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CsLnMnSe; (Ln = Sm, Gd, Th, Dy, Ho, Er, Tm, Yb, Y) and AYbZnQ; (A = Rb, Cs; Q = S, Se, Te) have been
synthesized from solid-state reactions at temperatures in excess 1173 K. These isostructural materials crystallize
in the layered KZrCuS; structure type in the orthorhombic space group Cmcm. The structure is composed of LnQs
octahedra and MQ, tetrahedra that share edges to form 2[LnMQs] layers. These layers stack perpendicular to
[010] and are separated by layers of face- and edge-sharing AQs bicapped trigonal prisms. There are no Q—Q
bonds in the structure of the ALnMQs compounds so the formal oxidation states of AILn/M/Q are 1+/3+/2+/2—
The CsLnMnSe; materials, with the exception of CsYbMnSes, are Curie—Weiss paramagnets between 5 and 300
K. The magnetic susceptibility data for CsYbZnSs;, RbYbZnSes;, and CsYbMSe; (M = Mn, Zn) show a weak cusp
at approximately 10 K and pronounced differences between field-cooled and zero-field-cooled data. However,
CsYbZnSe; is not an antiferromagnet because a neutron diffraction study indicates that CsYbZnSes shows neither
long-range magnetic ordering nor a phase change between 4 and 295 K. Nor is the compound a spin glass
because the transition at 10 K does not depend on ac frequency. The optical band gaps of the (010) and (001)
crystal faces for CsYbMnSe; are 1.60 and 1.59 eV, respectively; the optical band of the (010) crystal faces for
CsYbznS; and RbYbZnSe; are 2.61 and 2.07 eV, respectively.

Introduction in the synthesis of a host of low-dimensional phases with
interesting structuresMost of the compounds synthesized
contain a coinage metal (Cu, Ag, or Au) as the d-element
and thus show similar physical properties. Most of the
compounds characterized are semiconductors; exceptions are
the metals KCeCuTg and KEuCuTe.* No long-range
magnetic transitions have been found in the A/Ln/M/Q
materials.

There are few known A/Ln/M/Q materials, where #1
Cu, Ag, or Au, despite the fact that such compounds can
exhibit interesting physical properties, for example the
magnetic properties of the BagMSs (Ln = La—Nd, M =
Mn—Co, Zn) material§-* Moreover, there are few consis-
tent studies of A/Ln/M/Q materials across both the Ln and

The number of new alkali-metal or alkaline-earth/rare-
earth/transition-metal/chalcogenides (A/Ln/M/Q) has in-
creased dramatically over the past decade owing to the utility
of the reactive-flux techniqgueThe low melting points of
the AQ, fluxes (433-723 K) and their ability to act as both
reagent and reaction medium have led to the isolation of
kinetic species that cannot be obtained by the use of
traditional high-temperature solid-state experimental meth-
ods. Although this technique more readily produces kinetic
species, crystal growth remains a challenge and multiple
products may be stabilized. This has limited the physical
characterization of a number of materials. However, the use
of reactive alkali-metal fluxes has proven to be invaluable
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CsLnMnSe and AYbZnQ

Table 1. CsLnMSeg Compounds Synthesized and Structurally
Characterizet

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb

Mn Xb X X X X X X X X
Zn® X X X X X X X X X
C¥ v X X Vv X X X X X
Hgd X X X X X X v v X

aAlso synthesized and structurally characterized were CsYBZnS
RbYbzZnSe, RbYbZnTe, and CsYbZnTe P An “X” indicates the com-

prepared by the stoichiometric reactions of the elements in liquid
NHas. Reaction mixtures were loaded into carbon-coated fused-silica
tubes in an Ar filled glovebox. These tubes were sealed under a
10 Torr atmosphere and then placed in a computer-controlled
furnace. After heating, the reaction mixtures were washed with
water, and then withN,N-dimethylformamide, and finally the
mixtures were dried with acetone. The products of these reactions,
as determined by the examination of selected single crystals with
an EDX-equipped Hitachi S-3500 SEM, were consistent with the

pound was characterized by single-crystal X-ray diffraction techniques, a stated compositions. Several of the compounds are air sensitive,

“V” indicates the compound was characterized by EDX measurements only,
and a blank indicates that the attempted synthesis was unsuccessful

¢ Information taken from ref 1224 Information taken from ref 13.

M series for a given structure type. This is indeed a major
oversight since such studies are essential if correlations
between structural and physical properties are to be drawn.
This paper details the syntheses, structure, and selecteti

physical properties of the CsLnMng$S@.n = Sm, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Y) and AYbZn@(A = Rb, Cs; Q=

exhibiting signs of surface decomposition after being exposed to
the atmosphere for several hours.
CsYbZnSe. The synthesis of CsYbZn$was detailed earlie
CsLnMnSe; (Ln = Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Y).
Reaction mixtures consisted of 0.3 mmol of;8«, 0.5 of mmol
Ln, 0.5 mmol of Mn, 1.0 mmol of Se, and approximately 150 mg
f Csl (used to aid crystal growth). The samples were heated to
273 Kin 48 h, kept at 1273 K for 50 h, cooled at 4 K/h to 473 K,
and then the furnace was turned off. The desired CsLnMnSe
product, which consisted of red-brown plates and needles, was

S, Se, Te) materials. These compounds, which are extensiongbtained in 85-95% yield, based upon Ln. In a few instances the

of the previously characterized CsLnMS@ = Zn, Cd,
Hg) compound$?13 were synthesized with the use of the

reactive-flux technique. These materials crystallize in the

layered KZrCu$ structure typé# This is the simplest and

the most prevalent structure among the A/Ln/M/Q materials,
facilitating the assessment of the effects of chemical substitu-
tion on the magnetic and optical properties of the compounds.

