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LnsLuSeg (Ln = La, Ce), B-LnLuSe; (Ln = Pr, Nd), and Ln,Lu,s—,Seg (Ln = Sm, Gd; x = 1.82, 1.87) have been
synthesized using a Sh,Ses flux at 1000 °C. LnsLuSe;s (Ln = La, Ce) adopts the UsScSe-type three-dimensional
structure, which is constructed from two-dimensional fo[LngsesF‘ slabs with the gaps between these slabs being
filled by octahedrally coordinated Lu®* ions. The series of 5-LnLuSe; (Ln = Pr, Nd) are isotypic with UFeS;. Their
structures include layers formed from LuSes octahedra that are separated by eight-coordinate Ln3* (Ln = Pr, Nd)
ions in bicapped trigonal prismatic environments. Smy goLu,1sSes and Gd; g7Lu,13Seq crystallize in the disordered
F-Ln,S; type structure with the eight-coordinate bicapped trigonal prismatic Ln(1) ions residing in the one-dimensional
channels formed by three different double chains via edge- and corner-sharing. These double chains are constructed
from Ln(2)Se; monocapped trigonal prisms, Ln(3)Ses octahedra, and Ln(4)Se octahedra, respectively. The magnetic
susceptibilities of B-PrLuSe; and 3-NdLuSe; follow the Curie—Weiss law. SmjgyLu,18Ses shows van Vieck
paramagnetism. Magnetic susceptibility measurements show that Gd, g7Lu,13S€es undergoes an antiferromagnetic
transition around 4 K. CesLuSes exhibits soft ferromagnetism below 5 K. The optical band gaps for LasLuSes,
CesLuSeg, B-PrLuSes, 5-NdLuSes, Smygolu,15Ses, and Gdyg7Lluz13Ses are 1.26, 1.10, 1.56, 1.61, 1.51, and 1.56
eV, respectively.

Introduction this work is to obtain phases where the different lanthanide
ions are present in the crystalline lattice in an ordered
arrangement. There are several methods for achieving this
goal including the selection of lanthanides from opposite ends

Interlanthanide chalcogenides have been the focus of
intense interest because of their remarkably complex struc-
tures, potentially tunable optical properties, and in some
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of the series in an attempt to capitalize on the marked of ShSes. Forg-LnLuSe (Ln = Pr, Nd) and LgLus—,Se; (Ln =
difference in size of the early versus late lanthanide ions. Sm, Gd;x = 1.82, 1.87), the reaction mixtures include 150 mg of
Therefore, ternary interlanthanide chalcogenides usually Ln. Lu, and Se in a molar ratio of 1:1:3 and 100 mg opSé. All
include one larger ion (Ln) and one smaller ion (Lthat of these starting materials were loaded into fused-silica ampules
are from opposite ends of lanthanide series with different Under an argon atmosphere in a glovebox. The ampules were flame-
coordination environments to avoid possible disordering. S¢21ed under vacuum and heated in programmable tube furnaces.
Early lanthanides, such as ¥aand C&*, are often found The following heating profile was used for all reactions2C@min

. ) - ’ . to 500°C (held for 1 h), 0.5°C min~ to 1000°C (held for 14
in eight- and nine-coordinate environments, whereas late y,ys) 0.0£C min- to 550°C (held for 2 days), and 05 min-*

lanthanides (e.g., Y& and L") are usually found in six- g 24°C. The major title products were found as large black chunks
and seven-coordinate environments. To this end, Ln/Yb/Q that were well separated from the Sk flux. The separation of
(Q=S, Se) phases have been extensively studied. This grouphe flux from the products is achieved by slightly tilting the furnaces,
is represented by-LaYbS$'? (GdFeQ type)?® 3-LnYbQ3 which causes the flux to settle to the bottom of the ampules leaving
(Q=S, Sey* ¥ (UFeS type) y-LnYbS; (Ln = La, Ce)l® the desired product higher up, making manual separation with the
and LnYkSs!617 (F-Ln,S; type)?25:26 aid of a stereomicroscope trivial. The reaction ampules are Igcated
Er- and Tm-containing ternary compounds have also beentoward the back of the tube furnacg, and the flux settles in the
prepared, and a number of well-characterized examples eXis{arthest and presumably coolest region of the furnace. Once the

including CeTmS 8 LaydEreS:,2° y-LnLn'Ss (Ln = La, Ce; products were isolated, they were ground for powder X-ray

