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Abstract 

γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) have been prepared as dark red to black single 

crystals by the reaction of the respective lanthanides with sulfur in a Sb2S3 flux at 1000 °C.  This 

isotypic series of compounds adopts a layered structure that consists of the smaller lanthanides 

(Er, Tm, and Yb) bound by sulfide in six- and seven-coordinate environments that are connected 

together by the larger lanthanides (La and Ce) in eight- and nine-coordinate environments.  The 

layers can be broken down into three distinct one-dimensional substructures containing three 

crystallographically unique Ln' centers.  The first of these is constructed from one-dimensional 

chains of edge-sharing [Ln'S7] monocapped trigonal prisms that are joined to equivalent chains 

via edge-sharing to yield ribbons.  There are parallel chains of [Ln'S6] distorted octahedra that 

are linked to the first ribbons through corner-sharing.  These latter units also share corners with a 

one-dimensional ribbon composed of parallel chains of [Ln'S6] polyhedra that edge-share both in 

the direction of chain propagation and with adjacent identical chains.  Magnetic susceptibility 

measurements show Curie-Weiss behavior from 2 to 300 K with antiferromagnetic coupling, and 

no evidence for magnetic ordering.  The θp values range from –0.4 to –37.5 K, and spin-

frustration may be indicated for the Yb-containing compounds.  All compounds show magnetic 

moments substantially reduced from those calculated for the free ions.  The optical band gaps for              

γ-LaLn'S3 (Ln' = Er, Tm, Yb) are approximately 1.6 eV, whereas γ-CeLn'S3 (Ln' = Er, Tm, Yb) 

are approximately 1.3 eV. 
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INTRODUCTION 

 The structures and electronic properties of lanthanide chalcogenides are exquisitely 

tunable, allowing for the rational development of new optical1-14 and magnetic materials.13,15-23  

Even compositional simple binary sesquisulfides of the trivalent lanthanides can have 

remarkably complex structures, and are found in at least seven different modifications ranging 

from A-type Ln2S3,
24 where the lanthanides are found in seven- and eight-coordinate geometries, 

to T-type25 compounds that adopt the corundum structure with six-coordinate lanthanides.24-30  

The structural complexity of the sesquisulfides is aptly illustrated by the F-type compounds that 

contain Ln3+ ions in three different environments as distorted octahedra and mono- and bicapped 

trigonal prisms.29,30  These structural features can be exploited for the development of potentially 

ordered ternary and quaternary mixed-lanthanide phases by systematically substituting smaller 

ions into lower coordination number sites and larger ions into higher coordination number sites 

(e.g. CeYb3S6).
31-33  However, disordering of the Ln3+ ions becomes increasingly problematic as 

the difference in the size of the ions becomes too small.  While disorder of these ions can be 

advantageous from the perspective of doping (e.g. in Ln:YAG),34-36 the preparation of materials 

where ordering of the lanthanide ions occurs allows for the exploration of structure-property 

relationships where different Ln3+ ions are structurally distinct.   

 In addition to disordered ternary mixed-lanthanide sesquisulfides adopting the F-Tm3S6 

(e.g. ScEr3S6)
29,33 and CeTmS3

37 structures there are several known families of compounds 

where there is strong evidence for ordering of different Ln3+ ions.  This is best known from α- 

and β-LnLn'S3.
39-43  α-LnLn'S3 (Ln = Y, La, Ce, Nd; Ln' = Sc, Yb) adopts the ordered GdFeO3

38 

structure type.39-41  Changes in bonding in ternary mixed-lanthanide sesquisulfides of a single 

composition can have dramatic effects on the electronic properties of these solids.  For example, 
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the band gap of β-LaYbS3 is different than that of γ-LaYbS3 (vide infra).  Furthermore, there is 

also evidence supporting geometric spin-frustration in interlanthanide compounds.43  In an effort 

to explore the possibility of spin-frustration and possible magnetic coupling between different 

lanthanide ions, we have prepared a series of new ordered mixed-lanthanide chalcogenides.  

Herein we disclose the syntheses, structure, magnetic susceptibility, and optical properties of the 

interlanthanide sulfides γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb), and discuss the relationships 

between these details and those known for other materials in this class. 

