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ABSTRACT: Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q =S, Se) have been prepared by direct reaction
of the elements in Sb,Q; (Q =S, Se) fluxes at 900 °C. All compounds have been characterized by
single-crystal X-ray diffraction methods and are isotypic. The structure of Ln, YbCuQjs consists of one-
dimensional L[YbCuQs]®™ ribbons extending along the b-axis that are connected by larger Ln*" ions.
Each ribbon is constructed from two single chains of [YbQg] octahedra with one double chain of
[CuQs] trigonal bipyramids in the middle. All three chains connect with each other via edge-sharing.
There are two crystallographically unique Ln atoms, one octahedral Yb site, and two disordered Cu
positions inside of distorted Qs trigonal bipyramids. Both Ln atoms are surrounded by eight Q
atoms in bicapped trigonal prisms. The magnetic properties of Ln,YbCuQs have been characterized
using magnetic susceptibility and heat capacity measurements, while their optical properties have
been explored using UV—vis—NIR diffuse reflectance spectroscopy. Ce,YbCuSes, La,YbCuS;,
Ce,YbCuSs, and Pr,YbCuSs are Curie—Weiss paramagnets. La,YbCuSes and Nd,YbCuSs show
evidence for short-range antiferromagnetic ordering at low temperatures. Sm,YbCuSs shows
magnetic ordering at 5.9 K, followed by negative magnetization at low external fields. The band gaps of La,YbCuSes,
Ce,YbCuSes, La,YbCuS;s, Ce,YbCuSs, Pr,YbCuSs, Nd,YbCuSs, and Sm,YbCuSs are 1.15, 1.05, 1.45, 1.37, 1.25, 1.35, and
1.28 eV, respectively.
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B INTRODUCTION shows a ferromagnetic transition at 3.4 K, because of the coupling
of Eu”" ions. Group 2 compounds contain polychalcogenide
anions with various degrees of Q—Q_interactions, which are
considered as kinetic products. These compounds have been
typically prepared using alkali-metal/lanthanide halide fluxes or

reactive fluxes, thereby allowing for lower reaction temperatures.

Rare-earth copper chalcogenides have been the source of
considerable interest, not only because of their diverse structures
and electronic properties, but also because of some unusual
coordination geometries and oxidation states of copper that they
exhibit.'* The large number of rare-earth copper chalcogen- X 25
ides can be divided into two groups, based on different interac- Exan;glezss include L"‘Zc‘zlgs @ Ln3CuSe360 (Ln = Sm, G;}’ Tb,
tions between chalcogenides. In the Group 1 phases, there are no Dy), EuCupgeTey, ™ GdsCu,Te;, 28%§C“0~28T62’ and
Q—Q(Q=S§, Se, Te) interactions. These compounds have been LnCuxTe% (Ln =La, Nd, Sm, Gd, Tb, Dy)~127 Lat_2CuS4'features
generally synthesized at relatively high temperatures as thermo- ur}usual discrete [S;Cu- - - S_SS_' ) -.CuS3] | Lnits, wh1c.h con-
dynamically stable products, which include LnCuQ, (Ln = rare- ta1.n two almost-planar [Cu$3] triangles bridged by a disulfide
carth; Q = S, Se, Te),kls Lnp 6sCthS, (Ln = Gd, Er)’nfzo and anion. EuCug¢sTe, contains a ﬂa‘E square net‘ of Te atoms,
Eu,CuQs (Q = S, Se).2' 2 LnCuQ, compounds adopt at least whereas all of the latter three have linear Te chains.
three different structures (monoclinic, orthorhombic, and tri-

gonal), depending on the relative size of the Ln ions." '® Mixed- Received: ~ November 22, 2010
valency Eu,CuQj; phases have Eu”" and Eu®" ions occupying Revised:  January 7, 2011
two crystallographically independently sites, and Eu,CuS; Published: February 02, 2011
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Partial substitutions of chalcogenides have been explored to
access new phases with different physical properties from the
parent ternary phase LnCuQ, (e.g,, LaCuSTe and SmCuSTe).>
Lanthanide copper oxychalcogenides including LnCuOQ_(Ln =
La, Ce, Pr, Nd; Q = S, Se, Te),>* * LasCus0.,S,,* and La;Cu-
0,95* have been extensively studied. LnCuOQ_ compounds
adopt a structure with alternately stacking PbO-like [Cu,Q, >~
layers and anti-PbO-like [Ln,0,]*" layers, which is similar to
that of copper-based high-T, superconducting oxides.>*” ** La-
CuOQ compounds are wide-band-gap p-type semiconductors,
and they are considered to be potential transparent conductive
materials.>* * In contrast, LasCugO,S, is metallic, and the
average oxidation state of the Cu atoms is +7/e®

