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Some new quaternary compounds of the type BaLnMQ, (Ln =
rare earth or Sc; M = Cu, Ag; Q = S, Se) have been synthesized by
the reaction of the constituent binary chalcogenides and elements at
1000°C. The crystal structures of two of these compounds have
been determined by single-crystal X-ray diffraction techniques
and are isostructural. Crystal data: BaErCuS,—space group
DY —Cmem, M = 464.32, Z = 4, a = 3.987(1), b = 13.377(3),
¢ = 10.101(2) A (T = 115 K), V = 538.7(4) A%, R(F?) = 0.095
for B48 observations and 24 variables, R(F) = 0.037 for 840 ob-
servations having F2 > 20(F2); BaYAgSe,—space group
DY —Cmem, M = 571.0, Z = 4, a = 4.23%(1), b = 14.030(2),
c = 10.636(2) A (T = 115 K), V = 632.6(2) A, R,(F?) = 0.057
for 645 observations and 24 variables, R(F) = 0,023 for 595 obser-
vations having F? > 2e(F2). These two compounds adopt the
layered KZrCuS, structure type. The layers, which are separated
by Ba’* ions, consist of edge-sharing octahedral chains and corner-
sharing tetrahedral chains. The other compounds synthesized crys-
tallize either with this same structure or with that of g-BaLaCuSe;,
a slightly distorted variation, which is isostructural with Eu,Cus§;.
The diffuse reflective UV-visible spectra of several of these com-
pounds have been measured. From magnetic susceptibility mea-
surements, both BaNdCuS; and BaGdCuS; show Curie—Weiss
behavior, whereas BaCeCuS; and BaCeCuSe; show in addition
temperature-independent paramagnetism.  © 1994 Academic Press, Inc.

INTRODUCTION

Many binary and ternary chalcogenides containing rare-
earth elements are known (1, 2}, They adopt a wide range
of structure types and they display a variety of interesting
physical properties (1). These materials have potential
applications, for example, as luminescent materials (3)
and infrared windows (4). Because of the similarity in
chemical composition of these systems to some of the
high-temperature superconducting cuprates, efforts have
been made to synthesize suifide analogues of the cuprates
(5, 6). While ternary chalcogenides containing a rare-earth
element and another metal are known, relatively few qua-

ternary chalcogenides containing a rare-earth element and
two other metals are known. Flahaut reviewed three
groups of such compounds, with structure types La
CaAl;S,;, LagCu,8iy8,,, and La,Sr;8n,;8,; (1). More re-
cently, Ibanez et al. synthesized NaNdGa,S; (7), which
crystallizes in a derivative of the EuGa,S, structure type,
and Carpenter and Hwu synthesized CaYblInQ, (Q = S,
Se) (8), which crystallizes in the Mg,SiQ0, structure type.

Recently, several series of quaternary chalcogenides
have been synthesized in this laboratory (9-14). These
studies have been extended to the rare-earth systems in
which we have found new structural features (15). Here
we describe the synthesis and characterization of a new
series of quaternary chalcogenides BaLnM O, {(Ln = Ce,
Nd, Gd, Y, Er, or S5¢; M = Cu, Ag; @ = S, Se).