T 15 " 0 25 26 diffraction measurements, which were used to confirm phase purity
Ln" = Er, Tm){° SmEQs (Q = S, Sej° (F-Ln;Ss type) > by comparison of the powder patterns calculated from the single-

and SmsdEr1.125e° (UzS; type)?’ Both EF* and Tnt* ions crystal X-ray structures with the experimental data. Semiquantitative

are paramagnetic. In contrast, the Ln/Lu/Q phases havesgm/EDX analyses were performed on several single crystals for

potentially simpler magnetism because there is at most oneeach compound using a JEOL 840/Link Isis or JEOL JSM-7000F

paramagnetic ion owing to the Y4fconfiguration of L&". instruments. Ln, Lu, and Se percentages were calibrated against
Recently, we reported the synthesis and characterizationstandards. Sb was not detected in the crystals. The Ln/Lu/Se ratios

of the interlanthanide sulfides-Ln,—Lu,S; (Ln = Ce, Pr,  forLnsLuSe (Ln = La, Ce) were determined to be approximately

Nd).2! These compounds crystallize in the disordered CeT- 3:1:6 from EDX analyses, while the ratios of Ln/Lu/Se were close

mS; structure-type and have band gaps that are dependen odl..l.i ffrgz-LrllL;;% (Ln = Pr, Nd) and LpLu,-,Se; (Ln = Sm,

on the choice of the lanthanide ion. The magnetic behavior Cx_t “' ' .h' )'St dies. Sinal tals of LLu.Se (Ln —

of most lanthanide compounds is complicated, in part rystallographic Studies. Single crystals of Litu,Se, (Ln =

. . ' La, Ce, Pr, Nd, Sm, Gd) were mounted on glass fibers with epoxy
because of substantial crystal-field effects. Dhen,-—Lu,Ss and optically aligned on a Bruker APEX single crystal X-ray

(Ln = Ce, Pr, Nd) are no exception to this, adeCe, sr diffractometer using a digital camera. Initial intensity measurements
Lug.70Ss deviates from the CurieWeiss law at low temper- were performed using graphite-monochromated Ma K =
atures, a feature that can be ascribed to crystal-field effects.0.71073 A) radiation from a sealed tube and monocapillary
In this present study, we attempt to address the structuralcollimator. SMART (version 5.624) was used for preliminary
and electronic behavior of both ordered and disordered determination of the cell constants and data collection control. The
ternary lanthanide lutetium selenides. We disclose the intensities of reflections of a sphere were collected by a combination
syntheses, structures, optical, and magnetic propertiessof Ln ©Of three sets of exposures (frames). Each set had a difigrmgle
LuSe (Ln = La, Ce), f-LnLuSe; (Ln = Pr, Nd), and for the crystal, and each exposure covered a range 6fil03. A

_ oy — total of 1800 frames were collected with exposure times per frame
LnyLug- Ln = Sm x=1.82, 1.87). .
WS ( Sm, Gd; 82, 1.87) of 10 or 20 s depending on the crystal.
Experimental Section For LnLu,Se (Ln = La, Ce, Pr, Nd, Sm, Gd), determination of

