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Profile analysis of constant-wavelength powder neutron diffraction data has been used to refine the
crystal structure of the ordered perovskite Ca,YRuOs. The material is monoclinic (space group P2,/n)
with a disordered arrangement of calcium and yttrium on the A site and one of the B sites, such that the
formula is best written as Ca; 3Y 57/{(Cags7Y.43)Ru]Og. Low-temperature neutron diffraction experi-
ments showed that the material is a Type I antiferromagnet at 2.5 K with an ordered magnetic moment
of 1.2(1)ug per Ru’*. It is suggested that the dominant factor in determining the electronic properties of
the series M3"X**Ru’*Oq (M = Ca, Sr, Ba; X = La, Y) is the Ru-Ru separation distance.

Introduction

There are many well-known transition
metal oxides, for example, MnO, in which
the outer, unpaired d-electrons are effec-
tively localized at a cation site. These mate-
rials are expected to be electronic insula-
tors and to undergo a transition to a
magnetically ordered state at low tempera-
tures. At higher temperatures, their mag-
netic susceptibilities will follow the Curie—
Weiss Law, with the effective magnetic
moment being given by the spin-only for-
mula, weg = V4S(S + 1), possibly modified
for some orbital contribution. In the case of
the octahedrally coordinated Ru’* : 443 ions
discussed in this paper, we would expect
any orbital contribution to reduce the effec-
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tive magnetic moment from the spin-only
value of 3.87ug. There is another group of
transition metal oxides, for example TiO, in
which the outer d-electrons are itinerant.
Consequently, these compounds are metal-
lic conductors which exhibit temperature-
independent Pauli paramagnetism. Clearly,
any attempt to analyze the magnetic sus-
ceptibility of such a material in terms of
Curie-Weiss behavior will lead to an exces-
sively large (i.e., infinite) value for both the
effective magnetic moment and the Weiss
constant, §. Whether the electrons in a par-
ticular material are localized or itinerant de-
pends upon the relative strengths of the in-
traatomic electron correlations and the
interatomic electron interactions. If the
former are much greater than the latter we
expect localized electron behavior; if the
interatomic interactions are the stronger,
then the system will be metallic (/). This
paper concludes a series describing the
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family of ordered perovskites M3'X%*
Ru’*Qg (M = Ca, Sr, Ba; X = La, Y) in
which the two competing interactions are of
approximately equal strengths. This was
first shown to be the case in Ba;LaRuQOg
and Ca,L.aRuQq¢ (2) with the experimental
evidence coming from two sources; mag-
netic susceptibility measurements and low-
temperature neutron diffraction studies.
The former revealed unusually high values
for both the effective magnetic moment in
the paramagnetic phase (>4up), and the ra-
tio of the Weiss temperature to the Néel
temperature (6/Tx > 10). Both of these ob-
servations are characteristic of a material
which is intermediate between a localized-
electron Curie-Weiss system and an itiner-
ant-electron Pauli system. The neutron
studies demonstrated that the dominant su-
perexchange interaction was that between
nearest-neighbor cations, consistent with
the presence of half-filled ¢, orbitals and
empty e, orbitals on the Ru’* : 44° ions in a
pseudoface-centered cubic array. The fea-
ture of the neutron results which pointed to
a very strong interatomic interaction, yet
with the retention of an intraatomic interac-
tion sufficiently strong to maintain antifer-
romagnetic ordering, was the much re-
duced value (~1.9ug) of the ordered
magnetic moment on each Ru** ion. A re-
duction from the free ion value of the mag-
netic moment (3up) due to the covalent
transfer of spin from the metal to the oxide
ions along the superexchange pathway oc-
curs in all antiferromagnets, but not to the
extent found in Ba,LaRuO¢ and Ca,lLa
RuQq. The ordered cation magnetic mo-
ment for Cr3* : 3d® in LaCrOa,, for example,
is 2.8up (3). Thus, although these materials
have nonmetallic electrical conductivities
(4), there is some evidence to suggest that
the interatomic interactions are sufficiently
strong to render the localized-electron
model inappropriate. However, although
the ordered magnetic moment is likewise
reduced in Sr,YRuOg (5) the susceptibility
data are consistent with a localized 44°
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A,BB'Og