Our previous investigation of the CsLnM$Seompounds

demonstrated their interesting optical properties. This inves-
tigation details how the optical and magnetic properties of

the ALnMQ; materials vary with further chemical substitu-
tions.
For convenience, in Table 1 we tabulate those ALhMQ

desired product was contaminated with MnSe and unidentified
ternary phases (Cs/Ln/Se).

CsYbZnS; and RbYbZnSe;. Reaction mixtures consisted of 0.3
mmol of CsS; or RpSe, 0.5 mmol of Yb, 0.5 mmol of Zn, 1.0
mmol of S or Se, and approximately 150 mg of Csl or Rbl. The
samples were heated to 1173 K in 48 h, kept at 1173 K for 96 h,
and cooled to room temperature in 148 h. CsYbZa8d RbY-
bZnSe crystallized as yellow and red needles, respectively, in
approximately 80% vyield, based upon Ln. Side products of the
reactions were Yb/Q and ZnQ binary compounds.

RbYbZnTe; and CsYbZnTes. Reaction mixtures of 0.3 mmol
of Rb,Te; or CsTes, 0.5 mmol of Yb, 0.5 mmol of Zn, 1.0 mmol
of Te, and approximately 200 mg of Rbl or Csl were heated to
1173 Kin 24 h, kept at 1173 K for 96 h, cooled to 473 K in 120

compounds whose crystal structures we have determinedh, and then rapidly cooled to room temperature. Only a few black

Experimental Section

SynthesesThe following reagents were used as obtained: Rb
(Strem, 99.9%), Cs (Aldrich, 99.5%), Sm (Alfa Aesar, 99.9%), Gd
(Strem, 99.9%), Tb (Alfa Aesar, 99.9%), Dy (Alfa Aesar, 99.9%),
Ho (Alfa Aesar, 99.9%), Er (Strem, 99.9%), Tm (Strem, 99.9%),
Yb (Strem, 99.9%), Y (Alfa Aesar, 99.9%), Mn (Alfa Aesar,
99.9%), Zn (Johnson Matthey, 99.99%), S (Alfa Aesar, 99.99%),
Se (Cerac, 99.99%), Te (Aldrich, 99.8%), Rbl (Strem, 99%), and
Csl (Aldrich, 99.99%). The reactive fluxes employed in the
syntheses, namely €%, CsSe, CsTes, RSe, and RhTes, were

(6) Wakeshima, M.; Hinatsu, YJ. Solid State Chen200Q 153 330-
335.

(7) Wakeshima, M.; Hinatsu, Y.; Oikawa, K.; Shimojo, Y.; Morii, ¥.
Mater. Chem200Q 10, 2183-2185.

(8) Wakeshima, M.; Hinatsu, YJ. Solid State Chen2001, 159 163—

169.
(9) Ino, K.; Wakeshima, M.; Hinatsu, YMater. Res. Bull.2001, 36,
2207-2213.

(10) Wakeshima, M.; Hinatsu, Y.; Ishii, Y.; Shimojo, Y.; Morii, ¥. Mater.
Chem.2002 12, 631-634.

(11) Koo, H.-J.; Whangbo, M.-H.; Lee, K.-S. Solid State Chen2002
169 143-148.

(12) Mitchell, K.; Haynes, C. L.; McFarland, A. D.; Van Duyne, R. P.;
Ibers, J. A.Inorg. Chem.2002 41, 1199-1204.

(13) Mitchell, K.; Huang, F. Q.; McFarland, A. D.; Haynes, C. L.; Somers,
R. C.; Van Duyne, R. P.; Ibers, J. Anorg. Chem2003 42, 4109~
4116.

(14) Mansuetto, M. F.; Keane, P. M.; Ibers, J. A.Solid State Chem.
1992 101, 257-264.

needles of RbYbZnTeand CsYbZnTe were obtained from the
reactions.

Structure Determinations. Structural data for CsYbZng®vere
reported previously? For the present ALnM@materials, single-
crystal X-ray diffraction data were collected with the use of
graphite-monochromatized ModKradiation ¢ = 0.71073 A) at
153 K on a Bruker Smart-1000 CCD diffractometet.he 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 0.8 w in three groups of 606 frames
at ¢ settings of 0, 12, and 240 for CsSTmMnSeg, CsYbZnS,
and RbYbzZnTegand in four groups of 606 frames @tsettings of
0°, 90°, 18C, and 270 for the remaining compounds. The exposure
times varied from 10 to 25 s/frame. The collection of the intensity
data was carried out with the program SMARTCell refinement
and data reduction were carried out with the use of the program
SAINT,' and face-indexed absorption corrections were performed
numerically with the use of the program XPREPThen the
program SADABS® 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

(15) SMART Version 5.054 Data Collection and SAINT-Plus Version 6.22
Data Processing Software for the SMART Systeraker Analytical
X-ray Instruments, Inc.: Madison, WI, 2000.

(16) Sheldrick, G. MSHELXTL DOS/Windows/NT Version 6, Btuker
Analytical X-ray Instruments, Inc.: Madison, WI, 2000.
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Table 2. Crystal Data and Structure Refinements for CsLnM#aSe

Mitchell et al.

