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New Layered Materials: Syntheses, Structures, and Optical and Magnetic Properties of
CsGdZnSe, CsZrCuSe;, CsUCuSe, and BaGdCuSe
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Four new quaternary selenides CsGdZn&sZrCuSg CsUCuSg and BaGdCuSehave been synthesized with

the use of traditional high-temperature solid-state experimental methods. These compounds are isostructural with
KZrCuSs, crystallizing with four formula units in the orthorhombic space gr@pcm Cell constants (A) at 153

K are CsGdZnSe4.1684(7), 15.765(3), 11.0089(18); CsZrCuS8S903(2), 15.841(10), 10.215(6); CsUCySe
4.1443(7), 15.786(3), 10.7188(18); and BaGdGu&E#839(6), 13.8935(19), 10.6692(15). The structure of these
ALnMSe; compounds (A= Cs, Ba; Ln= Zr, Gd, U; M = Cu, Zn) is composed cf[LnMSes"] (n = 1, 2)

layers separated by A atoms. The Ln atom is octahedrally coordinated to six Se atoms, the M atom is tetrahedrally
coordinated to four Se atoms, and the A atom is coordinated to a bicapped trigonal prism of eight Se atoms.
Because there are no-S8e bonds in the structure, the oxidation state of A4s(Cs) or 2+ (Ba), that of Ln is

3+ (Gd) or 4+ (Zr, U), and that of M is # (Cu) or 2+ (Zn). CsGdZnSgand BaGdCuSgwhich are paramagnetic,

obey the Curie-Weiss law and have effective magnetic moments of 7.87(6) and 7.85(f8)r Gd*", in good
agreement with the theoretical value of 784 Optical transitions at 1.88 and 2.92 eV for CsGdZn&=d 1.96

eV for BaGdCuSgwere deduced from diffuse reflectance spectra.

Introduction The d-elements found in these compounds are typically coinage
metals. Examples include Rbi@uSe (Ln = Sm, Gd, Dy)}°

d Rby sLn,Clp sSe; (Ln = Gd, Dy)1° RbSmAgsSe;,'° BaLnMQs

Ln = rare earth; M= Cu, Ag, Au; Q= S, Se, Te}} 1% Ba-

New compounds containing a combination of d- and f-
elements are of great interest in solid-state chemistry an
materials science because of their physical properties. Example < 18 6 17
include the industrially important materials Nd:Y@nd the EA_QSEG (cl;_n-—LLai T_)' CKGdéCU%lQ ﬁgCSC%&, TAL&C}‘(JZsG
permanent magnetic alloys Smgand NdFe4B,? as well as (A=K Cs nl: a, L, ggl 15 y129 U5l 6s, °~25'1
the heavy fermion conductors CefSiy® and HoNpB,C.# The B?:O-%y?ulge& g R(’:s(l:JCéJT_?, 23CsCeCu§ KaCeAgTe,,
magnetic exchange energy in d/f compounds may comprise threeK etula,™an b ELles ™ . .
different types of spirspin interactions, namely,—, d—, The present investigation details the synth§5|s gnd physical
and £, to give materials suitable for magnetic stor&de. properties of four new quaternary chalcogenides in the A/Ln/
Additionally, d-element chalcogenide semiconductors, such as M/Q series, namely, CsGdZnﬁeCsZrCuSg CsUCuSg and
MQ (M = Zn, Cd; Q= S, Se, Te), are widely used for their BaGdCuSg These compounds have the simple KZrgst8uc-

h NN ;
optical propertied.Traditional chalcogenide luminescent materi- ';urettyl/)ﬁ)ez.thThe S|rr|1ptl_|0|ty cf>f tﬁls.strlucture t%{pe m.?ri(esh mqrel
als of this type may be doped with CUAg™, Mn2*, or f-metal ractable the correlation of physical properties with chemica

Ln3* cations that act as activators and modify the luminescent substitution.