EXPERIMENTAL

Syntheses. Several compounds of formula BaLrM(Q,
(Ln = rare earth or Sc; M = Cu, Ag; @ = S, Se) were
prepared by the reaction of elemental Cu or Ag (both
AESAR, 99.999%) and S (Alfa, 99.9995%) or Se (Aldrich,
09.999%) with binary chalcogenides BaS (AESAR,
99.9%) or BaSe (prepared from the high-temperature stoi-
chiometric reaction of Ba (AESAR, 99.5%) and Se) and
Ln,Q; (La,S, from Strem, 99.9%, the rest prepared by
high-temperature reactions of the metals (ail from Johnson
Matthey, 99.9%) with § or Se}, The starting materials
were placed in quartz tubes that were subsequently evacu-
ated to 107° Torr and sealed. After a preliminary study,
anclementalratioof1:1:1:3forBa: Ln;: M: Q wasused.
The quartz tubes were heated gradually to 500°C where
they were kept for 24 hr before being successively brought
to 700°C for 24 hr and 1000°C for 150 hr, The tubes were
then cooled at a rate of 4°C/hr to 300°C and then the
furnace was shut off. In each system the crystals that had
grown in the tubes were analyzed semiquantitatively by
EDAX with the microprobe of a Hitachi $-570 scanning
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electron microscope. The presence of all four elements
in these crystals was confirmed; in most systems a ratio
of approximately 1:1:1:3 was found, but for crystals of
several compounds a ratio of approximately 2: 1:5: 6 was
also found. All of these compounds are modestly stable
in air and water.

An alternative synthetic route involving halide fluxes
was used to grow some of the single crystals of BaCe
CuSe;, BaErCuSe;, BaYCuSe,, BaErAgSe;, and Ba
Y AgSe,. The starting material consisted of a mixture of
BaBr, (AESAR, 99.9%, dried at 400°C for 12 hr), the
rarc-earth e¢lement, Cu or Ag, K,Se; (prepared from the
stoichiometric reaction of elemental K (AESAR, 99%)
and Se in liquid ammonia under an atmosphere of argon),
and KBr (Strem, 99.999%). The same experimental proce-
dure previously described (15) was used. EDAX experi-
ments confirmed the stoichiometry of these compounds.

Bulk samples of the various compounds were prepared
by reactions of stoichiometric amounts of starting materi-

als at 850°C for 6 days. One or two intermittent grindings
were necessary.

Crystallographic study of BaErCuS$,. A needle-like
crystal of approximate dimensions 0.05 by 0.05 by 0.10
mm was selected for data collection. Intensity data were
collected by the 628 scan technique on a Picker diffrac-
tomer (16). The lattice constants were determined from
a least-squares analysis of the setting angles of 25 reflec-
tions in the range 35° < 2¢ (MoKe;) < 44° that had been
automatically centered at 115 K. The refined cell con-
stants and additional relevant crystal data are given in
Table 1. Six standard reflections measured every 100 re-
flections throughout data collection showed no significant
variations in intensity.

The initial data processing was carried out on a Stardent
computer with programs and methods standard in this
laboratory. From the systematic absences, the space
groups Cmem, Cmc2,, or C2cm were possible. The data
were corrected for absorption and averaged in Laue sym-

BaYAgSe,
571.0

DY —Cmcm
4.23%1)
14.030(2)
10.636(2)
632.6(2)

4

1159

TABLE 1
Crystal Data and Experimental Details for BaErCuS; and BaYAgSe,
Compound BaErCuS;
Formula weight 464.32
Space group DY —Cmcm
a () 3.987(1)
b(A) 13.377(3)
c (&) 10.101(2)
v (A) 538.7(2)
zZ 4
T (K) 1152
Crystal vol. (mm?) 2.4 x 10°*

Crystal shape

Needle, bounded by (001), (130),
(130), (017), (011}, (021}, (0Z1)

Radiation Graphite monochromated MoKe
(A(Kay) = 0.7093 A)

Linear abs. coeff, (cm™1) 2157

Transmission factors? 0.278-0.380

Detector aperture {mm) Horizontal, 4.6; vertical, 5.4; 32 cm
from crystal

Take-off angle {deg.) 2.5

Scan speed (deg. min~!) 3.0in 28

Scan type 0-28

Scan range (deg.)
A7V sin &, limits (4)
Background counts

0.9° below Ka, to 1.3° above Ka;
0.0615-0.8680 5° = 28(MoKa,) = 76°
7 sec at each end of the scan

Data collected *h 2k +/

No. of unique data including F2 < 0 848

No. of unique data with F% > B40
20(FY

No. of variables 24

R, (FYy 0.095

R [on F for F2>20{F5) 0.037

Error in observation of unit weight

1.81

1.6 x 10~¢
Needle, bounded by {100}, {010}, {001}

Grgphile monochromated MoKe (A{Ka,) = 0.7093
)

