are exclusively located in octahedral positions within the
{M,Se|p} (ladder) dimeric chain (Figure 3A and 3B). The
replacement of Pb by Fe atoms is followed by a small
contraction of the unit cell as would be expected from the
difference in the effective ionic radii of both elements.*** The
situation where Fe content approaches x = 1 is particularly
interesting as there is a competing distribution of Fe atoms
between octahedral positions within the {M,Seo} ladder and
the octahedral positions forming the {MSes} single chain (Figure
3C) within the corrugated layer. In the ideal situation, Fe atoms
would fully substitute Pb atoms within the {M,Seo} ladder
resulting in an ordered structure. In this case the orthorhombic
symmetry might be maintained. Alternatively, Fe can partially
substitute Pb atoms in both octahedral positions giving rise to
“clusters” of corner-sharing {M,Se;o} (ladders) and {MSe}
single chains (Figure 3A). The latter situation was observed from
the structure refinement of the composition x = 0.96, where
~T75% of Fe atoms are located within the {M,Se;o} ladder and
~25% partially substitute Pb atoms in the {MSes} single chain.
This structural arrangement results in a phase transition which
is accompanied by a reduction of the overall symmetry of the
crystal from the orthorhombic space group Pnma (#62) to the
maximal nonisomorphic subgroup P2;/m (#11). The monoclinic
angle S is close to 90° suggesting that the composition with
x & 1 is near the borderline of the phase transition from the
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Figure 3. Geometric details of the magnetic substructure in Fe,Pby_,-
Sb,Seyo. Bond distances and angles corresponds to the composition x =
0.96. (A) 1D {MSes}—{M,Se o} —{MSe¢} tetrameric chain; (B) 1D
{M,Se o} ladder; (C) 1D {MSe¢} single chain; and (D) coordination of
the Se atom bridging {MSes} and {M,Se;o} chains. Bond distances and
angles within the tetrahedral coordination around the bridging Se atom
in the structures of Fe,Pb,y—,SbsSe; (x = 0, 0.75, and 0.96) are compared
in Table 3.

orthorhombic to the monoclinic structure. The group—subgroup
relationship between the two structures is depicted in Figure 4.
The direct crystallographic consequence of the reduction in
symmetry is the splitting of each atomic position (Wyckoff
position: 4c¢) of the orthorhombic unit cell into two independent
atomic positions (Wyckoff position: 2¢). Atomic coordinates
in the monoclinic structure are related to those of the orthor-
hombic structure. In the orthorhombic structure, each atomic
position with general coordinate (x, y, z) splits into two
independent positions with atomic coordinates (x, y, z) and (0.5
—x, y, 0.5 + z) in the monoclinic structure.

Another interesting consequence of the transition from the
orthorhombic to the monoclinic structure near composition x
= 1 is the anomalous expansion of the unit cell. The cell volume
(measured at 300 K) increases from 1967.95(69) A3 for x =
0.75 to 1974.13(16) A3 for x = 0.96, which results in a notable
reduction of the theoretical density of the crystal from 6.72 g/cm®
for Feol75Pb3,25Sb4Selo t0 6.59 g/CIIl3 for FeO.96Pb3,o4$b4Selo. This
observation is in opposition to the expected cell contraction upon
increased removal of large Pb atoms and substitution with small
Fe atoms. A reasonable explanation of this behavior can be
derived from a comparison of the geometrical parameters of
the tetrahedral coordination of the Se atom bridging the
{M,Sejp} and {MSes} chains (Figure 3D) in the structures
Pb4Sb4Selo ()C = O), Feo'75Pb3425Sb4SC|o ()C - 075), and
Fey96Pbs 4SbsSep (x = 0.96) (Table 3). As depicted in Figure
3B, the {M,Se o} ladder and the {MSes} single chains share
corners to form an irregular tetrahedron around the shared Se
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Figure 4. Group—subgroup relationship between the orthorhombic and
the monoclinic structures of Fe,Pb,—,SbsSe;o (x = 0.75 and 0.96). To
simplify the relationship between atomic coordinates in both structures, the
original setting Pnma was converted to the Pamn space group by
permutation of @ and ¢ axis.