integrated intensities and global refinement were performed with

Starting Materials. La (99.9%, Alfa-Aesar), Ce (99.9%, Alfa-  the Bruker SAINT (version 6.02) software package using a narrow-
Aesar), Pr (99.9%, Alfa-Aesar), Nd (99.9%, Alfa-Aesar), Sm frame integration algorithm. These data were treated first with a
(99.9%, Alfa-Aesar), Gd (99.9%, Alfa-Aesar), Lu (99.9%, Alfa- face-indexed numerical absorption correction using XPREP,
Aesar), Se (99.5%, Alfa-Aesar), and Sb (99.5%, Alfa-Aesar) were followed by a semiempirical absorption correction using SAD-
used as received. The 8 flux was prepared from the direct ~ ABS2° The program suite SHELXTL (version 6.12) was used for
reaction of the elements in sealed fused-silica ampules at@850  space group determination (XPREP), direct methods structure

SynthesesLnsLuSe (Ln = La, Ce) were synthesized from a  solution (XS), and least-squares refinement (XL)The final
reaction of 150 mg of stoichiometric Ln, Lu, and Se and 100 mg refinements included anisotropic displacement parameters for all
atoms and secondary extinction. Some crystallographic details are

(21) Jin, G. B.; Choi, E. S.; Guertin, R. P.; Brooks, J. S.; Bray, T. H.; given in Table 1. Additional crystallographic information can be
Booth, C. H.; Albrecht-Schmitt, T. El. Solid State Chen2007, in found in the Supporting Information.

press.
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Table 1. Crystallographic Data for LhuySe (Ln = La, Ce, Pr, Nd, Sm, Gd)

formula LalLuSe; CeLuSe p-PrLuSe B-NdLuSe Smy gd uz.1656 Gdy gl uz1556
fw 1065.46 1069.09 552.76 556.09 1128.83 1140.50
color black black black black black black

cryst syst orthorhombic orthorhombic orthorhombic orthorhombic monoclinic monoclinic
space group Pnnm(No. 58) Pnnm(No. 58) Cmcm(No. 63) Cmcm(No. 63) P2:/m(No. 11) P2;/m (No. 11)
a(A) 14.6195(10) 14.5020(9) 4.0052(10) 3.9946(5) 11.3925(13) 11.4274(12)
b (A) 17.5736(12) 17.4954(11) 12.996(3) 13.0015(17) 4.0483(5) 4.0542(4)
c(A) 4.1542(3) 4.1129(3) 9.865(3) 9.8583(13) 11.6844(14) 11.7160(12)
B (deg) 108.915(2) 109.005(2)

V (A3) 1067.29(13) 1043.52(12) 513.5(2) 512.00(11) 509.79(11) 513.20(9)
VA 4 4 4 4 2 2

T (K) 193 193 193 193 193 193

A (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
pcalcd (g cN3) 6.631 6.805 7.150 7.214 7.354 7.381
w(em™?) 413.24 430.70 495.66 503.36 525.94 534.34

R(F)2 0.0273 0.0212 0.0429 0.0226 0.0300 0.0308
Ry(FoA)P 0.0645 0.0485 0.1049 0.0601 0.0822 0.0817

AR(F) = IFol — IFcll/XIFol for Fo? > 20(F?). ® Ru(Fe?) = [ [W(Fo? — Fc?)?/ 3 who'"2

Table 2. Ternary Interlanthanide Sulfides Prepared UsingSsilux

Table 3. Ternary Interlanthanide Selenides Prepared Using&h-lux

at 1000°C2 at 1000°C?
Ewt La¥t Ccet PRt N  SmPt Gt Ewt La’t Cceét  Pet Nd¥*t  Smt Gt
Th3* [ J Th3+ [ ] O
Dy3*+ [ LN Dy3* ® m|
Ho3*+ ® LN O Ho3* [ )
Er3t ® ¢ ¢ Er3+ [ ) O A
Tmd* ® ¢ ¢ Tmé* ® A A A A A A
Yh3t ® ¢ ¢ A A A Yb3+ () (@) A A A A A
Lud* () A o ¢ A Lud*t [ [ | [ | A A A A

aQrdered structure typesk S-LnLn'S;, 12144 y- LnLn'S;,1° W U3ScS;,32
@ CaFe0,.33 Disordered structure typess F-LnyS;,2526<$ §-Lnln’'S;, 1821

aQrdered structure typesk 3-LnLn’'S;, 12144 y- LnLn'S;, 1> W U3ScS,%2
@® CaFe0,.33 Disordered structure typess F-LnyS;,2526<5 §-LnLn’ S, 1821