CsSmMnSg CsGdMnSe CsTbMnSe CsDyMnSg CsHoMnSg CsErMnSe CsTmMnSe CsYbMnSg CsYMnSe
fw 575.08 581.98 583.65 587.23 589.66 591.99 593.66 597.77 513.64
a, A 4.2618(7) 4.2355(8) 4.2158(3) 4.1984(4) 4.1899(8) 4.1736(4) 4.1616(5) 4.1447(8) 4.1978(4)
b, A 15.715(3) 15.761(3) 15.767(1) 15.773(1) 15.799(3) 15.804(2) 15.808(2) 15.787(3) 15.796(1)
c A 11.223(2) 11.138(2) 11.0861(9) 11.050(1) 11.017(2) 10.969(1) 10.948(1) 10.932(2) 11.040(1)
vV, A3 751.7(2) 743.5(2) 736.9(1) 731.7(1) 729.3(2) 723.5(1) 720.2(2) 715.3(2) 732.1(1)
oc, g CNT 3 5.082 5.199 5.261 5.330 5.371 5.435 5.475 5.551 4.660
u, cmt 285.92 299.28 307.95 315.58 322.68 331.88 340.06 349.12 293.03
R(F)° 0.0177 0.0186 0.0147 0.0161 0.0191 0.0181 0.0198 0.0175 0.0187
Ru(F?)° 0.0486 0.0498 0.0471 0.0589 0.0568 0.0591 0.0552 0.0552 0.0575

aFor all structuresZ = 4, space group= Cmcm T = 153(2) K, andi = 0.71073 APR(F) = T||Fo| — |Fcll/3|Fo| for Fo?2 > 20(Fo?). ¢ Ry(F?) =

{SW(Fe2 — FAAS W, Y2 for all dataw 1 = 03(Fed) + (q x Fo?)? for Fo2 = 0 andw 1 = 0%(F?) for F2 < 0. q = 0.02 for Ln= Tb; otherwiseg = 0.04.

Table 3. Selected Bond Lengths (A) for CsLnMn$Se
CsSmMnSg CsGdMnSe CsTbMnSe CsDyMnSg CsHoMnSe CsErMnSge CsTmMnSe CsYbMnSg CsYMnSe

Cs—Selx 4 3.7470(5) 3.7480(6) 3.7496(5) 3.7506(5) 3.7534(7) 3.7513(5) 3.7529(5) 3.7504(6) 3.7535(4)
Cs—Selx 2 3.9283(7) 3.8941(7) 3.8727(5) 3.8606(5) 3.8469(8) 3.8291(6) 3.8225(6) 3.8173(8) 3.8553(5)
Cs—-Se2x 2 3.6132(7) 3.6142(8) 3.6082(7) 3.6033(6) 3.6078(9) 3.6047(7) 3.6015(7) 3.5926(8) 3.6109(6)
Ln-Selx 4 2.9206(4) 2.9058(5) 2.8896(3) 2.8763(4) 2.8710(5) 2.8604(4) 2.8498(4) 2.8360(5)  2.8773(3)
Ln-Se2x 2 2.9325(5) 2.9121(5) 2.9009(3) 2.8928(3) 2.8845(6) 2.8729(3) 2.8690(4) 2.8659(5) 2.8893(3)
Mn—Selx 2 2.5084(6) 2.5043(7) 2.5061(7) 2.5043(6) 2.5027(8) 2.5000(7) 2.5008(7) 2.4996(8) 2.5030(6)
Mn—Se2x 2 2.5898(7) 2.5860(8) 2.5788(7) 2.5714(7) 2.5725(8) 2.5663(8) 2.5623(8) 2.5550(8)  2.5749(7)
Ln---Mn 3.5773(5) 3.5649(5) 3.5384(3) 3.5258(3) 3.5185(5) 3.5043(3) 3.4964(4) 3.4874(5) 3.5256(3)
Table 4. Crystal Data and Structure Refinements for AYbZnQ Table 6. Magnetic Properties of ALnM&
CsYbZns RbYbZnSe RbYbZnTe CsYbZnTe mass C 6p teft (),  west (us),
fw 467.50 560.76 706.68 754.12 (mg) (emukmo®)  (K) obsd _theory
a A 3.9543(5)  4.0737(4) 4.3228(5) 4.3377(6) CsGdMnSe  10.8 12.39(1)  —70.1(5) 9.96(2) 9.90
b, A 15.276(2)  15.066(2) 15.970(2) 16.704(2) CsTbMnSg  48.0 15.25(6) —44.0(5) 11.04(6) 11.38
c, A 10.440(1)  10.788(1) 11.480(1) 11.509(2) CsDyMnSg  14.3 17.87(2)  —30.6(4) 11.96(3) 12.14
v, A3 630.6(1) 662.1(1) 792.5(2) 833.9(2) CsHoMnSe 8.6 18.71(5) -37.49) 12.23(7) 12.14
pe, gCnTe  4.924 5.626 5.923 6.007 CsErMnSe  64.3 15.11(2) —44.6(6) 10.99(5) 11.19
u, et 250.79 413.17 315.64 285.02 CsTmMnSg  20.8 9.40(1) —61.3(2) 8.67(2) 9.61
R(F)° 0.0205 0.0151 0.0244 0.0323 CsYbMnSe 6.7 5.83(3) —89.9(4) 6.83(2) 7.46
Ru(F2)° 0.0494 0.0430 0.0634 0.0674 CsYbzng  14.2 2.78(3)  —26.6(6) 4.72(1) 454
RbYbzZnSe 25.0 2.89(5) —22.3(2) 4.81(5) 454
aFor all structuresZ = 4, space group= Cmecm T = 153(2) K, andi CsYbZnSe  46.5 2.69(1) —50.2(2)  4.64(2) 4.54

=0.71073 AP R(F) = ||Fo| — [Fcll/3 |Fol for Fo2 > 20(Fo?). ¢ Ry(F?) =
{SW(Fo? — FAZywWF*12 for all data.w* = 6%(F?) + (g x Fod)? for
Fe2 = 0 andw ! = o4F.?) for Fs2 < 0. g = 0.02 for CsYbZng and
RbYbzZnSeg; g = 0.037 for RbYbZnTe andg = 0.036 for CsYbZnTe

Table 5. Selected Bond Lengths (A) for AYbZnQ

a2 Reference 44.

