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The crystal and magnetic structure of,Qa0, (CRO) has been studied by powder neutron diffraction. CRO
was synthesized in two different modificatiofsoichiometric and containing excess oxyp&rose crystal
structures are, in spite of strong differences in the lattice constants, closely related. Both structures are derived
from the ideal KNiF, structure type by a rotation of the RyOctahedra around the long axis, combined with
a tilt around an axis lying in the Ruy(plane. The orientation of the tilt axis seems to distinguish the two
room-temperature symmetries; the excess oygen compound is characterized by a smaller tilt angle and shorter
Ru-O in-plane bond distances. Stoichiometric CRO undergoes large structural changes on cooling, though no
symmetry change was detected. In contrast, the excess oxygen containing compound undergoes a first-order
structural phase transition accompanied by a change from metallic to insulating behavior in the electric
resistivity. Both compounds exhibit antiferromagnetic order below 110-150 K; for the stoichiometric sample,
the onset of magnetic order is associated with several structural anorh8b463-182@08)04526-3

[. INTRODUCTION magnetic transition. In addition, CRO is found to be a Mott
insulator which was interpreted as being due to an enhanced
The discovery of superconductivity in the layered perov-U/W ratio. Assuming a comparabld value, this necessi-
skite SERUQ, (SRO (Ref. 1) stimulated a great deal of re- tates a smaller band width due to either a smallerdRD-p
search effort due to its close structural resemblance with therbital overlap or a pronounced structural distortion. That the
original highT, cuprate. The electronic properties of SRO Structure of CRO is rather complicated was already sug-
indicate a two-dimensionaRD)-Fermi liquid under the in- 9ested by previous reports: Nakatsefjial.” have synthesized
fluence of electronic correlatiois. Whether these correla- WO distinct polycrystalline samples, whose lattice constants
tions are essential for the understanding of SRO or not i§0 not well agree with those of the single crystal analyzed by
widely discussed in the literatufé.A rather largeU/W ratio ~ ©- Caoet al.

. o : _ We have analyzed polycrystalline CRO samples by pow-
(the' ratio of the on-site Coulomb repulslqn anq thg O er neutron diffraction. The structure of CRO is found to be
particle bandwidth demonstrates that, in spite of its highly

metallic conductivity, SRO is close to a Mot transition. strongly distorted; furthermore, these distortions cause enor-

The mechanism of superconductivity in SRO might give T, ey vanatons with temperature and a high sen-
further insight to that of the cuprates. Rice and Si§nsb-
posed a triplet pairing induced by ferromagnetic correlations.
The first assumption of a nearby ferromagnetic instability Il. EXPERIMENTAL

suggested by the ferromagnetic ordering in the perovskite As reported previousl§,CRO can be synthesized in two
SrRuQ;, was more recently confirmed by a general banddistinct phases, the main difference being the value of the
structure analysis of the known perovskite relatedlong lattice constantc in space groug4/mmm. We have
ruthenated:® The recent announcement of a much higherprepared polycrystalline samples of both phases according to
superconductingT, in the Cu-doped double perovskite the procedures described in Ref. 8. Thermogravimetric
Sr,YRu; _,Cu,Og promises further relevance of the ruthen- analyses and the fact that the sample with the loogeds is
ates in the context of high-temperature superconductivity. obtained after annealing 50 h in air at 400 °C indicate that
Another compound closely related to SRO is the Ca anathis latter sample has an oxygen excess; throughout the pa-
log CaRuQ, (CRO), whose synthesis was recently per, we will label the two compounds stoichiometric CRO
reported®® In contrast to the ferromagnetic instability sug- (S-CRO (shortc~11.94 A) and excess oxygen CRQD-
gested for SRO, CRO exhibits antiferromagnetic orderingCRO) (long c~12.35 A). S-CRO is partially recovered from
with only a weak ferromagnetic component induced by spinO-CRO by annealing at 900 °C in air and quickly cooling.
canting® The first magnetic studies clearly exclude a ferro- Neutron-diffraction experiments have been performed us-
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T T R ' IIl. RESULTS AND DISCUSSION

