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The crystal structures of two new hexagonal perovskites, 6H-Ba4RujLiOu and 8H-Ba,Ru,NaO,,, have 
been refined from neutron powder diffraction data. The former shows cch stacking of the pseudo-close- 
packed BaOj layers in space groupP6,lmmc, a = 5.7828( 1) and c = 14.1917(4) A. The structure contains 
Ruz09 dimers linked together by vertex-sharing MO, octahedra, where M represents a disordered 
distribution of Ru and Li. Ba4Ru,NaOu has a ccc/z stacking sequence in space group P6,mc, a = 
5.8142(l) and c = 19.2643(4) A. The structure contains Ru20,dimers linked by vertex-sharing RuNaO,, 
groups. Magnetic susceptibility measurements suggest that both compounds are magnetically ordered 
at low temperatures. Electrical conductivity measurements show that both are semiconductors. The 
preparation and electronic properties of the mixed valence compounds BalRujMgOu and Ba4Ru3ZnOu 
are also discussed. 0 1992 Academic Pres, Inc. 

Introduction 

Ruthenium compounds have played a 
central role in our study of the electronic 
properties of transition metal oxides and we 
have paid particular attention to materials 
containing the metal in the oxidation state 
Ru(V). The reason for this interest is that, 
unlike most cations readily derived from the 
elements of the second transition series, 
Ru(V) shows a localized magnetic moment 
in its oxides, which are consequently insula- 
tors, often undergoing a transition to an anti- 
ferromagnetic state at low temperatures (I). 
This behavior can be contrasted with that of 
Ru(IV) oxides which are often metallic, for 
example, RuO, and SrRuO,. The Ru(V) 
compounds studied to date adopt either the 

* To whom correspondence should be addressed. 

6H-hexagonal(2) or pseudo-cubic (I) perov- 
skite structures, and the transition metal is 
therefore octahedrally coordinated with the 
outer electron configuration 4d3 : tzg3 ego. The 
observed electronic properties might then 
be regarded as predictable because the high 
correlation energy associated with the half- 
filled t2g shell is likely to lead to localized 
electron behavior. However, none of the 
pseudo-cubic compounds studied, for ex- 
ample, Ba,LaRuO, (I), has more than 50% 
of the 6-coordinate (B) sites occupied by 
Ru(V), and it is possible that an increase in 
the concentration of Ru(V) might lead to a 
change in electronic properties. Our at- 
tempts to prepare the concentrated com- 
pound ARuO, (A is a monovalent cation) 
have been unsuccessful, but we have suc- 
ceeded in preparing the intermediate com- 
pounds Ba,Ru,M+O,Z (M = Na, Li), and in 
this paper we describe their crystal struc- 
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FIG. I. The ordered cubic perovskite structure of 
Ba,Sb,M+0,2 (M = Li, Na), showing a 3 : 1 ordered 
arrangement of Sb and M atoms. Open octahedra con- 
tain M atoms, and hatched octahedra contain Sb atoms. 
Ba atoms (circles) are in the voids formed by the octa- 
hedra. 

tures, magnetic properties, and electrical 
conductivity. We have also prepared and 
characterized the mixed valence com- 
pounds Ba,Ru,M’+O,, (M = Mg, Zn). Our 
choice of target compound was initially de- 
termined by our previous observation (3) 
that there is a marked similarity between the 
structural chemistry of Ru(V) and that of 
Sb(V), coupled with an awareness of the 
preparation of the cubic perovskites Ba, 
Sb3Li0i2 and Ba,Sb,NaO,, by Jacobson et 
,al. (4) and Alonso et al. (5). Both of these 
materials have a body-centered cubic struc- 
ture (a - 8.2 A) with a 3 : 1 ordered arrange- 
ment of Sb(V) and M+ over the octahedral 
sites, as drawn in Fig. 1; Sr,Sb,NaO,, has 
subsequently been shown (6) to have a simi- 
lar, albeit distorted, structure. We hoped 
to prepare isostructural Ru(V) analogues of 
these compounds, thus enabling us to study 
for, the first time the electronic properties of 
an extended network of Ru(V)O, octahedra 
which are directly linked to one another by 
a common vertex. We shall show below that 
the new compounds do not have the antici- 

pated crystal structure, but that they do nev- 
ertheless have interesting properties. 