0 UzS3,27 O Y5734 0 UpS3,27 O Y557.34
Gd; x = 1.82, 1.87) compounds crystallize in the F,5gf>26
type structure, which is highly disordered. All four cation sites, fits between 100 and 300 K.

including one eight-coordinate position (Ln(1)), one seven- UV —vis-NIR Diffuse Reflectance SpectroscopyThe diffuse
coordinate position (Ln(2)), and two octahedral positions (Ln(3) reflectance spectra for Lbu,Se (Ln = La, Ce, Pr, Nd, Sm, Gd)

and Ln(4)), were assumed to be occupied by both metals at thewere measured from 200 to 2500 nm using a Shimadzu UV3100
beginning of the refinements. The final refinements showed that spectrophotometer equipped with an integrating sphere attachment.
the occupancies of Lu atoms in Ln(1), Ln(2), Ln(3), and Ln(4) The Kubelka-Munk function was used to convert diffuse reflec-
positions are 0.02, 0.32, 0.88, and 0.95, respectively, for the tance data to absorption spectta.

Sm-based compound and 0.04, 0.40, 0.84, and 0.86 for Gd case. ) .

These results gave rise to the formula of,Spu,.1:5e and Gd g7 Results and Discussion

Luz15Se&, which are consistent with the 1:1:3 ratios from EDX Synthesis of Ln/Ln/Q using SkQs Fluxes (Q= S, Se).
analysis. It is worth noting that G@.u, 1556 has a higher degree  rpare are g large number of synthetic parameters that
o.f d'S"fdeF than Stk Uz.165 Qi.because of the decrease in .th.e significantly affect the type of interlanthanide chalcogenide
difference in the size of the cations, even though they have similar . . . .

Ln/Lu ratios. obtameq in flux-based reactlons. These par_anjeters include
Powder X-ray Diffraction. Powder X-ray diffraction patterns the F:h0|ce of flux, r_eactlon temperature, stoichiometry, and
were collected with a Rigaku Miniflex powder X-ray diffractometer ~ choices of lanthanides and chalcogens. It has been shown
using Cu K (A = 1.54056 A) radiation. that temperature changes as small as 50 K (1173 K vs 1123

Magnetic Susceptibility MeasurementsMagnetic susceptibility K) can induce changes in product formatfnn our work,
data were collected from powders in gelcap sample holders with awe have focused on the use of,8b (Q = S, Se) fluxes to
Quantum Design MPMS 7T magnetometer/susceptometer betweemrepare ternary and quaternary interlanthanide chalco-
2 and 300 K and in applied fields up to 7 T. DC susceptibility genides52122 Eight different structure types have been
measurements were made under zero-field-cooled conditions withigentified for ternary interlanthanide chalcogenides prepared
an applied field of 0.1 T. Magnetic susceptibility for LaSe; under with these fluxes at 1273 f@-15.18212527,32-34 These com-

zero-field-cooled (ZFC) and field-cooled (FC) conditions were . .
measured with 0(.01 2I’ applied field be(twe)en 2 and 25 K. pounds are given in Tables 2 and 3. A change of the flux

Susceptibility values were corrected for the sample diamagnetic from Kl to SkQs (Q = S, Se) produces different F:ompounds.
contribution according to Pascal’'s constafitas well as for the For example, when La, Yb, and S are reacted in a Kl flux at
sample holder diamagnetism. Experimental effective magnetic
moments and Weiss constants for;0eSe;, 5-PrLuSe, -Nd-

LuSe, and Gd gl.u. 1356 were obtained from extrapolations from

(31) Wendlandt, W. W.; Hecht, H. QReflectance Spectroscqopinter-
science Publishers: New York, 1966.

