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A new pentanary rare-earth chalcogenide without substitutional disorder, KCaEr2CuS5, was obtained from reaction
of the Er−Ca−Cu−S precursor with KBr flux by either a two-step flux method or a direct reaction of the mixture of
the binary components (1Cu2S:2Er2S3:3CaS) with excess KBr as flux. KCaEr2CuS5 crystallizes in the orthorhombic
space group Cmcm (No. 63) with a ) 3.9327(5) Å, b ) 13.410(2) Å, c ) 17.042(2) Å, V ) 898.8(3) Å3, Z ) 4,
R ) 0.0632, and Rw ) 0.0627. The KCaEr2CuS5 structure consists of four different building units: ErS6 octahedra,
CaS6 octahedra, CuS4 tetrahedra, and KS6 trigonal prisms; it is characterized by ∞

2 [Er2CuS5]3- layers that are
formed by the interconnection of double ErS6 octahedral chains with CuS4 tetrahedral chains in the a−c plane. K+

and Ca2+ cations are located in the cavities defined by S2- anions between the ∞
2 [Er2CuS5]3- layers. KCaEr2CuS5

is a semiconductor with an estimated band gap of 2.4 eV and shows a Curie−Weiss paramagnetic behavior in the
5−300 K range.

Introduction

Multinary rare-earth chalcogenides have attracted much
attention both for their varieties of structural features and
for their potential applications as luminescence, magnetoop-
tical, and infrared materials.1,2 It is widely realized that during
the synthesis and crystal growth via flux methods, occasional
inclusion of flux elements in the final product is inevitable
and often leads to unexpected and interesting new structures.
Serendipitously, during our effort to explore new rare-earth
cuprates, we obtained a new pentanary rare-earth layered
sulfide, KCaEr2CuS5, by a two-step synthetic route. The same
phase was also successfully prepared subsequently by a direct
reaction of the binary sulfides Cu2S, Er2S3, and CaS with
excess KBr as reactive flux.

Reactive halide flux methods have produced many inter-
esting rare-earth chalcogenides.3-19 However, pentanary rare-

earth chalcogenides without oxygen are rather rare and
limited to mainly K0.5Ba0.5DyCu1.5Te3,4 LaCa2GeS4Cl3,7

La3-xCex(SiS4)2I (0 < x < 1),20 LaCeSbS5Br,21 and
(La0.5Ce0.5)SbS2Br2.22 K0.5Ba0.5DyCu1.5Te3 is the first example
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containing four metallic elements, but this and all other
compounds listed above are disordered substitutionally. Here,
we present the synthesis, single-crystal structure and optical
and magnetic properties of KCaEr2CuS5.

Experimental Section

Synthesis.All starting materials were used as received. A mixture
of Er2S3 (99.9%, 0.277 mmol), CaS (99.95%, 0.277 mmol), Cu
(99.999%, 0.554 mmol), and S (99.999%, 0.555 mmol) was ground
thoroughly under a N2 gas atmosphere in a drybox and then pressed
into a pellet, which was subsequently sealed in an evacuated, fused
silica ampule. It was heated to 750°C in a furnace at a rate of 4
°C/h and kept there for 24 h; the temperature was then raised at 10
°C/h to 1000°C for 120 h, and finally, the furnace power was
switched off.

The precursor from the first-step solid-state reaction was mixed
with an excess amount of KBr flux (99.9%, 0.88 g). After
regrinding, repelletizing, and resealing, we heated the precursor-
flux mixture at a rate of 10°C/h to 800 °C; the mixture was
equilibrated at this temperature for 2 weeks prior to slow cooling
(∼3 °C/h) to room temperature. Light yellow, transparent, needlelike
single crystals were manually selected from the residual after excess
KBr had been washed away with distilled water. These KCaEr2-
CuS5 crystals are very stable in air.

Semiquantitative energy dispersive analysis by X-ray (EDAX)
analysis with an ETEC AutoProbe Tracor-Northern TN-5400 energy
disperse X-spectrometer confirmed the presence of K, Ca, Er, Cu,
and S with a molar ratio around 1:1:2:1:5 in the crystal that was
selected for X-ray diffraction analysis.

Single crystals of KCaEr2CuS5 could be obtained repeatedly
either by the above two-step flux route or by the reaction of Cu2S,
Er2S3, and CaS with excess KBr. To obtain a sufficient amount of
pure KCaEr2CuS5 phase for property measurements, we explored
in more detail the rational syntheses based on the direct reaction
of binary components with excess KBr as flux. The highest yield
achieved so far is 65%, estimated on the basis of Cu, and resulted
from a reaction in a Cu2S:2Er2S3:3CaS molar ratio with excess KBr
(Cu2S:2Er2S3:3CaS charge: KBr) 1:2 by weight). It mixture was
thermally treated as follows: The mixture was equilibrated at 1000
°C for 180 h in an alumina crucible jacketed in an evacuated silica
tube and cooled slowly to 700°C over 90 h. Excess KBr flux and
any other soluble compound(s) were removed by washing the reac-
tion mixture with distilled water at room temperature using a suction
filtration technique. The homogeneity of the as-prepared sample
was confirmed by powder X-ray diffraction and energy dispersive
spectroscopy. No binary or ternary compound was detected.

