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The crystal structure of the layered;Bu,0O; system has been analyzed by neutron powder diffraction
methods. The structure is formed by stacking two blocks of distorted SyRe@vskite along the axis,
interleaved with SrO layers. The neighboring corner-sharing octahedra in each double perovskite block are
rotated with respect to each other about the vertical axis so that the Ru-O-Ru angle in thel&hed is about
165° rather than 180°. These rotations are correlated within each double perovskite block, but they are not
correlated along the axis, resulting in an intrinsic disorder that emphasizes the layered nature of this material.
The resulting structure has the symmetry of space gRhgnand lattice parametees=b=5.5016(1) A and
¢=20.7194(5) A at 295 K. Data taken ® K showed no evidence of any structural phase transitions occurring
below room temperature. We also searched for the development of long-range magnetic order to temperatures
as low as 1.6 K, but no evidence of either ferromagnetic or antiferromagnetic long-range order was observed,
with an upper limit of 0.0z for any possible ordered moment. This result contrasts with a reported ferro-
magnetic ordering at 104 K with an ordered Ru moment ofi}.3which we believe was due to a phase other
than SgRW,0,. We also searched for an induced moment, for applied fields up to 7 T, but did not observe any
induced ferromagnetic moment within the same experimental 1i93163-182608)00638-9

INTRODUCTION are correlated within the double layers but are not correlated
along the stacking axis. The low-temperature data show no
The strontium ruthenates SrRyg@nd SsRuQ, have been evidence for long-range three-dimensional ordering of the
the subject of renewed interest due to their magnetic anthagnetic moment, either ferromagnetically or antiferromag-
electronic properties, and their compatibility with cupratenetically.
perovskites when used as metallic conducting electrbdes.
The three-dimensional perovskite SrRu€® a metallic high-
T, ferromagnet T.= 160 K) with a full R* moment above
T. and an ordered moment oful/Ru. The KNiF,-type A 3-g powder sample of §Ru,O; was prepared as de-
layered oxide SRRuQ,, in contrast, shows no local-moment scribed elsewher¥: It is worth pointing out that the final
magnetism or long-range magnetic ordering, and in fact is @aeaction step consisted of heating the 1-g pellets in oxygen at
low-T, superconductor whose properties suggest that it mag300 °C, and then quenching them on an Al plate. We have
be an exotic superconductSi’ The compound SRu,O,  found that if this quenching step is not performed, then
has a double layer of RyMctahedra, and therefore may be S;Ru,0; partially decomposes into su0, and SrRu@,
expected to have properties intermediate between those wofhich can be present as intergrowths in crystalline
SrRu@, and SsRuQ,. Although known for some tim& it SpRW,0,.1! We note that even for impurity levels as low as
has been characterized only recently. It was first reported t60 ppm, the presence of SrRgiCan make a strontium ru-
be an antiferromagnetic metal, with a Curie-Weiss susceptithenium oxide sample appear to be ferromagnetic wiih. a
bility corresponding to a full Rtf moment and developing as high as 160 #1!
antiferromagnetic spin correlations below 13%t was later The neutron powder diffraction intensity data were col-
reported to be an itinerant ferromagnet, witf anear 104 K lected using the BT-1 high-resolution powder diffractometer
and ordered moments of approximatelyAg3Ru, similarto  located at the reactor of the National Institute of Standards
that observed for SrRud’ Here we report the results of a and Technology Center for Neutron Research. A31a)
neutron diffraction powder profile analysis determination ofmonochromator was employed to produce a monochromatic
the crystal structure of this phase at ambient temperature anteutron beam of wavelength of 1.5336 A. Collimators
at 9 K. The results show that there is rotation of neighboringwith horizontal divergences of 1520, and 7 full width at
RuG; octahedra in the Ruplanes through their shared oxy- half maximum were used before and after the monochro-
gen atoms, such that the Ru-O-Ru bond angles in the planeator, and after the sample, respectively. The intensities
are considerably distorted from the ideal 180°. The rotationsvere measured in steps of 0.05° in thé range 3°-168°.