3154.4

0.279-0.398

Horizontal, 5.0; vertical, 5.0; 32 cm from crystal

2.5

3.5° =28 = 50°% 3.0in 20; 50° = 20 = 64°, 2.0 in 28

g-28

0.6° below K to 0.7° above Ko

0.0615-0.7471 5° = 26(MoKa,) = 64°

5% = 20 = 50°, 5.0 sec; 50° = 28 < 64°, 9.0 sec at
each end of the scan

+h 2k +/

645

595

24

0.057
0.023
1.009

¢ The low-temperature system for the Picker diffractometer is based on a design by Huffman (30).
¥ The analytical method was used for the absorption correction (31),
cwl = gXFL) + (0.04 x F2Y for F2 = 0and w™' = oX(FD) for FL < 0.
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metry mmm. The residual for averaging of 3.3% suggests
that this is the correct lLaue group and hence that the
space group is Cmcm. Indeed, with the direct methods
program SHELXS (17} a solution was found in this space
group. The final anisotropic refinement on F2 employed
all of the unique data (18). Values of the resultant R indices
are 0.095 for R (F?) (all data) and 0.037 for R(F) (F? >
2(F2). The highest residual electron density peak has
a height about 0.7% that of an Er atom.

Crystallographic study of BaYAgSe,. A needle-like
crystal of approximate dimensions 0.03 by 0.03 by 0.16
mm was selected for data collection, Intensity data were
collected by the 6-286 scan technique on a Picker diffrac-
tometer. The lattice constants were determined from a
least-squares analysis of the setting angles of 52 reflections
in the range 35° < 20 MoKa,) < 40° that had been auto-
matically centered at 115 K. The refined cell constants
and additional relevant crystal data are given in Table 1.
Six standard reflections measured every 100 reflections
throughout data collection showed no significant varia-
tions in intensity. Systematic absences were again consis-
tent with space groups Cmcm, Cmc2,, or C2cm of the
orthorhombic system. The data were corrected for ab-
sorption and then averaged in Laue symmetry mmm, The
residual for averaging is 4.6%, again consistent with this
Laue symmetry and with space group Cmcm. We as-
sumed that BaYAgSe; and BaErCuS, are isostructural
and hence the parameters for the sulfide were the starting
point for the refinement of the sefenide. The final aniso-
tropic refinement on F2 resulted in values of 0.057 for
R, (F?) (all data) and 0.023 for R(F) (F: > 2a(F?). The
highest residual electron density has a height of about
0.6% that of a Ba atom,

No unusual trends were found in either structure in an
analysis of the goodness of fit as a fuaction of F, or scatter-
ing angle. Final values of the atomic parameters and
equivalent isotropic displacement parameters for both
compounds appear in Table 2. Final displacement parame-
ters and structure amplitudes are given in Tables 3! and
4.! The program package SHELXTL PC (17) was used
for the ensuing molecular graphics generation.

X-ray powder diffraction and unit cell measurements.
For phase identification X-ray powder diffraction patterns
of bulk samples were taken on a Philips powder diffrac-
tometer. For unit cell determinations, powder diffraction