2 2or S-CaRu0, — i A. Crystal structure of S-CRO

E obs

£ Voo voal That S-CRO has not the ideabNiF, structure is already

B Fosr demonstrated by the strong orthorhombic distortion at room

temperature, which further increases on cooling. Also, the
temperature dependence of the lattice constants and the vol-
, b WA YL AL Wi ume, shown in Fig. 3, is far from normal: the volume even
O F 0w e p— increases on cooling. The orthorhombic distortion and the
P - § extremely large and anisotropic thermal expansions indicate

WWM%MWMWW a dominant structural distortion.

140

. Structural distortions are of course not at all unusual in a

60 20(deg) 80 100 120 perovskite-related compound; they are frequently due to a
rotation of the octahedra and indeed such distortions are ob-
' ' " sk | ' served in the related compounds,I8p, (Ref. 10 and

i 0-CaRuO SrL,RhQ, (Ref. 1)) which possess thé4,/acd tetragonal

e © Yobs symmetry corresponding to a rotation of the octahedron
Yobs-Yeal around the long axignote that the long lattice parameter is
1 doubled compared with the KliF, lattice). SRO, which re-
mains undistorted down to low temperatufes rather close
i to the rotational instability as evidenced by the measure-
ments of the corresponding phonon mod&Ehe orthorhom-
bic distortion in S-CRO indicates, however, a different dis-
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S S e i i tortion type. The octahedra rotation aroundnay also lead
to an orthorhombic symmetry, similar to that found in
A B PR i R Gd,CuO, (Ref. 19 in space groupAcam (standard setting
(b) 2 20 60 20(deg) 80 100 120 Cmca wherea corresponds to the long axis, which is not

doubled; throughout the paper we will use nonstandard set-
FIG. 1. Diffraction patterns obtained with the high-resolution tings when necessary in order to keep the long axis always as

diffractometer .2 for S-CRO(top) and O-CRQ(bottom) together  ¢), However, in this symmetry the orthorhombic distortion is
with the corresponding calculated profiles. The upper row of theomy weakly coupled to the rotation angle and, therefore,
yertical bars ipdicates the positions of the Bragg reflections b?longremains very small. Another isostructural materia,CaO,,
ing to the main CRO phases and the lower row those of the impugyhibits a similar though still much smaller orthorhombic
rity CaRuQ; phase. splitting than S-CRO. In L#ZLuO,, the low-temperature

phase is characterized by a tilt of the octahedra around an
ing two diffractometers installed at the Orghesactor. The axis lying in the plangspace groufCmca whereb repre-
high-resolution diffractometerB2 (\=1.227 A) was used sents the long axis® Throughout the paper we will call
to obtain data sets extending to rather higtvalues, which ~ “tilt” distortions deformations where the octahedra are tilted
enabled a detailed structure determination. This diffracto@round an axis lying in the RuQor CuGy) planes and *“ro-
meter uses a GE 3 5 monochromator and tight collima- tational” distortions those where the octahedra are turned
tions: 10 in front of the monochromator and 1Gn front of ~ around the long axigc in 14/mmm). Attempts to describe
the 20 detectors. Both samples were measured at room terf{le measured S-CRO patterns by the@uaO, structure type
perature and at 11 K. The measured diffraction patterns d¢mained unsatisfying, indicating another distortion element.
room temperature together with the calculated ones arf Sensible approach is to combine the two distortion types,

shown in Fig. 1. The results of the structure refinements arl! <_)I_rk<]1:r t%‘is:tir't;ZJhgt.g'stofr:é%‘ tlﬁque% NGE. structure
given in Table I. In order to examine the magnetic ordering sy y reductions ideaiF, structur

and the temperature dependences of the main structural p, Space group4/mmm together with the corresponding oc-