Table 3. Comparison of Bond Lengths and Angles within the
Tetrahedral Coordination of the Se Atom Bridging {M,Se1}
Dimeric and {MSes¢} Single Chains in the Structures of
FeXPb4_XSb4Se10 (X = 0.0, 0.75, and 096)

x=075 x=096
Geometric x=0 (M1 = Pb; (M1 = Pb/Fe;
parameters (M1 = M2 = Pb) M2 = Fe/Pb) M2 = Fe/Pb)
MI1—Se (d1) 2970 A 2.927(1) A 2.946(1) A
M2—Se (d2) 2793 A 2.696 (1) A 2.710(1) A
M’2—Se (d3) 2.969 A 2.674(1) A 2715(1) A
MI—Se—M2 122.1° 119.7° 120.2°
MI—Se—M"2 127.1° 129.1° 128.6°
M2—Se—M"2 90.1° 90.6° 90.6°

atom. The M1—Se (d1) bond distance between the shared Se
atom and the metal atom within the {MSec} single chain is 2.970
A in PbsSbsSe;y (x = 0) (Table 3). The distance decreases
Sllghﬂy to 2927(2) A in Feo_75Pb3_25Sb4Selo ()C = 075) upon
partial substitution of Pb by Fe within the {M,Se;,} ladder. The
corresponding bond distance surprisingly increases to 2.946 A
in Fego6Pb3.04SbsSe ;o (x = 0.96) when Fe substitutes Pb in both
octahedral positions. The bond distances between the shared
Se atom and the metal atoms within the {M,Se,} ladder appear
to be more sensitive to the substitution of Pb by Fe atoms. The
M2—Se (d2 and d3) bond distances in PbsSbsSeo (x = 0) are
2.793 and 2.969 A, respectively. The corresponding bond lengths
decrease t0 2.696 and 2.674 A in Fe.75Pbs25SbsSe g (x = 0.75)
upon partial substitution of Pb by Fe within the {M,Se,,} ladder.
In FegosPbs0sSbsSep (x = 0.96), the corresponding bond
distances increase to 2.710 and 2.715 A as Fe is substituting
Pb in both octahedral positions. Similar trends can be observed
in M1—Se—M2, M1—Se—M"2, and M2—Se—M’2 bond angles
(Table 3). From the above analysis, it appears that the abnormal
change in the geometric parameters is observed only when the
smaller Fe atom substitutes Pb in both single and dimeric
(ladder) chains. The observed atomic distribution might normally
be expected only for compositions with x > 1 after all Pb atoms
within the {M,Se;o} ladder have been replaced by Fe. Theoreti-
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Figure 5. Above: Temperature dependent magnetic susceptibilities of (A)
Fe75Pbs2sSbySeo (x = 0.75) and (B) FePbsSbsSe;p (x = 1) measured in
an applied magnetic field of 100 Oe. Red and blue symbols are field cooled
(FC) and zero field cooled (ZFC) data respectively. Below: Field dependent
magnetization of (C) Fej75Pbs25SbsSe o (x = 0.75) and (D) FePb;SbsSe;q
(x = 1) measured at 2, 300, and 360 K with applied fields of up to 10 kOe.

cally, full substitution of Pb by Fe within the {M,Se |} ladder
should lead to severe shrinking of the octahedral coordination
due to large size mismatch (34%) between both elements. The
reduction in the size of the octahedra within the {M,Se o} ladder,
in addition to the repulsive forces resulting from the interaction
of Fe atoms in the edge-sharing octahedral environments, would
cause tremendous stress on the robust three-dimensional frame-
work structure (built by the corrugated layers and the NaCl-
type ribbons). The stress is prevented by a symmetry breaking
transition from the orthorhombic to the monoclinic structure
and a distribution of Fe atoms into both the {M,Se;o} ladder
and the {MSes} single chain.