(ZFC) susceptibility data were collected on the samples between 5
and 300 K. Additionally, field-cooled (FC) susceptibility data were
collected on CsYbMnSeCsYbZnS3, RbYbZnSeg, and CsYbZnSge

CsYbzng RbYbZnSg RbYbZnTe CsYbZnTe from 5 to 300 K. The applied field varied from 100 to 500 G. All
A—-Qlx 4 3.608(1) 3.5410(6) 3.6977(8) 3.8425(9) measurements were corrected for core diamagnéfisthe sus-
A-Qlx2  3.726(2) 3.7833(6)  4.0116(9)  4.066(1) ceptibility data in the temperature range HEDO K were fit by a
eb__QélXXZ 4 g';‘gg(?%) 3‘2?33((% g'ggggl()‘l) %'3)93%(81(%) least-squares method to the Cuti@eiss equatiory = C/(T—0,),
Yb—Q2x2 2.7237(6)  2.8464(3) 3.0501(4) 3.0417(5) Whergc is the C.urie constant an@, is the Weiss constant. T.he
Zn—Q1lx 2  2.313(2) 2.4315(6) 2.6348(9) 2.636(1) effective magnetic momentx) was calculated from the equation
Zn-Q2x 2  2.419(1) 2.5270(6) 2.716(1) 2.722(1) Uet = (7.99TC)Y2 up.1° The resulting values fo€, 6y, anduer are
Yb+++Zn 3.3314(3)  3.4301(3) 3.6446(4) 3.6629(5)

SHELXL of the SHELXTL suite of program¥. Each final

summarized in Table 6. The magnetic properties of CsYMa&d
CsSmMnSgwere not examined in detail owing to contamination

with magnetic Mn/Se binary compounds. The contaminants differed
8in color from the desired products and crystallized on the faces of
secondary extinction correction. The program STRUCTURE TDY the larger quaternary materials. Although the contaminants were

was used to standardize the positional parameters. Additional - -
crystallographic details and selected interatomic distances are ivenclearly visible, they could not be removed easily. We do not know
cry grap ) . . 9 why these two compounds are more susceptible to surface
in Tables 2-5 and in Supporting Information. N .
M tics tibility M tsTh de with contamination than the other materials.
agnetic susceptibty Measurements.fhese were made wi Neutron Diffraction Measurements. Time-of-flight neutron
a Quantum Design SQUID magnetometer (MPMS5 Quantum

. — powder diffraction data were collected on a 2.2 g sample of
Desngn_) for CsLnMnSg(Ln = Gd, Tb, Dy, Ho, Er, Tm, a_nd Yb). CsYbzZnSeg on the Special Environment Powder Diffractometer
Impurities were removed from the samples on the basis of crystal

- .~ (SEPD¥°at the Intense Pulsed Neutron Source (IPNS) at Argonne
color and morphology. The composition of each sample was verified . . . -
. . National Laboratory. Diffraction data were collected at eight
by EDX or X-ray powder diffraction measurements. All samples

were ground and loaded into gelatin capsules. Zero-field cooled (18) Theory and Applications of Molecular Diamagnetiskulay, L. N.,

Boudreaux, E. A., Eds.; Wiley-Interscience: New York, 1976.
(19) O’Connor, C. JProg. Inorg. Chem1982 29, 203-283.

refinement included anisotropic displacement parameters and

(17) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139-143.
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CsLnMnSe and AYbZnQ

Table 7. Refined Structural Parameters of CsYbZn®em the
Rietveld Analysis of the Neutron Diffraction Déta

param 4K 295 K
a(A) 4.07852(5) 4.0937(1)
b (A) 15.7299(2) 15.8617(3)
c(A) 10.7947(1) 10.8175(1)
V (A3 692.53(2) 702.41(2)
Rex 0.0361 0.0369
Rup® 0.0471 0.0439

aFor the structure,Z = 4 and space group= Cmcm P Rexp
(n — mYA3wy(obsdP] ™2 °Rypy = {Xwi[y(obsd) — y(calc)]?} ¥
{Tiwy(obsdy?} Y2 wheren = number of data pointsn = number of refined
parametersy; = 1/y(obsd); y(obsd) = observed intensity at stegincluding
background)y(calc) = calculated intensity at stegincluding background).

different temperatures in the range from 4 to 295 K. Cooling was
achieved with a Leybold closed-cycle helium refrigerator. Diffrac-
tion data were analyzed by the Rietveld refinement method with
the GSAS (EXPGUI) suite of programis?? Refined structural
parameters at 4 and 295 K from the Rietveld analysis are presente
in Table 7, and atomic coordinates may be found in Supporting
Information.
Optical Measurements. Absorption measurements were per-

formed on single crystals of CsYbMn$eCsYbzng, and
RbYbZnSg with the use of an Ocean Optics model S2000

spectrometer over the range 400 nm (3.10 eV) to 800 nm (1.55

eV) at 293 K. The spectrometer was fiber optically coupled to a
Nikon TE300 inverted microscope. White light originated from the

dFigure 1. Unit cell of ALnMQj3 viewed down [100]. The AQ bonds

have been removed for clarity.

