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Powder neutron diffraction data have been used to refine the crystal and magnetic structures of the
ordered perovskites Sr,LuRuQOg, Ba,YRuOg, and Ba,LuRuQq. Sr;LuRuOg is monoclinic, with space
group P2,/n: a = 5.7400(1), b = 5.7375(1), ¢ = 8.1118(2) A, B = 90.16(1)°. Ba,YRuQg and Ba,LuRuQ,
are cubic, with space group Fm3m: a = 8.3390(5) and 8.2720(4) A, respectively. All three compounds
are Type I antiferromagnets at 4.2 K with an ordered magnetic moment of ~2 up per Ru’*. High-
temperature magnetic susceptibility data suggest that the Ru’* d-electrons in all three compounds

should be regarded as itinerant rather than localized.

Introduction

The mixed metal oxides Ba,LaRuOg,
Ca,LaRuQOg, Ca;YRuOg, and Sr;YRuOg all
adopt perovskite-like structures with an or-
dered, alternate arrangement of cations on
the octahedral (B) sites (1-3). In the case of
Ba,L.aRuOg¢ and Sr,YRuQOg, the cations tak-
ing part in the ordering are Ru’* and La%*
or Y3*, respectively, whereas the ordering
in Ca;LaRuQg is between Ca?* and Ru’*
and the formula can be more informatively
written as Cal.a[CaRu]Os; the Ca?* and
La3* jons on the 12-coordinate A site are
disordered. The ordering in Ca,YRuOj is
best approximated by the representation
Ca;5Yos[(CapsYos5)Ru]Og¢ and in this case
there is no ordering between the Ca?* and
Y3* ions on either the A or B sites. The
crystal structures of all four compounds
take a unit cell of dimension ~5.5 x ~5.5 X
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~8 A, that is V2a, X V2a, X 2a, where a,
is the size of the simple cubic perovskite
unit cell. A fragment of a representative
unit cell is shown in Fig. 1 to illustrate the
way in which large octahedra containing an
alkaline earth or lanthanide cation alternate
with smaller octahedra containing Ru’*.
The space group symmetry of these oxides
is monoclinic or lower and the octahedra
are therefore rotated away from their ideal
cubic orientation. The magnetic properties
of these compounds are interesting for a
number of reasons, but principally because
the existing data suggest that the outer d-
electrons on the transition metal ions are
neither truly localized nor truly itinerant,
but that their behavior is intermediate be-
tween these two extremes (7, 4). However,
our present study was motivated by an-
other aspect of the magnetic properties,
that is the spin arrangement adopted in the
low-temperature antiferromagnetic phase.
Although the crystal structure is properly
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FiG. 1. The crystal structure of the ordered perov-
skites AzBRUOs.

