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Single crystals of BaRuQ; were grown using a BaCl, flux at
ambient pressure. Most of the crystals had the nine-layer rhom-
bohedral structure (9R) which is considered to be the stable form
of BaRuO; at ambient pressure. However, some BaRuO; crys-
tals in this preparation had the four-layer hexagonal (4H) struc-
ture which had been considered as a phase produced only at high
pressure (15-30 kbar). The crystal structure of 4H BaRuQ, was
refined for the first time. Single crystal X-ray diffraction data
gave a space group of P6,/mmc (No. 194), a=5.7291) A,
¢=9.500(1) A, Z=4, a final conventional R(based on F,) of
2.01%, and a wR2(based on F2) of 4.07%. The structure of 4H
BaRuO; may be described as perovskite-related with a four-
layer stacking of BaO; layers in the sequence Achc. This leads to
pairs of face-sharing RuO, octahedra which are connected to
other octahedra by corner sharing. The Ru—Ru distance in the
Ru,0, dimer of 4H BaRuQ; is 2.537(1) A which indicates the
presence of a metal-metal bond. © 1997 Academic Press

INTRODUCTION

Only a few crystal structures of compounds in the
Ba—Ru-O ternary system have been reported. The most
well known and well characterized compound is BaRuO;
(1,2). The X-ray patterns of Ba;RuOg (3,4) and Ba,RuOs
(5) were reported, but recently they were found to be the
same compound with the actual formula BasRu,O4 (6).
The chemical formula of Ba,RuQO, (4) reportedly prepared
at atmospheric pressure was also found to be incorrect: the
actual formula is BasRu3;Oq, (7). When Ba,RuO, is pre-
pared at high pressure, it has the K,NiF, structure (8). The
compounds BaRu,O4 and BagRuQO,; are also reported in
the literature but without any information on their crystal
structures (4,5). The other known compounds in the
Ba—-Ru-O system are Ba,Ru;0;, (7) and BaRueO4, (9).

Perovskite-related compounds 4ABO; can be described
based on the stacking of compact hexagonal AO; layers
with small cations, B, occupying octahedral holes between
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the layers (10). The close-packed AO; layers tend to change
their stacking sequence from cubic to hexagonal depending
on the size of metal ions, chemical bonding nature, and
synthetic conditions. If the stacking is entirely cubic, in
a sequence of abc, the BOg octahedra share only corners
leading to a cubic or more often a pseudo-cubic perovskite
(3C) structure. If all of the layers are hexagonal close packed
in a sequence ab, however, the BO¢ octahedra share faces to
form chains along the c axis, as observed in 2H BaNiO; (11).
In between the two extreme cases, there are several inter-
mediate structures corresponding to different percentages of
cubic stacking (corner-shared octahedra) and hexagonal
stacking (face-shared octahedra). There is a well known
tendency for these 4 BO; compounds to transform to struc-
tures containing more cubic packing and fewer face-shared
octahedra as the synthesis pressure is increased (12). A
typical example is BaRuO; which shows several different
structures as a function of pressure (Fig. 1) (12, 13). At
atmospheric pressure, BaRuOj; has the 9R polytype struc-
ture with a hhchhchhe stacking sequence (2) (Fig. 1a). This
structure transforms at 15 kbar to the 4H structure (hche)
(Fig. 1b) and further transforms to the 6H structure (cchcch)
(Fig. 1c) at 30 kbar. A study of the BaRuO;-SrRuQj; phase
diagram as a function of pressure indicated that BaRuO;
would have the perovskite structure (Fig. 1d) of SrRuQO; at
about 120 kbar (12).

EXPERIMENTAL
Synthesis

Single crystals of BaRuO; were prepared during attempts
to prepare new compounds in the Ba/Ru/W/O system.
Reactants were high purity BaCO3, RuO,, and WO;. These
reactants were mixed in a 6:2:2 Ba:Ru:W ratio, pressed
into a pellet, heated at 1120°C for 12 h, heated again at
1120°C for 17 h, and finally at 1200°C for 54 h with inter-
mediate grindings and pressings. This product was then
mixed with a tenfold excess of BaCl,, heated to 1200°C for
10 h, and cooled slowly to room temperature. Black crystals
formed together with thin orange barium ruthenium

0022-4596/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.