TE300 lamp and passed through a polarizer before reaching the
sample. Face-indexed single crystals were positioned at the focal
point above the 20 objective with the use of a goniometer mounted
on translation stages (Line Tool Company). The light transmitted
through the crystal was then spatially filtered before being focused
into the 400um core diameter fiber coupled to the spectrometer.
Fine alignment of the microscope assembly was achieved by
maximizing the transmission of the lamp profile. The extinction
spectra of both the (010) and (001) crystal planes (light perpen-

@ A

Figure 2. fo[Lana] layer viewed down [010].

OQ

dicular to theacandab crystal planes, respectively) for CsYbMnSe
were recorded. Owing to the small size of the CsYbzZa8d
RbYbZnSgq crystals only spectra of the (010) crystal faces were

In keeping with the CsLnZnSematerialst? the CsLn-
MnSe compounds were not obtained with the lighter (and
hence larger) rare-earth elements (Table 1). In contrast, the

recorded. Optical band gaps were calculated by the linear regressiofCsLnMSg (M = Cd, Hg) compounds$ were not obtained

techniques described previoudhi3 The absorption edges of the
remaining CsLnMnSgcompounds were obscured by intense Mn-
based e-d transitions that prohibited the calculation of the optical

with the heavier rare-earth elements. It is clear that in these
ALNMQ3 compounds as the atomic radius of the transition
metal increases so must the radius of the rare earth in order

band gaps. Similar transitions were observed in the optical spectraty majntain the anionic framework of edge-sharing MQ

of the KoCds(1-nMn3,S,.23

Results and Discussion

SynthesesThe compounds CsLnMngéL.n = Sm, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Y) as well as CsYbZp&nd
RbYbZnSg were obtained in at least 80% yield. In contrast,
only a few crystals of RbYbZnTkeand CsYbZnTe were

tetrahedra and Lngbctahedra and hence the stability of the
structure.

Structure Determinations. The structure of the isostruc-
tural ALNMQs; compounds, which is of the KZrCyS
structure typé# is illustrated in Figure 1. It is composed of
two-dimensionaf,[LnMQ3] layers that stack perpendicular
to [010] and are separated by A atoms. The A atoms are

obtained. No Eu compounds could be synthesized, presum-coordinated to eight Q atoms in a bicapped trigonal prismatic

ably because of the propensity of Eu to adopt the formal
oxidation state 2 in chalcogenide systems.

(20) Jorgensen, J. D.; Faber, J., Jr.; Carpenter, J. M.; Crawford, R. K;
Haumann, J. R.; Hitterman, R. L.; Kleb, R.; Ostrowski, G. E.; Rotella,
F. J.; Worlton, T. GJ. Appl. Crystallogr.1989 22, 321—333.

(21) Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory,
Los Alamos, NM, LAUR 86-748, 1994.

(22) Toby, B. H.J. Appl. Crystallogr.2001, 34, 210-213.

(23) Axtell, E. A, lll; Hanko, J.; Cowen, J. A.; Kanatzidis, M. Ghem.
Mater. 2001, 13, 2850-2863.

arrangement. Figure 2 illustrates that eachgA@ism has

two face-sharing neighbors (labeled 1a and 2a) and four edge-
sharing ones (labeled Hab) to form a[AQj] layer. The

Ln atoms are coordinated to a slightly distorted octahedron
of six Q atoms, whereas the M atoms are coordinated to a
distorted tetrahedron of four Q atoms (Tables 3 and 5). The
i[LnMQg] layer is constructed from chains of edge-sharing
LnQe octahedra and chains of vertex-sharing M&rahedra,

as shown in Figure 3. Each tetrahedron in}fdQ] chain

Inorganic Chemistry, Vol. 43, No. 3, 2004 1085



Figure 3.

2 Ln

oM QQ

2ILnMQ] layer viewed down [010].

Table 8. Bond Ranges (A) in the Present ALnN@ompounds and in
the Literature

Mitchell et al.

Figure 4. Unit cell of EuLCuS viewed down [010]. The Ed—S bonds
were removed for clarity.

(Q = Se, Te)* BaErCuS,?® BaYAgSe,?® BaGdAuSe,?®
BaYCuTe,?® BaYAgTe;,?® BaDyCuTe,?” BaGdCuSg?®