 

EXPERIMENTAL 

 Materials.  La (99.9%, Alfa-Aesar), Ce (99.9%, Alfa-Aesar), Er (99.9%, Alfa-Aesar), Tm 

(99.9%, Alfa-Aesar), Yb (99.9%, Alfa-Aesar), S (99.5%, Alfa-Aesar), and Sb (99.5%, Alfa-

Aesar) were used as received.  Sb2S3 was prepared from the direct reaction of the elements in 

sealed fused-silica ampoules at 850 °C. 

 Syntheses of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  200 mg of Ln, Ln', S, and Sb2S3 

in a ratio of 1:1:3:0.5 were loaded into fused-silica ampoules in an argon-filled glovebox.  The 

ampoules were sealed under vacuum and heated in a programmable tube furnace. The following 

heating profile was used: 2 °C/min to 500 °C (held for 1 h), 0.5 °C/min to 1000 °C (held for 5 d), 

0.04 °C/min to 550 °C (held for 2 d), and 0.5 °C/min to 24 °C.  In all cases high yields of dark 

red/black prisms of γ-LnLn'S3 and unreacted Sb2S3 were obtained.  The desired products can be 

separated from the flux during the cooling process by slightly tilting the furnace, which allows 

the flux to flow to the bottom of the tubes leaving crystals of γ-LnLn'S3 behind, minimizing the 

need for manual separation of solids.  Powder X-ray diffraction measurements were used to 

confirm phase purity by comparing the powder patterns calculated from the single crystal X-ray 
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structures with the experimental data.  Semi-quantitative SEM/EDX analyses were performed 

using a JEOL 840/Link Isis or JEOL JSM-7000F instrument.  Ln, Ln', and S percentages were 

calibrated against standards.  Sb was not detected in the crystals.  The Ln:Ln':S ratios were 

determined to be approximately 1:1:3 from EDX analyses. 

Crystallographic Studies.  Single crystals of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) 

were mounted on glass fibers with epoxy and optically aligned on a Bruker APEX single crystal 

X-ray diffractometer using a digital camera.  Initial intensity measurements were performed 

using graphite monochromated Mo Kα (λ = 0.71073 Å) radiation from a sealed tube and 

monocapillary collimator.  SMART (v 5.624) was used for preliminary determination of the cell 

constants and data collection control.  The intensities of reflections of a sphere were collected by 

a combination of 3 sets of exposures (frames).  Each set had a different φ angle for the crystal 

and each exposure covered a range of 0.3° in ω.  A total of 1800 frames were collected with 

exposure times per frame of 10 or 20 seconds depending on the crystal. 

 For γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb), determination of integrated intensities 

and global refinement were performed with the Bruker SAINT (v 6.02) software package using a 

narrow-frame integration algorithm.  These data were treated first with a face-index numerical 

absorption correction using XPREP,44 followed by a semi-empirical absorption correction using 

SADABS.45
P  The program suite SHELXTL (v 6.12) was used for space group determination 

(XPREP), direct methods structure solution (XS), and least-squares refinement (XL).44  The final 

refinements included anisotropic displacement parameters for all atoms and secondary 

extinction.  Some crystallographic details are given in Table 1.  As an example, atomic 

coordinates and equivalent isotropic displacement parameters for γ-LaYbS3 are given in Table 2.  

It is important to note that we have expressed the formula of these compounds as γ-LnLn'S3, 
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which implies Z = 12.  However, a more accurate description would be Ln3Ln'3S9 with Z = 4, 

because there are three crystallographically unique sites for each type of lanthanide ion.  We use 

γ-LnLn'S3 here so that comparisons with other 1:1:3 interlanthanide compounds can be made 

more easily.  Additional crystallographic details can be found in the Supporting Information. 

 Powder X-ray Diffraction.  Powder X-ray diffraction patterns were collected with a 

Rigaku Miniflex powder X-ray diffractometer using Cu Kα (λ = 1.54056 Å) radiation. 

 Magnetic Susceptibility Measurements.  Magnetism data were measured on powders in 

gelcap sample holders with a Quantum Design MPMS 7T magnetometer/susceptometer between 

2 and 300 K and in applied fields up to 7 T.  DC temperature dependent susceptibility 

measurements were made under zero-field-cooled conditions with an applied field of 0.1 T.  

Susceptibility values were corrected for the sample diamagnetic contribution according to 

Pascal’s constants46 as well as for the sample holder diamagnetism.  θp values were obtained 

from extrapolations from fits between 100 to 300 K.   

