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Two new Ruddlesden—Popper Ba,, M,S,,,; compounds where M = Zr, Hf and # = 3 have been
prepared in good vield from BaS, M, and S in a BaCl, Aux at 1050°C. The structures comprise triple
layer perovskite slabs separated by double BaS luyers. The single crystal structure of Ba,Zr,5 g revealed
Zr-8 distances of 2.493(3) A {average)} with one long Zr-S contact of 2.562(5) A for the distal bond of
the ZrS, octahedron at the perovskite/double Ba$ interface. The Ba-S contacts average 3.52(1) A
inside the perovskite blocks and range between 3.084(5) and 3.552(1) A in the double BaS layers.
Crystal data for Ba,Zr,8,, (25°C) are o = 7.0314(5) A, b = 7.05527 A, ¢ = 35.544(N) A, Z = 4, Dy,
= 4,038 g/cm’, orthorhombic, space group Fiemm, R(F) = 0.038, R,(F) = 0.058. Single crystals of
Bu,Hf,S,, were indexed on an orthorhombic cell with ¢ = 6.989(3) A.b =702 A, and ¢ = 35.428(8)

A but the structure was not refined due to poor quality data.

Introduction

There is renewed interest in the prepara-
tion of new early transition metal sulfides
with layered structures (/—). We and oth-
ers have recently reported (5-7) five mem-
bers in a new series of perovskite-related
Ba, M,S,,., compounds (M = Zr, Hf)
that adopt Ruddlesden—Popper (R-P) type
structures (8). The recent discovery of su-
perconductivity at 60 K in the R—P copper
oxides, La,_,Sr,CaCu,O (9, has rekindled
interest in the preparation of new oxides
with this general structure type (/0). The
discovery of R—P sulfides is of interest due
not only to the structural similarities of these
compounds to the copper oxide supercon-
ductors but also due to the covalent two
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dimensional bonding in the sulfides that con-
trasts with the ionic nature of the early tran-
sition metal oxide phases. We report here
the preparation of two new R-P sulfides,
namely, the Ba,M,S,, compounds, where
M = Zr and Hf. A summary of structural
data and a comparison of the structural fea-
tures for the Ba,, M,S;, ., series are also
presented.

Experimental
(I} Synthesis

BaS, Hf powder, and elemental sulfur in
a 3:2:4 ratio were ground and loaded into
a silica ampule along with 159 BaCl, by
weight. The tube was sealed under vacuum
and placed inside a larger silica tube which
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was also sealed under vacuum. The material
was heated to 1050°C at 0.3°C/min and fired
at 1050°C for an additional 20 hr. The sample
was then quickly cooled to room tempera-
ture (2 hr). The resulting material was
washed with water to dissolve the BaCl,
flux leaving well formed dark orange—brown
crystals of Ba,Hf;S,, (ca. 75% of product
mass) along with a lighter orange powder
{ca. 25% of product mass). The synthesis of
Ba,Zr;8,, was identical to that just described
except that Zr metal was employed. The
Zr compound was also obtained as a dark
orange~brown crystalline solid that consti-
tuted ca. 75% of the reaction mixture,

(2) X-Ray Structure Determination

A dark orange-brown brick of Ba,Zr,S,
with crystal dimensions .18 x 0.13 x (.04
mm was mounted in a Lindemann-type glass
fiber in a random orientation. Data collec-
tion was performed at 25°C with MoK« radi-
ation (A 0.71073 A) on an Enraf-
Nonius CAD4 computer-controlled kappa
axis diffractometer equipped with a graphite
crystal incident beam monochromator. Data
were collected by using an /26 scan mede
with a variable scan rate (0.7-4 °/min). Peri-
odic monitoring of three check reflections
throughout data collection showed the crys-
tal to be stable.