described by the (V2 X V2 X 2)a, cell, it is
convenient to discuss the magnetic struc-
ture in terms of a pseudocubic unit cell of
size 2a, X 2a, X 2ap. In this setting (Fig. 2)
the magnetic Ru’* ions form a face centered
array. There are two principal magnetic su-
perexchange interactions in such a struc-
ture: that between nearest-neighbor (nn)
Ru’* ions, separated by a distance of V2a,,
and that between next-nearest-neighbor
(nnn) Ru’* ions separated by a distance of
2a, along a pathway of the form Ru-O-M-
O-Ru where M is a diamagnetic alkaline
earth or lanthanide cation. If the strength of
this latter interaction is negligible, then the
array of Ru’* ions is expected to show Type
I spin ordering, as illustrated in Fig. 2a.
However, if the strength of the nnn antifer-
romagnetic superexchange interaction is
significant, but still less than the nn cou-
pling, then a Type III (Fig. 2b) structure is
predicted (5), and if the nnn interaction
dominates that between nearest neighbors,
then Type II ordering should occur (Fig.
2¢). Of the systems studied to date, Sr,
YRuOg, Ca,YRuOg, and Ca,LaRuO¢ adopt
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the Type I structure, whereas Ba,L.aRuQq
shows Type III ordering. It is thus clear
that the superexchange interaction between
nn is greater than that between nnn in all of
these compounds, and that the strength of
the latter interaction is insignificant in all
except Ba,L.aRuQg. Although the existence
of a strong superexchange along the face
diagonal of the ~2a, cube is consistent with
the 1.} electron configuration of the octa-
hedrally coordinated Ru’* ions, it is not
clear why the strength of the nnn interac-
tion should be greatest in Ba,l.aRuQO¢. We
originally suggested (1), in comparing this
compound with Cala[CaRu]Og, that the
vacant 5d orbitals of La** are low enough in
energy to take part in the superexchange
process, whereas the 4p orbitals on Ca?*
have too high an energy to do so. In order
to test this hypothesis we have now pre-
pared and characterized Ba,YRuOg and
Ba,LLuRuQOg. The introduction of Y and Lu
is a means of increasing the electronegativ-
ity of the diamagnetic 6-coordinate cation
and hence of decreasing the energy of the
vacant outer orbitals at that site. If our orig-
inal proposal was correct we would expect
that the nnn superexchange in Ba,YRuOg
and Ba,LLuRuQO¢ would be sufficiently
strong to give rise to Type III, or possibly
even Type II, ordering. We have also pre-
pared and characterized Sr,LuRuQOyg in or-
der to provide a comparison with Sr,
YRUO(,.

Experimental

Polycrystalline samples of Ba,YRuOk,
Ba,L.uRuOg, and Sr,LuRuOg4 were prepared
by firing appropriate amounts of BaCO;,
SrCO;, Y,03, Luy,Os, and RuO, (all Johnson
Matthey Chemicals) in a platinum crucible.
The oxides were dried before use. The re-
action mixtures were heated in pellet form
at the following temperatures for several
days, with frequent regrinding: Ba,YRuOq
and SrLuRuQg at 1350°C; Ba,LuRuQs at
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F1G. 2. The antiferromagnetic structures available to a face centered array of cations by (a) Type 1,
{b) Type 111, and {(¢) Type II (only one octant of the unit cell is drawn).

1300°C. The products were shown to be
perovskite-like single phase materials by
the use of X-ray powder diffraction. Neu-
tron diffraction data were collected on each
sample at room temperature and 4.2 K us-
ing the diffractometer Dla at ILL Grenoble.
A wavelength of 1.909 A was used in all
experiments, with the exception of those
carried out at room temperature on Ba,
YRuOg and Sr;LuRuQg, for which a wave-
length of 1.956 A was used. Any error in
these values was neglected in the calcula-
tion of unit cell parameters. The samples
were contained in vanadium cans. Data
were collected at 26 intervals of 0.05° over

the angular range 0 < 26 < 160°, each ex-
periment lasting approximately 9 hr. Mag-
netic susceptibility data were collected in
the temperature range 80 < T < 300 K using
a Newport Instruments Gouy balance. The
approximate Néel temperatures of Sr,Lu
RuQg¢ and Ba,LLuRuQOs were measured by
recording the neutron diffraction pattern as
a function of temperature on the diffrac-
tometer D20 at ILL.

Results

() Room-temperature crystal structures.
Our X-ray and neutron diffraction data both
indicate that Ba,YRuOg and BaLuRuQq
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TABLE 1

OBSERVED AND CALCULATED INTENSITY DATA FOR
Ba,YRuO4 AND Ba,LuRuOg¢ AT RooM TEMPERATURE

Ba,YRuOQOg Ba,LuRuOg¢

{hkl} Lo  0Wobs)  leac Ibs  0(obs)  Leac
1 49 44 39% 52 36 248
200 7380 98 7660 3990 73 4320
220 555 85 5950 3010 63 3250
311 149 27 12