Magnetism. The observed distribution of Fe atoms within the
structures of Feo,75Pb3,25Sb4Selo and FCO.Q(,Pb3404Sb4S€|O can be
generalized by the formula Fe,Pb,—,SbsSe o where 0 < x < 2.
It is expected that all members of the Fe,Pbs—,SbsSe;, family
of compounds (0 < x =< 2) will exhibit some degree of
magnetism given the presence of the transition metal Fe?* cation
and its d° electronic configuration. Temperature dependent
magnetic susceptibility (field cooled and zero field cooled)
measured in an applied field of 100 Oe for Fe75Pb;25SbsSe;
(x = 0.75) and FePb;Sb,Se;, (x = 1) compositions showed that
the compounds are ferromagnetic below 300 K and exhibit
superparamagnetism at higher temperatures (Figure 5A and 5B).
For the sample with x = 1, there is a sharp divergence between
the field-cooled (FC) and the zero-field-cooled (ZFC) data below
the blocking temperature of ~280 K. The ZFC susceptibility
curve of FePbs;Sb,Se o shows a fast increase at the transition
temperature and a downturn at approximately 7= 150 K after
which the susceptibility increases slowly with decreasing
temperature. Similar behavior was also found on the ZFC data
of Feg75Pbs25SbySep (x = 0.75). The downturn in the suscep-
tibility observed on the ZFC data is weaker on the FC data,
and the magnetic susceptibility increases monotonically with
decreasing temperature. The observed downturn in the suscep-
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tibility could be an indication of spin frustration or spin glass
behavior. Upon increasing the Fe content from x = 0.75 to x =
1, the FC magnetic susceptibility almost doubles (Figure SA
and 5B). The ferromagnetic behavior of Fe,75Pbs,5SbsSe o and
FePb;Sb,Se y samples was also observed in the isothermal
magnetization data (Figure 5C and 5D). Magnetization data at
2 K show a mild hysteresis with a coercive force of ~800 Oe
for x = 1, typical for a soft ferromagnet. A smaller hysteresis
was observed for the composition with x = 0.75. At this
temperature, the saturation magnetization could not be reached
with an applied external field of up to 10 000 Oe. At room
temperature, the magnetization curve still showed a small
hysteresis with a coercive force of ~160 Oe (x = 1). Above
room temperature the FePb;Sb,Se;o (x = 1) sample exhibits
superparamagnetic behavior with a saturation magnetization
value of ~950 emu/mol at an applied field of 4000 Oe. The
saturation magnetization for the Fey75Pb;25SbsSe;y (x = 0.75)
sample at 300 K is ~600 emu/mol. At low T (2 K), the observed
value of magnetization is ~1650 emu/mol for x = 0.75 and
~2200 emu/mol for x = 1. If we convert these values to
magnetic moment per Fe, we find a value of ~0.40 ug, which
is only 10% of the expected value of 4.0 ug if all spins of Fe?*
are localized and ordered at low temperature. This dramatic
reduction in the moment (within a localized Fe?’' moment
picture) strongly suggests that the system is not an ordinary
ferromagnet where all the magnetic spins are parallel. To
understand the magnetic behavior of this family of compounds,
we have analyzed the coupling between spins located on
adjacent Fe atoms using the Goodenough—Kanamori rules.”*

The nature of magnetic ordering as well as the strength of
magnetization in Fe,Pb,—,SbsSe;, phases can be controlled by
the distribution of the Fe atoms within the “cluster” of the edge
and corner sharing {M,Seo} ladder and {MSes} single chain
running parallel to the b-axis (Figure 3A). These clusters are
magnetically isolated from each other, being separated by the
NaCl-type {SbSe} ribbons (Figure 2). The shortest intercluster
distance in the structure of Fe;osPbs0sSbsSe; for example is
13.652 A. The magnetic properties of the Fe,/Pb,—,SbsSeo
compounds can therefore be understood in light of the intra-
cluster exchange interactions between magnetic ions located
inside the {M,Se o} ladder and {MSes} single chain. At this
point, two cases should be considered depending on the value
of compositional parameter x.