ahedra rotations or tilts are summarized in Fig. 4, with the
rgmeters a larger number of patterns were takfen ofGtha restriction to those low-symmetry space groups which do not
diffractometer between 1.5 and 295 K. TG@.1 instrument  \o0.jire a doubling of the long axis. The well studied tilt
is placed at a cold neutron guide and uses a focusing pyro"c’ransitions in LaCuO, and otherT-phase cuprates lead to
tic graphite(002) monochromator X =2.427 A); a bank of e space-group symmetries all withax v2ax c lattices,
800 detec.tors.further increases its ef_ficiency. As an examplgjstinguished by the orientation of the tilt a¥in Abmaor
we show in Fig. 2 two patterns obtained on the S-CRO toBmap (standard settingCmca with b the long axis it is
gethel’ with the prOﬁles calculated USing the Rietveld methOdpara”e| to an octahedron edge,mz/ncm itis para"e] to a
The high flux 0fG4.1 allowed us to collect patterns at sev- diagonal and ifPccnto any other axis lying in the planes.
eral temperatures on cooling and then finely spaced datghe first two phases are commonly called low temperature
points on heating with a temperature step of approximately @rthorhombic(LTO) and low temperature tetragon@lTT),
K for both samples. Magnetic susceptibility and resistivity respectively. The LTO symmetry may be further reduced by
were measured as described in Ref. 8. rotating the entire tilted octahedron around the long axis.
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TABLE |. Results of the structural refinements with the data obtained on the high-resolution diffracto-
meter 3.2. e designates the orthorhombic strain. In space gif®Rp/c there are twice as many sites in the
asymmetric unit as in space groBpca However, the loss of the corresponding symmetry operator(1g.
yields significant differences only for three parameters xC&a-y, and Q1)-z, where the two values are
separated in the table by the slash. All other additional parameters were constrained correspondifih.to Eq.
U, andU, denote the mean-square atomic displacements parallel and perpendicular to the Ru-O bonds.

S-CRO S-CRO O-CRO O-CRO
295 K 11 K 11 K 295 K
Pbca Pbca Pbca P2,/c

aA) 5.40973) 5.38772) 5.40748) 5.32926)

b (A) 5.49244) 5.63233) 5.515@10) 5.31944)

c(A) 11.96136) 11.74635) 11.905216) 12.37198)

Vol (A?%) 355.4 356.45 355.0 350.72

€ 0.0076 0.0222 0.0099 0.0093

B (deg / / / 90.042)

Rup (%) 6.85 7.26 8.55 8.99

Cax 0.00866) 0.00215) 0.00579) 0.020%2)/0.5095(26)

y 0.04746) 0.05934) 0.0489) 0.0138(30)/0.5188(30)

z 0.35182) 0.352%2) 0.35164) 0.34752)

Uiso 0.00939) 0.004G6) 0.0040 0.008@®)

Ru Ui, 0.00386) 0.00336) 0.0033 0.002(8)

0(1) x 0.19614) 0.19524) 0.19427) 0.18828)

y 0.30135) 0.300%4) 0.29967) 0.30626)

z 0.02342) 0.02722) 0.022%3) 0.0/0.0137(9)

U, _plane 0.014014) 0.004710) 0.0047 0.008(®)

U|\-plane 0.00606) 0.00149) 0.0014 0.0056)

Ulong-axis 0.014414) 0.008@15) 0.0080 0.023R1)

0(2) x —0.0576(3) —0.0692(3) —0.0611(6) —0.0295(8)

y —0.0154(5) —0.0212(4) —0.0152(8) —0.0062(11)

z 0.16462) 0.164%2) 0.16673) 0.165@2)

u, 0.012510) 0.004%9) 0.0045 0.011@.2

U, 0.00939) 0.000210) 0.0002 0.0048L.1)

This corresponds to a condensation o¥ 3 phonon mode diffraction patterns for both CRO phases and SRO presented
(corresponding to thEmcasetting and may result in a con- in Ref. 8. One should note that an exceptional quality of the
tinuous phase transitiod. The space group of this “tilt plus SRO sample was achieved in that work by crushing single
rotation” distortion isPbca(in this space group the settings Crystals. The anisotropic broadening was taken into account
corresponding to an even transmutation of the directions aré our refinements by orthorhombic microstratfisThe fact
identical; so,c corresponds to the long axisAn important that these strains are strongest a_lldmgnd weakest a_long
feature of thePbca symmetry is the existence of only one '€flects well the thermal expansion of S-CReee Fig. 3