Fi1G. 1. The unit cell for the ordered, distorted
perovskite A,BB’' Q¢ showing the crystallographically
distinct atoms.

electron configuration at the Ru** ions. It is
thus apparent that the system M>XRuOs
lies close to the borderline between local-
ized and itinerant electron behavior. Our
aim is to determine the relative importance
of the various factors which influence the
strengths of the electronic interactions and
to this end we have determined the crystal
and magnetic structure of Ca,YRuQg, thus
increasing the data available for the discus-
sion of the effects of unit-cell volume, the
acidity of M?* and crystallographic distor-
tions which can be found in this paper.
Ca,YRuOg was first prepared by Grea-
trex et al. (4). Their powder X-ray diffrac-
tion data indicated orthorhombic symmetry
with an ordered, alternating arrangement of
ruthenium and yttrium on the B sites of the
perovskite-related unit cell drawn in Fig. 1.
Mossbauer and magnetic susceptibility
measurements indicated that the material
orders antiferromagnetically with Ty = 16
K and 8§ = —176 K, giving a value of 6/Tx
too large to be explained by a localized
electron model, as is the value of 4.02up
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found for the effective magnetic moment at
high temperature. There is therefore good
reason to believe that Ca,YRuOg¢ must be
treated as a strongly correlated, itinerant-
lectron system similar to CaLaRuQ¢ and
BazLaRuO6.

Experimental

A polycrystalline sample of Ca;YRuOQg
was prepared by firing a pelleted stoichio-
metric mixture of calcium carbonate, yt-
trium sesquioxide, and ruthenium dioxide
in air at 820°C for 6 hr and then for 5 days at
1100°C with regular grinding and repellet-
ing. The reaction was carried out in a plati-
num crucible. The powder X-ray diffraction
pattern of the product could be indexed us-
ing unit-cell parameters close to those re-
ported previously (4). Analytical electron
microscopy showed that the sample con-
tained traces of a second phase, but it was
present in too small a quantity to be identi-
fied in the X-ray pattern. Constant-wave-
length powder neutron diffraction data
were collected at room temperature and 2.5
K by operating the diffractometer Dla at
ILL Grenoble at a wavelength of 1.909 A
with a monitor count of 3.94 x 10* 2.5 K)
or 2.45 X 10* (room temperature) neutrons
per 0.05° 26-step.

Results

The neutron diffraction patterns were an-
alyzed by the profile analysis technique (6).
The low-angle asymmetric peaks were ex-
cluded from the calculations which conse-
quently analyzed 252 reflections in the an-
gular range 30° < 26 < 140° using the
scattering lengths: bc, = 0.47, by = 0.79,
bre = 0.73 and by = 0.58 x 10714 m. The
background level was interpolated between
regions where no Bragg peaks were ob-
served.

The room-temperature data were used to
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TABLE 1

ATOMIC POSITIONS AND ISOTROPIC TEMPERATURE
FacTors For Ca,YRuOg AT RoOM TEMPERATURE

Atom x ¥ z (AY
A site 0.5150(4) 0.5584(3) 0.2534(4) 1.25(6)
B site (Ca/Y) \] 3 \] 0.10(%
Ru 3 0 0 0.65(5)
o) 0.2129(4) 0.1797(4) —0.0536(3) 0.81(2)
0Q) 0.3260(4) 0.7176(4) —0.0661(3) 0.81(2)
03) 0.3860(3) -0.0490(3) 0.2314(3) 0.81(2)

refine the crystal structure of Ca;YRuOg in
the monoclinic space group P2,/n. Rietveld
analysis refined the unit-cell parameters to
the values: a = 5.5239(1), b = 5.7770(1), ¢
= 7.9637(2) A, B = 90.23(1)°. Here and
throughout this paper the number in brack-
ets is the estimated standard deviation in
the last figure. Satisfactory agreement be-
tween the observed and calculated diffrac-
tion patterns was only obtained when the
calcium and yttrium were allowed to disor-
der over the A site and one of the B sites in
the ordered perovskite structure. The final
occupation numbers and atomic parameters
after refinement of 17 atomic parameters
and 9 profile parameters are presented in
Tables I and II. All the A-site cations were
constrained to have the same isotropic tem-
perature factor, as were the calcium and
yttrium on the B site and the three oxygen
atoms. The final observed, calculated, and
difference profiles, corresponding to a
weighted profile R-factor of 8.9%, are
shown in Fig. 2. The most interesting bond
lengths and bond angles are given in Table
III.