and magnetic properties of such materfafsConsequently, (15, huang, F. Q.; Ibers, J. AL Solid State Cher2000 151, 317-322.
chalcogenide compounds containing both d- and f-elements may(11) Christuk, A. E.; Wu, P.; Ibers, J. A. Solid State Chen1994 110,

display a host of interesting magnetic and optical properties. 330-336. ‘
Recently, many new quatemary alkaline-earth rare-earth (12) Yiu, B Christuk, A. .7 Ibers, J. A. Solid State Chen1994 110,

d-element chalcogenides (A/Ln/M/Q) have been synthesized. (13) wuy, P.; Ibers, J. AJ. Alloys Compd1995 229, 206-215.
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Experimental Section

Syntheses.The following reagents were used as obtained: Cs
(Aldrich, 99.5%), Gd (Alfa, 99.9%), U (Omega, 99.7%), Zr (Aldrich,
99.9+%), Cu (Aldrich, 99.999%), Zn (Johnson Matthey, 99.99%), Se
(Aldrich, 99.5%), BaSe (Alfa Aesar, 99.5%), and Csl (Aldrich, 99.99%).
CsSe;, the reactive flu¥ employed in the syntheses, was prepared by
the stoichiometric reaction of the elements in liquid NiReaction

mixtures were loaded into fused-silica tubes under an Ar atmosphere Vs As

in a glovebox. These tubes were sealed under4 I0rr atmosphere

and then placed in a computer-controlled furnace. The products of these
reactions were consistent with the stated compositions, as determined

by the examination of selected single crystals with an EDX-equipped

Hitachi S-4500 SEM. The compounds are moderately stable in air.
CsGdZnSe was obtained from the reaction of 0.5 mmol of,8s;,

1.0 of mmol Gd, 1.0 mmol of Zn, and 2.0 mmol of Se with the addition

of approximately 150 mg of Csl as flux. The sample was heated to

1273 K'in 48 h, kept at 1273 K for 50 h, and cooled at 4 K/h to 473

K, and then the furnace was turned off. The product was washed with

N,N-dimethylformamide (dmf) and water and finally dried with acetone.
The product consisted of ivory flat needles and plates of CsGdZnSe
in 90—95% vyield (based upon Gd).

CsZrCuSe; and CsUCuSe were obtained from the reaction of 0.5
mmol of CsSe;, 0.5 mmol of Ln (Zr or U), 0.5 mmol of Cu, and 2.0

mmol of Se. The samples were heated to 1073 K in 24 h, kept at 1073 Ln—Selx 4
for 72 h, and cooled at 4 K/h to 423 K, and then the furnace was turned Ln—Se2x 2

off. The products were washed with dmf and dried with acetone.
CsZrCuSegand CsUCuSgcrystallize as black needles. In addition to

the desired products, nearly indistinguishable black needles of Cs/Ln/
Se ternaries and Ln/Se binaries were also obtained. Owing to the similar

Huang et al.

Table 1. Crystal Data and Structure Refinements for CsGd4nSe
CsZrCuSg CsUCuSg and BaGdCuSg

CsGdZnSg CsZrCuSe CsUCuSe BaGdCuSeg
fw 592.41 524.55 671.36 595.01
a A 4.1684(7) 3.903(2) 4.1443(7) 4.1839(6)
b, A 15.765(3) 15.841(10) 15.786(3) 13.8935(19)
c, A 11.0089(18) 10.215(6) 10.7188(18) 10.6692(15)
723.4(2) 631.6(7) 701.3(2) 620.19(15)
oo gcnmd 5439 5.517 6.359 6.372
w,cmt 32329 278.42 466.54 377.05
R(F)" 0.0196 0.0284 0.0284 0.0218
Ru(F9)° 0.0495 0.0660 0.0717 0.0526

a For all structureg = 4, space groug- Cmcm T = 153(2) K, and
A = 0.71073 APR(F) = Y||Fo| — |Fc|l/Z|Fo| for F2 > 20(Fcd.
¢ Ru(F?) = {Y[W(F? — FAF/ YWk} V2 for all data.w™ = o%(Fo?) +
(0.04F2)? for Fo?2 = 0 andw ! = ¢?(F?) for F2 < 0.