(32) Rodier, N.; Tien, VActa Crystallogr.1976 32, 2705.

(33) Becker, D. F.; Kasper, J. 8cta Crystallogr.1957, 10, 332.

(34) Adolphe, CAnn. Chim. (Paris)1965 10, 271.

(30) Mulay, L. N.; Boudreaux, E. ATheory and Applications of Molecular
DiamagnetismWiley-Interscience: New York, 1976.
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Figure 1. lllustration of the three-dimensional structure ofs;LaSe;
viewed down thec-axis.
1123 K,ﬂ-LaYb83 is obtained In contrast, when the same Eigure 2. Unit' cell of ﬁ-PrI__uSQ viewed along the-axis. Pr-Se bonds
. . . ave been omitted for clarity.
reaction is performed using a 5 flux, y-LaYb$S; crystal-
lizes. We have not noted_ the same temperature sensitivityo-dimensional slabs extending in treq] plane. Further-
as observed for the halide fluxes and find instead that more, these slabs connect at the Se(4) positions to produce

temperature primarily affects crystal growth. a three-dimensional structure. The gaps between these slabs
The structures of Ln/L#Q phases depend highly on the ¢ fijled by isolated one-dimensional edge-sharing LuSe
choices of Ln and Lh This is especially true for La/L'fSe, octahedral chains running down theaxis. The bond

which can adopt five different structures with the variation yistances for these two compounds, which can be found in
of Ln". Ordered phases predominate when Ln antiens g 5horting Information, are normal compared to average
have larger differences in size. Disordered compounds are, 5| es reported by Shann&hln the case of LiLuSe, the
often present when the difference in size of the lanthanide 54 gistances for the Lagd aSe, and LuSe polyhedra
ions becomes too small because of the similar structural range from 2.9982(8) to 3.3408(11), 2.9229(11) to 3.1116-
chemistry of lanthanides; some exceptions to this include (11), and 2.6629(9) to 2.8257(6) A, respectively.

LaLusSs and LaYbs-,Se. The limitations of using SR The series oB-LnLuSe (Ln = Pr, Nd) are isotypic with
Q=s, Se) fluxes to prepare Lnl@ include: (1) Attempts UFeS.2* The structure, as shown in Figure 2, is constructed
to prepare interlanthanide tellurides have not succeeded. (z)from two-dimensional LuSeoctahedra layers, which are
When the ionic radii of the two L} ions approach equality, separated by LH ions. The P¥ and N&* coo’rdinate o

thg produi:t l{a”s to separa:je fzjom thte(;‘!;x, atnd tf|1|e rée Slgtant eight Se atoms with a bicapped trigonal prismatic geometry.
microcrystalline compounds do not diffract well. (3) Oc- The connectivities within LuSelayers are illustrated in

casionally, the use of a stereomicroscope to distinguish andFigure 3. The LuSeoctahedral units are edge-sharing along
_mar_1u_ally separate pr(.)dUCtS f_romz_sb (Q=S, Se) fluxes the a-axis and corner-sharing along tleeaxis. The bond

is difficult to accomplish. While this was not the case for lengths within these two compounds are regular. For
this or previously published works, not all reactions yield example, the PrSe and Lu-Se distances in compoimd
crystals well separated from the flux. We have not found a ﬂ-PrLuSé are in the range of 2.9035(18) and 3.3670(17)

good solvent or acid for dissolving the flux that leaves the and 2.7102(10) and 2.8072(11) A, respectively.

product unreacted. o
Structures of Ln,Lu,Se (Ln = La, Ce, Pr, Nd, Sm, Gd). S g Uz.155& and Gd gi Uz 1556 crystallize in F-LaSs-

