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A new quaternary rare-earth sulfide has been isolated and
identified. Crystals of La6MgGe2S14, as well as of the previously
identified La6MgSi2S14 have been grown from a mixed binary-
halide eutectic flux. They both crystallize in the hexagonal space
group C 6

6-P63, with Z""1. The crystal structures of these com-
pounds have been determined by single-crystal X-ray diffraction
techniques. Crystal data are La6MgGe2S14 – a""10.367(1) As ,
c""5.814(1) As (T""298 K), V""541.09(8) As 3, Rw(F

2)""0.050,
R1 (on F)""0.018; La6MgSi2S14 – a""10.363(2) As , c""5.742(1)
As (T""298 K), V""534.1(2) As 3, Rw(F 2)""0.058, and R1

(on F )""0.022. Structurally, these compounds belong to the
Ln6M2M @2S14 family (Ln""rare-earth, M""first-row transition
metal or main-group metal, M @""main-group metal). Their
structures are characterized by one-dimensional chains of MS6

face-sharing octahedra running parallel to the 63 axis, sur-
rounded by isolated M @S4 tetrahedra aligned along the three-fold
axes. (( 1997 Academic Press

INTRODUCTION

Nonlinear optical (NLO) materials are being developed
for many applications including optical storage and switch-
ing as well as frequency doubling (1). Ideal NLO materials
must satisfy a long list of requirements, and for each ap-
plication this ‘‘wish list’’ is different. Ideal properties include
a significant NLO susceptibility; transparency in the re-
gime(s) of interest (both u and 2u for frequency doubling
applications); high resistance to optical damage; and mech-
anical, chemical, and thermal stability, as well as ease of
doping and processing. Currently, no known material is
optimal in all categories for all uses. Thus, the search for
new and perhaps better NLO materials continues.
*To whom correspondence should be addressed.
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Sulfides are not commonly studied for such applications
as they tend to form materials with smaller band gaps than
oxides, and thus are more likely to be absorbing at shorter
wavelengths. However, when compared to oxide materials,
sulfides typically have a wider transmission window in the
infrared region (out to j+14 lm for CaLa

2
S
4

(2)), making
them useful in certain applications. Certain binary sulfide
phases, such as ZnS and La

2
S
3
(3), have already been shown

to be potentially useful as infrared optical materials. Some
nonlinear optical ternary sulfide materials, such as AgGaS

2
,

are known (4, 5). Several quaternary rare-earth sulfides and
even a quinary compound with structural and optical prop-
erties that warrant further investigation as NLO materials
have been identified (6, 7).

In our investigations we attempted to tune the structure,
stability, and polarizability of our materials by carefully
selecting the component elements. We started with the early
lanthanides because of the apparent ability of rare-earth
metals to impart thermal stability to sulfides (8). The highly
electropositive alkali metals and alkaline-earth metals pro-
vide for greater ionic interactions and higher polarizablity.
In sulfides, the rare-earth metals are commonly found in
either cubic or octahedral coordination geometries and the
alkali metals and alkaline-earth metals normally adopt an
octahedral coordination (9, 10). Since these coordination
environments are intrinsically centrosymmetric, main-
group elements (M@"Si and Ge), which prefer noncentro-
symmetric tetrahedral coordination in sulfides, were
incorporated in an attempt to break the inversion sym-
metry. Because single crystals of sulfides have been grown
from a variety of molten fluxes (6, 9, 11—13), we used eutectic
fluxes of mixed alkali metal/alkaline-earth binary halides in
the present studies.

The ¸n
6
M

2
M@

2
S
14

family of compounds is extensive
(14—22). The basic structure is of Al Ce S -type (hP24) and
3 6 14
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comprises an octahedrally coordinated first-row transition-
metal or main-group metal M and a tetrahedrally coor-
dinated main-group metal M @. These compounds have
been predicted to undergo ferroelectric transitions at
temperatures approaching 1000 K on the basis of the de-
parture of M @ from ideal tetrahedral coordination and
the displacement of M from the center of its octahedron
(23). However, the ferroelectric and nonlinear optical
properties of these compounds have not yet been investi-
gated. Here we report the synthesis and characterization
of a new quaternary rare-earth sulfide that adopts the
¸n

6
M

2
M@

2
S
14

structure, La
6
(Mg

0.5
)
2
Ge

2
S
14

, as well as the
synthesis and structure of a previously identified phase,
La

6
(Mg

0.5
)
2
Si

2
S
14

(21).