Table 2. Selected Bond Lengths (A) for CsGdZnSEsZrCuSe,
CsUCuSg and BaGdCuSe

CsGdZnSg CsZrCuSe CsUCuSe BaGdCuSg
A-Selx 4  3.6816(6) 3.6061(14) 3.6592(11) 3.3228(6)
A-Selx 2  3.9101(7) 3.6824(18) 3.8246(11) 3.6656(8)
A-Se2x 2  3.5993(8) 3.5373(19) 3.5825(16) 3.2289(9)
2.8831(5) 2.7119(12) 2.8611(8) 2.8997(5)
2.8894(5) 2.7158(14) 2.8265(6)  2.8359(5)
M—Selx 2  2.4350(7) 2.4123(15) 2.4581(14) 2.4691(10)
M—Se2x 2 2.5663(7) 2.4463(15) 2.5256(15) 2.5250(9)

Magnetic Susceptibility Measurements.These measurements on

appearance of these various products and the fragile nature of crystalsa 30.6 mg sample of crystals of CsGdZp@ead 116.6 mg sample of

of CsZrCuSeand CsUCuSgthe yields of these reactions are unknown

crystals of BaGdCuSewere carried out with the use of a Quantum

and physical measurements, other than structure determinations, couldDesign SQUID magnetometer (MPMS5 Quantum Design). The com-

not be performed.

BaGdCuSe was prepared from the reaction of 1.0 mmol of BaSe,
1.0 mmol of Gd, 1.0 mmol of Cu, and 2.0 mmol of Se. The sample
was heated to 1223 K in 48 h, kept at 1223 K for 72 h, and cooled to
293 K at the rate of 50 K/h. The product was washed with dmf and
water and finally dried with acetone. The product consisted of dark-
red powder and needles of BaGdCu$® 90—95% yield (based on
Gd).

Structure Determinations. Single-crystal X-ray diffraction data
were collected with the use of graphite-monochromatized Mo K
radiation ¢ = 0.71073 A) at 153 K on a Bruker Smart-1000 CCD
diffractometer?® The crystal-to-detector distance was 5.023 cm. Crystal
decay was monitored by re-collecting 50 initial frames at the end of
data collection. Data were collected by a scan of 3w in groups
of 606, 606, 606, and 606 frames @tsettings of 0, 9¢°, 18C°, and
270 for CsGdznSg in groups of 606, 606, and 606 frames ¢gat
settings of 0, 12C°, and 240 for CsZrCuSe and CsUCuSg and in
groups of 606, 435, and 230 framesgasettings of 0, 90°, and 180
for BaGdCuSe The exposure time was either 10 or 15 s/frame. The
collection of the intensity data was carried out with the program
SMART 26 Cell refinement and data reduction were carried out with
the use of the program SAIN®,and face-indexed absorption correc-
tions were performed numerically with the use of the program XPREP.
Then the program SADAB8 was employed to make incident beam
and decay corrections.

The structures were solved with the direct methods program
SHELXS and refined with the full-matrix least-squares program
SHELXL of the SHELXTL.PC suite of progrant§. Each final
refinement included anisotropic displacement parameters and a secon
ary extinction correction. Additional experimental details are shown
in Table 1. Table 2 presents selected bond distances.

(25) Sunshine, S. A,; Kang, D.; Ibers, J. A.Am. Chem. S0d.987, 109,
6202-6204.

(26) SMART Version 5.054 Data Collection and SAINT-Plus Version 6.02A
Data Processing Software for the SMART Systeraker Analytical
X-Ray Instruments, Inc.: Madison, WI, 2000.

(27) Sheldrick, G. MSHELXTL DOS/Windows/NT Version 5, Byuker
Analytical X-Ray Instruments, Inc.: Madison, WI, 1997.

position of each sample was verified by EDX measurements. The
samples were loaded into gelatin capsules. Zero-field cooled (ZFC)
and field-cooled (FC) susceptibility data were collected between 5 and
300 K. The applied field was 100 G. All measurements were corrected
for core diamagnetisr?.