Experimental 

Polycrystalline samples of Ba,Ru,M0,2 
(M = Li, Mg, Na, Zn) were prepared from 
near stoichiometric mixtures of BaCO,, 
MgO, ZnO, dried RuO, (Johnson Matthey 
“Specpure” reagents), L&CO,, and Na$O, 
(BDH AnalaR reagents). In the case of 
Ba,Ru,LiO,, and Ba,Ru,NaO,,, an excess 
(- 10%) of alkali carbonates was used in or- 
der to offset their partial volatilization. The 
mixtures were ground, pelletized, and fired 
in alumina crucibles initially at 500°C over- 
night and then at 800°C (Li and Na) or 
1100°C (Mg and Zn) for several days. The 
products were periodically quenched, re- 
ground, and characterized by X-ray powder 
diffraction using a Philips automated PW 
1710 diffractometer operating with CuKcv 
radiation. The final X-ray powder diffrac- 
tion patterns showed that all products were 
single-phase samples of hexagonal materi- 
als. Ba,Ru,LiO,z and Ba,Ru,NaO,, were 
dissolved in a mixture of HCl, HNO,, and 
HF and analyzed for Li and Na by atomic 
absorption spectroscopy; the results were 
in good agreement with the values expected 
for ideal stoichiometry. We also attempted 
to make Sr,Ru,M+O,, (M = Na, Li) under 
the same conditions but X-ray diffraction 
patterns indicated that the products were 
multiphasic. Neutron diffraction data were 
collected on Ba,Ru,LiO,, and Ba,Ru,NaO,, 
at room temperature using the diffracto- 
meter Dla at ILL, Grenoble. The bank of 10 
detectors was scanned through the angular 
range 0” 5 28 9 1.56” in steps of O.OY, the 
total data collection taking ca. 11 hr. Sam- 
ples were contained in thin-walled vana- 
dium cans of 16 mm diameter and the mean 
neutron wavelength was 1.9116 A. Magnetic 
susceptibility measurements were per- 
formed in the temperature range 8 K I 
T 5 300 K using a Cryogenic S6OOC SQUID 
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magnetometer. Zero-field-cooled (zfc) and 
field-cooled (fc) measurements were made 
in applied fields of 5 (Li), 10 (Na), or 12 
(Zn,Mg) kG. Electrical resistivity measure- 
ments were made between 77 and 300 K 
using a dc four-probe apparatus mounted 
in an Oxford Instruments CF 200 cryostat. 
Colloidal silver paint was used to make con- 
tacts on samples of dimensions 2 x 2 x 
10 mm which had been cut from sintered 
pellets. The separation of the two inner 
(voltage) contacts was -3 mm. 

Results 

Strrrctural Characterization 

Unit cell parameters for all the products 
were initially determined from the peak po- 
sitions (20 < 70”) observed in the X-ray pow- 
der diffraction experiments. Profile analysis 
of the neutron diffraction data was carried 
out with the Brookhaven version of the Riet- 
veld method (7, 8) using a pseudo-Voigt 
peak shape function. The following coher- 
ent scattering lengths were used: h (Ba) = 
0.520, b (Ru) = 0.730, b (Li) = -0.214, b 
(Na) = 0.360, b (0) = 0.581 x lo-” cm 
(9). The background level was estimated by 
interpolation between regions of the profile 
where there were no Bragg peaks. The data 
were refined until all parameter shifts were 
less than 0.3 standard deviations. 