' See NAPS document No. 05064 for 9 pages of supplementary mate-
rial. Order from ASIS/NAPS, Microfiche publications, P.O. Box 3513,
Grand Central Station, New York, NY 10163. Remit in advance $4.00
for microfiche copy or $7.75 for photocopy. All orders must be prepaid.
Institutions and Organizations may order by purchase order. However,
there is a billing and bandling charge for this service of $15. Foreign
orders add $4.50 for postage and handling, for the first 20 pages, and
$1.00 for additional 10 pages of material, $1.50 for postage of any micro-
fiche orders.
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TABLE 2
Positional Parameters and Equivalent
Displacement Parameters
Wyckoff
Atom x ¥ z Uy (&Y position
BaE[‘CUSl
Ba 0 0.25566(4) 1/4 0.0053(2) 4c
Er ¢ 0 0 0.0037(2) 4a
Cu 0 0.53253(9) 144 0.0058(5) 4¢
8(1) 0 0.63246(12}) 0.0599(2) 0.0046(6) &f
S(2) 0 0.0663(2) 3/4 0.0052(9) 4c
BaYAgSe,
Ba 0 (.24967(3) 1/4 0.0062(2) 4c
Y 1] 0 0 0.0051(3) 4a
Ag 0 0.53155(4) 74 0.0068(3) 4c
Se(l) 4] 0.63717(4) 0.04913(5) 0.0055(2) 8f
Se(2) 0 0.07874(5) 3/4 0.0052(3} 4c

P U,:q = (1/3) 3; Ej Uyﬂi*ﬂ;"a,- 8.

patterns of several members of this series were taken on
a Scintag XDS 2000 diffractometer at room temperature.
The unit cells were determined by least-squares refine-
ment of uniquely indexed reflections in the range 10° <
26 < 80°. Unit cells of several other compounds were
determined on single crystals either from Weissenberg
or precession photographs taken at room temperature or
from least-squares analysis of the setting angles of reflec-
tions automaticaily centered on a CAD4 diffractometer
at 115 K.

Physical measurements. Diffuse reflective UV-visible
spectra over the wavelength range 190 to 900 nm were
taken at room temperature on a Cary LE spectrophotome-
ter equipped with a diffuse reflectance accessory. Polytet-
rafluoroethylene powder (6 mm thick} was used as a refer-
ence, Magnetic susceptibility measurements were made at
5 kG over the temperature range 6-300 K with a Quantum
Design SQUID magnetometer. Ficld dependency mea-
surements were also made at 6 and 300 K and the magneti-
zation of all samples was linearly proportional to the ap-
plied field strengths from 1 to 5 kG. All magnetic
susceptibility data were corrected for core diamagnetism.

RESULTS AND DISCUSSION

Selected distances and angles for BaErCuS; and BaY
AgSe, are given in Table 5. These materials crystallize in
the layered KZrCuS; structure type (13) illustrated in Fig.
1 for BaY AgSe,. In these structures there are two-dimen-
sional layers 2[LnMQ3"1 (M = Cu, Ag; Q = S, Se¢) sepa-
rated by Ba** ions, which are eight-coordinate. Figure 2
shows a view of aZ[LnMQ%] layer with the labeling
scheme, while Fig. 3 shows a polyhedral representation.
Ly atoms are coordinated by six chalcogen atoms at the
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TABLE 5

Selected Bond Lengths (A) and Bond Angles
(deg)
BaErCuS, BaYAgSe;

Ln-Q(1) x4 2.735(2) 2.910(1)
Ln-0(2) X2 2.677(1) 2.879(1)
M-Q(1) x2 2.339(2) 2.600(1)
M-0(2) 2 2.392(2) 2.624(1)
Ba-Q1{2) x?2 3.106(2) 3.208(1)
Ba-Q(1) x4 3.22K(2) 3.398(1)
Ba-Q(1) X2 3.470(2) 3.556(1)
O()-Ln-Q{1)  x2 180 180
Q(l)-Ln-Q(1) %2  B6.41(5) 86.51(2)
Q()-Ln-0(1) x2 93,59%(5) 93.49(2)
Q@)~Ln-Q(l) x4  89.66(5) 84.96(2)
Q)-Ln—-Q(1) x4  90.34(5) 95.04(2}
Q2)-Ln-Q(2) 180 180
o-M-0(1) 110.30(9) 110.51(4)
Q()-M-0(2) x4 108.41(4) 109.64(2)
Q2)-M-0Q(2) 112.89(10) 107.74(4)