EXPERIMENTAL

Syntheses

Starting materials were used as received, except for La
and CaS, which owing to their air sensitivity required initial
purification. The lanthanum (Aldrich, 99.9%) was purified
by drip melting under vacuum in an RF furnace, as de-
scribed elsewhere (24). To remove any oxide, hydroxide, or
other impurities, CaS (Johnson Matthey, 98%) was purified
by flowing an Ar stream carrying S vapor over a boat of CaS
in a flow tube heated to 800°C. All reactants were stored and
handled in an Ar-filled glove box.

¸a
6
MgGe

2
S
14

. Crystals of this composition were iso-
lated from the reaction of stoichiometric amounts of La, Mg
(Aldrich, 99.95%), Ge (Aldrich, 99.999%), and S in a
CaCl

2
/NaCl eutectic flux. This reaction was carried out in

a vitreous carbon crucible sealed in an evacuated fused silica
tube. The tube was heated slowly to 600°C over 48 h and
held there for 12 h to allow for complete prereaction of the
sulfur. This reduces the sulfur vapor pressure that otherwise
could lead to explosions at higher temperatures. The tem-
perature was then increased to 1000°C over 12 h and held
there for 72 h. The tube was then slowly cooled (2°C/h) to
500°C at which point the furnace was shut off and allowed
to cool to room temperature. The flux was washed away by
soaking the product in distilled water for several hours.
Transparent, orange-brown hexagonal needle-like crystals
were obtained after filtration. The crystals were washed with
more distilled water and dried in a dessicator. La

2
S
3

was
present as a minor phase. Electron microprobe measure-
ments of these crystals on a JEOL 733 Superprobe indicated
the presence of La, S, and Ge. Since the K-line of Mg
overlaps with the ¸-line of Ge, a wavelength dispersive scan
(WDX) that employed a crystal X-ray spectrometer was
done to resolve the Mg and Ge peaks. This wavelength scan
clearly showed both Mg and Ge peaks. Elemental analyses
performed at Galbraith Laboratories, Knoxville, TN (25),
using ICP also confirm the presence of Mg and Ge. For the
Mg analysis, the material was dissolved in a combination of
mineral acids (H

2
SO

4
, HNO

3
, HF). Since Ge is lost as GeF

4
when dissolved in HF, lithium borate fusion techniques
were used to dissolve the material for Ge analysis. The
results, 1.65 wt% Mg and 9.8 wt% Ge, agree well with the
values calculated for the La

6
MgGe

2
S
14

stoichiometry
(Mg, 1.67 wt%, Ge 10.0 wt%). From single crystal X-ray
diffraction structure determination, these crystals are
La

6
MgGe

2
S
14

.

¸a
6
MgSi

2
S
14

. This material was obtained from the re-
action of stoichiometric amounts of La, Mg, Si (Aldrich,
99.999%), and S in a NaCl/MgCl

2
flux in a vitreous carbon

crucible sealed in an evacuated fused silica tube. The same
heating profile and flux removal procedures described
above were used. The major phase was La

6
MgSi

2
S
14

in the form of light-orange transparent crystals; however,
minor secondary products, including La

2
S
3
, were also ob-

tained. The electron microprobe analysis confirms the pres-
ence of La, Mg, Si, and S. From the single crystal X-ray
data, these crystals are La

6
MgSi

2
S
14

.

¸a
6
M

2
Si

2
S
14

(M"Na, 0.5Ca). Yellow needle-like crys-
tals of what was thought to be ‘‘La

6
CaSi

2
S
14

’’ were origin-
ally obtained after heating a nonstoichiometric mixture
(1 : 1 :1 : 4 molar ratio) of CaS, La, Si, and S in a NaCl/CaCl

2
eutectic flux in an alumina crucible sealed in fused silica.
Subsequent electron microprobe measurements on a
Hitachi SEM equipped with an EDX detector indicated the
presence of aluminum in the crystals. Black needle-like
crystals of what was thought to be ‘‘La

6
Na

2
Si

2
S
14

’’ were
originally synthesized in a reaction that was intended to
form La

6
BaSi

2
S
14

. Elemental La, Si, and S were mixed with
a eutectic NaCl/BaCl

2
flux in a graphite crucible, sealed in

fused silica, and heated as previously described. It became
clear in the structure refinement that barium was not pres-
ent on the 2a site. Sodium was tried instead and it seemed to
yield a reasonable refinement except that the Na—S bond
lengths were very short (2.6 As ).