bond  ALnMGQ;bond range reported bond range ref CsUCuTe2® KUCuSe,® CsCeCus® and TIZrCuTe2 In
Rb—Se 3.4299(8)3.7833(6) 3.4989(9) in RbBe; 45 ; ;
Rb—Te 3.636(1)}4.0116(9) 3.685(4)3.866(3) in RoHgSbhTe 46 contrast, the BACUS; structure (Flgy re 4) cop5|sts of Eif
Cs-S  3.486(2)3.726(2)  3.532(3)3.861(2)in 47 octahedra, E&i'S; monocapped trigonal prisms, and GuS
CAUChS, ‘ tetrahedra. The EySctahedra and CuSetrahedra share
Cs—Se  3.5926(8)3.9283(7) 3-4C25881n(2823-59527(3) in 48 vertices to formZ[EuCuS] layers that stack perpendicular
Cs-Te 3.790(1}4.066(1)  3.817(4}3.929(4)in CsThTes 49 to the [001]. These layers are separated by layers of EuS
Sm-Se 2.9206(4)2.9325(5) 2.8595(4)3.0086(3) in 48 trigonal prismsS-BaLaCuSe*? and BaLaCuTg® crystallize
CsSmCuSe ; ; ¥HH L +
Gd-Se 2.0058(5)2.0121(5) 2.887(132.928(1) in BaGdAUSe 26 in the EuCuS s+tructure with L&" in place of E§" and B&
Th—Se 2.8896(3}2.9009(3) 2.8509(6)2.9240(6) in 48 in place of E4". The structure of EACUS (space group
CsThAgsSe Pnmg is very similar to that of KZrCu$ (space group
Dy—Se 2.8763(4)2.8928(3) Z-E%Zél‘)czfs%(s) in 50 Cmcn). The structural differences are caused by the relative
Y-Se  2.8773(3)2.8893(3) 2.879(}'13)2_91%(1”” BaYAgSe 25 sizes of the chalcogen and alkali-metal or alkaline-earth
Ho—Se 2.8710(5)2.8845(6) 2.839(1) in CdHSe, 51 atoms. The decreased cationic radius of*E(1.20 A) in
Er—Se  2.8604(4y2.8729(3) 2.770(2)2.939(2) in CskSe; 52 comparison with Rb (1.61 A) and C$ (1.74 Ay3 leads to
\T(g'__sse 22_'333;3((3;3:322%2; g:g%gggéﬂzﬁ)ﬁﬁ cavbing gé the decrease in coordination numbers. Moreover, thes EuS
Yb—Se 2.8177(4y2.8659(5) 2.752(3}2.934(2) in ReYb;Sa, 52 octahedra and Cy$etrahedra of EACUS are more distorted
Yb—Te 3.0264(4)-3.0501(4) nonereported and possess lower site symmetries than do the ¢LnQ
gﬂr?:sse 3_‘??3%32?2?%(7) g:ggﬁgg:g;ggg; h ?g’!ﬂge‘ 22 octahedra and Mgetrahedra of the ALnM@compounds
Zn—Se  2.4315(6y2.5270(6) 2.439(1) in ZNGACrLeSes 55 that have the KZrCussstructure type. There are more than
Zn—-Te 2.6348(9y2.722(1) 2.6819(5) in KCuzZne 56 60 known ALnMQ compounds isostructural with KZrCuS

far more than those isostructural with fwS. This is a

shares edges with four LnrQoctahedra to form the

2[LnMQ4] layers.

In the present materials all of the bond lengths are normal

clear indication of the stability and robustness of the present
structure.
Magnetic Susceptibility Measurements. All of the

(Tables 3 and 5) and are consistent with previously reported materials, excluding those containing Yb, are paramagnetic
values (Table 8). Additionally, those bonds involving Ln over the temperature range measured. A number of the

reflect the lanthanide contraction. Because there are-fiQ Q
bonds in the structure of ALnMg the formal oxidation 337344
states of A/Ln/M/Q are +/3+/2+/2—. (26) Yang, Y.: Ibers, J. AJ. Solid State Chen1999 147, 366-371.

A number of alkali-metal or alkaline earth/rare-earth or (27) Huang, F. Q.; Choe, W.; Lee, S.; Chu, JChem. Mater199§ 10,

" . . 1320-1326.
Ultransition-metal/chalcogenides possess the 1/1/1/3 stoi-2g) Huang, F. Q.; Mitchell, K.; Ibers, J. Anorg. Chem2001, 40, 5123
chiometry. These materials predominantly crystallize in the 29) Sclsz' A tbers. 1. A Chem 1995 34 3165-3172
14 24 . ody, J. A.; Ibers, J. Anorg. Chem. ) .

KZrCuSs'* and EuCuS™ structure types. In addition to the 555 <6 A C.; Albritton-Thomas, J.- Hogan, T.. Kannewurf, C. R.:
present and earlier compounds of this set{é3 ALnMQ3 Kanatzidis, M. G.Chem. Mater1996 8, 751—761.
materials that adopt the KZrCyStructure include KZrCug

(25) Wu, P.; Christuk, A. E.; Ibers, J. Al. Solid State Chen1994 110,

(31) Pell, M. A.; Ibers, J. AJ. Alloys Compd1996 240, 37—41.
(32) Christuk, A. E.; Wu, P.; Ibers, J. A. Solid State Chen1994 110,
330-336.

(24) Lemoine, P.; CafréD.; Guittard, M.Acta Crystallogr. Sect. C: Cryst.
Struct. Commun1986 42, 390-391.
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(33) Shannon, R. DActa Crystallogr. Sect. A: Cryst. Phys. Diffr. Theor.
Gen. Crystallogr.1976 32, 751-767.
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Figure 6. Plot of the molar susceptibilityy vs T for CsYbZnSe.