corners of an octahedron and M atoms are coordinated
by four chalcogen atoms at the corners of a tetrahedron.
In BaErCuS,, the Er-S bond lengths range from 2.677(1)
to 2.735(2) A and the Cu~S bond lengths range from
2.339(2) to 2.392(2) A. In BaYAgSe,, the Y-Se bond
lengths are 2.879(1) and 2.910(1) A and the Ag-Se bond
lengths are 2.600(1) and 2.624(1) A. These values compare
well with those in the literature. For example, Er—S bond
lengths vary from 2.60(2) to 2.75(2) A for the octahedrally
coordinated Er atom in CrEr,S, (19); Cu-S bond lengths
vary from 2.333(2} to 2.360(2) Ain K,Cu,Nb,5;(12); Y-5e
bond lengths vary from 2.81(1) to 2.94(1) A in YSeF (20);
and Ag-Se bond lengths vary from 2.62(1) to 2.91(1) A

oY

® Ba e Ag O Se

FIG. 1. Perspective view along a of the BaY AgSe; structure.
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FIG. 2. View of a2[YAgSej~] layer along the b axis,

in B'-Ag,GeSe, (21). In the present structures LrQy octa-
hedra share an opposite pair of edges and form chains
along the a direction. The MQ), tetrahedra form corner-
sharing chains along the a direction. The Ln(Q chains in
turn are crosslinked by sharing the two corners of each
octahedron and by sharing edges with M), tetrahedra in
between the octahedral chains along the ¢ direction. The
Q-M-Q (M = Cu, Ag) bond angles range from 108 to 113°.

The Cmcm structure adopted by BaErCuS; and BaY
AgSe, is very similar to the Pnma structure adopted by
B-BaLaCuSe,, which may be viewed as a distorted ver-
sion (15). The two structure types have the same atomic
connectivity. In BaErCuS;, all three pairs of trans-

FIG. 3. A polyhedral representation of a 2[Y AgSe}~] layer.
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TABLE 6
Unit Cells, Space Groups, and Structure Types for the Compounds BaLnMQ,

Compound Space group a(A) b (A) c (&) v (AY Method T (K)
BaScCus, Cmcm 3.92(1) 13.32(2) 9.82(2) 513 Film 293
BaErCuS, Cmem 3.98H1) 13.377(3) 10.101(2) 539 Diffractometer? 115
BaYCu$, Cmem 4,02(1) 13.45(3) 10.19(2) 551 Film 295
BaGdCuS; Cmcm 4.043(2) 13.446(4) 10.287(4) 559 Powder 295
BaNdCuS, Pmcn (Prma} 4.0931) 13.439(4) 10.489(3) 577 Powder 295
BaCeCuS, Pmcn (Pnma) 412502} 13.378(4) 10.678(3) 589 Powder 295
BaLaCuS, Pmen (Pama) 4.236(1) 11.724(2) 11.316(2) 562 Diffractometer? 115
BaErCuSe; Cmcm 4.15(1) 14.07(3) 10.68(2) 624 Film 295
BaYCuSe; Cmcm 4.19(2) 14.05(4) 10.65(2) 627 Film 295
BaCeCuSe, Pmcn (Prma) 4.269(1) 13.903(2) 11.019(2) 654 Powder 295
B-BaLaCuSe, Pmen (Pnma) 4.293(2) 13.830(4) 11.111(4) 660 Diffractometer® 115
oa-Bal.aCuSe, Pmen (Prma) 4,408(1) 12.195(2) 11.800(2) 634 Powder 295
BaNdAgS; Cmem 4.187(2) 13.688(5) 10.524(4) 603 Powder 295
BaErAgSe; Cmcm 4.228(1) 14.037(2) 10.602(2) 629 Diffractometer 115
BaY AgSe, Cmem 4.239(1) 14,030(2) 10.636(2) 633 Diffractometer’ 118
BaLaAgSe, Cmem 4.40(1) 14.34(2) 11.16(2) 704 Film 295

@ Crystal structure determination: see Ref. (15).
¢ Crystal structure determination: this work.