22 11300 126 11000 7130 94 7010
400 26200 174 26100 15400 132 15500
331 875 47 943 B 2 30
420 6170 91 5980 3690 71 3380
o 4000 76 3920 2180 S5 2140
g;;} 17% 56 1700 837 41 747
440 29000 181 28600 17200 140 16600
53 250 31 249 19 30 154
22(2’} 4800 85 4670 2510 60 2570
620 3690 78 3950 1710 53 1900
533 9 23 38

622 10300 118 10400 6450 92 6510
444 15500 147 15200 8560 102 8510
;g} 270 73 2250 958 46 940
640 3670 79 4120 1880 55 2040
642 710 100 6890 3330 70 3190
g;} 3770 82 3550 1220 52 1280
800 13000 136 13500 6520 97 6860
733 3860 93 3950 1280 S8 1230
232} 9620 127 9430 4260 87 4180

have cubic symmetry at room temperature
and the neutron data have been analyzed
quantitatively in order to refine the crystal
structures of the two materials. Refine-
ments based on the integrated intensities of
Bragg reflections were carried out in space
group Fm3m with a unit cell of approximate
size (2ap)*, thus allowing for an ordered ar-
rangement of cations over the B sites. A
scale factor, four isotropic temperature fac-
tors, and the coordinates of the oxygen
atom on the 24(e) site were refined using the
intensities of 29 reflections spread over 24
diffraction maxima in the case of Ba,
YRuOg and the intensities of 27 reflections
(22 maxima) in the case of Ba,LuRuOg. The
refinements resulted in intensity-based R-
factors at 2.65 and 3.42%, respectively. The
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TABLE 11

STRUCTURAL PARAMETERS FOR Ba;MRuQq
(M = Y or Lu) AT RooM TEMPERATURE
(Space GrRouP Fm3m)

B
M Atom  Site x y z Ay
Y Ba 8¢ i i1 03209
Y 4a 0 0 0 0.4(1)
Ru 4b i 0 0 0.2(1)
0 24e 0.26573) 0 0  0.44(D)
Lu Ba 8c i T 1 05
Lu 4a 0 0 0 0.6(2)
Ru 4 3 0 0 0502
0 24e 026314y 0 0 0.619

Note. Unit cell parameters: M = Y, ay = 8.3390(5)
A; M = Lu, gy = 8.2720(4) A.

observed and calculated intensities are
listed in Table I, the refined structural pa-
rameters are given in Table II, and bond
lengths are presented in Table III. The dif-
fraction pattern of Sr,LuRuQO¢ was more
complex than those of Ba,YRuQOg and Ba,
LuRuOg and it was consequently necessary
to use profile analysis (6) in order to refine
the structure. A weighted profile R-factor
of 7.27% resulted from the refinement of
257 Bragg reflections distributed over 2320
profile points, the corresponding intensity-
based R-factor being 2.8%. In addition to
the usual profile parameters, 18 atomic pa-
rameters were refined in space group P2,/n
which also permits an ordered arrangement

TABLE 1II

BonD LENGTHS (IN A) FOR Ba,YRuOq
AND Ba,L.uRuQ4 AT Room

TEMPERATURE
Ba,YRuOg¢ Ba,LuRuOq
Ru-0O 1.954(3) Ru-O 1.960(3)
Y-O 2.216(3) Lu-O 2.176(3)

Ba-O 2.951(3) Ba-O 2.927(3)
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TABLE IV

STRUCTURAL PARAMETERS FOR Sr,LuRuQOg4 AT RooMm
TEMPERATURE (SPACE GROUP P2,/n)

BATTLE AND JONES

TABLE V

BoND LENGTHS (IN A) AND BOND ANGLES (IN
DEGREES) FOR Sr;LuRuQOgs AT ROOM TEMPERATURE

B
Atom  Site x y z A2
Sr de 0.0028(9) 0.0201(4) 0.2469(8) 0.36(3)
Lu 2d % 0 0 0.21(8)
Ru 2c 3 0 3 0.27(8)
01 4e 0.2635(7) 0.2914(9) 0.0326(6) 0.93(9)
02 4e 0.2034(7) —0.22835(8) 0.0339(5) 0.25(8)
03 4e  —0.0574(8) 0.4901(6) 0.2383(5) 0.29(8)