Temperature (K)

Figure 5. Plot of the inverse molar susceptibility ¢}/versusT for

CsLnMnSa.

compounds deviate from ideal CutigVeiss behavior below 5000 F : CsYbZnSe. 295K 1
100 K (Figure 5) as a result of crystal-field effeétslable I K ]
6 lists the values ofC, 6, and ue for the paramagnetic 4000 L 4

materials. The large negative valuegigindicate that there

is a substantial degree of local antiferromagnetic coupling
involving both the LA* and Mr#t magnetic cations. Fur-
thermore, the value i for CSTmMnSe is significantly
smaller than the theoretical value calculated for*Trand
Mn2*. This presumably arises from Mn because the electrons
of the 4f shell of Tm lie deep inside the ion, within the 5s

3000 &

2000

Neutron counts

1000

and 5p shells, whereas the 3d electrons responsible for the i ﬂ il i i,

magnetic behavior of Mn lie in the outermost shell. In 0 m AN S

addition to CsSTmMnSgthere are a number of paramagnetic . L L
compounds containing Mh cations that possess reduced 05 1.0 1.5 20 25 3.0 35 40
experimental values. Examples include B4nQ; (Q = d spacing (A)

S, Se, TG?F'SGNGQMWSS,W CsM ngSGyss and AMNsSe (ij Figure 7. Time-of-flight neutron powder diffraction datat}, and best-
Cs) Crystal field effects, in addition to magnetic coupling, fit Rietveld refinement profile<) and their difference (at the bottom), for
may play a role in lowering thae values. CsYbZnSeg at 295 K. Tick marks indicate the Bragg positions.

A plot of the molar susceptibility versusT for CsYbZnSe properties of the ALNM@ (M = Cu, Ag, Au) compounds

is displayed in Figure 6; magnetic data for CsYbMgSe are more interesting than those of the coinage metals.

CsYbzn§g, and RbYbZnSglead to very similar plots. Each - . .

. ! Additional and possibly useful magnetic phenomena may be
has a weak cusp centered at approximately 10 K and displays . . o .
pronounced differences between FC and ZFC data. Theobserved with further chemical substitution, for example with
calculateduess for CsYbMnSe, as also for CSTmMnSeis M = Fe. ) _
smaller than the theoretical value. It is interesting that the ~Neutron Diffraction Measurements. The room-temper-
Yb-containing compounds CsYbZgRbYbZnSe, CsYb- ature neutron powder diffraction pattern of CsYbzZp&e
MnSe, and CsYbZnSepossess the shortest 1M dis- displayed in Figure 7. Additional structural information is
tances (Tables 3 and 5) and are the only compounds thaSummarized _in Table 7 and in Supporting Informat.io!fl. The
exhibit transitions. This simple chemical change of the Ln Structure derived from these neutron powder data is in good
atom causes a significant change in the magnetic properties2greement with that obtained from single-crystal X-ray data.

of these compounds and highlights the fact that the magneticAt 4 K the neutron diffraction pattern of CsYbZngaxhibits
no reflections in addition to those observed at room tem-

(34) Cascales, C.:"8a-Puche, R.; Porcher, B. Solid State Chen1995 perature. An increase in intensity of selected low-Q reflec-
@) 1614, SZI—EG.St i HI Chem1971 10, 691696 tions, as is expected from a ferromagnetic ordering, is not
rey, I. E.; eintink, norg. em. A — . . .

(36) Greaney, M. A.; Ramanujachary, K. V.; Teweldemedhin, Z.; Green- observed. Therefore' therg is no evidence of Iong-range
blatt, M. J. Solid State Chenl993 107, 554-562. (>1000 A) magnetic ordering.

37) Klepp, K.; Bdtcher, P.; Bronger, WJ. Solid State Chen1.983 47, . .

S 3013%06. g 3 The normalized lattice parametetd | = a, b, or c of

(38) Brgnger, \(/)V.; Hendriks, U.; Mler, P.Z. Anorg. Allg. Chem198§ this Cmcmstructure) versus temperature, obtained from the
559, 95-105. ; ; -

(39) Bronger, W.. Hardtdegen, H.: Kanert, M.."Mar, P.. Schmitz, DZ. neutroq diffraction d.ata, are shown in F|gL{re 8 The thermal
Anorg. Allg. Chem1996 622, 313-318. expansion can be nicely modeled with the' @isen model
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1008 F ' i ' ' j q Table_9. Face-Dependent Optical Band Gaps for Selected ALeMQ
CsYbZnSe, e Materials
1.007 | P
1.006 1 e ] compd color (010) faceeV) (001) face (eV)
Loos| @/ 1 CsYbMnSg  red/brown 1.60 1.59
< b CsYbZnS yellow 2.61
= 1.004+ e i RbYbZnSe red 2.07
1.003 1 d a_ " CsYbzZnSeg®  red 2.10 1.97
e _—
1.002 + /a/ //r/ R aLight in the [010] direction? Light in the [001] direction ¢ Reference
1.001 F o c T e _ 13.
o
1.000 o=~ ] 0 Al (010) Crystal F. BErs B | (010) Crystal F
L L 1 1 L J rystal Face rystal Face
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Figure 8. Normalized lattice parameters of CsYbZRSkines are best 0'7__
fit of the data to the Ghoeisen model for a single phondg.is the lattice < 0.6 2.07 eV
parameter at 0 K, determined from the fit. .
0.5+

2E+5

(ahv)’ (eV/em’)
F
=
¥
w0
1

for a single phonor? In(l/lg) = oTe(exp(Te/T) — 1)1, where 0.4 ] /..