O-Ln-Q moieties in an LnQ, octahedron are linear; in
B-Bal.aCuSe, they are all bent slightly. To investigate the
dependence of structure type on rare-earth metal, several
other members of this series were synthesized, either as
single crystals or as polycrystalline samples. For the sin-
gle crystals, diffractometer or film techniques were used
1o determine the unit cell dimensions and systematic ab-
sences. Powder diffraction patterns from the polycrystal-
line samples were compared with those calculated from
the known structures, as determined from single crystals.
The unit cell parameters and space groups are listed in
Table 6, along with those for BaErCuS;, BaYAgSe,, Ba
LaCuS;, and «- and 8-Bal.aCuSe,. Figure 4 shows the
room-temperature cell volume and cell edge lengths of five
of these compounds of formula BaLrCuS§; as a function of
the radius of the Lr*™ ion (22). The cell volume increases
with the ionic radius. For the three compounds in the
space group Cmcm (Ln = Sc, Y, (Gd), the cell edges vary
nearly linearly with the ionic radius of Ln*". From Table
6, one can see that the BaErCuS,; structure type prevails
among the compounds of the smaller rare-earth elements.
This is understandable because the smaller rare-earth ele-
ments tend to prefer octahedral coordination. In the com-

! Kulakov and co-workers reported a quaternary phase with a compo-
sition (from X-ray spectral microanalysis) close to BaYCuS; in a multj-
phase mixture (4}. They abstracted from a Debye powder pattern of a
mixture of phases a cell of dimensions @ == 5.083 and ¢ = 6.688 A
and symmetry 4/mmm for BaYCuS,. However, examination of their
tabulated powder pattern reveals that with one exception (102), all in-
dexed lines coincide in position and approximate intensity with the more
intense peaks in the diffractometer powder pattern of BaYCu$; obtained
in the present work. They probably obtained the present phase.

pounds that contain a larger rarc-earth element (Nd, Ce)
as well as copper, the 5-BalaCuSe; structure type is
adopted, in which chalcogen atoms are shifted so that
trans-Q—f.n—Q angles deviate from 180(°. Here the ¢ and
¢ axes are further lengthened while the b axis is shortened,
Only with La, the largest rare-earth element, in ¢-Bala
CuSe, and Bal.aCuS; does a further distortion occur,
leading to collapse of the layers and to seven-coordinated
I.a with bonds across the layers (15). Here the lengths of
the b and ¢ axes are more nearly equal.

Silver compounds are different from the corresponding
copper compounds. Thus 8-BalaCuSe, and BaNdCuS,
both crystallize in a Pnma structure, and Bal.aAgSe, and
BaNdAgS, crystallize in the Cmcm structure. This Cricm
structure type is also found in those selenides that contain
silver and a smaller rare-earth element, ¢.g., BaErAgSe,
and BaY AgSe,. (Although the cell constants of these four
silver compounds crystallizing in Cmcem are not plotted
in Fig. 4, the monotonic change in cell dimensions with
the ionic radii of the constituent elements is maintained.)
However, we have found two completely different struc-
ture types in related silver systems. The compounds Ba,
LnAgS, (Ln = La, Y) crystallize in a channel structure
(23). Some sulfides with smaller rare-earth elements crys-
tallize in yet another structure type (24} unrelated to those
discussed here. In this regard, an effort has been made
to synthesize ‘‘Bal.aAgS;”’ by the reaction of binary sul-
fides. The final product consists primarily of Ba,LaAgS,
and BaLa,S,. If *BalaAg8,’" exists, it is not stable at
the reaction temperature used (850°C).