 UV-vis-NIR Diffuse Reflectance Spectroscopy.  The diffuse reflectance spectra for γ-

LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) were measured from 200 to 1500 nm using a Shimadzu 

UV3100 spectrophotometer equipped with an integrating sphere attachment.  The Kubelka-

Monk function was used to convert diffuse reflectance data to absorption spectra.47
 

 

RESULTS AND DISCUSSION 

 Effects of Synthetic Parameters on Product Composition and Structure.  γ-LnLn'S3 

(Ln = La, Ce; Ln' = Er, Tm, Yb) were synthesized via the reaction of the respective lanthanides 

with elemental sulfur in a Sb2S3 flux at 1000 °C.  Conveniently, when the reactions are 

maintained at a slight angle, on cooling, the majority of the flux moves to the bottom of the 
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ampoules leaving isolated crystals of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  In sharp 

contrast, in the absence of the flux, microcrystalline mixed-lanthanide sulfides phases form, but 

the yield is very low, and the crystals are far too small to investigate using single crystal X-ray 

diffraction.  Furthermore, because there are several recognized phases for mixed-lanthanide 

sulfides with compositions close to 1:1:3,37,41-43 the products of these direct reactions are also 

ambiguous.  The choice of flux has proven to be critical in this system as demonstrated by the 

replacement of Sb2S3 with CsCl, which instead results in Cs+ incorporation, and the formation of 

the quaternary phases Cs0.14-0.17Ln0.26-0.33YbS2 (Ln = La – Yb).48  A KI flux has been used in the 

preparation of β-LnYbQ3 (Ln = La – Sm; Q = S, Se).43  However, in contrast to the selenides, the 

yield of β-LaYbS3 was very low, inhibiting detailed measurements of its electronic properties.43  

It has been previously noted even in binary sesquisulfides that preparative conditions play a 

dramatic role in the structure type adopted.27-29  For example, four different forms of Er2S3 can 

be synthesized by varying temperature, pressure, and crystal growth methods.30  

 Product composition and structure were investigated as a function of the size of Ln, Ln', 

and by the substitution of Se for S.  When the size of Ln is decreased slightly (on the order of 

0.02 Å) on going from Ce to Pr, ternary phases with the CeYb3S6 (F-Tm2S3) structure-type29 

were found to form.  It is important to note that the trivalent ions in this phase are highly 

disordered.31,33  For the La-containing phases, when Ln' is increased in size by transitioning from 

Er to Ho, mixtures of LaHo3S6 with the CeYb3S6 structure and γ-LaHo'S3 crystallize.  In contrast, 

for the Ce-containing phases, when the same substitution of Ho for Er is performed the new 

phase, δ-CeHoS3 (CeTmS3-type37), is found.  The structure and properties of δ-CeHoS3 are quite 

distinct from that of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb), and will be the subject of a 

subsequent report.  In general, when Ln and Ln' become too close in size, we have found that for 
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those reactions that occur in Sb2S3 fluxes, that the yield of the desired ternary phases becomes 

very low and crystals often do not form.   

 The substitution of Se for S results in a highly complex LnxLn'ySez system.  For the 

La/Yb/Se reaction in a Sb2Se3 flux, La5Yb5-xSe7 with the Y5S7 structure-type forms.49,50  The 

lanthanide ions in this phase are highly disordered.  In the (Ce – Nd)/Yb/Se series the β-LnYbS3 

phases are found instead.43  When the size of Ln' is increased on substituting Tm for Yb the 

Ln1+xTm3-xSe6 (Ln = La – Sm) compounds form, which adopt the disordered CeYb3S6 

structure.31 When the size of Ln' is increased again by replacing Tm with Er, in the La/Er/Se 

system, LaErSe3 with the δ-CeHoS3 structure crystallizes.  As in the sulfide reactions, if the 

difference in the size of the two lanthanide ions becomes too small, as is the case in Nd/Er/Se, 

the disordered CeYb3S6 structure is adopted again (e.g. in Nd1+xEr3-xSe6). 