(i) Ba,Rrr,NaO,,. The X-ray diffraction 
pattern of Ba,Ru,NaO,, could be indexed in 
a hexagonal unit cell, the size of which was 
consistent with the adoption of an 8H-hex- 
agonal perovskite structure. Ba,Ta,LiO,? 
has previously (IO) been shown to adopt an 
8H structure with a ccch stacking sequence 
of close-packed BaO, layers in space group 
P6,immc. This symmetry results in the for- 
mation of both corner-sharing and face- 
sharing octahedral sites and hence in the 
presence of LiTaO, dimers which are linked 
together by Ta,O,, units; the Li and Ta 
atoms are disordered in the dimers. How- 
ever, attempts to refine the crystal structure 
of Ba,Ru,NaO,, using this model were un- 

FIG. 2. The RH-perovskite structure of Ba,Ru,NaO,,, 
showing a I : I ordered arrangement of Ru and Na 
atoms over the vertex-sharing octahedra. Lightly 
hatched octahedra contain Na atoms, and hatched octa- 
hedra contain Ru atoms. Circles are Ba atoms. 

successful, thus revealing that the assumed 
symmetry was incorrect. We therefore low- 
ered the space group symmetry of our model 
to noncentrosymmetric P6,mc. In the ab- 
sence of the center of symmetry it is possible 
to vary the cation distribution over the octa- 
hedral sites, and our subsequent refine- 
ments showed that in Ba,Ru,NaO,, the face- 
sharing sites are occupied solely by Ru, 
forming RuzO, dimers, whereas the corner- 
sharing sites are occupied by an ordered 1 : 1 
distribution of Ru and Na. This arrangement 
is illustrated in Fig. 2. Profile analysis of 139 
Bragg reflections using a total of 28 variable 
parameters to describe this model resulted 
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TABLE I 

STRUCTURAL PARAMETERS FOR Ba,RujNaO,z AT ROOM TEMPERATURE(~~+C) 

Atom Site 

Bal 2a 
Ba2 2b 
Ba3 2b 
Ba4 2b 
Na 2b 
Rul 2b 
Ru2 2a 
Ru3 2a 
01 6c 
02 6c 
03 6c 
04 6c 

0 0 0 
f f 0.1229(5) 
a s 0.3706(5) 
f 3 0.7465(5) 
f ;z 0.5595(7) 
1 

ii 

$ 0.9366(5) 
0 0.3203(6) 

0 0 0.1824(5) 
0.4876(3) 0.5124(3) - 0.0097(5) 
0.8442(4) 0.1558(4) 0.1287(5) 
0.8345(4) 0.1656(4) 0.3725(5) 
0.8479(2) 0.1521(2) 0.7532(5) 

0.62(3) 
0.62(3) 
0.62(3) 
0.62(3) 
0.63(5) 
0.63(5) 
0.71(4) 
0.71(4) 
0.62(2) 
0.62(2) 
0.62(2) 
0.62(2) 

Note. a = 5.8142(l) A, c = 19.2643(4) A 

in the agreement indices R,,,pr = 5.78% and 
R, = 4.29%. The origin of the unit cell was 
defined by holding the coordinates of atom 
Bal constant. The unit cell parameters re- 
fined to the following values: a = 5.8142(l), 
c = 19.2643(4) A. The final atomic coordi- 
nates and isotropic temperature factors are 
listed in Table I, and the corresponding bond 
lengths and angles in Table II; Ru2 and Ru3 
lie within the face-sharing octahedra, with 

04 in the common face. The final observed, 
calculated, and difference diffraction pro- 
files are plotted in Fig. 3. The most obvious 
discrepancy is also apparent in the data col- 
lected on Ba,Ru,LiO,, (see below) and that 
collected previously on Ba,CoRu,O, (2) and 
we therefore believe that it is likely to be 
instrumental in origin. 

(ii) Ba4R@D,2. All the reflections in the 
X-ray diffraction pattern of Ba,Ru,LiO,, 

TABLE II 

BOND LENGTHS&AND BOND ANGLES(O) IN B~,R~,N~O,,ATROOMTEMPE~~TURE 

Bal-01 2.92(l) x 6 Ba2-01 
Bal-02 2.93(l) x 3 Ba2-02 
Bal-03 2.97(l) x 3 

Na-01 2.24(2) x 3 Rul-01 
Na-02 2.23(2) x 3 Rul-03 
Ru2-Ru3 2.66(2) 