: " : This may indicate some small stoichiometry fluctuations
-pl 0 tiofO(1)], therefore, all I oxy- ) : X X
in-plane oxygen positiofO(1)], therefore, all in plane oxy %lch nevertheless have an impact on the distortion and the

gens possess the same distance to the planes formed by . . .
Ru atoms. One may reach thbca structure also in the ﬁﬁ ice parameters. Both CRO phases show some impurity

) o . . peaks which are partially due to the CaRugrovskite. In
inverted way. first glred'ucnon of the symmetry according tothe case of S-CRO this perovskite phase represents only 2
the rotational transition in space grod&gamand second the

X ) : oo vol. %. Nevertheless, it was taken into consideration during
shift of the Q1) sites parallel to the long axis again with the yhe refinements by fitting only its scale factor using the struc-
constraint that all @) sites have the same distance to they, 4 parameters given in Ref. 19.

RuG, plgnes. . ) . Table Il resumes some characteristic bond distances and

The fits of the measured diffraction patterns with Rtca  angles obtained for the S-CRO sample. The angle describing
structural model yield a good agreement for both temperathe rotation of the Ru@octahedron around the axis is
tures, see for example Fig(al. The structural parameters rather large,=11.8°, and shows no temperature depen-
are listed in Table I. The low-temperature structure is furtheence. Similar values are observed igR810, (Ref. 1) and
presented in Fig. 5 in the form of an ORTEP plot, which Sr,IrO, (Ref. 10, where also little temperature dependence
clearly demonstrates the enormous structural distortiomelow room temperature is found. The rotational distortion
present in S-CRO. It is obvious that the observed patterns dappears to be the main structural instability in thedeatd
not show the experimental resolution but an intrinsic broads5d compounds in agreement with the analysis of the lattice
ening; this can also be seen in the comparison of the x-raydynamics in SRG3 A corresponding phase transition in S-
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FIG. 2. Diffraction patterns obtained on the high flux diffracto- C_RO are only little dlsto_rt_ed. For instance, the ort_horhomblc
meterG4.1 with S-CRO together with the calculated profiles tak- distortion fQIIOV_VS the rigid t'lt_: the octahedra tilt nearly
ing into account the structural phase of S-CRO in space grou@roundb which is the longer lattice parameter. Therefore, the
Pbca the magnetic phases corresponding to fheentered and difference in the lengths of the edges of the octahedron basal
B-centered magnetic modes and the CaRiripurity phase. The planes remains small. The rigid character of the RoGta-
four rows of vertical bars indicate the positions of the Bragg reflec-hedron is related to the pronounced covalent character of the
tions corresponding to these four phases in the sequence givdRu-O compounds. The covalent nature of these bonds was
above. also deduced from the analysis of the lattice dynamics in

SRO (Ref. 22 and is well explained by the strong Rudt4
CRO should, if at all, occur at elevated temperatures an@®-2p orbital overlap.
might possess strong order-disorder character. The role of The data obtained with the longer wavelengtiGdt 1 are
this distortion for the electronic properties of all these com-insufficient for a full structure determination. In order to sup-
pounds still needs to be elucidated. However, the phase digress correlations during the fits, the parameters not depend-
gram of SpRy; _,Ir,O, indicates a close couplirid:*! The  ing on temperature, Cg; O(1)x,z, and O(2)y, see the
latter compounds show metallic behavior only for low Ir 3T.2 results shown in Table I, were fixed. In addition the
concentrations; the structural rotational transition occurringhermal parameters were constrained to the values interpo-
for elevated concentrations seems to induce nonmetallitated to the high-resolution data. There is still some correla-
properties. tion between the Ca and(® displacements parallel to the