UV —Vis Diffuse Reflectance SpectroscopyA Cary 1E UV-visible
spectrophotometer with a diffuse reflectance accessory was used to
measure the diffuse reflectance spectra of the compounds CsGgdzZnSe
and BaGdCuSsover the range 200 nm (6.20 eV) to 900 nm (1.38 eV)
at 293 K.

Results and Discussion

The structure of the isostructural compounds CsGdgnSe
CsZrCuSeg CsUCuSg and BaGdCuSgs illustrated in Figure
1. It is composed of two-dimensionZlLnMSe;"] (n = 1 for
Cs,n =2 for Ba) layers parallel to (101) separated by A atoms.
Each A atom, which is located at a site withmsymmetry, is
coordinated to a bicapped trigonal prism of eight Se atoms
(Figure 2). Each bicapped trigonal prism has two face-sharing
neighbors along [100] and four edge-sharing ones along [001]
to form a two-dimensiond}[ASe;"] (n = 5 for Cs,n = 4 for
Ba) layer, as shown in Figure 2. Each Ln atom, which is located
at a site with 2h symmetry, is coordinated to a slightly distorted
octahedron of six Se atoms (Figure 3 and Table 2). Each M
atom, which is located at a site withm symmetry, is coor-
dinated to a distorted tetrahedron of four Se atoms (Figure 3

df’md Table 2). Th[LnMSe;" ] layer is constructed from these

LnSe; octahedra and MQeetrahedra, as shown in Figure 3.
Each octahedron shares its edges (four Sel) with two other octa-
hedra along [100] to form a one-dimensioriaLnSe;] chain.

(28) Sheldrick, G. MSHELXTL PC Version 5.0 An Integrated System for
Sobing, Refining, and Displaying Crystal Structures from Diffraction
Data; Siemens Analytical X-Ray Instruments, Inc.: Madison, WI,
1994.

(29) Mulay, L. N. InTheory and Applications of Molecular Diamagnetjsm
Boudreaux, E. A., Ed.; Wiley-Interscience: New York, 1976.
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Figure 2. 2[ASes™] (n = 5 for Cs,n = 4 for Ba) layer viewed down
[010].
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Figure 3. 2[LnMSe™] (n = 1 for Cs,n = 2 for Ba) layer viewed
down [010].

Each LnSg octahedron in thé[LnSey] chain shares its ver-
tices (two Se2) with two other octahedra in different chains to
form a two-dimensionaf[LnSe;""] layer. The MSg tetrahe-
dra form one-dimensiond[MSe;] chains along [100] by the
sharing of vertices (Se2) with two neighboring tetrahedra. Each
tetrahedron in thé[MSeg] chain links with four LnSg octa-
hedra by edge sharing along [001] to form tfjenMSes"]
layers.

Selected bond distances for ALnMsS#e displayed in Table
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Figure 5. Plots of the inverse molar susceptibility glAs T for (a)
CsGdznSgand (b) BaGdCuSe

ranges are consistent, for example, with those of 2.8871(1)
2.928(1) A for Gd-Se in BaGdAUSg3 2.704(1)-2.718(1) A
for Zr—Se in KZrCuSg?24 2.839(1)-2.848(1) A for U-Se in
KUCuSe;1° 2.478(2)-2.577(2) A for Cu-Se in -Bala-
CuSe;!! and the Zr-Se distance of 2.439(1) A in ZnGa

Cr ¢St

Because there are no SBe bonds in the structure of
ALNnMSe; the oxidation state of A ist (Cs) or 2+ (Ba), that
of Ln is 3+ (Gd) or 4+ (Zr, U), and that of M is # (Cu) or
2+ (Zn). Several other isostructural compounds are known with
the oxidation states A/Ln/M/Q of (& or 2+)/(3+ or 4+)/1+/
2—, such as KZrCu@ (Q = S, Se, Te&¥ CsUCuTg,?°
KUCuSe,!® CsCeCug!® TIZrCuTe,?2 and BaLnCuQ (Ln =
rare earth, Y)}11214However, to the best of our knowledge
CsGdZnSg is the only example with B in the KZrCuS
family.24 This finding is significant because it implies that more
substitutional chemistry can be performed within the KZrguS
structure typé* RbSbHgTe, which contains HY", has a
structuré that is closely related to the present one, but the& Sb
atom occupies the Wycko®f site with an occupancy of 0.5
rather than thela site for the Ln atom in ALnMQ.