01-01 2.69(l) x 2 02-02 
01-03 2.79(l) x 2 02-04 

Ol-Na-01 88.3 
Ol-Na-02 179.7 
02-Na-02 87.9 

02-Ru3-02 92.6 
02-Ru3-04 93.1 
04-Ru3-04 80.6 

2.99(l) x 3 
2.91(l) x 6 

1.87(l) x 3 
2.09(l) x 3 

2.72(l) x 2 
2.86(l) x 2 

01-Rul-01 
03-Rul-01 
03-Rul-03 

Ru2-03-Rul 
Rul-01-Na 
Na-02-Ru3 

Ba3-01 2.93(l) x 3 Ba4-02 
Ba3-03 2.91(l) x 6 Ba4-03 
Ba3-04 2.91(l) x 3 Ba4-04 

Ru2-03 1.95(2) x 3 Ru3-02 
Ru2-04 2.01(2) x 3 Ru3-04 

03-03 2.89(l) x 2 04-04 
03-03’ 2.93(l) x 2 
03-04 2.80(l) x 2 

92.3 03-Ru2-03 
177.5 03-Ru2-04 
88.7 04-Ru2-04 

174.9 
177.2 
176.6 

2.89(l) x 3 
2.96(l) x 3 
2.91(l) x 6 

1.88(l) x 3 
2.05(l) x 3 

2.65(l) x 2 

95.7 
90.4 
82.8 
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FIG. 3. The observed (...), calculated (-), and difference neutron diffraction profiles of Ba,RujNaOlz 
at room temperature. Reflection positions are marked. 

could be indexed in a hexagonal unit cell, 
the size of which was consistent with the 
adoption of a 6H-hexagonal perovskite 
structure. The neutron diffraction data were 
refined in space group P6,immc with a cch 
stacking sequence for the close-packed 
BaO, layers. In this rather common struc- 
ture, the 6-coordinate cations lie either in an 
MzO, dimer or in a single corner-sharing 
octahedron that links different dimers to- 
gether. Refinement of the 20 parameters 
needed to describe this model, using the in- 
tensities of 103 Bragg reflections, led to the 
agreement indices R,,,,,, = 5.51%, R, = 
2.43%. The refined structural parameters 
are listed in Table III and the bond lengths 
and bond angles are given in Table IV. The 
Ru and Li occupation numbers are also 
given in Table III. The face-sharing octahe- 
dra are predominantly occupied by Ru5+ 
ions, but a small concentration of Li+ ions 
is also present (Ru 1 /Li 1, with 0 1 in the com- 
mon face). The remaining Ru and Li cations 
are disordered over the vertex-sharing octa- 
hedra (Ru2/Li2, linked through 02). No evi- 

dence was found for partial occupancy of 
the oxygen sites. The structure is drawn in 
Fig. 4, and the final diffraction profiles ap- 
pear in Fig. 5. 

(iii) Ba,Ru3M2+0,2 (M = Mg, Zn). As in 
the case of Ba,Ru,LiO,z, the X-ray powder 
diffraction patterns of Ba,Ru,MgO,, and 
Ba,Ru,ZnO ,2 indicated that both com- 
pounds adopt the 6H-perovskite structure. 
A comparison of the observed X-ray data 
with simulations produced using the com- 
puter program LAZY-PULVERIX (II) sug- 
gested that all the face-sharing octahedra 
are occupied by Ru and that the M’+ ions 
and the remainder of the Ru ions are disor- 
dered over the vertex-sharing octahedra. 
The unit cell parameters of Ba,Ru,ZnO,, 
(a = 5.7585(7),c = 14.128(2)A)arelargerthan 
those of the Mg compound (a = .5.7511(5), 
L’ = 14.112( 1) A, in agreement with expecta- 
tions based on the difference in the octahe- 
dral ionic radii of M” (12). 