A different approach to prepare new quaternary rare-earth
copper chalcogenides is to partially replace the heavy metal in
known ternary phases with different rare-earth elements. To our
knowledge, EuLnCuS; (Ln = Y, Gd—Lu)** are the only known
examples of interlanthanide copper chalcogenides, which were
made by replacing the Eu’" ions in Eu,CuS;, using other
trivalent Ln atoms. The purpose of this study is to prepare new
ordered quaternary interlanthanide copper chalcogenide phases
by including two Ln atoms from opposite ends of the lanthanide
series, which tend to have different coordination geometries in
same compounds. Here, we present the syntheses, structure,
optical, magnetic, and heat capacity measurements of the new
quaternary interlanthanide copper chalcogenides, Ln,YbCuQjs
(Ln = La, Ce, Pr, Nd, Sm; Q = S, Se)

B EXPERIMENTAL SECTION

Starting Materials. La (99.9%, Alfa-Aesar), Ce (99.9%, Alfa-
Aesar), Pr (99.9%, Alfa-Aesar), Nd (99.9%, Alfa-Aesar), Sm (99.9%,
Alfa-Aesar), Yb (99.9%, Alfa-Aesar), Cu (99%, Alfa-Aesar), S (99.5%,
Alfa-Aesar), Se (99.5%, Alfa-Aesar), and Sb (99.5%, Alfa-Aesar) were
used as received. The Sb,Q; (Q =S, Se) fluxes were prepared from the
direct reaction of the elements in sealed fused-silica ampules at 850 °C.

Syntheses. Ln,YbCuQs (Ln = La, Ce, Pr,Nd, Sm; Q =S, Se) were
prepared using Sb,Q; (Q =S, Se) fluxes. A total of 150 mg of Ln, Yb, Cu,
and Q was stoichiometrically mixed with 75 mg of Sb,Q; in fused-silica
ampules in an argon-filled glovebox. The ampules were sealed under
vacuum and placed 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 900 °C (held for 7 d), 0.04 °C/min to 500 °C (held for 2 d), and 0.5
°C/min to 24 °C. In each reaction, the major phases included high yields
of black crystals of desired products and unreacted Sb,Qjs lying in the
bottom of the ampules. This separation was achieved by slightly tilting
the furnaces. Powder X-ray diffraction (XRD) measurements were used
to confirm phase purity by comparing the powder patterns calculated
from the single-crystal X-ray structures with the experimental data.
Semiquantitative scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (SEM/EDX) analyses were performed
using JEOL Model 840/Link Isis or JEOL Model JSM-7000F instru-
ments. Ln, Yb, Cu, and Q percentages were calibrated against standards.
Sb was not detected in the crystals. The Ln:Yb:Cu:Q_ratios were
determined to be approximately 2:1:1:5 from EDX analyses.

Crystallographic Studies. Single crystals of Ln,YbCuQs (Ln =
La, Ce, Pr, Nd, Sm; Q = S, Se) were mounted on glass fibers with epoxy
and optically aligned on a Bruker Model APEX single-crystal X-ray
diffractometer, using a digital camera. Initial intensity measurements
were performed using graphite-monochromated Mo Ko (4 = 0.71073
A) 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 three sets of exposures (frames).
Each set had a different ¢ angle for the crystal and each exposure covered
a w range of 0.3°. A total of 1800 frames were collected, with exposure
times of 10 or 20 s per frame, depending on the crystal.