The tilt angle of the octahedra can be calculated usinglanes which limit the significance of the corresponding re-
either the apical oxygefD(2)] or the basal planes. The basal sults. Nevertheless, the good agreement betweerGthd
planes tilt around an axis shifted from thaxis by ¢; the tilt  results and the high-resolution data at 295 and 11 K demon-
angle between the octahedron basal planes andathke  strates the reliability of these data. At low temperatures ad-
planes,f-O(1), increases from 11.2° at room temperature toditional magnetic reflections were taken into consideration,
12.7° at 11 K. The tilt of the octahedron results in a shift of see below. Besides these magnetic reflections, no new inten-
the Q2) site perpendicular te; the direction of this shift is sities appear on cooling. Therefore, we conclude that no
almost parallel toa, the deviation is due to the octahedron structural transition occurs in S-CRO below room tempera-
rotation around the long axis and agrees very well with ture. Figure 6 shows the temperature dependence of the three
The angle between the Ru® bond and the long axis}- tilt and rotation angles characterizing the two distortions and
0(2), is smaller than the tilt of the basal planes. The tem-demonstrates the different character of the tilt and rotational
perature dependence of the tilt angle, see Fig. 6, indicatesdeformations.
tilt transition several hundred degrees Kelvin above room The in-plane parameters show thermal expansion coeffi-
temperature, and, hence, suggests that the group-theoreticaénts of different signgsee Fig. 3, a is shortening upon
distortion sequence indicated in the left part of Figg)4e-  cooling but much less than what would correspond to the
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FIG. 4. (8) Schematic picture showing the group-subgroup relations together with the associated distortion types and lattice changes. A
line indicates a transition into a subgrouyp) Rotation and tilt schemes of an ideal rigid octahedron. The thin lines correspendrtdb
axes of thd 4/mmmstructure, i.e., they pass through the Ru-O bonds in the nondistorted structure. The thick lines show the rotation or tilt
axes, when viewed along these lines towards the Ru all rotations are clockwise. Above left: LTO-type tilt corresponding to space group
Abma above right LTT-type tilt corresponding 4, /ncm space group; middle left LTO-tilt plus rotation corresponding’toca space
group; middle right LTT-tilt plus rotation corresponding R2,/c space group; lower: rotation correspondingAcamspace group(c)
Schematic picture of a single Ry@yer distorted by a LTT-tilt combined with a rotation corresponding to space gP@upc (the Ru ions
are designated by the larger dof§he displacements of the(D sites perpendicular to the plane are indicated by plus and minus signs, half
of the Q1) sites remain on the layer in the LTT-tilt mode.

rotation of octahedra with temperature-independent size. Asmall difference; therefore, we show in Fig. 7 the averaged
the b direction is almost parallel to the tilt axis, the strong, Ru-Q(1) distance as a function of temperature. The strong
more than 2%, increase bfdirectly translates into an elon- increase of this bond of about 2% on cooling should be con-
gated Ru-@1) distance. ThePbcasymmetry allows a split- sidered as extremely anomalous compared to the usual ther-
ting of the two Ru-@1) bond distances, which, however, mal contraction of some 1G seen for example in SR&:%
remains negligible as it is seen in the high-resolution resulthe elongation of the in-plane bond is accompanied by a
in Table Il. TheG4.1 data does not allow to distinguish the shrinking of the Ru-@) distance of a similar amount. Due
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02 1 ® FIG. 6. Tilt [#-O(1) and 6-O(2)] and rotation angleé®) in S-
W CRO as a function of temperature. The open symbols denote the
results obtained on the high flux diffractometer and the filled sym-
Ru bols those of the high-resolution experiments. Due to the used con-

straint, ¢ was not determined with the high flux data.

FIG. 5. The low-temperature structure of tRbca phase of

CRO in the form of an Ortep plot. The drawn ellipsoids representdence of the lattice constants is rather similar to that found in
85% probability density, and the box shows the unit cell of ansome manganites where it appears ascertained to arise from a
undistorted tetragonal structure. Jahn-Teller effect?