TABLE 11

OccUPATION NUMBERS FOR THE A-SITE
AND DIAMAGNETIC B SITE IN Ca,YRuOq

Site % Ca % Y
A site 71.8(1.5) 28.2(3.9)
B (Ca/Y) 56.5(3.5) 43.5(4.6)
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F1G. 2. The observed, calculated, and difference
profiles for Ca,YRuOg at room temperature. Reflection
positions are marked.

The data collected at 2.5 K indicated that
the sample was antiferromagnetically or-
dered at this temperature, but profile analy-
sis showed that the room-temperature crys-
tal structure was preserved in the magnetic
phase. The strongest magnetic reflection
occurred at 26 ~14° and was therefore too
asymmetric to be used in profile analysis.
The remaining magnetic peaks were very
weak and we therefore chose to estimate
the ordered magnetic moment by consider-
ing only the intensity of the low-angle peak.
This method also removes the problem of
fitting a form factor for the Ru’* ion be-
cause at 20 ~14° it is a good approximation
to assume a value of unity. The magnetic
moment was calculated by comparing the
intensity of the magnetic peak to those of
the nuclear peaks, having first indexed the

TABLE III

BoND LENGTHS (IN A) AND BOND ANGLES (IN
DEG.) IN Ca,YRuOg4 AT ROOM TEMPERATURE

Ru-0(1) 1.941(4)
Ru-O(2) 1.964(4)
Ru-0(3) 1.970(3)
O(1)-Ru-0(2) 90.8

0O(2)-Ru-0Q3) 91.5
O(1)-Ru-0(3) 91.1

Beav—-0(1) 2.235(4)
Beay—-0(2) 2.260(4)
Bcay—0(3) 2.245(3)

O(1)-Bey—-0(2) 90.3
0(2)-Beay-0(3) 94.1
0(1)-Beay-0(3) 93.9

Note. Estimated standard deviation in bond an-
gles is 1°.
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magnetic reflection and determined the
type of antiferromagnetic ordering in-
volved. The low-angle peak indexed as the
{100} reflection in the pseudoface-centered
cubic V2a x V2b x ¢ unit cell drawn in
Fig. 3. This is consistent with the occur-
rence of Type I antiferromagnetism (7), as
was found in Sr,YRuOg and Ca,LaRuQg. In
this type of magnetic structure, ferromag-
netic (100) sheets are coupled antiferro-
magnetically along [100] with the spins ly-
ing in the (100) planes. The ordered
magnetic moment was then calculated to be
1.2(Dup per Ru’* jon. It should be noted
that we have assumed that Ca,YRuOg has a
collinear magnetic structure. There may be
noncollinear structures that would give the
same powder diffraction pattern in the low-
angle region.

Discussion

The most interesting feature of the crys-
tal structure of Ca,YRuOg is the disordered
arrangement of the calcium and yttrium at-
oms, which can best be represented by
writing the formula as Ca;4Yo.57[(Cag sy
Y.43)Ru]Os. Our previous studies (2, 5) on
Ca,LaRuQs, itself better written as Cala
[CaRu]Os, and Sr,YRuOg have found val-
ues of ~2.27 and 2.20 A, respectively, for
the metal-oxygen bond lengths at the
diamagnetic B site. The values found in the
present study lie between these two ex-