EXPERIMENT
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TABLE I. Refinement results for §Ru,O; obtained from models with4/mmm (No. 139 symmetry.
Constrainedgy1)=Bgyz) - B=8m%(u?), andB;; =8772(ui2j>, whereu is the mean-square displacement and

ijisxy, orz
295 K
Atom Site and position Parameter Model | Model Il Model Il
a(A) 3.89031) 3.890 1@9) 3.890 119)
c(R) 20.71948) 20.71866) 20.718%6)
V (A% 313.583) 313.532) 313.532)
Sn1) 2b (330 B (A2 0.674) 0.712) 0.622)
Sn2) de (332 z 0.18641) 0.186 457) 0.186 409)
B (A? 0.854) 0.882) 0.793)
Ru 4e (0,02 z 0.09761) 0.09771) 0.097 699)
B (A?) 0.334) 0.603) 0.523)
0o(1) 2a (0,00 B (A?) 1.354) 1.483) 1.343)
0(2) 4e (0,02 z 0.19421) 0.195@1) 0.195@1)
B (A? 0.844) 0.973) 0.833)
0(@3) 89 (302 z 0.097G2) 0.097 0@9)
B (A? 2.61(5)
By (A?) 0.126)
B,, (A?) 7.712)
Bss (A% 0.888)
0(3) 160 (3y.2 y 0.06364)
z 0.09621)
B (A?) 0.60(3)
n
R, (%) 8.50 6.33 6.20
Rup (%) 11.18 8.15 7.95
X2 4.468 2.374 2.262
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FIG. 1. Arrangements of Rufctahedra within the block of the 36 38 40 36 38 40
bilayers.(a) Oxygen atoms on the Ry(®lanes located at the ideal 26 (deg) 26 (deg)

positions, with symmetry4/mmm Table I, model [;(b) oxygen
sites on the Ru@planes split into two positions, with 50% occu-
pancy for each. The crystal structure retdiddnmmsymmetry on
the averagéTable I, model I1); (c) the rotations of Ru@octahedra
within the block of the bilayers are correlated, and the superlattic
parameters are related to the tetragonal body-centered lattice by t
transformation matrix1,—1, 0/1, 1, 0/0, 0, L

FIG. 2. Portions of the observe@dross and calculatedsolid
curve intensity profiles using different structural models for
SrRWO; at 295 K.(a) Showing some unindexed extra peaks when
galculated with model 1lI{b) calculated with the superlattice model
tge shorter vertical lines indicate the possible angular positions for
superlattice Bragg reflections
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FIG. 3. Plot of observedcrossesand calculatedsolid curve intensity profiles for §Ru,O; at 295 K. The vertical lines indicate the
angular positions for Bragg reflections and the shorter lines show the positions of the superlattice lines. The lower part of the figure shows
the difference plot] (obs)—1(calc).

Data were collected at 295 @r® K to elucidate possible The structure of SRu,0,, corresponding to model i
structural transitions. The structure refinements were carrieghown in Fig. 1, is formed by blocks of two SrRgiPerov-
out using the prograrssas'® The neutron scattering ampli- skite units interleaved with SrO layers along thaxis. The
tudes used in the calculations are 0.702, 0.721, and 0.58%(3) displacement~0.24 A) indicates that there is a rota-
(x10™*? cm) for Sr, Ru, and O, respectively. tion by ~7° of neighboring Ru@ octahedra in the RuO

In order to detect possible long-range magnetic order apjanes through their corner-shared oxygen atoms, such that
low tempt_arature, d|ffract_|on da;a were collected from 1.4 t10the Ru-O-Ru bond angles in the plane are considerably dis-
250 K using the BT-9 triple-axis spectrometer with & pyro-ygrteqd from the ideal 180°. The rotations in each block are

Iytic graphite PG002 monochromator. A PG filter was a_Iso not correlated in this model, nor are the blocks coherently
employed, at a neutron wavelength of 2.359 A. Relatively

N X . rranged along the vertical direction, similar to the structure
coarse collimation was also employed, with the combmeofl

20 ; ; ; ;
effect that this setup provided much higher intensity thanrgggglf%rofvﬂtlﬁr di dT:(;Bt (;aclggllji[te?o:n;e:jrlrt]){)grr(j;lsvggktz;stra
BT-1, but with a corresponding reduction in resolution. Mea- ' '

surements were also performed in a 7-T vertical field superpeaks present in the observed diffraction patféfg. 2(a)].