The LrsLuSe; (Ln = La, Ce) compounds adopt theSES- type?>28structure, which was detailed in one of our previous
type® structure. The uhit cell of LuSe, projected along papers? As shown in Figure 4, the eight-coordinate bicapped

the c-axis, is shown in Figure 1. There are three crystallo- gr.igonall prilsmhatic Lln(fl) ior(;sb (FLgured_?f) sit i(r; tT)? orr:e_-
graphically unique Ln sites ¢ and two octahedral Lu imensional channels formed by three different double chains

positions (2, 2b) in the structure. Both Ln(1) and Ln(2) via edge- and corner-sharing. These double chains, which

atoms are surrounded by eight Se atoms and occur asa” run down theb-axis, are constructed from Ln(2)se
bicapped trigonal prisms. Ln(3) sites are seven-coordinate
(35) Shannon, R. DActa Crystallogr. A1976 32, 751.

ina monocapped tr'gonal prismatic env!ronment. Ly (36) Kittel, C. Introduction to Solid State Physic6th ed.; Wiley, New
LnSe polyhedra share faces or edges with each other to form  ~ York, 1986.
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Figure 3. Depiction of an individual LuSgoctahedra layer viewed down
the b-axis in -PrLuSe.

Figure 5. lllustrations of the coordination environments for Pr ions in
B-PrLuSe and Sm(1)/Lu(1) ions in Siduz.1s5€e.

Figure 4. View of the three-dimensional channel structure of g, 1&
Se; along theb-axis.

monocapped trigonal prisms, Ln(3)}Sectahedra, and Ln- _ _ _
. L . Figure 6. Temperature dependence of the reciprocal molar magnetic

(4)S octahedra, respectively. Within each double chain, the gysceptibility for-PrLuSe and f-NdLuSe, under an applied magnetic

building polyhedra share edges with each other both in the field of 0.1 T between 2 and 300 K. The straight line represents the fit to

direction of chain propagation and with adjacent chains. For Curie-Weiss law in the range of 16600 K.
Smysd Uy 1856, the average distances for Ln(3)3n(2)-
Se, Ln(3)Se,and Ln(4)Sgpolyhedra are 3.0406(10), 2.9230-
(10), 2.8064(10), and 2.7791(9) A, respectively, which are

comparable to Shannon’s d&f3.05 A for SmSg 3.00 A The magnetic susceptibility of SLus :5& shows van

for SmSe, 2.90 A for LuSe, and 2.84 A for LuSe Vleck paramagnetic behavior similar to the Sm metal, which
Magnetic Susceptibility MeasurementsFigure 6 shows s displayed in Figure 7. There is no magnetic transition down
the temperature dependence of the inverse molar magnetigo 2 K, and the susceptibility data do not follow the Ctrie
susceptibilities for3-LnLuSe; (Ln = Pr, Nd). Both com-  Wweiss law. The difference between the ground stétg )
pounds are paramagnetic and deviate from the Cikieiss and the first excited state’H7;) of Sn#* is not large
law below 40 K. The effective magnetic moment and compared to thermal energksT). Therefore, the excited
Weiss constant were obtained by fitting the high-temperature states make significant contributions to the magnetic sus-
susceptibility data into the CurigNeiss law. As shown in  ceptibility at high temperatur&.The experimental effective
Table 4, the effective magnetic moments are close to magnetic moment of S#h can be determined approximately

calculated values for free Bn ions. The negatived,
values indicate antiferromagnetic coupling between magnetic
ions.