Crystallography. (a) Single-Crystal Diffraction. A crystal with
approximate dimensions of 0.10× 0.01× 0.01 mm3 was selected
for data collection. Intensity data were collected by theω-2θ scan
mode on an Enraf-Nonious CAD4 diffractometer with graphite-
monochromated Mo KR radiation (λ ) 0.71073 Å). The unit-cell
parameters were determined by least-squares refinement of 25
reflections with 12° < 2θ < 30°. A total of 1625 reflections were
measured in the range 2° < 2θ < 80°, of which 713 reflections
with I > 3σ(I) were used for structure refinements. Intensities were
corrected for Lorentz polarization and for absorption using the

ψ-scan technique. The structure was solved by direct methods and
difference Fourier synthesis, refined by full-matrix squares tech-
niques. Final refinements for 35 variables led to the agreement
factorsR ) 0.0632,Rw ) 0.0627. The maximal residual is 2.28 Å
from the Er atom and 2.32 Å from the K atom position, whereas
the lowest residual is 2.55 Å from Er, 2.08 Å from Ca, and 1.95 Å
from the S(2) atom position. All calculations were performed using
the MolEN package.23 Some details of the data collection and
refinements are summarized in Table 1, the positional coordinates
and isotropic equivalent thermal parameters are given in Table 2,
and important bond distances and angles are given in Table 3.
Further details of the crystal structure investigation(s) can be
obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany, (fax: (49) 7247-808-666;
e-mail: crysdata@fiz-karlsruhe.de) on quoting the depository
number CSD-412517.
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Table 1. Crystal Data and Experimental Details for KCaEr2CuS5

KCaEr2CuS5

fw 637.56
cryst syst orthorhombic
space group Cmcm(No. 63)
cell params
a (Å) 3.9327(5)
b (Å) 13.410(2)
c (Å) 17.042(2)
V (Å3) 898.8(3)
Z 4
F(000) 1136
Dcalcd(mg/m3) 4.17
T (K) 293
cryst dimension (mm3) 0.10× 0.01× 0.01
cryst color, shape yellow, needle
radiation (graphite-monochromated) Mo KR (λ) 0.71073 Å)
linear abs coeff (mm-1) 23.18
Tmin/Tmax 0.911/1.000
decay (%) 6.0
scan type ω-2θ, 1.00+ 0.35tan(θ)
scan range 2° e 2θ e 80°
scan speed (deg min-1) e16.48/3
cell measurement 25, 14° < θ < 15°
θmax (deg) 40.0
h, k, l range 0e h e 7, -24 e k e 0,

0 e l e 30
no. of total data points 1625
no of unique data points withI > 3σ(I) 713
Rint 0.0434
no. of variables 35
S,a Rb/Rw

c 1.05, 0.0632/0.0627
weighting scheme W ) 1/(σ2(F))
(∆/σ)max 0.0001
high/low residual (e Å-3) 5.27/-4.78

a S ) [∑w(|Fo| - |Fc|)2/(Nobs - Nvar)]1/2 b R ) ∑||Fo| - |Fc||/∑|Fo|.
c Rw ) [∑(|Fo| - |Fc|)2/∑w|Fo|2]1/2.

Table 2. Positional and Thermal Parameters with ESD for
KCaEr2CuS5

atom
Wyckoff

site
site

occupancy x y z U(eq)
a (Å2)

Er 8f 0.99(2) 0 0.27021(8) 0.39703(6) 0.0067(1)
Cu 4c 1 0 0.7961(3) 0.25 0.0110(8)
Ca 4a 1.01(3) 0 0 0 0.007(1)
K 4c 1 0 0.5235(5) 0.25 0.018(2)
S(1) 4c 1 0 0.2002(6) 0.25 0.009(1)
S(2) 8f 1 0 0.8977(4) 0.1395(3) 0.010(1)
S(3) 8f 1 0 0.6425(4) 0.0471(3) 0.006(1)

a U(eq) is defined as one-third of the trace of the orthogonalizedUij tensor.
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(b) X-ray Powder Diffraction. The powder diffraction pattern
was recorded on a STOE Stadi P powder diffractometer (Stoe,
Darmstadt, Germany), using germanium-monochromatized Cu KR
radiation (λ ) 1.54057 Å). The observed powder pattern was in
good agreement with that calculated using the STOE WinXPOW
package.24 Indexing and refining 29 diffraction peaks in the range
5° e 2θ e 65° in space groupCmcmgave the following cell param-
eters: a ) 3.9333(25) Å,b ) 13.462(6) Å, andc ) 17.056(8) Å.