 As can be gleaned from the above discussion, there can be sharp demarcations between 

neighboring lanthanide ions in ternary mixed-lanthanide sulfides and selenides.  Notably we 

have yet to mention the Lu-containing phases in the above discussion.  This is because our 

observations are that these reactions do not follow previously observed trends for mixed-

lanthanide phases where there is substantial size mismatch.  Instead, we have isolated (in low 

yield) LaLu3S6 with the CeYb3S6 structure, which would normally result from having 

lanthanides of more similar size, as well as δ-LnLuS3 (Ln = Ce, Pr, Nd).  To reiterate, both of 

these structure-types have lanthanide site positional disorder that is unexpected in this system 

because these trivalent ions differ by approximately 0.17 Å.   

 Structural Features of γγγγ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  The isotypic 

series, γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb), crystallize in the centrosymmetric 

orthorhombic space group Pnma.  While this structure is a dense layered network, we will 
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describe it in terms of lower-dimensional substructures so that the subtleties of bonding in these 

complex materials can be better understood.  It is important to note from the outset that the 

structure of γ-LnLn'S3 is dramatically different from that of both α- and β-LnLn'S3.
41-43  γ-

LnLn'S3 adopts the same space group as α-LnLn'S3.  However, there is only one distinct 

crystallographic site for each of the Ln and Ln' centers (two total sites).  The same is also true for 

the layered structure of β-LnLn'S3 (UFeS3-type51).43  In contrast, γ-LnLn'S3 can also be 

expressed as Ln3Ln'3S9 because there are three crystallographically unique sites for both the Ln 

and Ln' atoms.  Ordering of two different Ln3+ ions in a lattice is often difficult to achieve owing 

to the similarities in the structural chemistry of the trivalent lanthanide ions (vide supra).  In α-, 

β-, and γ-LnLn'S3, ordering of the Ln and Ln' sites is accomplished by choosing lanthanide ions 

at opposite ends of the series.  Typically earlier, larger lanthanides favor higher coordination 

numbers than the later, smaller ions.  In α-LnLn'S3 the two different lanthanide ions are actually 

both six-coordinate, however the larger ions are found in trigonal prisms, whereas the small ones 

are found in octahedral environments.  In contrast, the larger trivalent lanthanides in β-LnLn'S3 

have eight close neighbors, and the Yb3+ ions only have six.  γ-LnLn'S3 follows the same general 

trends as β-LnLn'S3 by placing the larger ions in eight- and nine-coordinate environments, and 

the smaller ions are seven- and six-coordinate geometries.    

 We choose here to adopt the same convention as used for β-LnLn'S3 to describe the 

structure of γ-LnLn'S3, which is as two-dimensional 2
∞ [Ln'3S9]

9– (Ln' = Er, Tm, Yb) layers that 

extend in the [bc] plane that contain the smaller lanthanide ions that are separated by larger Ln3+ 

ions, La3+ and Ce3+, as is depicted in Figure 1c.  For comparison, α- and β-LnLn'S3 are shown in 

Figures 1a and 1b.  There are no S–S bonds in α-, β-, or γ-LnLn'S3, and therefore the oxidation 
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states in these compounds can be assigned as +3/+3/-2.  This designation is confirmed by both 

bond-valence sum calculations52,53 and by magnetic susceptibility measurements (vide infra).   

 An individual 2
∞ [Ln'3S9]

9– (Ln' = Er, Tm, Yb) layer viewed down the a axis is shown in 

Figure 2.  As can be seen in this sketch, this layer is constructed from edge-sharing double chains 

of [Ln'S7] monocapped trigonal prisms (A) and double chains of [Ln'S6] octahedra (B) that are 

linked by single chains of [Ln'S6] octahedra (C) in the manner of ACBCA.  The central C chains 

share corners with the A and B chains.  The 2
∞ [Ln'3S9]

9– layers in γ-LnLn'S3 are more buckled 

than those in β-LnLn'S3, because the chains of [Ln'S6] octahedra (C) share both axial and 

equatorial corners with the double chains (A and B).  In β-LnLn'S3 only axial (trans) atoms are 

corner-sharing.  For reference, in γ-LaYbS3 the Yb–S bond distance for Yb(1), Yb(2), and Yb(3) 

range from 2.5979(19) to 2.783(2) Å, and are normal. 

 As shown in Figure 3, the larger lanthanides La3+ and Ce3+ (Ln(1), Ln(2), and Ln(3)) ions 

are found in coordination environments with more neighbors than the Er3+, Tm3+, and Yb3+ ions.  