conducting magnet in the temperature range from 4.5 to 2511€S€ peaks can be indexed on a superlattice aifh

K, in order to search for an induced magnetic moment. = Psup=av2, andcg,,=c, wherea andc are the lattice pa-
rameters of the tetragonal unit cell. This result indicates that

the arrangement of rotations of the Ryi@tahedra are cor-
related within the block of the two perovskite units, and may

The structure of %R%O7 determined by single-crystal be coherent also along the vertical axis. Models with differ-
x-ray techniques, having symmetrg/mmmand lattice pa- ent arrangements were generated for further refinements. The
rametersa=3.890 A andc=20.719 A®was adopted as the best result R,=5.65, R,,,=6.70, andy®=1.609) was ob-
initial model for our structural refinements. Preliminary cal- tained with a model in which the rotations of RgiG@ctahedra
culations showed that the agreement factors for this modedre correlated within the block of the bilaygfag. 1(c)], but
(Table I, model ] were much higher than one would expect are not coherent between blocks stacked alongctlais.
for a well-refined structure. In addition, the(® oxygen The orthorhombic symmetry of space groBpan with su-
atom located on the RyQayers was found to have an un- perlattice parameters aig,=bs,,=av2 and cg,=c, was
usually large temperature fact(2.61 A%), as was also re- assumed in the refinements. Since the superstructure is
ported in the original x ray® Refinements with an aniso- caused by the rotation of RyQpctahedra in the opposite
tropic temperature factor for (@) gave a particularly large sense within the block of bilayers, Sr, Ru, and the O atoms of
B, value of 7.72) A2 and resulted in a significant improve- the SrO layers are constrained to have the same arrangement
ment in the agreement fact® as shown in Table I, model as those found in model Ill, and the amplitudes of the dis-
II. Since this anomalous result may be due to static disordeplacements of the O atoms in the Ruflanes were con-

a subsequent refinement was carried out with tli®) Gite,  strained to be equal. With this model the superlattice peaks
originally at 3, 0, z, split over the positiong, y, z (site 161)  were fit very well, as shown in Fig(B). No extra peaks with

of space group4/mmm with an assigned occupancy of 0.5. intensities higher than 2% of the strongest one were found in
As shown in Table I, model lll, the refinement yielded athe final calculation. The same model was used for the re-
better agreement factd®, and Q3) shifted ~0.24 A away finements of structures at 25 and 9 K. No additional struc-
from the mirror with a much more reasonable thermal patural distortions or magnetic ordering were found for this
rameter of 0.6(8) A% sample in these experiments. Figure 3 shows the observed

STRUCTURE REFINEMENT
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TABLE II. Structural parameters of JRu,O; obtained from the refinement of the superlattice model IV
with Pbansymmetry. Only one site occupied for&) and 32).