252

FIG. 1. The various polytypes of BaRuOj: (a) 9R, (b) 4H, (c) 6H and
(d) 3C. The network of RuOg octahedra are shown. The circles represent Ba
cations. The unit cells are also shown.

tungstate plate-like crystals which were separated from
BaCl, by leaching with dilute HCl. Most of the black
crystals were 9R BaRuOj; however, a few were found from
Laue and precession photographs to be 4H BaRuO;. Sev-
eral crystals were analyzed by electron microprobe. No
W or Cl was found, and the Ba:Ru ratio was one.

Single Crystal Structural Determination

Single crystals were first examined by the Laue and pre-
cession techniques to establish cell parameters, symmetry,
and suitability for intensity data collection. These tech-
niques established a Laue symmetry group of 6/mmm. Inten-
sity data for a 4H BaRuOj crystal were collected at room
temperature using a Rigaku AFC6R diffractometer with
graphite monochromated MoKa radiation. The diffraction
data were corrected for Lorentz and polarization effects and
for absorption using the average of Y scans of three reflec-
tions at different 0 values. Details of the data collection and
refinement are given in Table 1. The hexagonal unit cell
parameters were refined to a = 5.729(1) A and ¢=
9.500(1) A from 20 reflections with 20 values from 30° to 35°.
An examination of the data collected confirmed the 6/mmm
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TABLE 1
Crystallographic Parameters for 4H BaRuO;

Formula BaRuO;

fw 286.41

Crystal size, mm 0.14x0.17 x 0.10

Color black

a, A 5.729(1)

¢ A 9.500(1)

v, A3 270.03(7)

u (MoKa), mm ™! 19.831

Radiation MoKo (A = 0.71073 A)
Graphite monochromated

Peales g/cm3 7045

Space group P63/mmc, No.194

Z 4

Diffractometer Rigaku AFC6R

T,K 296

Octants measured hk, +1

Scan mode 20

20max 60

No. of reflection measured 620

No. of unique data, R, 176, 0.033

No. of observed refined [F, > 40(F,)] 161

No. of parameters refined 17

Refined method full-matrix least squares on | F|?

F,(000) 496

R1 [I>2 o(I)]% R1° (all data)
wR2 [I>2 a(I)]%, wR2" (all data)

0.0201, 0.0240
0.0407, 0.0432

Goodness of fit [1>2 a(I)] 1.270
(AD)maxs (AP)mins /A3 0.81, — 0.87
Extinction method SHELXL
Extinction coeff. 3.8(2)x 1072

“R1=||Fo| — |F.||/Y|Fol and wR2 = /(w(F3 — F2)2 /Y wF§), w =
1/[6*(F3) + (0.002P)* + 0.3069P], where P = (max(F2,0) + 2F2)/3.

Laue class and showed that the condition for the observed
reflections is hh2hl, | = 2n. The possible space groups are
thus P65/mmc, P6ymc, or P62c. The structure was deter-
mined by the interpretation of Patterson maps in all three
space groups using SHELXS-86 (14), which suggested posi-
tions for the barium and ruthenium atoms. The positions of
the oxygen atoms were progressively located from Fourier
difference maps during the course of the refinement (pro-
gram SHELXL93) (15). The best refinement (stable conver-
gence, lowest residuals) was obtained in space group
P6;/mmc (No. 194). The final conventional R (based on Fj)
and wR (based on Fj), including a weighting scheme and
anisotropic thermal motions for all atoms, decreased to
R =2.01% and wR2 = 4.08% for 161 independent reflec-
tions with F, greater than 4a4(F)).