Cell constants and an orientation matrix
for data collection were obtained from least-
squares refinement, using setting angles of
25 reflections in the range 10° < @ < 207,
measured by the computer-controlled diag-
onal slit method of centering. The crystallo-
graphic data are summarized in Table I. A
total of 982 reflections were collected be-
tween 0° and 56° in 20 of which 738 were
unique with 458 having I = 3a{I). The latter
were used in refinement of the structure.
Lorentz and polarization corrections were
applied to the data. An empirical absorption
correction (¥ scan method) and a secondary
extinction correction were applied. Atomic
scattering factors were taken from Ref. (/ /).
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TABLE 1

CRYSTALLOGRAPHIC DATA FOR BaZnS,,

Formula weight (amu) 1143.66
a(A) 7.0314(5)
blA) 7.0552(7)
clA) 15.544(7)
VIAY 1,763.3

T°C) 25

Z 4

D, (g/em?®) 4.038
Space group Frunm (#69)
Total no. refln. 982

No. unique refla. 738

No. refln. (f > 3a{l}) 458

No. of variables 34

AA) 0.71073
a{mm™") 1159
R(F)" 0.038

R FY 0.058
G.0.F. 1.94
Shift/error 0.03

"R(F) = E\Fa - FC|IEFL,; R(F}) = (EWIF}J - FC!:,’
SwFYI,

The data were indexed on a face centered
orthorhombic cell, displaying no additional
systematic absences, consistent with space
groups F222, Fmm?2, and Fmmm. Solution
and refinement in the higher symmetry
space group Fmrnm (#69) confirmed the lat-
ter as the correct choice. The initial atomic
coordinates were estimated using idealized
positions based on a standard Ruddlesden~
Popper type structure. The structure was
successfully refined (MOLEN, Enraf-
Nonius) in full-matrix least squares with all
atoms anisotropic in the final cycles. The
final residuals were R(F) 3.8% and
R (F) = 5.8%. The non-Poisson weighting
scheme with p = 0.04 was used. The highest
peak in the final difference map was
0.6 /A3

Atom S(3), which resides on a Wyckoff
8e site, appears to have a large temperature
factor (9.0 A?) relative to the other atoms in
the structure. The high value is not likely
the result of an origin problem, which would
also affect the other atoms, or a disorder



NEW Ba,M,S,, PHASES (M = Zr, Hf) 77

TABLE II
FRACTIONAL COORDINATES AND THERMAL PARAMETERS (A%) FOR Ba,Zr;Sy,

Wyckofl
Atom sitc X ¥ z By, By L LA By L Begw
Zr(1) 4a 0 0 0 0.9(1) 1.21(%) 0.75(6) 0 0 0 0.95(4)
Zr(2) 8i 0 0 0.14225(4) 1.68(9) 1.65{5) 0.04(4) 0 0 0 £.42(3)
Bail) 8i i 0 0.06983(3} 3.15(8) 2.51(4) 1.41(3) 0 0 0 2.36(3)
Ba(2} 8i % 0 0.20080(3) 2317 2.48(4) 0.86(3} 0 0 0 1.89(2)
S5(1) Bi 0 0 0.0702(1) 5.3(5) 9.9(5) 0.4(1) 0 0 0 5.2(2)
S(2) Bi 0 0 02124013 384 6.5(3) 0.6(1) 0 0 0 3N
S(3) Be } i 0 9.5(3) 9.9(3) 7.6(4) =9.2(2) 0 0 9.0(2)
S(4) 16 i H 0.1392¢1) 1.8(2) 1.58(9) 5.7(2) =0.7(1) 0 0 3.04¢8)

Note. The form of the anisotropic displacement parameter is expl—0.23{F%a**8), + £%*fay + Fc*Byy + 2hka*h*Bpy +
2ilatc*B, + 2klb*c* )], where o, b*, and c* are reciprocal lattice constants.

problem. Attempts have been made torefine
S(3) using partial occupancy which leads to
higher R factors as well as nonpositive defi-
nite temperature factors. Moreover, the B,
Bj, and By; values are rather similar, indi-
cating relatively isotropic motion. A few
large temperature factors were also ob-
served in the Ba HfS,¢ and Ba,HfS,; re-
finements (7).

Results

Single crystals of Ba,Zr;5,,and Ba Hf,S
were obtained from sealed tube reactions
incorporating 15 wt% BaCl, flux. Both reac-
tions generated mixtures of products in
which the title compounds constituted ca.
75% of the product mass. Powder X-ray dif-
fraction (XRD) studies on the product mix-
tures revealed the presence of Ba, , M, S,
type compounds {n = 3) and small amounts
of BaS, but MS, or other impurities were
not detected. The Ba, , M ,S,,, | compounds
with n = 3 are difficult to differentiate from
powder diffraction data (7).