Inorganic Chemistry, Vol. 46, No. 22, 2007 9217
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Table 4. Magnetic Parameters for glaiSe;, f-LnLuSe; (Ln = Pr,
Nd), and Gdsduz 1356

16 4
formula Peal (ug) Pert (ug) 0 (K) R
CelLuSe 4.40 456(1)  —20(1) 0.99959
B-PrLuSe 3.58 3509(3) -—15.6(4)  0.99993 124
B-NdLuSe 3.62 3.913(9) —25(1) 0.99961

G grlUz1556 10.86 11.77(1) —4.4(4) 0.99991

¥ (Oe mol formula unit/emu)

aPqa and Pe:  calculated® and experimental, respectively, effective 8+
magnetic moments per formula urfitWeiss constanté;) and goodness
of fit (R?) obtained from high-temperature (16800 K) data.
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g 0.054 o - OJ"- v T v T v T v T v T v T
s ]o 0 50 100 150 200 250 300
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. “ D
S ] T Figure 8. Inverse molar magnetic susceptibility vs temperature forgzd
— 0.034 = Sm Lu,  Se, ] Lu,.13Se; under an applied magnetic field of 0.1 T between 2 and 300 K.
g 1= ’ ) The solid line represents the fit to CurigVeiss law in the range of 160
© E] T 300 K. Inset shows the molar magnetic susceptibility at low temperature.
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Figure 7. Molar magnetic susceptibility vs temperature between 2 and
300 K for Sm gd u 1656 Data were taken under an applied magnetic field
of 0.1 T.

using per = [3keymT/(Luqus?)]*? wherekg is Boltzmann
constantL is Avogadro’s numbejyq is vacuum permeability,
T is temperature (K), angh, is molar susceptibility. AT =
300 K, uerr = 1.02ug, which is smaller than the calculated
value (1.55ug) for free Sni* ions using the van Vleck
formula®” This is probably caused by crystal-field effects. Figure 9. Magnetization for Gegduz135e as a function of applied field
Sz 656, is an excelent example of the usefulness of 2, sl o= MAIC) curve betveen 0 a1 T Rec nd greer
incorporating a diamagnetic lanthanide into interlanthanide siight increasing of the slope and the weak spin reorientation transition
selenides. If another paramagnetic lanthanide been selectedield at the junction (up arrow) can be observed.

as was done for EBmSeg,?° the van Vleck behavior of Sth
might have been masked. This is especially pronounced for
Sm?* because it has the smallest measured moment for
lanthanide.

The magnetic susceptibility of GeAu, 1556 obeys the

(Figure 11) below this temperature may indicate a ferro-
magnetic component of the transition or might be caused
aby small temperature fluctuations. To investigate the mag-
netic transition in detail, the magnetization measurements
. : X at 2 K were conducted as well. Figure 12 shows the field-
Curie-Weiss law above the temperaturet K where it jonendent magnetizations for £8Se. M(H) increases
undergoes a sharp antiferromagnetic transition, as shown ingp .ty at low field, which is consistent with ferromagnetic
Figure 8. The effective magnetic moment and Weiss constantyqayior. However, the lack of substantial difference between

were obtained to be 11.77(a} per formula unitand-4.4- 0 700 and FC measurements, as well as the absence of
(4) K. The magnetization measurement was performed at 2,5 ynetic hysteresis at 2 K, is indicative of soft ferromagnet

K, and the results are presented in Figure 9. The saturationbehaviorg_g The saturation moment per &don (1.13ug) is

moment per Gt i‘?” is 7.5us, which is .close_to the value substantially smaller than the moment for the freé'Gen

for the free Gd" ion (7.94 ug) assumingg = 2. There (2.54uz), assumingy = 6/7. This can probably be ascribed

is a weak spin reorientation transition at approximately crystal-field splitting of the ground state of the3Céon

=05T. o o (?Fs12). The Weiss constant from the fit of the data from 100
CeLuSe shows a deviation from the CuridVeiss law to 300 K for CelLuSe; was determined to be-20(1) K,

near 70 K caused by crystal-field effects. A magnetic ingicating antiferromagnetic interactions betweed'dens
transition was observed below 5 K, which is illustrated in - at higher temperatures. It is worth noting that tfg value

Figure 10. A small divergence on the ZFC-FC measurementsmay pe enlarged because of the crystal-field splitting of the

(37) Van Vleck, J. HThe Theory of Electric and Magnetic Susceptibilities  (38) Singh, S.; Sheet, G.; Raychaudhuri, P.; Dhar, SAppl. Phys. Lett.
Oxford University Press: London, 1932. 2006 88, 022506.
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Figure 10. Inverse molar magneti_c susceptipiliyy as a function of Figure 13. UV—vis diffuse reflectance spectra of i, Se (Ln = La,
temperature for G&uSe; under an applied magnetic field of 0.1 T between Ce, Pr, Nd, Sm, Gd).