For Ln,YbCuQjs, 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-indexed numerical absorption correction using
XPREP,* followed by a semiempirical absorption correction using
SADABS.* The program suite SHELXTL (v 6.12) was used for space
group determination (XPREP), direct methods structure solution (XS),
and least-squares refinement (XL).*” 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 La,YbCuSs are given in Table 2. Additional crystal-
lographic details can be found in the Supporting Information.

Powder X-ray Diffraction. Powder X-ray diffraction (XRD)
patterns were collected with a Rigaku Model Miniflex powder X-ray
diffractometer, using Cu Kot (4 = 1.54056 A) radiation.

Table 1. Crystallographic Data for Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q = S, Se)

formula La,YbCuSes Ce,YbCuSes La,YbCuSs
fw 909.20 911.62 674.70
color black black black
crystal system orthorhombic orthorhombic orthorhombic
space group Pnma (No. 62) Pnma (No. 62) Pnma (No. 62)
a(A) 12.1326(11) 12.1113(7) 11.615(4)
b (A) 4.1119(4) 4.0780(3) 3.9662(13)
¢ (A) 17.6653(16) 17.5714(11) 16.923(6)
V (A% 881.29(14) 867.85(10) 779.6(5)
V4 4 4 4
T (K) 193 193 193
2 (A) 071073 071073 071073
Peated (g cm ™) 6.853 6977 5.748
u (em™") 429.51 442.61 26547
R(F)* 0.0369 0.0290 0.0261
R (FH) " 0.0966 0.0757 0.0628

Ce,YbCuS; Pr,YbCuS; Nd,YbCuS; Sm,YbCuS;
677.12 678.70 685.36 697.58
black black black black
orthorhombic orthorhombic orthorhombic orthorhombic
Pnma (No. 62) Pnma (No. 62) Pnma (No. 62) Pnma (No. 62)
11.5616(13) 11.547(2) 11.5466(8) 11.5323(8)
3.9304(4) 3.9071(8) 3.8927(3) 3.8531(3)
16.8423(18) 16.795(3) 16.7597(11) 16.6470(12)
765.34(14) 757.7(3) 753.31(9) 739.71(9)
4 4 4 4
193 193 193 193
0.71073 0.71073 0.71073 0.71073
5.877 5.950 6.043 6.264
277.73 288.98 299.16 323.04
0.0242 0.0317 0.0250 0.0263
0.0588 0.0736 0.0566 0.0665

“R(F) = SN F,| — [FI /Y |F,| for B> > 20(F2). "Ry (F2) = [ [w(F2 — F2)*1/> wFi]">.
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Magnetic Susceptibility Measurements. Magnetic data were
measured on Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q =S, Se) powders
in gelcap sample holders with a Quantum Design MPMS magne-
tometer/susceptometer between 2 K and 300 K and in applied fields
up to 7 T. DC susceptibility measurements were made under zero-field-
cooled (ZFC) conditions with an applied field of 0.1 T. Susceptibility
values were corrected for the sample diamagnetic contribution, accord-
ing to Pascal’s constants,*” as well as for the sample holder diamagnet-
ism. Weiss temperature (6,,) values were obtained from extrapolations
from fits between 100 K and 300 K.

The heat capacity measurement was done for Sm,YbCuSs, using a
Quantum Design PPMS. The powder sample was mixed with N grease
as binding material, whose contribution to the total heat capacity was
measured before the sample was mounted.

UV—vis—NIR Diffuse Reflectance Spectroscopy. The dif-
fuse reflectance spectra for Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q =
S, Se) were measured from 200 nm to 2500 nm, using a Shimadzu Model
UV3100 spectrophotometer equipped with an integrating sphere
attachment. The Kubelka—Munk function was used to convert diffuse
reflectance data to absorption spectra.®

B RESULTS AND DISCUSSION

Structures of Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q =
S, Se). The compounds Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm;

Table 2. Atomic Coordinates and Equivalent Isotropic Dis-
placement Parameters for La,YbCuSs

atom (site) & y z U.q (A%)*  occupancy

La(1)  097977(4) —025 0.82545(3) 0.00691(14) 1
La(2)  0.86754(4) 025 040038(3) 0.00686(14) 1
Yb(1)  0.80240(3) 025 0.63683(2) 0.01060(13) 1