Figures 5 and 6 show the diffuse reflective UV-visible
spectra of several of these compounds. A straightforward



342

Sc Y Gd NdCe
13.5 600
134 j‘/—“‘\
1343 1590
* { 580
10.6 { 1570
10.5
104 4 560
2 2
10.3 T e
g‘ 102} 550 g
& 10.1 |
100} {580 3
3 997
4 530
4.1 E 1520
40} -
qob BT b 011 1 510
0.74 0.82 0.90 0.98

Iomic Radius of La*

FIG. 4. Plot of the unit-cell dimensions of BaLaCuS, as a function
of the ionic radius of six-coordinated Ln®*.

extrapolation method (25) was used to deduce the optical
band gaps. On a plot of absorbance vs photon energy,
the spectrum near the absorption edge was extrapolated
to the abscissa and the flat portion of the spectrum at the
longer wavelength side (transparent region) was extrapo-
lated beyond the absorption edge. The energy at the cross-
ing point was taken as the absorption edge. The data do
not enable us to carry out a detailed analysis of ahy vs
hv (26) that would provide more accurate results. Single-
crystal transmission measurements are better suited for
that purpose. The measured optical band gaps for four of
these compounds are given in Table 7. A band gap is not
given for BaCeCu§, or BaCeCuSe; because a steep region

2 8 8 8 3

Reflectivity (%)

_

0 il L L i L L ~
200 300 400 500 600 700 800 900
Wavelength (nm)

FIG. 5. Diffuse reflective UV-visible spectra of (a} BaGdCuS, and
(b) BaYCu3,.
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FIG. 6. Diffuse reflective UV-visible spectra of (a) BaNdCu$; and
(b) BaNdAgS,.

is not found in either spectrum; the spectrum of the sele-
nide is similar to that of the sulfide but is shifted toward
higher energy. In the spectra of BaNdMS, (M = Cu, Ag;
Fig. 6), there are several absorption peaks at energies
lower than that of the band gap. These must result from
transitions associated with 4f electronic states as they
occur at the same energies, within experimental error, as
those reported for Nd** (27, 28). Over the wavelength
range measured in the present work, no absorption peaks
are expected for either Ce** or Gd** (27).

Plots of the reciprocal molar magnetic susceptibilities
of BaNdCus§, and BaGdCuS§; as a function of temperature
are shown in Fig. 7, and those of BaCeCuS, and BaCe
CuSe, are shown in Fig. 8. These data have been fit to
the expression y = C/(T — 8) + x,, where y; is the Van

200
i +
180 |-
- +
160
- +
140 1 *
B +
. ol .
s .
g 100 - R
3, =
= sf + 0
— r_ . +
60 I +
+
I +
- +
40 K a o
m Lt p o Y
+ D
2 :f+ ppo B i
o
goof
0 lgooce® & 0 0 0wy
a 40 a0 120 160 200 240 280

FIG. 7. Measured magnetic susceptibilities of BaNdCuS, (+) and
BaGdCuS, ().
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TABLE 7
Optical and Magnetic Results for Several BaLnMQ, Compounds
Sample Band gap ce a° X0

Compound color (eV) {emu * K/mole) (K) (emu/mole) oy at 300 K (B.M.)
Ba¥YCuS, Yellow orange 2.61(3)
BaNdCuS, Yellow green 2.39(3) 1.03(4) —5.3(4) 0,0036(5) 3.60(1)
BaNdAgS; Yellow green 2.31{4)
BaGdCuS; Yellow green 2.41(3) 7.95(2) —1.6(1) —10.0012¢4) 7.88(1)
BaCeCuS, Green 0.212(2) - L5 0.00240(3) 2.60(2)
BaCeCuSe, Dark green 0.219(4; —-1.6(2) 0.00239(8} 2.54(2)

¢ Data fit to the formula y = CHT — 8) + x,.

b e = (3kTx/NBHY2. 8 is the Bohr magneton.

REFERENCES

120 160
Temperatare (K)
FIG. 8. Measured magnetic susceptibilities of BaCeCuS, (©) and
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Vleck temperature-independent paramagnetic suscepti-
bility. The resultant parameters are given in Table 7. Both
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with the theoretical values for the corresponding Ln’*
ions (29).
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