Magnetic Measurements 

The molar magnetic susceptibility of 
Ba,Ru,LiO,, is plotted as a function of tem- 
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TABLE III 

STRUCTURAL PARAMETERS FOR Ba,Ru,LiOlz AT ROOMTEMPERATURE(P~~/WWIC) 

Atom Site 

Bal 2h 
Ba2 4f 
Rul 4j 
Lil 4f 
Ru2 2a 
Li2 20 
01 6h 
02 12k 

0 0 
f 5 
f 2 

:I 
+ 2 

:i 
0 0 

0 0 

0.4855(2) - 0.0289(4) 
0.1722(l) 0.3445(3) 

1 

0.91;0(2) 
0.82(5) 
0.56(4) 

0.1549(l) 0.70(3) 0.975(2) 
0.1549(l) 0.70(3) 0.025(2) 

0 0.70(3) 0.299(2) 
0 0.70(3) 0.701(2) 
a 0.75(3) 

0.4163(l) I .03(2) 

Note. a = 5.7828(l) A, c = 14.1917(4) A. 
“N is the fractional site occupancy. 

perature in Fig. 6. At temperatures above 
-2OOK the zfc and fc susceptibilities are 
equal and increase slightly with tempera- 
ture, but at lower temperatures they di- 
verge. The zfc curve shows local maxima at 
100 and 40 K and the fc curve has inflections 
at the same temperatures. In the case of 
Ba,Ru,NaO,, the divergence of the zfc and 
fc data is apparent below 270 K, with max- 
ima occuring at 260 and 110 K, as shown in 
Fig. 7. The temperature dependence of the 
molar magnetic susceptibilities of Ba,Ru, 
MgOu and Ba,Ru,ZnO,, is shown in Fig. 8. 
In the high temperature region (T > 70 K), 
x,,, rises steadily with an increase in temper- 
ature, whereas at low temperature (T < 70 
K) a minimum is observed and the fc curve 
diverges from the zfc data. The complex 
magnetic behavior of all these compounds 

will be discussed below in terms of the com- 
petition between the different magnetic in- 
teractions present. 

Electrical Measurements 

The results of the electrical resistivity 
measurements are shown in Fig. 9. Ba,Ru, 
ZnO,z was not included in this experiment. 
All the samples are semiconductors in the 
temperature range 77-300 K. Attempts to 
fit the data to a simple Arrhenius model were 
unsuccessful, as were those based on a 
small-polaron mechanism. However, excel- 
lent agreement was obtained in the case of 
Ba,Ru,MgO,, when the experimental data 
were fitted to the expression 

p = po(T/T,)“‘exp((T,i71”) 

with v = B, consistent with the conductivity 

TABLE IV 

BOND LENGTHS (A) AND BOND ANGLES (“) IN Ba,Ru3Li0,z ATROOM TEMPERATURE 

Bal-01 2.895(3) x 6 Ba2-01 2.918(4) x 3 RuiLil-01 2.036(3) x 3 
Bal-02 2.924(2) x 6 Ba2-02 2.893(4) x 6 RdLil-02 1.904(3) x 3 

Ba2-02’ 2.934(4) x 3 RulLi2-02 2.094(2) x 6 
RuiLil-RuiLi2 2.700(l) 01-01 2.640(4) x 2 

01-02 2.836(3) x 4 
RulLi2-02-RuiLil 177.5 02-RuiLi2-02 89.0 
01-RdLil-01 80.8 02-RuiLil-01 92.0 Ol-RuiLil-02 170.5 
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FIG. 4. The 6H-perovskite structure of Ba,Ru,LiO,,. 
The face-sharing octahedra are predominantly occu- 
pied by Ru atoms. The remaining Ru and Li atoms are 
disordered over the vertex-sharing octahedra. Circles 
are Ba atoms. 

behavior predicted by Efros and Shklovskii 
(13) for compounds in which a Coulomb in- 
teraction between localized electrons cre- 
ates an energy gap near the Fermi level. 
The data on Ba,Ru,NaO,z and Ba,Ru,LiO,? 
could also be fitted using the above equa- 
tion. The values of I, were badly defined in 
these cases (-0.3) but they suggested that a 
variable range hopping (VRH) mechanism 
might be operating (14). The determination 
of the exponent v is difficult owing to the 
limited temperature range over which mea- 
surements were performed. Furthermore, 
conductivity measurements made on poly- 

crystalline samples, albeit sintered, will 
contain a contribution from the conductivity 
of grain boundaries. We were unable to 
make the thermopower measurements that 
would have enabled us to eliminate this ef- 
fect, and the validity of the various models 
cannot therefore be considered proven. 