Cu(l)  06657(2)  —025 0.51632(13) 0.0144(4) 0.54
Cu(2) 0.5960(3)  —0.25 0.50288(17) 0.0177(6) 0.46
S(1) 1.01210(17) 025 0.69895(13) 0.0066(4) 1
S(2) 0.81356(17) —0.75 0.88370(13) 0.0072(4) 1
S(3) 0.88403(18) —0.25 0.53444(13) 0.0104(4) 1
S(4) 0.59555(18) 025 0.57265(13) 0.0084(4) 1
S(S) 0.73861(18) —0.25 0.72916(13) 0.0076(4) 1

* U,q is defined as one-third of the trace of the orthogonalized Uj; tensor.

Q =S, Se) are isotypic and crystallize in the centrosymmetric,
orthorhombic space group Pnma. As illustrated in Figure 1, the
structure can be described as being composed of one-dimen-
sional (1D) L[YbCuQs]®™ ribbons running down the [010]
direction that are separated by Ln>" ions. It includes two cry-
stallographically unique Ln atoms, one octahedral Yb site, and
two Cu positions. The polyhedra of Ln and Cu atoms are shown
in Figure 2. Both Ln> " cations are eight-coordinated and occur as
bicapped trigonal prisms. The bond distances of LnQg and YbQg
for Ln,YbCuQs are normal (see Table S1 in the Supporting
Information). For example, in the case of La,YbCuSs, La—S$
distances range from 2.9046(16) A to 3.241(2) A, and Yb—S
distances are in the range of 2.6311(16) A to 2.7989(17) A.
These bond lengths are comparable to the sum of the ionic
radii,*! 3.00 A for LaSg and 2.70 A for YbSs. Two Cu atoms are
very close to each other, with the Cu(1)—Cu(2) distance being
0.841(3) A in the case of La,YbCuSs. Obviously, these two sites
cannot be occupied simultaneously. The occupancy of Cu(1)
ranges from 0.19 to 0.54. Each Cu has a highly distorted
tetrahedral environment. For example, the four Cu(1)—S dis-
tances for La,YbCuSs are 2.257(3), 2.3464(18), 2.3464(18), and
2.544(4) A, and S—Cu(1)—S angles are in the range of 90.78-
(11)°—116.16(8)°. These bond distances are closer to the
average values for Cu with triangular coordination (e.g,, 2.33 A
in Cu,$°*°®) than those for Cu with tetrahedral coordination
(244 A, according to Shannon®'). Since there are no Q—Q
bonds or Cu—Cu interactions, the oxidation states for each atom
in Ln,YbCuQs can be assigned as 4-3/+3/4-1/—2, respectively.

Similar coordination environments for Cu atoms in the
structure of Ln,YbCuQs have been found in other lanthanide
copper chalco§enides. Examples include Ln;CuSes (Ln = Sm,
Gd, Tb, Dy),2 “28 Gd;Cu,Te,,*® LaCug,sTe,,>" and LnCu, Te,
(Ln = La, Nd, Sm, Gd, Tb, Dy),***? in which two disordered Cu
sites are equivalent and the tetrahedra are less distorted. To
better describe the connectivity among the polyhedra, Cu(1) and
Cu(2) atoms can be considered as one average Cu site sitting in
the cavities of a distorted trigonal bipyramid, as shown in Figure 2.
The one-dimensional L[YbCuQs]®™ ribbons, which are shown
in Figure 3a, consist of two single [YbQg] octahedral chains with
one double [CuQjs] trigonal bipyramidal chain in the middle. All
three chains are connected to each other via edge-sharing. Within
the [YbQg] octahedral chain, each unit shares edges with two

Figure 1. (a) View of the three-dimensional structure of La,YbCuSs along the b-axis. It consists of one-dimensional L[YbCuSs]°™ ribbons running
down the [010] direction that are separated by La>" ions. La—S bonds have been omitted for clarity. (b) Depiction of an individual L[YbCuSs]®~

ribbon.