Note. Cell parameters: 4 = 5.7400(1), b = 5.7375(1),
¢ = 8.1118(2) A, 8 = 90.16(1)°.

of B-site cations but in a unit cell of size
\V2a, X V2a, X 2a,. The background level
was estimated by interpolation between re-
gions of the profile where there were no
Bragg peaks, and statistical variations in
the background level were taken into ac-
count in assigning a weight to each profile
point. The refined structural parameters are
listed in Table IV and bond lengths and
bond angles are given in Table V. The final
observed, calculated, and difference dif-

Lu-O1 2.170(8) Ru-01 1.946(8)
Lu-02 2.167(8) Ru-02 1.965(8)
Lu-03 2.144(8) Ru-03 1.967(8)
Sr-0t Sr-02 Sr-03
2.78(1) 2.83(1) 2.72(1)
2.91(1) 2.52(1) 2.57(1)
2.59(1) 2.84(1)

03-Lu-01  90.3 03-Ru-01  91.1
03-Lu-02 91.3 03-Ru-02  90.8
O1-Lu-02 9.4 O1-Ru-02  90.4

fraction profiles are plotted in Fig. 3. The
following scattering lengths were used in all
calculations: bg, = 0.52, by, = 0.73, bp=
0.58, bg, = 0.73, bs, = 0.69, by = 0.79 X
10712 ¢cm. A full listing of the observed and
calculated diffraction profiles of Sr,LuRuOg¢
is available from the authors.

(ii) 4.2 K crystal structures. The neutron
diffraction data sets collected at 4.2 K all
contain low-angle Bragg peaks (exemplified
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Fi1G. 4. The observed neutron diffraction profile for Sr,LuRuQq at 4.2 K. Magnetic peaks indicative

of Type I ordering are arrowed.

in Fig. 4 for Sr,LuRuQg) which are consis-
tent with the presence of Type I antifero-
magnetic ordering (Fig. 2a). The data were
otherwise very similar to those collected at
room temperature and the crystal struc-
tures were therefore refined in space groups
Fm3m (Ba,YRuOg and Ba,LuRuQ¢) and
P2,/n (Sr;LuRuOg) as described above. The
resulting structural parameters are listed in
Tables VI and VII. In order to estimate the
magnitude of the ordered component of the
magnetic moment we compared the inten-
sity of the relatively strong, low-angle (001)
magnetic peak to the intensities of several
nuclear peaks, assuming a value of unity for

TABLE VI

STRUCTURAL PARAMETERS FOR Ba;MRuOg (M = Y
OR Lu) AT 4.2 K (SPACE GrOUP Fm3m)

21 R
M (A) Xate (%)
Y 8.3198(4) 0.2652(3) 2.6
Lu 8.2619(5) 0.2631(3) 23

the Ru’* form factor at this low-Q value (sin
6/x ~ 0.06). The Ru’* form factor is not
sufficiently well known to warrant the in-
clusion in the analysis of the weaker mag-
netic peaks at higher Q values. The values
derived for the ordered magnetic moment
per Ru** ion, assuming a collinear magnetic
structure, are given in Table VIII.

(iii) Magnetic susceptibilities 80 < T <
300 K. The inverse molar magnetic suscep-
tibilities of Ba,l.uRuQ4, Ba,YRuO,, and
Sr,LLuRuOg are plotted in Fig. 5. The values

TABLE VII

STRUCTURAL PARAMETERS FOR Sr,LuRuQg AT 4.2 K
(Space Groue P2,/n)