I is the lattice parametegy(b, or ), lo is its value aff = 0, P P I'1_2-0I7e§’ .
Te is the Einstein temperatur@,is the temperature, and 16 18 20 22 24 16 18 20 22 24
is a scaling coefficient. The data of Figure 8 have been fit E (eV) E (eV)

with this relation fora, b, andc independently, resulting in  Figure 9. Optical absorption spectra and band gap calculation for a
Te values of 98(3) K, 46(3) K, and 55(1) K, respectively. RbYbZnSe crystal: (A) absorption spectra of (010) crystal face and (B)
The thermal expansion along theaxis is more than twice ~ Plot of absorption data for the (010) face.
as large as the thermal expansion along either c. This
effect is expected in the layered structure of CsYbznSe
where the bond interactions perpendicular to the
2[YbZnSe] layers are the weakest. The values of the lattice
constants al = 153 K, calculated from this fit to the neutron
diffraction powder data, of 4.0837(1), 15.7843(3), and
10.8033(1) A fora, b, andc, respectively, are in excellent
agreement with the values of 4.0853(4), 15.7866(15), and
10.8068(10) A obtained in the single-crystal X-ray stély.
Magnetic Nature of CsYbZnSe. Because the neutron
diffraction results indicate that there is neither long-range
magnetic order nor any structural change in CsYbznthe

Previous density functional theory calculations on the
CsYMSeg (M = Zn, Cd, Hg) materials indicated these
compounds are direct band gap semiconductors and that the
highest occupied molecular orbitals (HOMO) are primarily
Sel (4p) and Se2 (4p) in character, whereas the lowest
unoccupied molecular orbitals (LUMOSs) have contributions
from M (ns andnp), Y (4d), and Se (4s and 4p) These
findings provide a guide for manipulating the optical band
gaps of the ALnMQ@ materials. Chalcogen substitution
should provide the largest change in the optical properties
because the Q atoms contribute to both the HOMO and
LUMO. Substitution of the M and Ln atoms should also

compound is not an antiferromagnet as we originally .
thought!? Although the differences in FC and ZFC magnetic affect the optical band gaps O.f the com_pounds but not as
greatly as chalcogen substitution. Experimentally, the sub-

data are characte_rlstlc of a spin glas_s, ac magnetic MeASUTe<titution of Se for S in CsYbZngSesults in a change in the
ments exclude this, because there is no dependence of the

transition at approximately 10 K on frequency between 10 optical band gap energy of 0.51 eV. The substitution of Zn

and 2000 H! Thus CsYbZnSe and presumably the other — g '8 20 AEDCR IR BEl B IR CER 0 B
Yb-containing compounds above, namely CsYbMySe 9 9y 9 g

CsYbznS, and RbYbZnSe join BalLaFeS® and Ko infact significantly larger because RbYbZndad CsYbzZnTe

» ' : .__are black in color. Unfortunately, their color prevented the
Mn3S,2® as metal chalcogenides whose magnetic properties . .

e . band gaps of these materials from being measured. In
are difficult to explain.

Optic(_al Measurements.A summary of the single-crystal (45) Choi, K.-S.; Patschke, R.; Billinge, S. J. L.; Waner, M. J.; Dantus,
absorption measurements for the ALnM@ompounds M.; Kanatzidis, M. G.J. Am. Chem. S0d.998 120, 10706-10714.

examined is presented in Table 9; spectral and band gap“® é_gza;;zggezné_zé;?’Wang, X.; Proserpio, D. M. Alloys Compd1997

information is available in Figure 9 for RbYbZn&eThe (47) Axtell, E. A., Ill; Kanatzidis, M. G.Chem. Eur. J1998 4, 2435~
colors of these materials are consistent with the derived band __ 2441.

. (48) Huang, F. Q.; Ibers, J. Al. Solid State Chen2001, 158 299-306.
gaps. Although the colors of the Zn, Cd, and Hg materials (49) cody, J. A} Ibers, J. Anorg. Chem.1996 35, 3836-3838.

vary 213 all of the Mn materials are red-brown, a common (50) Huang, F. Q.; Ibers, J. Al Solid State Chen200Q 151, 317-322.
(51) Range, K.-J.; Eglmeier, Q. Alloys Compd1991, 176, L13—L16.

ini i 3
color among Mn-containing ChaICOgemd?éé' (52) Kim, S.-J.; Park, S.-J.; Yun, H.; Do, ldiorg. Chem1996 35, 5283~
5289.

(40) Wang, K.; Reeber, R. Rppl. Phys. Lett200Q 76, 2203-2204. (53) Carpenter, J. D.; Hwu, S.-Chem. Mater1992 4, 1368-1372.
(41) Tkachuk, A. V.; Mar, A. Unpublished results. (54) Lemoine, P.; Tomas, A.; Vovan, T.; Guittard, Wcta Crystallogr.
(42) Wakeshima, M.; Ino, K.; Hinatsu, Ysolid State Commu2001, 120, Sect. C: Cryst. Struct. Commub99Q 46, 365-368.

145-148. (55) Okonska-Kozlowska, I.; Malicka, E.; Waskowska, A.; MydlarzJT.
(43) Kim, J.; Hughbanks, TJ. Solid State Cheni999 146, 217—225. Solid State Cheml999 148 215-219.
(44) Kittel, C. Introduction to Solid State Physic6th ed.; Wiley: New (56) Heulings, H. R., IV; Li, J.; Proserpio, D. N\Main Group Met. Chem.

York, 1986. 1998 21, 225-229.
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contrast, changing the crystal orientation leads to a smallerNorthwestern University Presidential Fellowship to C.L.H.
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. . Table 10, a tabulation of atomic coordinates for CsYbzngs
Acknowledgment. We are indebted to Dr. Andriy V. derived from the Rietveld analysis of 4 and 295 K neutron

Tkachuk and Prof. Arthur Mar of the University of Alberta jtraction powder data. This material is available free of charge
for the ac susceptibility measurements. This research wasyia the Internet at http://pubs.acs.org.

supported by National Science Foundation Grant DMROO-

96676, a Ford Predoctoral Fellowship to K.M., and a 1C030232+

Inorganic Chemistry, Vol. 43, No. 3, 2004 1089