1308 dx.doi.org/10.1021/cm103347u [Chem. Mater. 2011, 23, 1306-1314
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Figure 2. Illustrations of the coordination environments for La and Cu ions in La,YbCuSs.

neighbors along the chain direction, while each [CuQs] trigonal
bipyramid shares corners along the b-axis and shares edges with
adjacent identical chains. The connectivity of [CuQs] trigonal
bipyramids in these compounds is quite different from other
known examples. For Gd;Cu,Te,,* the [CuTes] trigonal bipyr-
amids share corners with four [CuTe,] tetrahedra within two-
dimensional [Cu,Tes] layers (see Flgure 3b). In Figure 3c,
[CuSes] trigonal bipyramids in Sm3CuSe6 share edges to form
1D single chains along the [010] direction, while Figure 3d shows
a two-dimensional (2D) [Cu,Te,] layer 1n LaCuO ,sTe,>
LnCu,Te, (Ln = La, Nd, Sm, Gd, Tb, Dy) 32 constructed from
[CuTes] trigonal bipyramids sharing edges with four close
neighbors and sharing corners with other four bipyramidal units.

Ln,YbCuQjs are isotypic with the recently reported indium
compounds, Ln,InCuQs (Ln = La, Ce, Pr, Nd, Sm; Q = S,
Se),>*” 56 which is not surprising, considering the similar sizes of
Yb*" (1.01 A) and In** (0.94 A).>' In the structure of Ln,In-
CuS;, Cu atoms dlsorder into two close positions as the title
ytterbium phases.>* In contrast, the Cu position in La,InCuSes is
fully occupied and ordered

Note that La;Cu0O,S;* adopts a similar formula and the same
space group as Ln,YbCuQs; however, their structures are clearly
different. In the structure of La;CuO,S;, there are three eight-
coordinate La** ions with bicapped trigonal prismatic geometry,
as illustrated in Figure 4. In contrast, the Yb ion in Ln,YbCuQj is
only six-coordinated, because of its smaller size. Furthermore, the
structure of La;CuQ,S; only has one four-coordinated Cu™ site
in a regular [CuS,] tetrahedron, while there are two disordered
Cu positions with highly distorted tetrahedral coordination in
the structure of Ln,YbCuQs. The structure of LazCuO,S; can be
considered as a three-dimensional (3D) framework of face- and
edge-sharing LaO,,Sg,, polyhedra, within which the interstitial

space is filled by isolated one-dimensional chains of corner-
sharing [CuS,] tetrahedra along the [010] direction.

Magnetic Susceptibility. The inverse molar Ln magnetic
susceptibilities for Ln,YbCuQs (Ln = La, Ce, Pr, Nd; Q =S, Se)
in the range of 2—300 K are shown in Figures S—7. The inverse
molar Ln magnetic susceptibilities for Ln,YbCuQs (Ln = La, Ce,
Pr, Nd; Q = S, Se) in the range of 2—300 K are shown in
Figures 5—7. All six compounds show similar overall tempera-
ture dependence: Curie—Weiss-type susceptibility (linear behav-
ior of inverse susceptibility) above 100 K, with deviation from
the linear behavior below ~70 K. There is no evidence of
magnetic ordering for Ce,YbCuSes, La,YbCuSs, Ce,YbCuSs,
and Pr,YbCuSs. In contrast, the magnetic susceptibilities for
La,YbCuSes and Nd,YbCuSs show changes in the slope at low
temperature, which may indicate short-range antiferromagnetic
ordering. The deviation of the Curie—Weiss law is most likely
from a crystal electric field (CEF) effect of Ln>" and/or Yb*"
ions. The CEF effect is presumably stronger for the Yb>* ion
(which is located in the center of YbQg octahedron) than that of
aLn®" ion under a more-complicated (lower-symmetry) crystal
field of Q.