There is some difficulty in precisely describing the coordination number of the Ln(1) centers.  

These Ln3+ cations are located within highly distorted tricapped trigonal prismatic environments. 

Two of the Ln···S capping contacts, however, are substantially longer than those that define the 

trigonal prism.  For example, in γ-LaYbS3 the short La–S bonds range from 2.892(2) to 3.062(3) 

Å, whereas the longer contacts are 3.552(3) and 3.813(3) Å.  The longest contact should 

probably not be considered as important.  The Ln(2) and Ln(3) atoms, however, are clearly eight-

coordinate, and occur as bicapped trigonal prisms with La–S bonds ranging from 2.856(3) to  

3.037(2) Å for La(2), and from 2.844(2) to 3.124(3) Å for La(3) in γ-LaYbS3.  The transitions 

between α-LnLn'S3, β-LnLn'S3, and γ-LnLn'S3 represent systematic increases in the average 

coordination numbers of the lanthanides, leading to more efficient packing and increased 
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densities in this single compositional family.  For the sake of brevity, we do not provide a list of 

selected bond distances for all six compounds, but these are available in the Supporting 

Information.   

 Magnetic Properties of γγγγ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  At first glance 

the magnetic behavior of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) seem relatively 

uninteresting as there is no indication of long-range magnetic ordering down to 2 K, as shown in 

Figure 4.  However, the θp parameters are atypical for some of these compounds.  The θp values 

are –0.4, –6.7, –32.1, –18.7, –14.6, –37.5 K, for γ-LaErS3, γ-LaTmS3, γ-LaYbS3, γ-CeErS3, γ-

CeTmS3, and γ-CeYbS3, respectively.  The θp parameters for γ-LaYbS3 and γ-CeYbS3 are quite 

negative, indicating relatively strong antiferromagnetic coupling between Ln3+ ions.  In the case 

of γ-LaYbS3, this interaction must be between Yb3+ centers.  We observed similar phenomena in 

Cs0.14-0.17Ln0.26-0.33YbS2 (Ln = La – Yb).48  Despite this strong coupling, short- and long-range 

order are apparently absent.  This behavior is consistent with a geometrically spin-frustrated 

system.  It should be noted that β-CeYbSe3 and β-SmYbSe3 have very large θp values of             

–44.6(9) K and –107.6(4) K without any indication of long-range order down to 5 K.43 

 The origin of potential geometric spin-frustration may lie in the layered substructures 

found in β-LnLn'S3 and γ-LnLn'S3.  The Sm network for β-SmYbSe3 is shown in Figure 5a.  

This drawing shows a layer constructed from triangles.  The asymmetry of these triangles is 

capable of preventing ordering in two-dimensions.  Figure 5b shows these layers rotated by 90° 

with the Yb3+ ions further connecting the network to create a system that might be frustrated in 

all three dimensions.  In contrast, the source of geometric spin-frustration in γ-LnLn'S3 is less 

obvious.  In these phases, there are networks of both squares and triangular within the Yb layers 

as well as the potential for higher-order frustration via the interlayer Ce3+ ions as shown in 
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Figures 5c and d, respectively.  We propose that if spin-frustration is occurring in these 

compounds that it is within the Yb layers, because γ-LaYbS3 and γ-CeYbS3 have large θp values 

that are quite similar in magnitude, and the La3+ ions obviously can not contribute to this 

behavior.  The Yb···Yb distances vary considerably between β-SmYbSe3 and γ-LaYbS3, and are 

different depending on the substructures that they are present in.  In β-LaYbS3 and γ-LaYbS3, the 

shortest Yb···Yb distances of 3.9238(8) and 3.9847(3) Å, respectively, are similar. 