Discussion 

Ba,Ru,NaO,, and Ba,Ru,LiO,? are hexag- 
onal perovskites rather than the cubic, or 
pseudo-cubic, compounds that we had 
hoped to prepare. The energy balance be- 
tween these two structures can be very deli- 
cate, depending on relative cation size (r,/ 
TV), the Madelung energy, the character of 
the B-O bonds, and the possibility of B-B 
bonding (f5), and it is interesting to consider 
how these different factors influence the 
crystal structures of the compounds under 
discussion. The cubic perovskite structure 
ideally requires (rA + yo) = V$r, + yo), 
and a ratio v,/r, much in excess of this ideal 
leads to the introduction of hexagonal stack- 
ing among the close-packed AO, layers. 
This allows the introduction of relatively 
large cations on the A site, but it also intro- 
duces strong electrostatic repulsions be- 
tween pairs of B cations occupying octahe- 
dral sites which are linked by a common 
face. Ba?LuRuO, (16) is a cubic perovskite 
with an average B-O distance of 2.065 A; 
the corresponding distances in Ba,Ru, 
NaO,, and Ba,Ru,LiO,z are 2.04 and 2.03 
A, respectively. These data suggest that the 
former is slightly closer to the critical value 
of r,/r, that would have permitted the stabi- 
lization of a cubic phase, and this conclusion 
is further supported by the formation of an 
8H structure which retains a relatively high 
proportion of cubic stacking among the AO, 
layers. The Li compound is more clearly 
in the hexagonal regime and consequently 
adopts a 6H structure with a lower propor- 
tion of cubic stacking. This explanation is 
not inconsistent with the adoption of a cubic 
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FIG. 5. The observed (...). calculated (-), and difference neutron diffraction profiles of Ba,Ru3Li0,? 
at room temperature. Reflection positions are marked. 

structure by BtiLiSbJOl2, where the mean 
B-O distance is 2.056 A, but in view of 

Ba,Ru,NaO,, (2.23 A), the Sb(V) cations 
have to adopt an irregular coordination ge- 

the formation of Sr,NaSb,O,, (mean B-O = ometry in order to accommodate the Na+ 
2.05 A) it is perhaps surprising that we were ions. It may be that the necessary distortion 
unable to make Sr,Ru,NaO,,. The presence of the environment is energetically unfavor- 
of the smaller Sr2+ ion causes a reduction in able in the case of the less-polarizable 
the size of the octahedral sites available to Ru(V) : 4d3 ions and that Sr,Ru,NaO12 there- 
Na+ and Sb(V) and, even though the mean fore cannot be prepared. The above discus- 
Na-0 distance of 2.17 A in Sr,NaSb,O,, sion is based on considerations of cation 
is somewhat shorter than that observed in size. Having used these criteria to account 
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FIG. 6. The molar magnetic susceptibility of poly- FIG. 7. The molar magnetic susceptibility of poly- 
crystalline Ba,Ru,LiOrz as a function of temperature. crystalline Ba,Ru,NaOn as a function of temperature. 
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FIG. 8. The molar magnetic susceptibility of poly- 
crystalline Ba,Ru,M!‘O,z (M = (a) Mg, (b) Zn) as a 
function of temperature. 

for the adoption of hexagonal structures, we 
must now identify the factors which dictate 
the observed distribution of cations over the 
6-coordinate sites. The 8H-perovskite struc- 
ture is not common in metal oxide chemis- 
try, but in Ba,LiTa,O,, and BabLiNb,Olz 
(10, 17) the alkali-metal cation occupies a 
face-sharing octahedral site, and the corner- 
linked M,O,, units contain only the pentava- 
lent cation, in marked contrast to Ba,Ru, 
NaO,, which contains Ru,O, dimers linked 
together by NaRuO,, units. The occupation 
of a face-sharing site by Li+ in the former 
compounds reduces the electrostatic repul- 
sion that would occur between two pentava- 
lent cations in an M,O, dimer. However, 
there are at least two important differences 
between the Li/Nb/Ta and Na/Ru com- 
pounds; first the 4d3 electron configuration 
of Ru(V) permits the formation of a Ru-Ru 
bond within the dimer, a source of stabiliza- 
tion that is not available to @ Nb(V) and 
Ta(V) cations, and second the size of Na+ 
would introduce an excessive strain into the 
structure if the monovalent cation was to 
occupy a site within the dimers. As a conse- 
quence of these factors Ru,O, dimers are 
formed, with the oxygen atoms in the com- 
mon face of the octahedra (04) moving to- 
ward one another in order to screen the elec- 