Additional attempts were made to prepare both
‘‘La

6
CaSi

2
S
14

’’ and ‘‘La
6
Na

2
Si

2
S
14

’’ in Al-free environ-
ments. Stoichiometric amounts of La, CaS, (or Na

2
S), Si,

and S were combined with various eutectic halide salt
fluxes in vitreous carbon crucibles and sealed in evacu-
ated fused silica tubes. The tubes were heated as pre-
viously described (maximum temperature for attempted
synthesis of Na phase, 900°C). Black to dark-red needles
resulted in all cases. Electron microprobe experiments show
only La, Si, and S. No Ca or Na is seen by this technique.
A wavelength dispersive scan that used the crystal spec-
trometer on a JEOL733 Superprobe showed no conclusive
evidence for the presence of Na in the nominally Na-con-
taining crystal.



TABLE 1
Crystal Data and Intensity Collection for La6MgGe2S14 and La6MgSi2S14

Compound La
6
MgGe

2
S
14

La
6
MgSi

2
S
14

Formula weight 1451.79 1362.79
space group C6

6
-P6

3
C6

6
-P6

3
a (As )a 10.367(1) 10.363(2)
c 5.814(1) 5.742(1)
Volume (As 3), Z 541.09(8), 1 534.1(2), 1
Temperature (K) 293 293
Crystal sizeb (mm) &0.028]&0.028]&0.028]&0.11 0.053]0.029]0.029]0.061
Radiation MoKa, graphite monochromated, j"0.7093 As MoKa, graphite monochromated, j"0.7093 As
Linear abs. coeff., (cm~1) 157 132
Transmission factors 0.375—0.498c 0.518—0.613d

Scan type h—2h h—2h
h Range 2.27—23.46° 2.27—27.49°
Reflections collected 3139 1989
Unique reflections, R

(*/5)
543, 0.0980 825, 0.0303

Goodness-of-fit on F2 0.852 0.961
Variables, restraints 38, 1 38, 1
R

8
(F2)e (all data) 0.050 0.058

R(F) (F2
0
'2p(F2

0
)) 0.018 0.022

Absolute structure parameter 0.01(2) !0.02(4)
Extinction coefficient 0.0182(9) 0.0174(8)
Largest diff. peak and hole, eAs ~3 0.753, !0.719 2.695, !0.753

a The cell parameters were obtained from a refinement so that a"b, a"b"90°, c"120°.
b The first three dimensions given are the lengths of the edges of the approximately hexagonal cross section. The fourth value is the length of the crystal.
c Analytical absorption correction in the program XPREP was used (27).
d The empirical psi-scan absorption method in the program XPREP was used (27).
e w~1"p2(F2

0
)#(0.04]F2

0
) for F2

0
50 and w~1"p2(F2

0
) for F2

0
(0.

1See NAPS Document No. 05405 for 13 pages of supplementary mater-
ials. 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 for photocopy, $7.75 up to 20 pages plus $0.30 for each
additional page. All orders must be prepaid. Institutions and organizations
may order by purchase order. However, there is a billing and handling
charge of $15 for this service. Foreign orders add $4.50 for postage and
handling for the first 20 pages, and $1.00 for each additional 10 pages of
material. Add $1.50 for postage of any microfiche orders.
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Crystallographic studies

Precession photographs of La
6
MgSi

2
S
14

taken at 298K
display Laue symmetry 6/m and the systematic absence 00l,
l"2n#1, consistent with the space groups C6

6
-P6

3
and

C2
6)

-P6
3
/m. Final lattice constants for the two compounds

were determined from the least-squares analysis of the set-
ting angles for 37 reflections centered at 298K on a Siemens
P4 diffractometer. Data were collected with the use of the
Siemens XSCANS software (26). The intensities of three
standard reflections monitored every 97 reflections during
data collection were constant within counting statistics.
An analytical absorption correction was utilized for
La

6
MgGe

2
S
14

(see Table 1). An empirical t-scan absorp-
tion correction was applied to the 1989 observed reflections
for La

6
MgSi

2
S
14

(825 unique reflections, R
(*/5)

"0.0303).
Solutions were found in space group P6

3
with the direct

methods program SHELXS in the SHELXTL PC system
(27). Refinement made use of the program SHELXL-93 (27).
In the final refinement of the structure, the values of the
resultant R indices are as follows: La

6
MgGe

2
S
14
!R

w
(F2)

"0.050, R
1
(F)"0.018 (F2

0
'2p(F2

0
)); La

6
MgSi

2
S
14
!

R
w
(F2)"0.058, R

1
(F)"0.022 (F2

0
'2p (F2

0
)). The occu-

pancy of the Mg atom in both La MgGe S and

6 2 14
La
6
MgSi

2
S
14

was fixed at 1
2

to satisfy charge balance re-
quirements. Allowing this value to vary had virtually no
effect on the occupancy of the site (49.5% occupied) or the
thermal parameters of that atom. The final structures were
examined for additional symmetry with the MISSYM (28)
algorithm in the PLATON (29) suite of programs. No
symmetry other than that expected for the space group P6

3
was detected.