 In the absence of appropriate trigonal or hexagonal symmetry the triangular networks in 

β-LnLn'S3 and γ-LnLn'S3 are necessarily asymmetric.  As such, one of the requirements of spin-

frustration may not be present, and there may be alternative mechanisms for explaining the large 

negative θp values.  The first of these is that this might be an affect of crystal-field splitting of the 

ground-state of the Yb3+ ions.  A second, and much more complex, mechanism has also been 

proposed for the frustrated pyrochlore antiferromagnet, Tb2Ti2O7.
54  In this compound there is 

strong evidence supporting extra perturbative exchange coupling beyond nearest neighbors as 

well as dipolar interactions that may be the cause of the lack of long-range ordering of the 

moments.55     

 The calculated free-ion moments for γ-LaErS3, γ-LaTmS3, γ-LaYbS3, γ-CeErS3, γ-

CeTmS3, and γ-CeYbS3 are 9.59, 7.57, 4.54, 9.92, 7.98, and 5.20 µB, respectively.56  Not 

surprisingly the observed moments (8.35, 6.65, 3.98, 9.87, 7.28, and 4.50 µB) are notably smaller 

than the ideal values, most likely because of splitting of the ground state terms for these ions.  It 

would require substantially larger fields than 7 T to obtain full moment values for these 

compounds.  The above calculated values are only true if Ce is trivalent.  The single 4f electron 

in Ce is tenuous at best, and tetravalent Ce carries no moment, in which case the Ce-base 

compounds would have the same effective moment as the La-based compounds.  The isothermal 
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magnetization measurements also show that the saturation moment is considerably less than the 

free ion value.  Isothermal magnetization measurements carried out to 7 T at 2 K support the 

conclusions of the effective moment measurements, i.e., that the moments are low.      

 Optical Properties of γγγγ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  The optical band 

gaps of ternary and quaternary chalcogenides have been shown to be tunable based on the choice 

of lanthanide ion and chalcogen (e.g. CsLnZnSe3 (Ln = Sm, Tb, Dy, Ho, Er, Tm, Yb, and 

Y)).9,11,13,14,57  Based on electronic structure calculations, CsLnZnSe3 are thought to be direct 

band gap semiconductors.9  The band gaps for binary lanthanide sesquisulfides are generally 

indirect.58  Therefore, both direct and indirect band gap semiconductors are recognized in 

lanthanide chalcogenides, and they are highly dependent on the structure adopted by the 

phase.13,14,55,58    The optical band gaps for γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) were 

measured using UV-vis-NIR spectroscopy.  Unfortunately, the band gaps of α- and β-LnLn'S3 

materials have not been reported; although, β-LaYbS3 is reported to be yellow.43  Qualitatively, 

the γ-LaLn'S3 (Ln' = Er, Tm, Yb) compounds are dark red, whereas the γ-CeLn'S3 (Ln' = Er, Tm, 

Yb) compounds are black.  Congruent with these visual observations, the measured band gaps 

for γ-LaLn'S3 (Ln' = Er, Tm, Yb) are all approximately 1.6 eV.  The replacement of La by Ce 

results in a smaller gap for γ-CeLn'S3 (Ln' = Er, Tm, Yb) of ~1.3 eV.  The apparent fine-structure 

in these spectra are actually f-f transitions for the lanthanide ions.  The band gaps observed for γ-

LnLn'S3 are comparable to the indirect band gaps reported for Nd3+:doped α-Gd2S3 (A-type), β-

La2S3, and γ-Y2S3 (D-type).58  The Ce compounds often show the smallest band gaps of the 

series owing the high energy of 4f1 electron.59,60  The structural modification that occurs for γ-

LnLn'S3 clearly alters the band gap substantially from that observed for the binary phases. 
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CONCLUSIONS 

 The role of reaction conditions (pressure, temperature, flux, etc.) in determining 

composition and structure in both binary and ternary interlanthanide sesquichalcogenides cannot 

be over emphasized.  We focus here on the use of the new flux, Sb2S3, which has been used to 

prepare γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb) in high yield.  In contrast, when KI is 

employed as a flux, β-LaYbS3 can only be prepared in low yield, and this medium is more 

amenable for the syntheses of selenide compounds.  Some fluxes, such as CsCl, are in fact 

reactive, resulting in Cs+ incorporation into the lanthanide chalcogenide phases, and the 

formation of quaternary compounds that are illustrated by Cs0.14-0.17Ln0.26-0.33YbS2 (Ln = La – 

Yb).48  The use of fluxes provides access to mixed-lanthanide compounds with novel structure 

types, and is a means of understanding structure-property relationships in these intricate 

materials. 