trostatic repulsion between the pentavalent 
cations, which are closer together in Ba,Ru, 
NaO,, than in other compounds containing 
the same structural unit (2). The ordering of 
the Na+ and Ru(V) cations in the NaRuO,, 
units is easily understood in terms of the 
difference in size and charge between the 
two types of cation. Lattice energy and site 
potential calculations, carried out using an 
Ewald summation within the program 
GULP developed by Gale (18), are consis- 
tent with the results of our diffraction exper- 
iments, as can be seen from the data in 
Table V. 

The cation ordering found in 6H-Ba,Ru3 
LiO,, is incomplete, with the relatively 
small Li+ cation occupying sites in both 
face-sharing and corner-sharing octahedra. 
However, the majority of the alkali metal 
cations occupy the latter sites, and this com- 
pound thus contains a significant number of 
Ru,O, dimers. This result suggests that once 
again the formation of a Ru-Ru bond pro- 
vides the stabilization necessary to compen- 
sate for the unfavorable electrostatic inter- 
action. 

107, - 
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FIG. 9. The resistivity of polycrystalline Ba,Ru,MO,z 
(M = (a) Na, (b) Li, (c) Mg) as a function of temper- 
ature. 
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TABLE V 

SITE POTENTIALS IN Ba,Ru3NaO12 

Site 

Bal 
Ba2 

Ba3 
Ba4 

Na 
Rul 
Ru2 

Ru3 

01 
02 

03 
04 

Potential 
(eV) 

-21.21 
-21.95 
- 16.19 
- 16.37 

-24.16 
-52.11 
- 44.86 

- 50.09 
19.06 
19.15 

29.63 
28.63 

The magnetic data can be interpreted in 
the light of the refined crystal structures. 
It has been shown previously (19) that the 
superexchange between Ru(V) cations in an 
Ru,O, dimer is strong enough to produce a 
susceptibility maximum in 6H-Ba,CaRuzO, 
at a temperature of -450 K. The magnitude 
and temperature dependence of the mag- 
netic susceptibility of Ba,Ru,LiO,z in the 
temperature range 200 K < T < 300 K leads 
us to suggest that extensive spin-pairing also 
occurs above room temperature within the 
dimers in this compound. However, Ba,Ru, 
LiO,,, unlike Ba,CaRu,O,, also has a sig- 
nificant concentration (-30%) of magnetic 
cations in the corner-sharing octahedra. The 
exchange constant for coupling between 
corner-sharing and face-sharing sites is 
lower than that for coupling between pairs 
of face-sharing sites and these magnetic cat- 
ions are likely to be paramagnetic at 300 K. 
However, they may well be responsible for 
the unusual behavior of the susceptibility 
which is observed below 200 K. The diver- 
gence of the zfc and fc data indicates that 
either a weak ferromagnetism or magnetic 
clusters with an uncompensated magnetic 
moment are present. This can be understood 
if we recognize that any particular Ru,O, 