The first case is when the magnetic element (Fe) in the
structure is located only within the one-dimensional {M,Se,o}
ladder. This situation is observed in the structure of
FC()A75Pb3Azssb4sel(). Within the {MQSem} ladder, the magnetic
atoms form two parallel rows shifted by 5/2 (Figure 3B). This
arrangement results in isosceles triangles of Fe atoms with
metal—metal distances of 3.866 A between chains and 4.111 A
along an individual chain. The large separations between
magnetic atoms preclude all direct magnetic-exchange interac-
tions between the magnetic moments on neighboring Fe atoms.
The magnetic atoms interact via indirect exchange interactions
through the Se atom bridging two adjacent Fe atoms. According
to the Goodenough—Kanamori rules,”* ?° the nature of the
magnetic interaction between spins located on adjacent Fe atoms
strongly depends on the M—Se—M bond angles. It was predicted
that a 180° M—Se—M bond angle gives rise to strong antifer-
romagnetic (AFM) coupling (due to an overlap of magnetically
active orbitals) while a 90° bond angle favors weak ferromag-
netic coupling (due to strict orthogonality of the occupied
orbitals). As can be seen from Figure 3A, the shared edge
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Figure 6. Proposed spin models for Fe,Pb,—,SbsSe;, family of compounds.
(A) and (B) correspond to compositions with 0 < x < 0.75 in which only
the {M,Seyo} ladder is present. (A) The interchain and intrachain interactions
(within the ladder) are both ferromagnetic; (B) the interchain interaction is
ferromagnetic whereas the intrachain interaction is antiferromagnetic. For
Fe,Pby—,SbsSe;y compounds with x = 0.96, both the {MSes} single chain
and the {M,Se;o} ladder are present. The spin models in (C) and (D) assume
ferromagnetic coupling within the {M,Se o} ladder. In (C) spins within the
{MSes} single chain are coupled ferromagnetically, while in (D) they are
coupled antiferromagnetically.

between octahedra (ac plane) within the {M,Seo} ladder is
formed by an equatorial Se atom (that lies on the square plane
of the octahedron) and the apical one. This type of geometric
arrangement of octahedra (cis-type) minimizes interactions
between magnetically active orbitals in each MSeg octahedron.
The connectivity type in addition to the M—Se—M bond angle
of ~90.9° indicates that the exchange interaction between spins
located on adjacent Fe atoms from both chains of the {M,Se,}
ladder should be ferromagnetic. When looking along the b-axis,
octahedra within the {M,Se;o} ladder share edges formed by
two equatorial Se atoms (trans-type). Although this geometrical
arrangement does not prevent overlap between magnetically
active orbitals as much as in the cis-type described above, the
observed M—Se—M bond angles of 89.5° and 98.4° also suggest
weak ferromagnetic or antiferromagnetic coupling of spins
located on adjacent Fe atoms in an individual chain. It is possible
that in this case an antiferromagnetic exchange between two
adjacent spins through direct hopping may also be significant.
According to the above analysis, one can have two possible
magnetic coupling scenarios. One, the interactions between
nearest magnetic atoms belonging to two different chains (inter)
of the ladder and those belonging to the same chain (intra) are
both ferromagnetic (Figure 6A). Two, the interchain interaction
is ferromagnetic whereas the intrachain interaction is antifer-
romagnetic (Figure 6B). In this case there will be competition
between ferro- and antiferromagnetic couplings, and depending
on the relative strengths, one can have either a ferromagnetic
or a spiral ground state.