 The structure of γ-LnLn'S3 diverges substantially from previously reported 

interlanthanide sesquisulfides in that there are three crystallographically unique Ln sites in the 

structure, whereas α- and β-LnLn'S3 have one site for each type of lanthanide ion.41-43  Ordering 

of the Ln3+ ions is achieved by placing the larger ions in eight- and nine-coordinate 

environments, and the smaller ions are seven- and six-coordinate geometries.  Table 3 provides a 

listing of mixed-lanthanide sesquichalcogenides that form under the conditions described in this 

work, indicating whether ordering of the Ln3+ ions is achieved, and the coordination 

environments of the Ln3+ ions.  These data apply to solids that form from a Sb2Q3 (Q = S, Se) 

flux at 1000 ºC. 

 Currently, the most promising application of the mixed-lanthanide chalcogenides is the 

ability to change, and perhaps systematically vary, the band gap of these semiconductors.  This 
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can be accomplished by both changing the lanthanide, as we demonstrated in this report, and by 

changing the chalcogenide, whereby the band gap should decrease when heavier chalcogenides 

are substituted into the structure.57  Doing this allows materials to be prepared that range from 

nearly colorless to black.  This property is not unique to the present system, but rather applies to 

many lanthanide compounds.  We suggest that the possibility exists for finding interesting 

electronic phenomena by preparing ordered quaternary interlanthanide sesquichalcogenides with 

three different lanthanides, which might be accomplished by exploiting structures with three 

different coordination environments for the Ln3+ ions.          
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Supporting Information Available: X-ray crystallographic files in CIF format for        

γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  This material is available free of charge via the 

Internet at http://pubs.acs.org.  Selected bond distances for γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, 

Tm, Yb) are also available in a summary table (S1).  Magnetization data for γ-LnLn'S3 (Ln = La, 

Ce; Ln' = Er, Tm, Yb) are also provided.  
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Table 1.  Crystallographic Data for γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb). 

See attached file. 
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 Table 2.  Atomic Coordinates and Equivalent Isotropic Displacement Parameters for γ-LaYbS3.  

Atom (site) x y z Ueq (Å
2)a 

La(1) 0.15941(4) 0.2500 0.24448(3) 0.00942(16) 

La(2) -0.16994(4) 0.2500 0.41369(3) 0.00593(15) 

La(3) -0.19293(4) -0.2500 0.08024(3) 0.00787(15) 

Yb(1) 0.06664(3) 0.2500 0.42039(2) 0.00756(13) 

Yb(2) -0.09466(3) -0.2500 0.25016(3) 0.01124(14) 

Yb(3) 0.05686(3) -0.2500 0.06883(2) 0.00886(13) 

S(1) -0.03553(18) 0.2500 0.31730(14) 0.0080(6) 

S(2) 0.20923(18) 0.2500 0.48254(14) 0.0083(6) 

S(3) 0.04299(18) 0.2500 0.55274(14) 0.0082(6) 

S(4) -0.1778(2) -0.7500 0.18492(14) 0.0124(6) 

S(5) 0.05953(18) -0.2500 -0.05774(14) 0.0091(6) 

S(6) 0.15831(18) -0.7500 0.06464(15) 0.0104(6) 

S(7) -0.22911(18) -0.2500 0.32202(14) 0.0076(6) 

S(8) 0.14585(18) -0.2500 0.35127(14) 0.0087(6) 

S(9) 0.05085(19) -0.2500 0.19232(14) 0.0101(6) 

 

a Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.



  

Table 3.  Comparisons of Ternary Interlanthanide Sesquichalcogenides that Form in a Sb2Q3 (Q 

= S, Se) Flux at 1000 ºC.  

Structure type Compounds Ordered/Disordered Coordination 

β-LnLn′S3 

(UFeS3-type) 
CeYbSe3, PrYbSe3, NdYbSe3 Ordered 

Ln – 8 

Ln′ – 6 

γ-LnLn′S3 LnLn′S3 (Ln=La, Ce, Ln′=Er-Yb) Ordered 
Ln – 8, 9 

Ln′ – 6, 7 

δ-LnLn′S3  

(CeTmS3-type) 

La5-xEr3+xSe12, Ce5-xHo3+xSe12, 

Ln5-xLu3+xS12 (Ln = Ce, Pr, Nd) 
Disordered 

Ln – 7, 8 

Ln′ – 6, 7 

F-Ln2S3 

La1+xLu3-xS6, Pr1+xTm3-xS6 

Ln1+xYb3-xS6 (Ln= Pr-Gd), 

Ln1+xYb3-xSe6 (Ln= Sm, Gd) 