Coming back to the lattice constants given in Fig. 3, one
to the double weight of the in-plane distance, the averageotices a saturation of the increasebiron cooling near 110
Ru-O bond distance still increases on cooling. The flattening, i.e., the temperature where the magnetic ordering sets in,
of the RuQ octahedron along the axis might be associated see below. A similar effect can be seen in both Ru-O bond
to a Jahn-Teller distortion. Indeed, the temperature deperdistances. In addition, the parameter(long axi9 exhibits

TABLE II. Several bond distances and angles obtained from the structural refinements shown in Table I;
for comparison, we show also values fopLRu0, from Ref. 12.

S-CRO S-CRO 0O-CRO O-CRO SKLRUO,
295 K 11 K 11 K 295 K 295 K
Pbca Pbca Pbca P2,/c [4/mmm

Ru-01) (A) 1.9862) 2.0152) 1.9764) 1.9153)/1.920(4) 1.9355
1.9932) 2.0182) 2.0074) 1.9634)/1.953(4)

Ru-02) (A) 1.9952) 1.9732) 2.0144) 2.04§3)/2.048(3) 2.0599

RU-Qyer (A) 1.991 2.002 1.999 1.975 1.977

Vol RuQ; (A%) 10.52 10.69 10.65 10.24 10.28

Ca-Q1) (A) 2.2984) 2.2923) 2.3036) 2.298(11)/2.266(16) 2.692

2.4364)  2.4333)  24256)  2.454(44)/2.492(16)
2.6544)  2.5653)  2.6486)  2.916(14)/2.911(16)
3.2304)  3.3133)  3.2356)  3.088(14)/3.078(15)
Cca-Q2) (A) 2.2943)  2.2873)  2.2586)  2.27§9)/2.264(9) 2.439
2.3804)  2.3623)  2.3796)  2.407(12)/2.540(17) 2.737
2.4244)  2.3993)  2.4337)  2.558(17)/2.566(20)
3.0894)  3.1183)  3.0936)  2.771(17)/2.772(20)
3.1094)  3.2963)  3.1327)  2.935(12)/2.805(17)

Ca-Q1),yer (A) 2.654 2.651 2.652 2.688

Ca-Q2),er (A) 2.659 2.692 2.659 2.589

Ca-Qer (A) 2.657 2.674 2.656 2.633 2.684
Vol. CaQ, (A3) 39.16 39.21 39.05 38.72 42.58
Ca-bond valence sum 2.006 2.072 2.044 1.929/1.891

0-0(1) (deg 11.2111) 12.7211) 10.7911) 5.0633)

0-0(2) (deg 9.31(5) 11.455) 9.7510) 4.5012)

¢ (deg 11.88@2) 11.88%2) 11.9083) 13.282)
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FIG. 7. The Ru-@2) (apeX and the averaged Ru¢D-bond (100) (101
distancegleft) and the octahedron basal plane edge lengths aong -400 X ( P ) . I ,
and b in S-CRO (Pbca as a function of temperature. The open 25 29 33 37

symbols denote the results obtained on the high flux diffractometer

and the filled symbols those of the high-resolution experiments. 28 (deg.)

anomalous behavior near the magnetic ordering. The Stron% FIG. 8. Part of the high flux diffraction pattern for different

shortening of the long axis upon cooling may partially be:empaerg‘gﬁﬁtse zhvoe":_’t'ir;g”f;"fo:nggrri'f;'ir:gﬂheigﬂggl;zeségs;pz:zspfg'
explained by the increasing tilt of the octahedron; however80 K and the difference between two lines to approximately 5 K.

the observed tilt increase is too small for explaining the ob-
served reduction: assuming a constant octahedron lengt
one obtains only 0.7% shortening which represents only on
third of the observed effect. Theaxis shortening is mainly
caused by the reduction of the RyZpbond distance. Below
the magnetic transition the axis exhibits little thermal ex-

Bt)nds with the @) sites, the ideal structure possesses two
Histinct types, an unique one parallel to the long axis and
four equivalent bonds almost perpendicular to the long axis.
The latter four distances are as strongly modified as the Ca-