The second case is when the magnetic element (Fe) is found
simultaneously in both the one-dimensional {M,Se;o} ladder
and the {MSes} single chain. This corresponds to the situation
observed in the structure of Fe( osPbs 04SbsSe . In this case, the
{MSes} single chain and the {M,Se,o} ladder share corners to
form a unique {MSes}—{M,Seo}—{MSes} cluster, called
“tetramers”. The intratetramer magnetic ordering will be
influenced by (1) the ferromagnetic (FM) or competing exchange
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interaction in the {M,Se;y} ladder as described above, (2) the
nature of the magnetic coupling in the {MSes} single chain,
and (3) the coupling between both magnetic moments of the
ladder and the chain. Detailed analysis of the bond distances
and angles within the {MSes} single chain in the structure of
Fey96Pbs 4SbsSey (Figure 3C) in light of the Goodenough—
Kanamori rules indicates that both antiferromagnetic and
ferromagnetic coupling are possible. The indirect magnetic
exchange pathway with an M—Se—M bond angle of 88.2° points
toward a weak ferromagnetic coupling of spins located on
adjacent magnetic atoms while the pathway with a bond angle
of 84.5° favors antiferromagnetic coupling. It should be noted
that the Se atom bridging the {MSes} single chain and the
{M,Se o} ladder is located in a distorted tetrahedral environment
with three metal atoms from the {M,Se;¢} ladder forming the
isosceles triangular base (equatorial) and a metal atom from
the {MSes} single chain at the apical position (Figure 3D). The
M—Se—M bond angles between the apical atom and metal
atoms on the equatorial base are ~120° and ~128° (x = 0.96),
which strongly suggest antiferromatic coupling between mag-
netic moments from the {MSes} single chain and the {M,Se,}
ladder. In this situation, the nature and magnitude of the
magnetic interaction within the {MSe¢} single chain are critical
in determining the nature and magnitude of the overall intra-
tetramer magnetic exchange interaction. However, one should
note that for Fe concentrations x =~ 1 or less, the {MSes} chains
are only 25% occupied by Fe, so that the interaction between
spins belonging to the chain may not be relevant to the final
observed magnetism in this system. If on the other hand the
{MSes} chains were fully occupied as would happen for larger
x values, the type of interaction between these spins will be
significant. For example, assuming ferromagnetic coupling
within the {M,Seo} ladder, ferromagnetic coupling of spins
within the {MSe¢} chain (Figure 6C) would result in intratet-
ramer antiferromagnetic exchange interaction (overall magnetic
moments from single chains and ladder are of similar magnitude)
while antiferromagnetic coupling of spins within the {MSes}
chain (Figure 6D) would result in a weaker intratetramer
ferromagnetic exchange interaction (overall magnetic moments
from single chains are smaller than the magnetic moment within
the ladder). The ability of spins within the {MSe¢} single chain
to order either ferromagnetically or antiferromagnetically could
result in competition between both ordering pathways that may
result in multiple ordering transitions or ordering over a broad
temperature range.

In light of the above analysis based on a localized Fe*"
moment, we can conclude that the magnetism within the ladder
and ladder—single chain systems in Fe,Pbs—,SbsSe; phases is
controlled by competing interactions. If on the other hand one
wants to understand the magnetism of these compounds within
an itinerant model, one has to carry out local spin density
calculations to see if there is a ferromagnetic state and what is
the moment/Fe. One should however note that because of the
one-dimensionality, one expects to see strong quantum spin
fluctuation effects which tend to reduce the moment from the
values calculated using local spin density theory. A detailed
analysis of these ideas and their impact on the observed magnetic
properties are under investigation.