Several crystals of both compounds were
indexed by single crystal X-ray diffraction
and all displayed characteristic ~35 Acaxes
indicative of Ba,,, | M, S, ,, compounds with
# = 3. Most of the crystals displayed broad
diffraction peaks and did not yield satisfac-
tory data sets for structure refinement. A

few of the Zr crystals diffracted well and
a high quality data set was obtained and
the structure refined. Several different
Ba,Hf;S , crystals from different syntheses
were indexed on an orthorhombic cell with
a = 69893) A, b = 7.022(2) A, and ¢ =
35.428(8) A but the poor quality of the dif-
fraction peaks precluded satisfactory struc-
tural refinement and accurate space group
determination.

The Ba,Zr,S,; compound is orthorhom-
bic, with a = 7.0314(5) A, b = 7.0552(7) A,
and ¢ = 35.544(7) A, and was successfully
refined (R(F) = 0.038, R, (F) = 0.058) in
space group Fmmm. The fractional coordi-
nates, anisotropic thermal parameters, and
selected bond distances and angles are listed
in Tables II and 1I1. Attempted refinements
in higher symmetry 4/mmm symmetry
were unsuccessful, as were attempted trans-
formations of the refined structure into an
I4/mmm tetragonal cell [R(F) > 0.29].

The Ba,Zr,S,; compound adopts a typical
Ruddlesden—Popper structure and is shown
in Fig. 1. The structure consists of BaZrS,
perovskite slabs with corner-sharing Z:§,,
octahedra extending infinitely in the a—b
plane and for three layers along ¢. The triple-
layer perovskite slabs are separated by dou-
ble BaS rock salt layers with each succes-
sive perovskite three-layer slab offset by 0,
3, Orelative to the next. The Zr—S distances



78 CHEN, WONG-NG, AND EICHHORN

TABLE III

SELECTED BoND DISTANCES {A) AND ANGLES (°)
FOR Ba,Zr;S,

Zri)=S(D 2.495(5)
Zr(1)-8(3) 2.4899(3)
Zr(2)-S(1) 2.562(5)
Zr(2)-S(2) 2.495(5)
Z1(2)-5(4) 2.4925(4)
Ba(1)-S(1) 3.5157(5)
3.5276(7)
Ba(1)-S(3) 3.516(1)
Ba(1)-S(4) 3.505(3)
Ba(2)-8(2) 3.540(1)
3.084(5)
3.352D
Ba(2)-Si4) 3.135(3)
S(1)-Zr(1)-S(1) 180
S(D-Zr{1)-5(3) 30
S(3)-Zr(1)-S(3) 90
180
S(1)-Zr(2)-S(2) 180
S()-Zr(2)-S(4) 87.5(1)
92.5(1)
5(4)-Zr(2)-5(4) 89.8(2)
175.1(2)
S(1)-Ba(1)-S(1) 179.6(2)
S(1)-Ba(1)-S(3) 60.2(1)
120.2(1)
$(1)-Ba(1)-S(4) 59.7(1)
119.9(1)
S(1)-Ba()-5(3) 90.19(2)
60.2(3)
S(3)-Ba(1)-5(4) 180
89.6(1)
119.8(2)
S(4)—Ba(B)-5(4) 90.5(1)
60.2(3)
$(2)-Ba(2}-S(2) 166.6(2)
83.3(1)
89.2(1)
S(2)-Ba(2)-S(4) 63.2(1)
127.11)
S(4)-Ba(2)-5(4) 94.4(2)
64.1(3)
Ze{1)=5(1)-Ba(l) 89.8(1)
Zr(2)-S(1}-Ba(1) 90.2(1)
Z¥(2)-S(1)-Ba(2) 180
83.3(1)
Zr(2)-S(4)-Ba(2) 88.4(3)

average 2.493(3) A with the exception of the
long Zr(2)-S(1} contact of 2.562(5) A, The
Ba-S contacts. to the 12 coordinate Ba
atoms within the perovskite blocks range
between 3.505(3) A and 3.5276(7) A whereas

the Ba-S contacts to the 9 coordinate Ba
atoms in the double rock salt l;':lyers range
between 3.084(5) and 3.552(1) A.

Discussion

The » = 3, 4, and 5 members of the
Ba,  Hf.S,,., phases have all been pre-
pared from a 3:2:4 ratio of BaS/Hf/S with
varying weight percents of BaCl, flux. The
present n = 3 phases formed with 15 wt%
BaCl, lux whereas the n = 4 and 5 members
were isolated from reactions incorporating
25 wt% BaCl, (7). Although many factors
may influence the course of reaction (e.g.,
quench conditions, tube size, etc.), the
amount of BaCl, appears to affect the final
product distribution.