Atom Site and position  Parameter 295 K 25 K 9K Constraint
agyp (A) 5.50161) 5.477Q1) 5.47691)
bsyp (R) 5.50161) 5.477Q1) 5.47691) =agyp
Csup (B) 20.71945) 20.79785) 20.79636)
Vo (A% 627.123) 623.884) 623.794)
s1)  2a (210 B (A?) 0.61(4) 0.175) 0.154)
Sr(12) 2c (2313 B (A 0.61(4) 0.175) 0.154) =Bgq1y)
si2) 4k iz z 0.1863@7)  0.186638)  0.186 698)
B (A?) 0.643) 0.324) 0.334)
Sr22) 4 (332 z 0.313 7@q7) 0.313 378) 0.313318)  =3-zg
B (A?) 0.6403) 0.324) 0.334) =Bsya
Ruy 4 (Gi2 oz 0.097 749)  0.09721) 0.09741)
B (A? 0.392) 0.3003) 0.263)
Ru2 4k (i2 z 0.402269)  0.40281) 0.40261)  =3-zgy
B (A? 0.392) 0.3003) 0.263) =Bryy)
011 2b (330  B(A? 1.166) 0.326) 0.51(7)
0(12) 2d (553 B (A% 1.166) 0.326) 0.51(7) =Boy
0(21) 4 (Gi2 z 0.195039)  0.19541) 0.19541)
B (A?) 0.824) 0.474) 0.404)
022 4k (:iz z 0.304979)  0.30461) 0.30481)  =3-z00
B (A? 0.824) 0.474) 0.404) =Bo2)
0(31) 8m  (xy,2 X 0.46882) 0.46472) 0.46472)
y 0.03132) 0.03532) 0.03532) = 3-Xo(a)
z 0.096 349) 0.09681) 0.09661)
B (A? 0.633) 0.243) 0.203)
n 1.0 1.0 1.0
0(32) 8m  (xy.2 X 0.53122) 0.53532) 0.53532) = 1-Xo(a)
y —0.03132) —0.03532) —0.03532)  —xg -2
z 0.096 349) 0.09681) 0.09661) =Zo(3)
B (A? 0.633) 0.243) 0.203) =Bo(as)
n 0 0 0
0(33) 8m (x,y,2 X 0.53122) 0.53532) 0.53532) =1-Xo(31)
y 0.03132) 0.03532) 0.03532) = 3-Xo(a)
z 0.403669)  0.40321) 0.40341) = 3-Zoga
B (A? 0.633) 0.243) 0.203) =Bo(s)
n 0.5 0.5 0.5
0(34) 8m  (xy.,2 X 0.46882) 0.46472) 0.46472) =Xo(31)
y —0.03132) —0.03532) —0.03532)  —x,q-1
z 0.403 669) 0.40321) 0.40341) =3-Zoa
B (A? 0.633) 0.243) 0.203) =Bo(as)
n 0.5 0.5 0.5
R, (%) 5.65 6.38 6.80
Rwp (%) 6.70 8.14 8.54
X2 1.609 2.400 2.447

and calculated intensity profile of sRu,O; at 295 K, where The two RuQ@ octahedra forming each bilayered block are

we see that the fit of the model to the data is very good. Theotated about the axis with respect to one another by the

structural parameters and selected interatomic distances asgime angle but in opposite directions. Since the octahedra

angles obtained from the model are given in Tables Il andpare corners within each layer, these rotations cause a

Ill, respectively. change of thex andb axes according to the axes transforma-

tion (1, —1, 0/1, 1, 0/0, 0, L The configuration of one block

is, however, uncorrelated with that of the block in the next
Figure 4 shows the schematic representation of the strudilayer along the axis, thus causing a splitting of the(&3)

ture of SERW,O,. The unit cell contains four formula units. and Q34) sites. This feature can be described by saying that

RESULTS AND DISCUSSION
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TABLE llI. Selected interatomic distancéd), angles(®).
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295 K 25 K 9 K
Sr(11)-0(11) X4 2.750 785) 2.738 5@5) 2.738 396)
Si(11)-0(31) X4 2.6232) 2.6112) 2.6072)
Sr(11)-0(31) X4 2.9622) 2.9902) 2.9862)
S1(12)-0(12) X4 2.750 795) 2.738 5@5) 2.738 396)
S1(12)-0(33) X2 2.6232) 2.6112) 2.6072)
S1(12)-0(33) X2 2.9622) 2.9902) 2.9862)
Sr(12)-0(33) X2 2.6232) 2.6112) 2.6072)
S1(12)-0(34) X2 2.9622) 2.9902) 2.9862)
Sr(21)-0(21) X4 2.75672) 2.744 §2) 2.744 42)
S1(21)-0(22) x1 2.4592) 2.4543) 2.4523)
S1(21)-0(31) X2 2.5242) 2.5013) 2.5062)
S1(21)-0(31) X2 2.8652) 2.8942) 2.8962)
S1(22)-0(22) x1 2.75672) 2.744 62) 2.744 42)
S1(22)-0(21) X4 2.4592) 2.4543) 2.4523)
S1(22)-0(33) x1 2.5242) 2.5013) 2.5062)
S1(22)-0(33) x1 2.8752) 2.8942) 2.8962)
Si(22)-0(34) x1 2.5242) 2.5013) 2.5062)
S1(22)-0(34) x1 2.8752) 2.8942) 2.8962)
Ru(1)-O(11) x1 2.0163) 2.0222) 2.0262)
Ru(1)-0(21) x1 2.0252) 2.0423) 2.0383)
Ru(1)-O(31) X4 1.960 52) 1.955 12) 1.955 62)
Ru(2)-0(22) X1 2.0163) 2.0222) 2.0262)
Ru(2)-0(12) x1 2.0252) 2.0423) 2.0383)
Ru(2)-0(33) X2 1.960 52) 1.955 12) 1.955 62)
Ru(2)-O(34) X2 1.960 52) 1.955 12) 1.955 62)
Ru-O-R@ 165.648) 163.948) 163.918)
Ru-O-R{¥ 180 180 180