F1G. 3. The Type I magnetic unit cell of Ca,YRuOq.
Only ruthenium ions are shown.
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tremes and are thus consistent with the dis-
ordered cation arrangement. The observed
arrangement presumably represents a com-
promise between two competing effects;
first, the tendency for the more highly
charged Y3* ions to occupy the A site
with its higher coordination number, and
second, the tendency for the smaller ions,
again Y3*, to occupy the smaller, six-coor-
dinate B site. The octahedron around the
diamagnetic B site is significantly distorted
with oxygen-oxygen distances ranging
from 3.058 to 3.274 A, whereas that around
the Ru’* is more regular (2.740 to 2.819 A),
as was found to be the case in the M;XRuQOj
compounds studied previously (2, 5). The
distortions reduce the coordination number
of the A site from twelve to eight. The high-
temperature factor of this site may be due
to the disordered cation arrangement found
there.

The Type 1 antiferromagnetism found in
Ca,YRuOg is consistent with a strong near-
est-neighbor Ru—-O-0O-Ru superexchange
interaction along the face-diagonal of the
pseudocubic unit cell and a negligible next-
nearest-neighbor interaction along the cell
edge. Only in Ba;L.aRuQg (2) has this latter
interaction been shown to be significant,
presumably because, of all the diamagnetic
B-site cations studied, only La3* has ener-
getically accessible orbitals which can take
part in a superexchange interaction. The or-
dered magnetic moment (1.2up) found in
Ca,YRuOg is considerably lower than that
found in BaLaRuQg, Ca,LaRuQOs, or SrY
RuO¢ (~1.9up), thus implying, in conjunc-
tion with the susceptibility data, that the
electrons in this material are only very
weakly correlated. We will now consider
the various factors which may determine
the extent of electron delocalization in
these compounds in order to ascertain their
relative importance. Ba,LaRuQOg will be
omitted from this discussion in order that
we may consider the three materials Cal.a
[CaRu] 06 , SI'2 [YRU] 06 . and Ca. .43Y(]. 57
[(Cao 57Y0_43)RU] 06 which all have

249

only one significant cation—cation interac-
tion, that between nearest-neighbors. It is
apparent from the magnetic susceptibility
data (4, 5) that the 4d4%:Ru’* ions experi-
ence stronger intraatomic electron correla-
tions in Sr;YRuOg than in either of the
other two materials, and this observation
allows us to eliminate two possible factors. It
has been suggested (8) that the greater the
acidity of the A-site cation the more strongly
that cation competes for the electron den-
sity on the oxide ions, and hence the less
charge density is available to promote inter-
actions between the magnetic B-site cat-
ions. Strontium is less acidic than any of
calcium, yttrium, or lanthanum but the in-
tercation interactions appear to be weaker
in Sr,YRuOg than in any of the other mate-
rials. The A-site acidity is therefore not the
dominant factor which determines the elec-
tronic properties of these perovskites. Fur-
thermore, the BO4 octahedra in Sr;YRuOq
undergo smaller rotations from their ideal
cubic orientations than do those in Ca,
YRuOg or Ca,L.aRuQg. These rotations de-
crease the overlap of the oribtals along the
superexchange pathway and should there-
fore lead to stronger interatomic interac-
tions in Sr;YRuO¢ than in either of the
other materials. Thus, the degree of struc-
tural distortion does not appear to be the
dominant factor. One parameter which
does vary in a manner consistent with the
electronic properties is the unit-cell vol-
ume, which takes the values of 272, 264,
and 254 A% in Sr,YRuOs, Ca;LaRuOs, and
Ca,YRuOg, respectively. We therefore sug-
gest that the most important factor in deter-
mining the behavior of these materials is
the Ru—-Ru distance, and that the magnetic
superexchange, although actually mediated
by the p#r orbitals on the intervening oxide
ions, can be regarded as a direct exchange
interaction which is very sensitive to the
cation separation. The susceptibility and
neutron data on Ca,YRiiOg both indicate
the interatomic interactions in this material
are very nearly strong enough to overcome
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the intraatomic correlations and thus ren-
der the material metallic. The unit-cell vol-
ume is largely determined by the size of the
A-site cation and we might expect a Ru(V)
double-perovskite with only a slightly
smaller A-site cation to show metallic be-
havior.
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