2 and 300 K. The straight line represents the fit to Cukléeiss law in the
range of 106-300 K. Inset shows the inverse molar magnetic susceptibility
at low temperature.
Optical Properties. There are few interlanthanide se-

lenides reported in the literature. Sre&®;, a red compound,
was determined to be a wide direct band gap semiconductor
with a band gap of 2.0 e¥2. The series of compounds,
B-LnYbSe (Ln = La, Ce, Pr, Nd, Sm), are black in color,
as are the title compound$.The UV-vis-NIR diffuse
reflectance spectra (Figure 13) of lLm,Se (Ln = La, Ce,
Pr, Nd, Sm, Gd) were collected, and the band gaps were
extrapolated from the absorption ed§&6or LalLuSe;, Ce-
LuSe;, -PrLuSe, f-NdLuSe, Sm gl u, 156, and Gd g7
Lu,15Se;, the band gaps were found to be 1.26, 1.10, 1.56,
1.61, 1.51, and 1.56 eV, respectively. The more condensed
structure that LgLuSe (Ln = La, Ce) adopts may be the
reason for their considerably smaller band gaps compared
to those of the Pr-, Nd-, Sm-, and Gd-containing phases.
The smaller value for GeuSe; is the result of the relatively
Figure 11. Molar magnetic susceptibility as a function of temperature |ow energy of the 4f— 4f9%5d! transition for cerium. The
Lﬁ’f&iﬂ%ﬁ&'ﬁ:ﬁ é':;]g”zds':}g conditions with an applied magnetic field - e _strycture observed in the spectra foPrLuSe, -Nd-
LuSe;, and Sm gl u, 1856 is actually caused by-f transi-

20000 — — tions within the lanthanide ions. There is also pronounced
= DDDDDDDDDDDDDDDDDDDDD ] tailing off of the transition observed for blauSe; that could
§ 16000 | be attributed to an indirect band gap or to an impurity like
o ShSe;.40
=
g 120004 © 4 Conclusions
(]
) o Ce,LuSe, 1 Molten SBQs; (Q = S, Se) fluxes have been proven
% 80004 T=2K 4 themselves to be useful in the preparation of ternary and
g guaternary interlanthanide chalcogenides. The composition
E 4000- i and structure of the products depends highly on the choices
of lanthanides and chalcogenides. In this present study, we
g detailed the synthesis of lutetium-based interlanthanide
ot—or—-—r—-—v7———"Tr selenides LiLu,Se (Ln = La, Ce, Pr, Nd, Sm, Gd) using a
0 1 2 H :(ST) 4 5 6 ShSe flu?<. All of the;e compouan show diverse structure;
Figure 12. Magnetization for C&uSe; as a function of applied field at and phySICaI properties as afunction of the Ln ions. Magnetic
2K measurements have shown that bgtRrLuSe and 5-Nd-

LuSe are Curie-Weiss-type paramagnets. S§Uz 1656
full J= 5/2 multiplet for C&*. To conclude, Cs.uSe; orders exhibits van Vieck paramagnetism. G u2.55¢ was found

ferromggnehcally with a weak anhferrpmagnetlc component (39) Schevciw, O.. White, W. BMlater. Res. Bull1983 18, 1059,
that might be the result of canted spins offCe (40) Sutorik, A. C.; Kanatizidis, M. GChem. Mater1997, 9, 387.
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