8n RuO, planes.
bAlong ¢ axis.

once the rotational configuration of a bilayer is chosen, thene to another and connected by Sr-O bonding. If the oxygen
bilayer immediately abovéor below can be oriented, with atoms on the Ru©planes were located at the ideal positions
equal probability, in two different ways; with the identical as reported in Ref. 18nodel | in Table ), the compound
angular rotations in the same sense as the first bilayer, atiould be isostructural with SFi,0; (Ref. 19 with tetrago-
with rotations by the same angle but in opposite directionspa| symmetryl4/mmm If the RuQ; octahedra were rotated
The uncorrelated nature of the blocks in thelirection cre-  apout thec axis with the rotations uncorrelated within the
ates a configuration in which theparameter is defined only piock of bilayers as well as between blocks, as it was found
by the periodic shift of théSrO)(SrO) bilayers and not by i, the sgir,0, compound® then the structure would retain
the orientation of the Rupoctahedra forming each block. 4 | 4/mmm symmetry (Table I, Model 11), although this
For this reason, an equally valid description of the Strucmresymmetry would be broken Ioc:':llly. ’

would be to fix both the occupancies of32) and Q32) at . -
0.5 and those of (33) and Q34) at 1 (or 0) and 0 (or 1), The co_rrelated rotation of RyQOoctahedra within the
block of bilayers not only causes the oxygen atoms on the

respectively(see Fig. 4 The ordering of these atoms is . . . .
therefore bidimensional, since their distribution has no peri-Rqu planes to shift away from the ideal positions and dis-

odicity along thec axis. torts the configuration of the SrRy®erovskite, but it also
The structure of SRu,O, can also be described by the changes the symmetry from tetragoridimmm to ortho-
sequence of layers: rhombic Pban with parametersag = bg,=av2, and cg,,
=c. As mentioned before, with the exception of the oxygen
[(SrO)o(RUG,)(SrO)o(RUG,)((STO), ]

atoms on the Ru® layers, all other atoms retain their
I4/mmmeconfiguration. This may be explained by consider-
XLSTO(RUG,)o(STO)e(RUG,)o( STO)IL(STO) - ing Fig. 5. The arrangement of the O atoms on the RuO
where the square brackets include two corner-shared peroplanes in blockA has a fourfold rotation axis 4, while that in
skite units. The subscriptsando indicate if the cation is at block B has an inversion axis.&he combination reduces the
the center or at the origin of the mesh for each layer. Risymmetry to a twofold rotation axis, i.e., the overall symme-
atoms have octahedral coordinations. As we can see froitry changes from tetragonal to orthorhombic with lattice pa-
Fig. 1, the Sr atoms, located between two Rilgyers within  rametersa=b+#c anda= 8= y=90°.
the block, have 12-fold coordination, while those located be- The ruthenium is coordinated by an elongated octahedron
tween two blocks, underlined in the sequence written aboveyith 1.9605 A for the four in-plane Ru-O distances, and
are ninefold coordinated and the coordination polyhedron i€.016 A and 2.025 A for the two apical distances. This oc-
a capped square antiprism. The structure is stacked along th&hedron is less distorted compared with that found in
c axis by blocks with the origin shifted tgv2 andbv2 from  Sr,RuQ,, where the Ru-O distances are 1.9364 A for the
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=8 (RuOy),

(Sr0),

o (RUOZ)C

10 (510,

=8 (SrO)