Values of the atomic parameters and equivalent isotropic
displacement parameters for these structures appear in
Tables 2 and 3. Selected bond lengths and angles appear
in Tables 4. Final anisotropic displacement parameters
and structure amplitudes are available as supplementary
material.1



TABLE 2
Atomic Positions and Equivalent Isotropic Displacement

Parameters for La6MgGe2S14

Atom Site x y z º(eq) (As 2)a Occ.

La 6c 0.3578(1) 0.1256(1) 0.7424(1) 0.010(1) 1
Mg 2a 0 0 0.4783(17) 0.009(1) 0.5
Ge 2b 2/3 1/3 0.3249(2) 0.008(1) 1
S(1) 6c 0.5211(1) 0.4133(1) 0.4741(3) 0.010(1) 1
S(2) 6c 0.0862(1) 0.8399(1) 0.7288(3) 0.012(1) 1
S(3) 2b 2/3 1/3 0.9519(5) 0.013(1) 1

a Here and in Table 3, º (eq) is defined as one-third of the trace of the
orthogonalized º

ij
tensor.

TABLE 4
Selected Bond Lengths (As ) and Angles (deg.) for La6MgGe2S14

and La6MgSi2S14

La
6
MgGe

2
S
14

La
6
MgSi

2
S
14

La-S(2) 2.887(1) La—S(2) 2.877(1)
La—S(2) 2.893(1) La—-S(2) 2.907(1)
La—S(1) 2.922(1) La—S(1) 2.921(2)
La—S(2) 3.004(2) La—S(2) 2.989(2)
La—S(1) 3.024(1) La—S(1) 3.031(2)
La—S(1) 3.065(1) La—S(1) 3.055(2)
La—S(3) 3.079(1) La—S(3) 3.104(1)
La—S(2) 3.154(2) La—S(2) 3.108(2)

Mg—S(2) 2.672(6)]3 Mg—S(2) 2.642(8)]3
Mg—S(2) 2.675(5)]3 Mg—S(2) 2.678(8)]3

Ge—S(3) 2.168(3) Si—S(3) 2.089(4)
Ge-S(1) 2.229(1)]3 Si—S(1) 2.136(2)]3

S(1)—Ge—S(3) 112.89(5)]3 S(1)—Si—S(3) 112.06(9)]3
S(1)—Ge—S(1) 105.84(6)]3 S(1)—Si—S(1) 106.76(9)]3
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X-ray diffraction studies of the nominal crystals
‘‘La

6
CaSi

2
S
14

’’ and ‘‘La
6
Na

2
Si

2
S
14

’’ show unit cell dimen-
sions that are similar to those of La

6
MgSi

2
S
14

, and refine-
ments indicate the same atomic positions for La, Si, and S.
Electron density, however, remains at the Mg site, as would
be expected from charge balance arguments. Neither Ca nor
Na is seen with EDX or WDX.

RESULTS AND DISCUSSION

The present compounds all exhibit the same structure
type as the other members of the ¸n

6
M

2
M@

2
S
14

family
(Figs 1 and 2). The structure contains one-dimensional
chains of face-sharing MS

6
octahedra (M"Mg) running

parallel to the 6
3

axis. These octahedra have crystallo-
graphically imposed three-fold symmetry. For both com-
pounds, the M site is only half occupied. As there is no
indication of a superstructure on the X-ray photographs we
conclude that the distribution of M atoms in this site is
random. The MgS

6
octahedra in La

6
MgGe

2
S
14

are regular
with Mg—S distances of 2.672(6) and 2.675(5) As . The oc-
tahedra in La

6
MgSi

2
S
14

are slightly more distorted with
Mg—S bond lengths of 2.642(8) and 2.678(8) As . All of the
TABLE 3
Atomic Positions and Equivalent Isotropic Displacement

Parameters for La6MgSi2S14

Atom Site x y z º(eq) (As 2)a Occ.