B
Atom  Site x y z (A»
St de 0.0056(8)  0.0254(4) 0.2472(6) 0.38(3)
Lu 2d % 0 0 0.43(8)
Ru 2¢ + 0 3 0.68(9)
Ol  4e 0.2660(6)  0.2945(8) 0.0342(6) 1.00(10)
02 4e 0.2017(7) —0.2283(8) 0.0358(4) 0.28(7)
03  4de  —0.0606(7)  0.4885(6) 0.2371(5) 0.64(8)

Note. a = 5.7130(1), b = 5.7180(1), ¢ = 8.0762(2) A, B =
90.19(1)° (Rewpry = 8.5%, Ry = 3.9%).
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TABLE VIII

MAGNETIC PARAMETERS OF Ba,L.uRuQg, Ba,YRuOQg,
AND Sr;LuRuQq

9 I Mett Ha2k
Compound (K) (K) (up) (u)
Ba,LuRuOg¢ —630(9) 35(1) 4.4(1) 2.06(6)
Ba,YRuOg —630(9) — 4.5(2) 2.11(6)
Sr;LuRuOq —-353(7) 30(1) 3.9(1) 2.10(8)

of the effective magnetic moment (u.g) and
the Weiss constant (4) derived from the
graph are listed in Table VIII, as are the
Neel temperatures determined in neutron
diffraction experiments.

Discussion

The observation of cubic symmetry in
Ba;YRuOg, the only one of the title com-
pounds to have been reported previously,
contradicts the work of Donohue and Mc-
Cann (7), who prepared a phase of appar-
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ently hexagonal symmetry using a similar
preparative method. X-ray powder diffrac-
tion patterns taken from our product before
reaction was complete resembled those ex-
pected from a hexagonal material, and we
therefore suggest that Donohue and Mc-
Cann were working with an incompletely
reacted mixture. The crystal chemistry of
Ba,LuRuQq is clearly similar to that of
Ba,YRuOQg, in the same way that Sr,Lu
RuOs¢ resembles Sr,YRuOg (2). The Ru-O
bond distances are very similar in all three
of the materials described in this paper, and
they are also similar to those reported pre-
viously for RuV oxides (/-3). The cubic
phases contain perfectly regular RuOg octa-
hedra of course, and even in monoclinic
Sr;LuRuQg the degree of distortion is
small, as can be seen from the bond angles
in Table V. This is to be expected for an ion
with a 4d? electron configuration on a 6-
coordinate site. The Y-O bond length in
Ba,YRuOQy is slightly longer than the aver-
age value (2.202 A) found in Sr,YRuOg but
it is nevertheless a relatively short Y-O dis-

4, 00
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F1G. 5. The inverse molar magnetic susceptibilities of Ba,LuRuQOs (A), Ba,YRuOs (W), and Sr,Lu

RuO; (@) as a function of temperature.
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tance. The Lu~O bond lengths in Ba,L.u
RuOg and Sr,LuRuQg are similar and again
they are short compared to the mean dis-
tances reported for other compounds con-
taining LuQg octahedra, for example, Ba;
Lu,O, (average = 2.22 A) and CaLu,0, (av-
erage = 2.24 A), although the distorted oc-
tahedra in the latter two compounds do
contain distances as short as 2.09 A (8, 9.
The absence of any departure from cubic
symmetry in Ba,YRuQOg and Ba,LuRuQOg
stems from the fact that the octahedral
holes between the BaOj; layers in the struc-
ture are large enough to accommodate an
ordered arrangement of Ru and Lu/Y at-
oms without the layers being distorted.
This is not the case when the layers have
the composition SrOs, nor when the ions to
be accommodated between BaO; layers are
Ru’* and the larger La’*, as in Ba,L.aRuOs.