Charge Transport Properties. Figure 7A shows the temper-
ature dependence of the electrical conductivity of FePb;Sb,Se
(x = 1). The electrical conductivity of FePb;Sb,Se,, increases
monotonically with rising temperature from a room temperature
value of ~0.27 S/cm to ~1 S/cm at 600 K. The observed
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Figure 7. Temperature dependent charge transport properties of
FePb;SbsSey. (A) Electrical conductivity; (B) Thermopower.

increase in the electrical conductivity with temperature is in
agreement with Arrhenius’s law (0 = 0y exp(—AE/kT), where
0y is the electrical conductivity at zero absolute temperature, k
is the Boltzmann constant, and AE is the activation energy>®
and indicates that FePbsSb,Se; is an intrinsic semiconductor.
The plot of the logarithm of the electrical conductivity as a
function of inverse temperature results in an activation energy
of ~0.05 eV suggesting poor metallic character for FePb;Sb,-
Sejp. The rather poor electrical conductivity observed for
FePb;Sb,Sey is probably due to the low mobility of charge
carriers within the conduction band.

FePb;Sb,Se o showed positive thermopower values between
300 and 550 K indicating p-type semiconducting behavior
(Figure 7B). The thermopower decreases from ~90 uV/K at
300 K to ~0 uV/K at 550 K. A further increase in temperature
results in the conduction switching to n-type as indicated by
the negative values of the thermopower. The decrease in
thermopower with rising temperature can be understood by a
simple mechanism in which thermally excited electrons from
the top of the valence band easily cross to the conduction band,
because of the very small energy gap (~0.05 eV). The negative
values of the thermopower above 550 K suggest that charge
transport within the conduction band is dominated by thermally
excited electrons.

Concluding Remarks

Fe,Pb,—,SbsSejp (0 = x = 2), a new family of quasi-one-
dimensional ferromagnetic semiconducting selenides, was gen-
erated by isoelectronic substitution of Pb atoms in octahedral
positions within the structure of the ternary Pb,Sb,Se o com-

(36) Arrhenius, S. Z. Phys. Chem. 1889, 4, 226.
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pound by magnetic Fe atoms. Despite the large difference
(~34%) in their effective atomic radii, the substitution between
Fe and Pb in Pb;SbsSe;y is isomorphic and the resulting
Fe,Pb,_,Sb,Se o quaternary compounds maintain the ortho-
rhombic symmetry of the ternary parent phase for Fe content x
< 0.75. Phase transition to the monoclinic symmetry occurs
with larger Fe content (x > 0.75). Single phases of two members
of the Fe,Pb,_,.SbySejp (0 < x < 2) family of compounds with
x = 0.75 and x = 1 were prepared via solid-state reaction of
the elements at 823 K. Both phases show ferromagnetic behavior
as the result of the substitution of nonmagnetic Pb atoms by
the magnetic transition metal element Fe. Their crystal structures
contain the rather unusual quasi-one-dimensional {Fe,Sej,}
ladders of edge-sharing octahedra magnetically isolated by the
semiconducting {SbSe} ribbons. For compositions with a large
Fe content (x > 0.75), the {Fe,Se o} ladders share corners with
additional {FeSes} single chains to form unique tetrameric
(cluster) chains of octahedrally coordinated Fe atoms. This
unusual clustering of octahedrally coordinated Fe atoms is
believed to be responsible for the complex ferromagnetic
behavior observed in Fe,Pb,—,SbySe, phases with x = 0.75 and
x = 1. Analysis of the geometrical parameters within the ladders
and single chains and the observed dramatic reduction in the
moment (within the context of a localized Fe*" moment) of
Fe(.75Pb;25SbsSe o and FePb;SbsSe o compounds strongly sug-
gests that the Fe,Pb,—,SbsSey phases are not ordinary ferro-
magnets where all the magnetic spins are parallel at low

5760 J. AM. CHEM. SOC. = VOL. 132, NO. 16, 2010

temperatures. The magnetism in the ladder and ladder—single
chain systems in Fe,Pb,_,Sb,Se;( phases is rather controlled by
competing interactions. Additionally, electronic charge transport
measurements indicated that FePb;Sb,Se;, is a narrow-gap
p-type semiconductor between 300 and 550 K and switches to
n-type conduction above 550 K.
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