Plots of the molar susceptibilityy) vs temperatureT for
CsGdznSgand BaGdCuSgare shown in Figure 4. The values
of y in both the ZFC and FC experiments for CsGdzn&ed
BaGdCuSegare almost exactly the same. Plots of the reciprocal
of the molar susceptibility (%) vs T for CsGdzZnSg and
BaGdCuSgare shown in Figure 5. CsGdZnssand BaGdCuSge

(30) Yang, Y.; Ibers, J. AJ. Solid State Chen1999 147, 366-371.

2. These bond lengths are normal. The ranges of distances aré31) Okonska-Kozlowska, I.; Malicka, E.; Waskowska, A.; MydlarzJT.

Gd—Se, 2.8359(5)2.8997(5) A; Zr-Se, 2.7119(12)2.7158-
(14) A; U-Se, 2.8265(6Y2.8611(8) A; Zn-Se, 2.4350(%
2.5663(7) A; and CuSe, 2.4123(15)2.5256(15) A. These

Solid State Cherml999 148 215-219.

(32) Pell, M. A.; Ibers, J. AJ. Alloys Compd1996 240, 37—41.

(33) Li, J; Chen, Z.; Wang, X.; Proserpio, D. M. Alloys Compd1997,
262—263 28—-33.
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Figure 6. Diffuse reflectance spectrum of (a) CsGdzZp%ad (b)

BaGdCuSeg

are paramagnetic in the range 300 K. The susceptibility data
were fit by a least-squares method to the Culi¢eiss equation
2 = CI(T — 0p), whereC is the Curie constant anf, is the
Weiss constant. The resulting values ©r&and 6, are 7.74(4)
emu K mol! and—5.12(6) K for CsGdZnSgand 7.67(3) emu
K mol™! and —3.11(3) K for BaGdCuSg The calculated
effective magnetic moments of 7.87(6) and 7.85¢g)agree
well with the theoretical value of 7.94g for Gd*.34

The diffuse reflectance spectra of CsGdzZngad BaGd-
CuSe are shown in Figure 6. The optical band gaps of 658 nm
(1.88 eV) and 425 nm (2.92 eV) for CsGdZn%md 633 nm

Huang et al.

(1.96 eV) for BaGdCuSewere deduced with the use of a
straightforward extrapolation methédThe gradual slope of
the optical absorption edge for both of these compounds is
indicative of a complex electronic structure with the existence
of indirect transitions. CsGdZngabsorbs minimal light from
658 nm (orange-red) to 425 nm (violet), as shown in Figure 6.
These observations are consistent with the ivory color of
CsGdZnSeg and the brick-red color of BaGdCu$&eContrast
these colors with that of black for CsZrCuSend CsUCuSe
This study demonstrates the sensitivity of the optical proper-
ties of ALnMSe compounds of the KZrCugstructure typé*
to the electronic configurations of Ln and M. Given the stability
of this structure type over a wide range of Ln and M, we expect
to find diverse optical properties as we prepare additional
compounds. Moreover, the combination of magnetic M species
with magnetic Ln species will certainly lead to new compounds
with interesting magnetic properties.

Acknowledgment. This research was supported by NSF
Grant DMR00-96676 and an IMGIP fellowship to K.M. Use
was made of the Central Facilities supported by the MRSEC
program of the National Science Foundation (DMR00-76097)
at the Materials Research Center of Northwestern University.

Supporting Information Available: Crystallographic files in CIF
format for CsGdZnSg CsZrCuSg CsUCuSg and BaGdCuSe This
material is available free of charge via the Internet at http:/pubs.acs.org.

1C0104353

(34) Kittel, C. Introduction to Solid State Physic6th ed.; Wiley: New
York, 1986.

(35) Schevciw, O.; White, W. BMater. Res. Bull.1983 18, 1059
1068.