La 6c 0.1221(1) 0.3577(1) 0.2933(1) 0.008(1) 1
Mg 2a 0 0 0.0381(25) 0.012(1) 0.5
Si 2b 1/3 2/3 0.8775(5) 0.008(1) 1
S(1) 6c 0.4086(2) 0.5248(2) 0.0172(2) 0.009(1) 1
S(2) 6c 0.8371(2) 0.0822(2) 0.2822(4) 0.010(1) 1
S(3) 2b 1/3 2/3 0.5137(5) 0.010(1) 1
Mg—S distances are normal when compared to distances of
2.56—2.64 As for Mg—S in MgS and Mg

2
GeS

4
(30, 31).

These chains of octahedra are surrounded by isolated
M @S

4
tetrahedra (M @"Si, Ge) that run along the three-fold

axes. The GeS
4

tetrahedra in La
6
MgGe

2
S
14

are slightly
distorted with Ge—S bond lengths of 2.168(3) and 2.229(1) As .
These values compare well with Ge—S bond distances of
2.134—2.222 As found in Mg

2
GeS

4
(31). The SiS

4
tetrahedra

in La
6
MgSi

2
S
14

are also slightly distorted with Si—S bonds
of 2.089(4) and 2.136(2) As . These values are similar to the
Si—S distance of 2.13 As in the SiS

2
structure (32). In both
FIG. 1. Structure of La
6
MgGe

2
S
14

as viewed down [001] (35). The
structure of La

6
MgSi

2
S
14

is analogous except that the crystal selected has
its polar axis reversed.



FIG. 2. Polyhedral representation of La
6
MgGe

2
S
14

(35) tipped slightly
from [001] to show the isolated GeS

4
tetrahedra and the chains of MgS

6
octahedra. Lanthanum atoms are represented by circles.
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cases, the shorter bond is along the three-fold axis. The
structure is polar with all of the GeS

4
tetrahedra pointing in

the same direction.
The La atom is in a square-antiprismatic environment,

filling space between the Mg and Si or Ge polyhedra.
The La—S bond lengths in La

6
MgGe

2
S
14

range from
2.887(1)—3.154(2) As and those in La

6
MgSi

2
S
14

range from
2.877(1)—3.108(2) As . These may be compared with La—S
distances in LaS

2
of 2.903(2)—3.232(3) As (33).

There is neither metal—metal bonding nor sulfur—sulfur
bonding in these structures, the shortest S—S distance being
longer than 3.4 As . Consequently, in these compounds for-
mal oxidation states of La3`, Mg2`, Si4`, Ge4`, and
S2~ may be assigned.

We cannot conclusively determine the composition or
structure of ‘‘La

6
M

2
Si

2
S
14

’’ (M"Na, 0.5Ca). Electron
microprobe analysis indicates the presence of only La, Si,
and S in the crystals synthesized in vitreous carbon cru-
cibles. Both crystals have the same La, Si, S framework
structure as La

6
MgGe

2
S
14

, and clearly have electron den-
sity on the 2a site. Several models were tried to account for
this residual electron density. In the first, we assumed the
site contains 0.5 Si2` (an oxidation state observed in related
germanium compounds (34)), since this charge/occupancy
leads to charge balance. While the refinement R indices are
good (R

1
"0.026, R

8
"0.088), the thermal parameters for

Si on the 2a site are very small, indicating that not enough
charge density is on the site. If the Si occupancy at 2a is
unconstrained, the site occupancy increases to 0.78 and
R

1
"0.016 and R

8
"0.051. These differences in the R indi-

ces between these models are probably significant. However,
this second model does not lead to sensible oxidation states.
The deep red/black color of the crystals suggests a different
electronic structure from that of La

6
MgSi

2
S
14

, as might be
expected if defects are present. Such defects could lead to
a sensible charge balance. Electron microprobe measure-
ments were not quantitative enough to verify the presence of
Si on the 2a site.

Preliminary NLO studies are not encouraging. When
a powdered sample of La

6
MgSi

2
S
14

was irradiated with
light from a commercial Nd—YAG laser operating at 10 Hz
with a fundamental at 1.064 lm, no second harmonic gen-
eration was visible. In this experiment, green light should
have been produced at 532 nm, as is typical for most
materials with reasonable NLO susceptibilities, especially if
appropriate phase-matching conditions are met. To investi-
gate fully the potential nonlinear optical properties of these
materials, more careful studies that address issues such as
input intensity, phase-matching, and conversion efficiency
would have to be undertaken on much larger crystals. With
bigger crystals and better yields, the ferroelectric properties
of these materials could also be investigated.
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