We have previously (2) concluded that
the 4d3 electrons in Sr,YRuQq are localized
rather than itinerant, and that the degree of
delocalization increases with decreasing
unit-cell volume, and hence with decreas-
ing Ru—Ru distance, along the series Sr,Y
RuQ¢, CaLaRuQg, and Ca,YRuOg (3).
These monoclinic materials all show Type I
antiferromagnetic behavior at low tempera-
tures. The results described above indicate
that Sr,LLuRuOg fits this series well; the unit
cell volume (267 A% is intermediate be-
tween those of Sr;YRuOg and Ca,LaRuOg
and the effective magnetic moment in the
paramagnetic phase (3.9 wp) is also interme-
diate in magnitude, indicative of a degree of
electron delocalization which is greater
than that found in the Y-containing com-
pound. A value of 3.9 up is greater than the
magnetic moment expected for a 6-coordi-
nate d? ion from the second transition se-
ries, where spin—orbit coupling would nor-
mally reduce the observed moment below
that predicted by the spin-only formula.
The enhanced magnetic moment and also
the high 6/Ty ratio, lead us to place Sr;,Lu
RuOg in the itinerant electron regime of the
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conceptual phase diagram proposed by
Goodenough (4) for d-electron systems.
However, it appears that this compound
may lie closer to the localized/delocalized
electron boundary than any of the Ru’* ox-
ides studied previously, those compounds,
with the exception of Sr,YRuOg, having
Wer > 4 up, consistent with extensive elec-
tron delocalization.

Unfortunately, the data relating to Ba,Y
RuOg¢ and Ba,L.uRuOq do not fit the simple
model wherein the Ru~Ru distance is the
single factor which determines the extent of
delocalization. The unit cell volumes to be
compared with the value of 267 A® quoted
above for Sr,LuRuQg are 290 and 283 A3,
respectively, and yet the magnetic data
listed in Table VIII show convincingly
that the outer d-electrons in these two
compounds are not truly localized. We
therefore suggest that the cubic symmetry,
and the corresponding absence of any
tilting of the RuQOg octahedra, leads to an
improved overlap of the Ru #,, orbitals in
neighboring RuOg polyhedra, and that this
improved overlap compensates for the in-
crease in the Ru—Ru distance. It has been
argued (10) that the strength of the inter-
cation interactions responsible for electron
delocalization will increase with decreasing
acidity of the A-site cation, that is on going
from Sr-containing compounds to their Ba
analogues. However, we have previously
shown (3) that this is inconsistent with the
observed properties of these RuY oxides.
We now believe that delocalization is likely
to be found in those compounds which have
either a short Ru—Ru distance or a highly
symmetrical crystal structure.

The observation of Type I magnetic or-
dering in all three of the title compounds at
low temperatures disproves our hypothesis
that the strength of the nnn superexchange
will increase as the energy of the outer
d-orbitals decreases. Thus Ba,l.aRuQg re-
mains the only member of this family of
compounds to show a significant nnn anti-
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ferromagnetic superexchange interaction,
and hence Type III ordering, in addition
to the apparently dominant nn interaction
which, when acting alone, leads to Type 1
ordering. We conclude that unit-cell vol-
ume is again the dominant parameter, and
that as the unit cell expands, the strength of
the nn interaction decreases more rapidly
than that between nnn until the latter be-
comes a significant effect in Ba,L.aRuQOg
(volume = 312 A3). Divalent and trivalent
ions larger than Ba?* and La** would be
needed to further increase the relative
strength of the nnn interaction and produce
Type I ordering. The ordered component
of the magnetic moment is ~2 up for all
materials studied, and is consistent with the
presence of Ru** : 4d3 ions, but with a sub-
stantial degree of covalency in the Ru-O
bonds. This high level of covalency is con-
sistent with the suggestion of a d-electron
system which has moved out of the local-
ized electron regime and yet is not com-
pletely delocalized, in which case we would
not expect to observe long-range magnetic
ordering (4). Finally, we should point out
that it is somewhat unusual for a material to
retain cubic symmetry while displaying
Type I antiferromagnetism; we would have
expected exchangestriction to produce a
contraction along the axis perpendicular to
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the ferromagnetic sheets. It is possible that
such a contraction does occur, but that the
effect is too small to be detected in a neu-
tron powder diffraction experiment.
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