The three Ba, M, S, ., phases withn =
3 structurally characterized to date (single
crystal data) have shown Fmmm crystal
symmetry whereas the n = 2 and n = 1
phases have been refined with Ccem and
14/mmm symmetry, respectively. Our rein-
vesligation of Ba,Zr,S,; from single crystal
X-ray diffraction reveals /4/mmm symme-
try (12) and delineates the crossover from
tetragonal to orthorhombic symmetry in the
Ba,,,Zr.S,,,  series. The structural data for
the Ba, , M, S, ., compounds prepared thus
far are summarized in Table IV,

The six compounds that have been struc-

turally characterized show a common dis-

tortion in the MS¢ octahedra at the perov-
skite/double BaS interface. The M-S bond
distal to the double BaS layer (Fig. 2) is
0.04 to 0.18 A longer than the other M-S
distances, whereas the proximal M-8 con-
tacts are equal in length to the other M-S
distances in the compounds (Table IV). The
M-8 contacts in the a—p plane are highly
compressed in the n = 1 phases but signifi-
cantly less distorted in the higher # members
of the series. The axial Ba-S contacts aver-
age 3.1 A and are in fact shorter than the 6
coordinate Ba~S contacts of 3.193 A in cu-
bic BaS (/3). Short axial A-X contacts ap-
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(b)

© Barium
* Zirconium
o Sulfur

Fi1G. 1. (a) Ball-and-stick drawing of the Ba,Zr;S, unit cell and (b) polyhedral representation showing
Zr8,, octahedra and Ba atoms (shaded balls).

pear to be a common feature in the oxide suggestive of a structure with buckled ZrS;
R-~P phases as well ({0, 14-16). octahedra without Zr-S bond asymmetries;
The Ccem refinement of Ba,Zr,S, was however, a BaCl, flux synthesis (72} of the

TABLE IV
SUMMARY OF STRUCTURAL DATA® FOR THE Ba, | M,S;, .| PHASES

Space Ba-$,° Ba-Sg, M-S, M-S, M-S

M n clA) alA)® blA) group (A (&) (A) A (A) Ref.
Hf 1 15.842(3) 6.8369(6) - 14 mmm 31301 3.430(4) — 2.417(1} 2.533) (6)
Zr 1 16.023(2) 6.6686(3) — H4frmmn 3.18(1) 3.341(2) — 2357HD 2.541) )
Zr L 15.5641¢3) 6.76732) — 4t 3.08(2) 3.399(2) - 2.393(2) 2.61(2) 5)
Zed 2 25.49237) 706972 702692y Hbmb 3.07(3) 3.55(3) 2.53(1) 2.55(1) 2.538(5) 5)
Zr 2 25.502(4) 7.0687(9} — 14 mmm 30738 34K 2.501(1) 2.5027) 2.539(2) 12)
Hf 3 35.428(8) 6.959(3) 70222} — — — — — - e

Zr 3 35.544(7) 7.0314(5) 705547 Fmmm 3.084(5) 3.54616) 2.495(5) 2.491(3) 2.562(5) 4

HI 4 45.280(5) 6.977(1} 7.006(2) Framni 3.082(8) 1.5201) 2.48(1) 2.471(2) 2.55(1) 7
Hf 5 55.205(6) 700201 6.987(2) Framm 3092 1.5%(5) 2.482) 2.474(3) 2.53(2) 7

2 Subscripts r and b denote distances along the erystaliographic ¢ direction and wb plane. respectively. M—Sy;_, is the distal metal —sulfur distance
{sce text and Fig. 2}. Distances averaged where appropriate.

¥ For the tetragonal structures, the o parameters were multiplied by V2 for comparison,

¢ Excluding the distal M-S distance.

¢ b and ¢ parameters were exchanged for comparison and the cell transformed from Ceem.

¢ This work.
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axial

(j Ba-§ bond

O Ba
e 1__ proximal
* M - o M-5 bond
o 5 1 distal
M-5 bond

Fig. 2. Schematic representation of the corner
shared ZrS,,, octahedra and Ba atoms at the perovskite/
double BaS layer interface for the Ba, M,S,, .,
phases.

same compound produced a higher symme-
try structure with asymmetries identical to
those just described.
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