Under the cubic crystal field environment, the *F/, multiplet
of the Yb>" ion will split into two doublets and one quartet with a
Kramers doublet ground state.’” As a result, the spins are
populated over the different CEF levels, giving smaller effective
moments when the thermal energy is smaller than the CEF
splitting. One can fit the temperature dependence of magnetic
susceptibility with a full knowledge of CEF scheme, using the van
Vleck formalism. Instead, we can exploit the linear behavior
between 100 K and 300 K to estimate magnetic parameters
(effective moment (P.g) and Weiss temperature (6,,)), using the
Curie—Weiss law, whose results are tabulated in Table 3, along

1309 dx.doi.org/10.1021/cm103347u [Chem. Mater. 2011, 23, 1306-1314
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Figure 3. Depictions of various connectivities of [CuQs] (Q = S, Se, Te) trigonal bipyramids in different compounds: (a) La,YbCuSs, (b) Gd3Cu,Te,,*°

(c) Sm3CuSes, and (d) LaCug,5Te,.>"

with the calculated effective moment from free Ln>" and Yb**
ions. The good agreement of the effective moment values
between the experimental results and calculation indicates that
the highest excited CEF level is well below 100 K and the spins
are well-populated over the CEF levels at >100 K.

On the other hand, at low temperatures, the spin is populated
only at low-lying CEF levels, resulting in a reduced effective
moment. There is a linear inverse susceptibility behavior at
narrow temperature ranges between 5 and 20 K, where we
derived the magnetic parameters and tabulated them in Table 3.
Both the effective moment and the Weiss temperature are
reduced, as expected. For nonmagnetic La’* compounds
(LayYbCuQs), the effective moment is reduced further for the
Q=S compound, which is expected, because of a shorter distance
between Yb>" and $*”. It is difficult to perform further analyses
because the CEF effects of both Ln** and Yb*" are involved at
low temperatures.

The low-temperature magnetic properties of Sm,YbCuSs
show very different behavior from the other compounds. As shown
in Figure 8, the high-temperature inverse susceptibility looks

similar to other compounds, except for a more rapid decrease
below 7 K. Subsequent detailed measurements at ~7 K revealed
anomalous behaviors, especially at low fields. The results at
representative fields are shown in Figure 9. The notable features
are as follows: (1) abrupt increase of susceptibility below 5.9 K;
(2) upon further cooling, the susceptibility shows a field-depen-
dent peak (5.7 K at 50 Oe, 5.3 K at 2 kOe), followed by negative
susceptibility (magnetization reversal) at S0 and 100 Oe fields;
and (3) for 1 and 2 kQe, the susceptibility increases again with
decreased temperatures. As the field increases, the anomalies
become less significant and the susceptibility peak just below 5.9
K becomes a small bump at 70 kOe.

To identify the thermodynamic nature of these anomalies, we
carried out heat-capacity measurements and the results are shown
in Figure 10. The A-shaped jump in the heat capacity suggests
long-range magnetic ordering in this material. The magnetic
entropy change (AS) was determined through the relation

G—C
AS :/7*’ 4T
T

1310 dx.doi.org/10.1021/cm103347u [Chem. Mater. 2011, 23, 1306-1314
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Figure 5. Inverse molar magnetic susceptibility versus temperature
between 2 K and 300 K for La,YbCuSs, Ce,YbCuSs, and Pr,YbCuS:s.
Data were taken under an applied magnetic field of 0.1 T. The straight

and dashed lines represent the fits to the Curie—Weiss law in the range
of 100—300 K and 5—12 K, respectively.

where C,}, is the lattice contribution to the heat capacity. Using an
empirical curve for the lattice contribution shown in Figure 10, we
obtained AS = 1.13 R (R = 8.31 J/(K mol)). In the case of long-
range ordering of magnetic ions with a total angular momentum J,
AS is expressed as AS = R In (2] + 1). The J values for the free
ions give larger values of AS (J=>/,, AS = 3.6 Rfor Sm>*, J=7/,,
AS=2.1RforYb>"). The observed smaller AS is presumably due
to a CEF effect, which is consistent with the reduced effective
moments at low temperatures.

The abrupt increase of susceptibility data and the A-shape of
the jump in the heat capacity at 5.9 K suggest a transition to long-
range magnetic order with finite magnetic moments aligned to
the external field with T. = 5.9 K. This type of behavior was
reported in some systems with two magnetic sublattices, includ-
ing perovskite manganites (SmMnO;),*® Prussian Blue anal-
ogues,””® ThCr,Si,-type phosphides,®" and so forth. In SmMnOs,
an antiferromagnetic coupling between weak ferromagnetic Mn
ions and paramagnetic Sm ions was suggested to explain the
temperature-induced magnetization reversal. Although we do not
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Figure 6. Inverse molar magnetic susceptibility versus temperature,
showing the fit for Nd,YbCuSs, as in Figure S. Inset shows the inverse
molar magnetic susceptibility at low temperature.
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Figure 7. Inverse molar magnetic susceptibility versus temperature,
showing the fit for La,YbCuSes and Ce,YbCuSs, as in Figure S. Inset
shows the inverse molar magnetic susceptibility for La,YbCuSes at low
temperature.