Magnetic Susceptibility. The dc magnetic susceptibility (ø )
M/H) measurements on a powdered sample (0.11421 g) were
performed on a Quantum Design PPM-9T magnetometer at a field
of 5000 Oe cooling from 300 to 5 K. The raw data were corrected
for the susceptibility of the container and for the diamagnetic
contribution from the atomic cores of K+, Ca2+, Cu+, Er3+, and
S2- (-2.273× 10-4 emu/mol) from Pascal increments.25

UV-Vis Diffuse Reflectance Spectroscopy.The optical diffuse
reflectance spectrum of powdered KCaEr2CuS5 was measured at
room temperature using a Perkin-Elmer Lambda 900 UV-vis
spectrophotometer equipped with an integrating sphere attachment
and BaSO4 as reference. The absorption spectrum was calculated
from the reflection spectrum via the Kubelka-Munk function: R/S
) (1 - R)2/2R, in which R is the absorption coefficient,S is the
scattering coefficient, andR is the reflectance.26

Infrared Spectroscopy. IR spectra were recorded on a Nicolet
Magna 750 Fourier transform infrared spectrometer equipped with
a DTGS detector using two references, a KBr disk in the 4000-
400 cm-1 region at a resolution of 4.0 cm-1 with 32 scans and a
CsI disk in the 600-100 cm-1 region at a resolution of 4 cm-1

with 72 scans under a dried air flow.

Results and Discussion

KCaEr2CuS5 is the first example of a pentanary rare earth
chalcogenide without substitutional disorder, the site occu-
pancies of Er (8f site) and Ca (4a site) are 100% with sta-
tistical errors (see the refined occupation factors for Ca and
Er in Table 2). KCaEr2CuS5 contains four types of building
units in the structure, octahedral ErS6 and CaS6, tetrahedral
CuS4, and trigonal prismatic KS6, as shown in Figure 1.

The structure is characterized by∞
2 [Er2CuS5]3- layers that

are formed by the interconnection of double ErS6 octa-
hedral chains with CuS4 tetrahedral chains in thea-c
plane. ErS6 octahedra each share opposite [S(2)-S(3)] edges
along the a direction, forming ∞

1 [ErS(1)S(2)2/2S(3)1+2/2]
chains; each pair of∞

1 [ErS(1)S(2)2/2S(3)1+2/2] chains is
further condensed by sharing one side of octahedral edges
in a zigzag manner via S(3)-S(3) (Figure 2). The CuS4
tetrahedra are also condensed into a corner-sharing

∞
1 [CuS(1)2/2S(2)2] chain along thea axis. These double-

octahedral∞
1 [Er2S(1)2S(2)4/2S(3)4/2] chains are connected

into a ∞
2 [Er2CuS5]3- layer via corner-sharing of S(1), with

Cu atoms filling the tetrahedral sites. In other words, the
KCaEr2CuS5 structure may be viewed as a layered structure
composed of∞

2 [Er2CuS5]3- slabs in which chains of corner-
sharing tetrahedral∞

1 [CuS(1)2/2S(2)2] units connect neigh-
boring double-octahedral∞

1 [Er2S(1)2S(2)4/2S(3)4/2] chains,
and vice versa (Figure 2).

The ∞
2 [Er2CuS5]3- slabs are stacked along theb direction

with K+ and Ca2+ cations located in different cavities
between the layers (Figure 3). Figure 3 is a projection of
the crystal structure showing how ErS6 octahedra and CuS4

tetrahedra are connected into∞
2 [Er2CuS5]3- layers, shaping

the one-dimensional channels for K+ and Ca2+ cations along
the a direction. The Ca atoms are surrounded octahedrally(24) STOE WinXPOW, version 1.2; STOE & Cie GmbH: Darmstadt,

Germany, 2001.
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1969.

Table 3. Selected Bond Distances Lengths for KCaEr2CuS5

bond distance (Å) bond distance (Å)

Er-S(1) (×1) 2.676(3) Cu-S(1) (×2) 2.349(5)
Er-S(2) (×2) 2.679(4) Cu-S(2) (×2) 2.325(6)
Er-S(3) (×1) 2.813(5) K-S(1) (×2) 3.079(8)
Er-S(3) (×2) 2.776(4) K-S(2) (×4) 3.204(6)
Ca-S(2) (×2) 2.744(6) K-S(3) (×2) 3.808(6)
Ca-S(3) (×4) 2.857(4)

Figure 1. Coordination geometries of octahedral ErS6, CaS6, tetrahedral
CuS4, and bicapped trigonal prismatic KS6.