RESULTS AND DISCUSSION

The positional parameters and thermal parameters for
4H BaRuOj are given in Table 2, and the main interatomic
distances and angles appear in Table 3. The crystal structure
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TABLE 2
Atomic Coordinates and Isotropic Thermal Parameters
(A% x 10% for 4H BaRuO;,

Atom Site X y z Ue'
Ba(1) 2a 0 0 0 11.4(3)
Ba(2) 2c 1/3 2/3 1/4 8.2(2)
Ru af 2/3 1/3 0.11647(6) 6.1(2)
Oo(1) 6g 12 1/2 0 10(1)
0(2) 6h 0.354(1) 0.1772(6) 1/4 8.6(9)
Ui Uz Uss Uzs Uis Uiz

Ba(1) 813) Uy, 18.1(4) 0 0 4.03(15)
Ba(2) 7.73)  Ujg, 9.2(4) 0 0 3.83(15)
Ru 553) Uy 7.3(4) 0 0 2.75(14)
om 112 Uy Ui 1L9@®) Uy 6(2)
0(2) 4(2) 8(2) 12(2) 0 0 0.5 Uy,

“Equivalent U, defined as one-third of the trace of the orthogonalized
U;; tensor.

of 4H BaRuOj; is shown schematically in Fig. 1b and in
detail in Fig. 2. The structure of 4H BaRuO; may be
described as a perovskite-related compound with a four-
layer stacking of BaOj layers in the sequence of hche. This
leads to pairs of face-sharing octahedra, and these pairs are
connected by corner sharing of the octahedra. Such a four-
layer hexagonal (4H) structure is also found for some other
perovskite-related compounds such as Ba;_,Sr,RuO;
(0.1 <x<0.3) (12, 16), StMnO; (17-19), BaRug oFey {05
(20), BaMnOj (17,21,22), BaCrO; (23), and BaRhOj3 (24),
the last three compounds being prepared at high pressure.
The average Ru—O distance in 4H BaRuO3, 1.996 /08, is close
to those reported for tetravalent ruthenium compounds as
in 9R BaRuOj; (1.994 A) (2), Ba,ZrRu;0,, (2.001 A) (25),
and Ba;TiRu,0, (1.998 A) (26).

The Ru,04 dimer in 4H BaRuO; (Fig. 2) is typical of
many ruthenium compounds such as Ba;Ru,MO4 (M = Ti,

TABLE 3
Selected Bond Distances (A) and Angles (deg) for 4H BaRuO;

Ru-O(1)x 3
Ru-0O(2) x 3

O1-0O1x3
01-02x3
02-02x3

2.8645(5)
2.955(3)

2.8664(6)
2.8941(3)

1.9898(4)
2.002(4)

2.8645(5)
2.8660(14)
2.684(9)

Ru-Ru

Ru-Ba(1)x 3
Ru-Ba(2) x 3
Ru-Ba(2')x 1

O(1)-Ru-0O(1
O(1)-Ru-0O(2
O(1)-Ru-0O(2
O(2)-Ru-0O(2
Ru-O(1)-Ru
Ru-O(2)-Ru

)
)
)
)

2.537(1)
3.4878(6) x 3
3.4816(7) x 3
3.5425(6) x 1

92.07(2) x 3
91.76(7) x 6
174.5(1) x 3
84.2(2) x 3
180
78.6(2)
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FIG. 2. Local structure of the dimeric unit [Ru,Oy]. Thermal ellip-
soids are used for atoms. Some bond distances (A) and bond angles (degree)
are shown.