Table 3. Magnetic Parameters for Ln,YbCuQs (Ln = La, Ce,
Pr, Nd, Sm; Q = S, Se)*

100 K < T < 300 K SK<T<12K
formula  Poa/us  Peg/itn 0, (K)  Pe/tn 0, (K)
La,YbCuSes 4.54 4229(9)  —38(1) 3.12(1)  —2.3(1)
Ce,YbCuSes  5.79 5.76(1) —54(1) 3.73(4)  —0.39(5)
La,YbCuSs 4.54 4372(6) —68.4(8)  2.82(2) —29(2)
Ce,YbCuSs 5.79 5.31(3) —47(2) 3.65(3)  —0.29(6)
Pr,YbCuSs 6.80 7.00(2) —44(2) 5.44(2)  —22(0)
Nd,YbCuSs 6.84 6.87(1) —46.0(8)  4.53(1) —1.6(1)
Sm,YbCuSs 4.69 4.8(7) —74(5) 3.06(2) —4.9(2)

“ Py and P.g: calculated and experimental effective magnetic moments
per formula unit.

yet know the details of the magnetic ordering, it seems plausible
that a similar situation exists here. In that case, from the
temperature dependence of the susceptibility, it is more likely
that only one of the ions is ferromagnetically ordered while the
other ion is not ordered, down to 1.8 K. Regardless, the intriguing
temperature dependence at low fields may be understood by
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Figure 8. Inverse molar magnetic susceptibility versus temperature,

showing the fit for Sm,YbCuSs, as in Figure 5. Inset shows the inverse

molar magnetic susceptibility at low temperature.
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Figure 9. Magnetic susceptibility data for Sm,YbCuS; at low tempera-
tures under external fields of (a) 50 and 1000 Oe and (b) 0.5, 1,2, and 70
kOe. The external field was applied or removed at 30 K. For the 70 kOe
data, the difference between ZFC and FC is negligible.

antiferromagnetic coupling between the two magnetic ions: one
ferromagnetically ordered at below T, while the moment of the
other continues to increase upon cooling. Since the polarization
of the latter ion increases with cooling, the temperature-induced
magnetization reversal can occur below a certain temperature
(Tcomp), where the moments of the ions cancel each other,
because of antiferromagnetic coupling. Because of the close
proximity of T, (5.9 K) and Teomp (4.5 K), the coercive field is
presumably small near T'comp, which can explain similar behavior

25[ sm,YbCus, ]

N

0 5 10 15 20 25 30 35

Figure 10. Temperature dependence of heat capacity of Sm,YbCuSs.
The solid line is an empirical fitting curve of the lattice heat capacity
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Figure 11. UV—vis diffuse reflectance spectra of Ln,YbCuQs (Ln =La,
Ce, Pr,Nd, Sm; Q =S, Se).

between ZFC and FC. At higher fields, the effect of the external
field weakens the antiferromagnetic coupling strength, and then
the magnetization is positive.