Figure 2. Projection of a∞
2 [Er2CuS5]3- slab on thea-c plane with

double-octahedral∞
1 [Er2S(1)2S(2)4/2S(3)4/2] (gray) chains and tetrahedral

∞
1 [CuS(1)2/2S(2)2] (black) chains. The chains are emphasized.

KCaEr2CuS5
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(distorted) by 6 S atoms with Ca-S(2) (×2) in a distance
of 2.744(6) Å and Ca-S(3) (×4) of 2.857(4) Å. The K atoms
in the channels are each surrounded by eight S (2× S(1), 4
× S(2), 2× S(3)) atoms, forming bicapped trigonal prisms.

In KCaEr2CuS5, the Er-S distances range from 2.676(3)
to 2.813(5) Å, with an average value of 2.733 Å, consistent
with the sum of ionic radii (2.730 Å).27 The Cu-S distances
vary from 2.325(6) to 2.349(5) Å, in agreement with those
(2.339(2)-2.392(2) Å) in BaErCuS3.28 The Ca-S distance
of 2.820 Å is very close to the sum of the Shannon radii for
six-coordinated Ca2+ and S2- (2.84 Å).27 If two distant S(3)
atoms (3.808(6) Å away) are not included, the K-S distances
ranging from 3.079(8) to 3.204(6) Å are comparable to those
in KGd2CuS4 (3.119(2)-3.253(2) Å).29

Figure 4 shows the temperature dependence of the suscep-
tibility of KCaEr2CuS5 measured from 300 down to 5 K. A
fit with øM ) C/(T - θ) + ø0 to all data reveals a Curie-
Weiss behavior with Curie constantC ) 22.13(2) emu K/mol
and Weiss temperatureθ ) -6.86(1) K, leading to an
effective magnetic moment of 13.30µB (per KCaEr2CuS5).

The background susceptibilityø0 is -0.0035(3) emu/mol,
which is negligible compared with the room-temperature
molar susceptibilityøM (300 K) ) 0.0686 emu/mol.

In the structure of KCaEr2CuS5, the Er ions are well-
separated (the shortest Er-Er distance is 3.9327(5) Å) and
can be treated as isolated magnetic centers. Thus each
isolated Er ion in KCaEr2CuS5 has a Curie constant of 22.13-
(2)/2 ) 11.07(1) emu K/mol and an effective magnetic
moment of 9.41(1)µB, which is in good agreement with the
9.59µB predicted for the ground-state Er3+ (4I15/2) according
to µeff ) g[J(J + 1)]1/2. KCaEr2CuS5 is valence-precise
according to K+Ca2+Er26+Cu+S5

10- and expected to be a
semiconductor. Indeed, in addition to those narrow spectral
lines that arise from the f-f transitions of Er3+, the optical
reflectance measurements indicate an estimated band gap of
2.4 eV for KCaEr2CuS5, consistent with its yellow color.

The very weak absorption band around 3500 cm-1 in the
mid-IR spectrum of KCaEr2CuS5 is attributed to the trace
water absorbed from air by the sample. The solid-state far-
IR spectrum of KCaEr2CuS5 shows the following peaks: 393
(w), 339 (s), 326 (m), 291(s), 260 (s), 226 (s), 214 (s) cm-1.
Peaks at 291-403 cm-1 are tentatively assigned to the Cu-S
vibrations in previous reports on KCuCe2S6, KCuLa2S6, and
CsCuCe2S6.30 The bands below 250 cm-1 are presumably
due to K-S, Ca-S, and Er-S bonds.

Conclusion
A novel pentanary rare-earth layered chalcogenide,

KCaEr2CuS5, has been prepared by the reactive flux method.
The KCaEr2CuS5 structure is built from ErS6, CaS6 octahedra,
CuS4 tetrahedra, and KS6 trigonal prisms. The compound
illustrates again a common feature in the rare-earth-
transition-metal chalcogenides: Although the basic building
units are the same or similar, novel and different structures
may occur because of the different packing schemes of these
MQn polyhedra. Consistent with the isolated Er3+ centers in
the structure, the phase shows a Curie-Weiss paramagnetic
behavior in the 5-300 K range. KCaEr2CuS5 is a semicon-
ductor with an estimated band gap of 2.4 eV.
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Figure 3. Projection of the crystal structure of KCaEr2CuS5 along thea
direction. The channels of ErS6 octahedra (gray) and CuS4 tetrahedra (black)
forming layers along [100] are emphasized. Between the layers, the Ca2+

and K+ ions are localized.

Figure 4. Temperature dependence of the dc molar magnetic susceptibility
for KCaEr2CuS5, measured in an applied field of 5000 Oe.
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