Fe, Co, Ni, Cu, Zn, Cd, In, Bi, Mg, Ca, Sr) (26-32),
Ba,RuBiOg (33), BasRu,0,, (6), Sr,Ru,0, (34),
Bas;Ru,0,Cl, (35), and Ba,Ru;MO,, (M = Li, Na) (36).
Examples showing a Ru;O;, ruthenium trimer are 9R
BaRuO; (Fig. 1a), Ba,Ru;MO,;, (M = Nb, Ta) (37),
Ba,ZrRu;O0¢, (25), BasRu;0,, (7), and BasRu;O,, (7).
The common occurrence of dimers and trimers suggests that
ruthenium has a preference for face-shared octahedra. Con-
cerning the dimer units Ru,O4 in 4H BaRuOj;, the Ru—Ru
distance (2.537 /f\) is smaller than the Ru—Ru distance in the
metal itself (2.65 /&) and close to that found in tetravalent
ruthenium compounds such as 9R BaRuO; (2.55A) (2),
Ba,ZrRu;0;, (2.529(6) A) (25), Ba;TiRu,0, (2.515 &) (26),
and Ba,Ru;0,, (2.568 A) (7), which is also comparable with
the value in La,RugO,4 (2.488 A) (38). It is also smaller than
the metal-metal distances in the isostructural 4H com-
pounds as in BaMnOj; (2.62 A) (21), BaCrO; (2.611 A) (23),
and BaRhO; (2.628 A) (24). If the ruthenium atoms were
exactly midway between BaOj layers, forming ideal oc-
tahedra, then the Ru—Ru distance in 4H BaRuO; would be
2.375 A. This is significantly smaller than the observed value
(2.537 A), indicating the existence of some repulsion be-
tween the Ru metal ions. This results in a distorted octahed-
ron with O2—-02 distances being shorter than O1-O1 or
0O1-02 distances (Table 2 and Fig. 2).

Some Ru—Ru distances in oxides are given vs ruthenium
oxidation state in Fig. 3. All are for octahedra sharing faces
except La,RusO44 where the octahedra share edges in pairs.
The electronic configurations for Ru(IV) and Ru(V) are
low-spin d* and d>, respectively. There are therefore more
unpaired electrons available for metal-metal bonding for
Ru(V) than for Ru(IV). The longer Ru—Ru distance for the
Ru(V) compounds indicates then that the metal-metal bond
no longer exists, despite the more favorable electronic con-
figuration. The Ru—Ru distance in the Ru(V) compounds is
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FIG. 3. Average oxidation state of Ru vs average Ru—-Ru distances
in face-sharing dimeric units [Ru,04] in various Ru compounds; (a) 9R
BaRuO; (2), (b) 4H BaRuO; (this work), (c) BayZrRu;O;, (25),
(d) Ba;TiRu,04 (26), (¢) Bas,Sry,sRuO; (16), (f) LasRusO,s (38),
(g) Bas(Ir,Ru)301, (40), (h) BagRu, sMng 501,Cl; (41), (i) SraRu,0y (34),
(i) BasRu,O040 (6), (k) BasRu,00Cl, (35), (I) BasRu;LiOy, (36),
(m) BazRu,MO4 (M = Zn, Ni) (42) at 5 K, (n) BazRu,MO, (M = Co, Sr)
(43, 42), (o) BazMgRu,04 (31), and (p) BasRu3;NaO;, (36). (*) Edge-
shared Ru—Ru; (+) Two distinct distances in one structure.

now similar to the Ti-Ti distance (2.69 /o\) (39) across the
shared octahedral face in hexagonal BaTiO; where a
metal-metal bond is not possible due to the d° configura-
tion of Ti(IV). Two factors may combine to prevent
metal-metal bond formation with Ru(V) compounds. There
will be some increased repulsion between Ru cations due to
the increase in cation charge. Also, the d orbital contraction
which occurs on going from Ru(IV) to Ru(V) decreases
the d-d orbital overlap and will therefore destabilize
a metal-metal bond.

Our finding of 4H BaRuOj; crystals mixed with 9R
BaRuOj; crystals in an ambient pressure preparation might
be considered surprising because 4H BaRuOyj is reported to
be formed only above a pressure of 15 kbar. However in the
BaMnOj; system (17), both 9R and 4H BaMnO; were found
in the same high pressure preparation. Our precession pho-
tographs of the BaRuOj; crystals sometimes showed both
9R and 4H BaRuOj; to be present and aligned in such a way
as to suggest that a small crystal of 9R BaRuOj; had grown
epitaxially on the 001 surface of a 4H BaRuOj crystal.
Despite the fact that electron microprobe analysis showed
no evidence for W in our 4H BaRuOj; crystals, there is the
possibility that the W present during our synthesis served
somehow to catalyze or nucleate the 4H BaRuOj; structure
outside of its normal stability range.
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