Optical Properties. The electronic structures of interlantha-
nide copper chalcogenides are expected to be different from the
parent interlanthanide chalcogenides after introducing more soft
and electronegative Cu™ ions into the system. Cu™ ions prefer to
bind larger chalcogenides to form more covalent bonds. This is
best exhibited by the LnCuOQ series (Ln=La, Ce, Pr, Nd; Q =S,
Se, Te),** * which consists of alternately stacked [Cu,Q,]*"~
layers and [Ln,0,]*" layers. The optical properties of LnCuOQ
(Ln = La, Pr, Nd; Q = S, Se, Te) are mainly determined by
[Cu,Q, )% layers (e.g., the valence band of LaCuOTe* is filled
with Cu 3d and Te Sp states and the conduction band is
composed of Cu 4s, Te Sp, and La 5d states; La 4f states are
well above the Fermi energy. LnCuOQ (Ln = La, Pr, Nd; Q =S,
Se) are determined to be direct allowed p-type semiconductors
with wide band gaps, while the corresponding tellurides have
indirect-type gaps. L4 In contrast, recent studies have shown
that Ce 4f states in CeCuOS and CeCuy;50S compounds are
fully spin-polarized and delocalized, resulting in black colors and
much smaller band gaps.** Another series of compounds with
layered structures, LnCuS, (Ln = La, Nd, Sm, Gd, Dy, Ho, Yb,
Lu,Y), are also wide-band-gap p-type semiconductors.” The sub-
stitution of larger chalcogenides narrows the band gaps by
increagén% the covalency in the Cu—Q bonds to lift the Fermi
levels.”™
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The optical properties for Ln,YbCuQs (Ln = La, Ce, Pr,
Nd, Sm; Q = S, Se) were measured by UV—vis—NIR
diffuse reflectance spectroscopy. The spectra are presented
in Figure 11. The band gaps of La,YbCuSes, Ce,YbCuSes,
La,YbCuSs, Ce,YbCuSs, Pr,YbCuSs, Nd,YbCuSs, and Sm,Yb-
CuS; are determined to be 1.15, 1.05, 1.45, 1.37, 1.25, 1.35, and
1.28 eV, respectively. Apparently, the selenides have smaller band
gaps than the sulfides, because of the higher energy of the Se 4p
orbitals. The two lanthanum compounds have somewhat-larger
values than the other compounds. This means that the 4f states of
lanthanides other than La have some contribution to the elec-
tronic structures around the Fermi levels. Ce,YbCuS; has slightly
larger values than the Pr, Nd, and Sm cases. This behavior is
unusual for many lanthanide and interlanthanide chalcogenides
series, because of the high energy of the 4f" electron of Ce.®*™%°
Therefore, the band structures of Ln,YbCuSs are more con-
trolled by Cu energy levels, as expected, because of the more
strongly covalent Cu—S bonds. The sharp transitions in these
spectra are 4f—4f transitions for the lanthanide ions.

The band gaps of Ln,YbCuQs are consistent with the ob-
served black colors, and they are reasonable, compared to
SmCuS, (2.1 eV)® and La;CuO,S; (2.01 €V),* which have
less-condensed structures and lower-energy O 2p orbitals, re-
spectively. Overall, the electronic structures of Ln,YbCuQs are
potentially tunable, based on the choices of Ln and Q.

Bl CONCLUSIONS

A new series of ordered quaternary interlanthanide copper
chalcogenides, Ln,YbCuQs (Ln = La, Ce, Pr,Nd, Sm; Q =, Se),
have been synthesized using Sb,Qz (Q =S, Se) fluxes at 900 °C.
Compared to other known lanthanide copper chalcogenides,
these compounds crystallize in a new structure type that is re-
alized by including two different lanthanides with a large dif-
ference in ionic size, which tend to have distinct coordination
environments. The three-dimensional complex structure of
Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q = S, Se) includes
two crystallographically unique eight-coordinated Ln atoms: one
octahedral Yb site, and two Cu positions. These two Cu sites
closely reside in the trigonal bipyramidal cavities formed by Q*~
anions that cannot be occupied simultaneously. The structure
includes one-dimensional [YbCuQs]®™ ribbons along the b-axis
that are separated by larger Ln®" ions. Ce,YbCuSes, La,YbCuSs,
Ce,YbCuSs, and Pr,YbCuSs are Curie—Weiss paramagnets.
La,YbCuSes and Nd,YbCuSs have short-range antiferromag-
netic ordering at low temperature. Sm,YbCuSs shows evidence
of long-range magnetic ordering at 5.9 K with antiferromagnetic
coupling between Sm>" and Yb*" ions. The UV—vis—NIR
diftuse reflectance measurements show these compounds to be
wide-band-gap semiconductors.
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© supporting Information. X-ray crystallographic files in
CIF format for Ln,YbCuQs (Ln = La, Ce, Pr, Nd, Sm; Q = S, Se).
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