Ln1+xTm3-xSe6 (Ln= La-Sm), 

Nd1+xEr3-xSe6 

Disordered 
Ln – 7, 8 

Ln′ – 6, 7 

Y5S7 La5Yb5-xSe7 Disordered 
Ln – 7 

Ln′ – 6, 7 



  

Figure Captions 

 

Figure 1.  Views of the structures of a) α-LnLn'S3, b) β-LnLn'S3, and c) γ-LnLn'S3 (Ln = La, Ce; 

Ln' = Er, Tm, Yb).  γ-LnLn'S3 adopts a layered structure with two-dimensional 2
∞ [Ln'3S9]

9– (Ln' 

= Er, Tm, Yb) slabs that extend in the [bc] plane that contain the smaller lanthanide ions that are 

separated by larger Ln3+ ions, La3+ and Ce3+, as is depicted in Figure 1c. 

 

Figure 2.  A depiction of an individual 2
∞ [Ln'3S9]

9– (Ln' = Er, Tm, Yb) layer viewed down the a 

axis in γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  This layer is constructed from edge-sharing 

double chains of [Ln'S7] monocapped trigonal prisms (A) and double chains of [Ln'S6] octahedra 

(B) that are linked by single chains of [Ln'S6] octahedra (C) in the manner of ACBCA.  The 

central C chains share corners with the A and B chains.   

 

Figure 3.  Illustrations of the coordination environments for the larger lanthanides, La3+ and 

Ce3+, in γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb).  We use γ-LaYbS3 to represent this family 

of compounds here. 

 

Figure 4.  Temperature dependence of the reciprocal molar magnetic susceptibility for γ-LnLn'S3 

(Ln = La, Ce; Ln' = Er, Tm, Yb) under an applied magnetic field of 0.1 T. 

 

Figure 5.  a) A view of the layers in Sm-based triangles in β-SmYbSe3.  b)  A depiction of the 

interconnection of the Sm layers by Yb3+ ions.  c)  An illustration of the square and triangular 



  

networks in γ-CeYbS3.  d)  A drawing of the complex three-dimension network in γ-CeYbS3.  In 

all cases the chalcogenide ions have been omitted for clarity. 

 

Figure 6.  UV-vis diffuse reflectance spectra of γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb). 

(*Denotes detector change.) 
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Table 1.  Crystallographic Data for γ-LnLn'S3 (Ln = La, Ce; Ln' = Er, Tm, Yb). 

Formula γ-LaErS3 γ-LaTmS3 γ-LaYbS3 γ-CeErS3
 γ-CeTmS3

 γ-CeYbS3 

fw 402.35 404.02 408.13 403.56 405.23 409.34 

Color  dark red dark red dark red black black black 

Crystal System orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic 

Space group Pnma (No. 62) Pnma (No. 62) Pnma (No. 62) Pnma (No. 62) Pnma (No. 62) Pnma (No. 62) 

a (Å) 16.510(1) 16.4500(9) 16.410 (1) 16.4891(9) 16.459(1) 16.368(1) 

b (Å) 3.9963(2) 3.9877(2) 3.9847 (3) 3.9705(2) 3.9704(3) 3.9562(2) 

c (Å) 21.260(1) 21.215(1) 21.202 (2) 21.127(1) 21.091(2) 21.058(1) 

V (Å3) 1402.7(2) 1391.6(2) 1386.4 (3) 1383.1(2) 1378.3(3) 1363.6(2) 

Z 12 (4) 12 (4) 12 (4) 12 (4) 12 (4) 12 (4) 

T (K) 193 193 193 193 193 193 

λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 

ρcalcd (g cm–3) 5.716 5.785 5.866 5.814 5.859 5.982 

µ (cm–1) 279.71 292.28 303.80 289.74 301.21 315.00 

R(F)a 0.0297 0.0282 0.0328 0.0270 0.0300 0.0286 

Rw(Fo
2) b 0.0692 0.0744 0.0672 0.0675 0.0735 0.0803 

a ( )R F F F F= −∑ ∑o c o  for Fo
2 > 2σ(Fo

2).  b ( ) ( )R F w F F wFw o
2

o
2

c
2 2

o
4

1 2

= −





∑ ∑
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

. 

 