dimer will share corners with a statistical 
distribution of LiO, and RuO, octahedra. 
The observed susceptibility is a summation 
over all the possible combinations, and at 
temperatures low enough for antiferromag- 
netic coupling between face-sharing and 
corner-sharing sites to become significant it 
will undoubtedly include a contribution 
from extended clusters containing an odd 
number of Ru(V) cations which will there- 
fore carry an uncompensated magnetic mo- 
ment. The presence of magnetic cations on 
the corner-sharing sites provides a mecha- 
nism for magnetic coupling between dimers 
and as the temperature is lowered we would 
expect local magnetic coupling to develop 
into long-range antiferromagnetic order. 
Similar arguments have been used to ac- 
count for the behavior of other disordered, 
magnetically diluted systems (20), although 
in this case the problem is made more com- 
plex by the presence of two distinct ex- 
change interactions and the fact that in 
Ba,Ru,LiO,, a small fraction of the dimers 
actually have the composition RuLiO, 
rather than RuI09, a point that we have not 
considered in the above discussion. It would 
be interesting to carry out low temperature 
neutron diffraction experiments in order to 
establish whether there is a transition to a 
phase showing long-range antiferromag- 
netic order in this compound and at what 
temperature it occurs. Such a transition 
does not occur in Ba,CaRu,O, (21), where 
the Ru?O, dimers are magnetically isolated 
and the magnetic susceptibility has a less 
complex temperature dependence; it occurs 
at -1OOK in the magnetically concentrated 
compound Ba,CoRqO, (22). The situation 
in 8H-Ba,Ru,Na0,2 is slightly less complex 
because there is no significant level of disor- 
der in the crystal structure. The strongest 
magnetic interaction will be that between 
pairs of Ru(V) cations in Ru,O, dimers. The 
dimers are linked together, at one extreme 
only, by corner-sharing with RuO, octahe- 
dra, and the interaction between cations in 
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face-sharing and corner-sharing sites will be 
the second strongest. As can be seen from 
Fig. 2, the structure can be thought of as 
magnetic layers (2 + 1) octahedra thick, 
separated from each other by layers of 
corner-sharing NaO, octahedra. The inter- 
layer interaction, going via the NaO, octa- 
hedra, will be the weakest of the superex- 
change couplings. It is likely that the Ru(V) 
cations within the dimers will be spin-paired 
below -4.50 K and that the magnetic transi- 
tion apparent at -250 Kin Fig. 7occurs when 
thesuperexchangebetweenface-sharingand 
corner-sharing sites becomes significant. 
The transition at -100 K can then be inter- 
preted as the onset of long-range antiferro- 
magnetism, involving superexchange 
through the NaO, octahedra. Alternatively, 
long-range magnetic order might occur be- 
low 250 K with a spin reorientation occuring 
at -100 K; the relative sharpness of the 
maximum at 250 K makes this an attractive 
model, although it would be an unusually 
high Neel temperature given that the super- 
exchange interaction must pass through a 
diamagnetic layer of -2.5 A thickness. Low 
temperature neutron diffraction data are 
needed in order to test these hypotheses and 
to elucidate the difference between the zfc 
and fc susceptibilities. The low magnitudes 
of the magnetic susceptibilities shown in 
Fig. 8 for the mixed-valence compounds 
Ba,Ru,MgO,? and Ba,Ru,ZnO,? suggest that 
spin-pairing also occurs in these com- 
pounds. However, unlike the cases dis- 
cussed above, no local susceptibility maxi- 
mum is apparent in the temperature range 
covered by our experiment, although the 
zfc and fc susceptibilities do diverge at low 
temperatures, thus suggesting that the sam- 
ples have a weak magnetisation below - 100 
K (Mg) and 40 K (Zn). Again, neutron scat- 
tering experiments are needed before a de- 
tailed interpretation of these data can be 
made. 

The electrical resistivity data plotted in 
Fig. 9 show an interesting trend. All three 

compounds are semiconductors, but with 
room temperature conductivities that span 
five orders of magnitude. The relatively high 
conductivity of 6H-Ba,Ru,MgO,? is consis- 
tent with the Ru(IV)/Ru(V) mixed-valence 
formulation and can be explained by assum- 
ing that the extra electron in the 4d band 
(compared to Ba,Ru,M + O,J is only weakly 
localized. The conductivity of Ba,Ru,LiO,, 
is significantly lower than that of Ba,Ru, 
MgO,, because the concentration of mobile 
charge carriers is much lower when only 
Ru(V) is present. 8H-Ba,Ru,NaO,, has a 
lower conductivity because there is a low 
concentration of charge carriers and the 
transition metal cations lie in two-dimen- 
sional blocks separated by layers of NaO, 
octahedra, as described in our discussion of 
the magnetic properties; in 6H-Ba,Ru,LiO,, 
the transition metal is present, to some ex- 
tent, on both 6-coordinate sites and the 
structure is essentially three dimensional. 
Clearly more work needs to be done before 
the electronic properties of these inadver- 
tently prepared phases are fully understood. 
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