- (RUOZ)O

e (S10),

<7 (RuOy),

034
n=0.5 n=0.5 34)

TeTo] 4 s,
! (n'=10r0) (n'=0orl)

10 (Sr0),

4 (Ru0D,

@ n=1or0 n=0or 1
(n'=0.5) (n'=0.5)

®) FIG. 5. Symmetry of two neighboring blocks in the structure of

fSr3Ru207, showing the generation of a twofold vertical symmetry

FIG. 4. (@) Schematic representation of the nuclear struc_:ture Ol xis. The symbols used for the symmetry elements are those used in
the SERW,0,, and of the sequence of layers. The symbols in eacr}he International Tables for Crystallography.

set of parentheses give the chemical composition of the layer, the

subscriptso and c indicate if the cation is at the origin or in the

center of the layer’'s meslib) Projection of Ru@ octahedra along triple-axis spectrometer. Diffraction data were obtained for
the[001] direction, indicating the rotations of the octahedraand  scattering angles in the range of 3°—65° at a series of tem-
n’ are site occupancies of the oxygen ions for two equivalent deperatures to detect the development of new Bragg peaks, or
scriptions of the structurésee text to observe an increase in the nuclear Bragg peaks that might

in-plane bonds and 2.067 A for the apical boRtiFhe ro- be associated with possible ferromagnetic o.rderin.g. No evi-
tation anglesx of the RuQ octahedra are 7.18°, 8.05°, and dence was found for any long-range three-dimensional mag-
8.045° at 295, 25, and 9 K, respectively, thus showing a les§etic ordering, either ferromagnetic or antiferromagnetic,
pronounced distortion of the perovskite than that found inand any magnetic moment that might be ordering would
SKIr0, (Ref. 21) and Sglr,0,,°° where the corresponding have to be less thar 0.05ug . This result contrasts with the
rotations of the IrQ octahedra are-11.4° and 11.8°, respec- reported ferromagnetic ordering at 104 K with an ordered Ru
tively. Due to the rotation of the octahedra arounddfaxis, = moment of 1.3z, which we believe was due to a phase
the Ru-O-Ru in-plane bonding forms an angle of 165.6° apther than SRw,O,.1” We also carried out diffraction mea-
295 K, while that along the axis remains 180°. The 12- surements with a 7-T magnetic field in the range above and
coordinated Sr has Sr to O distances ranging from 2.623 thelow the broad maximum in the susceptibility at 15 K, but
2.962 A. The nine-coordinated Sr, on the other hand, is conagain observed no significant change in the intensities of any
siderably displaced from the center of the antiprism towarchf the nuclear peaks. We also saw no statistically significant
the capped face, and the Sr-O bond distances range froghange in the diffuse scattering that might be associated with
2.459 to 2.875 A. ~ a spin-glass phase that is induced or modified by the field,
As the temperature decreases from 295 to 9 K, the latticgq thus did not observe any scattering that is related to the
parametersa and b decrease from 5.5016 to 5.4769 A as eax maximum observed in the susceptibility. One possibil-
expected, while the parameter Increases from 20'.7194 to ity is that this susceptibility is associated with some kind of
20'7.96.3 A. Thus ther_e IS a negative therme_ll expansion of thg frozen spin glass at low, with a relatively small moment
caxisin SE”RUZOT. Th's. expansion of the axis is due 1o the that is not particularly field sensitive. High-quality single-
behavior of the distortion of the Ry®@ctahedra as the tem- stal samples that are free from intergrowth SrRu@d

perature decreases. The average bond distance of Ruy S .
maintains a constant value of1.981 A in the measured ,RUQ, will likely be required to unravel the nature of the
{jaagnetism in this system.

temperature range, while the Ru-O distance decreases for t
bonds in the Ru@plane, and increases for the apical bonds.
The increase of the apical distances-i8.09 A in total, and
this is reflected in the increase of theaxis. ACKNOWLEDGMENT

Finally, we discuss our attempts to observe magnetic or-
der in this system. Diffraction measurements were performed We would like to thank A. Santoro for helpful discus-
in the temperature range from 1.4 to 250 K, using the BT-9sions.
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