. A simil b tion below the f i 0O(1) distances. These strong effects indicate that the Ca-O
pansion. A simiiar observation DEIoW the Terromagnetic ory, ,,4q 5rq important for the mechanism of the tilt and rota-

dering in metallic SrRu@has been interpreted as an Invar tion transitions in S-CRO, similar to the observations in Sr-

effect’® 26
The volume thermal expansion is small when compared thped LaCuO,.

the effects along the axes; however, the increase of volume ) ,
upon cooling from room temperature to 150 K is rather B. Magnetic structure in the S-CRO
anomalous; and again there seems to be an influence of the Figure 8 shows a part of the high flux patterns obtained at
magnetic ordering. different temperatures between 20 and 150 K. On cooling
Figure 3 shows the temperature dependence of the orthdkere are additional reflections appearing, which can be in-
rhombic strain,e=(b—a)/(a+Db), which at low tempera- dexed in thePbcalattice with oddh or k. Therefore, these
ture, is more than twice as high as at room temperature. Ongeaks correspond to a superstructure in comparison to the
may define the tilt angle as the order paramé&eof the  undistorted KNiF, lattice and to an antiferromagnetic order-
phase transition from a hypothetical high-temperature phasiag. However, the distinct new reflections do not show the
towardsPbca For this case, simplest Landau theGrpre-  same temperature dependence indicating two coexisting
dicts that the orthorhombic strain is coupled to the ordemagnetic modes. The ordered moments corresponding to the
parameter quadraticallygxQ?, which is certainly not ful- two modes described below were refined together with the
filled in S-CRO. Whereas the reduced temperature deperstructural model and are shown in the upper part of Fig. 9.
dence of the tilt angle indicates a transition at least severadne type, for examplé€l 0 1) starts to increase already near
hundreds of degree Kelvin higher than room temperaturd50 K and saturates near 110 K when a second type of mag-
(Fig. 6), the orthorhombic strain extrapolates to zero alreadynetic reflectiong(1 0 0 and(0 1 1)] starts to grow; the latter
near 400 K(Fig. 3). Furthermore, the tilt can explain only reflections saturate at much lower temperature. For compari-
half of the orthorhombic strain; the other part results fromson we show in the lower part of Fig. 9 the magnetic sus-
different octahedron basal plane edges parallel smd par- ceptibility of the same sample; there is excellent agreement
allel to b, see Fig. 6. The pronounced increase of the edgbetween the anomalies observed there and the characteristic
length alongb clearly demonstrates that the orthorhombictemperatures for the magnetic intensities observed in the
strain is not directly coupled to the tilt angle. Like the tem- neutron diffraction.
perature dependence of the RuO-bond distances, this behav- Unfortunately there is already some broadened intensity
ior may be explained by a Jahn-Teller-like coupling varyingnear the position of thél 0 1) peak at higher temperatures;
with temperature in th@bcadistorted phase. the maximum of the additional peak corresponds to about
The most pronounced differences when compared to aB.5% of the strongest intensity. TH& 0 1) reflection is
undistorted KNiF, structure are found for the Ca-O dis- forbidden inPbcasymmetry; furthermore, it cannot be ex-
tances, see Table Il. In the undistorted structure there is onlglained by an experimental artifact, as for instance O-CRO
one Ca-@1) bond distance, which is split into four different measured under the same conditions does not show this in-
values in S-CRO, the ratio between longest and shortest Caéensity. Several attempts were undertaken in order to explain
O(1) distances approaches a factor of 1.4. Concerning ththis feature by a reduced structural symmetry, but the most
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T (K) =0.5 are shown. The propagation vector of fheentered mode is

(1 0 0 (LayCuQ, type) and that of theB-centered type i$0 1 0
FIG. 9. Results of the magnetic refinements for S-CRO: the( a,NiO, type).

filled circles show the ordered moment corresponding to the

B-cent'ered magnetic mode and the open circles the moment Corrf)'orted for PsNiO, (Ref. 28 and (La/Nd),CuO;. 27 |t is, fur-
sponding to the-centered modéscaled to 100% volume fraction o more  astonishing that the ordered moment of the first
The lower part shows for comparison the magnetic susceptibility af)hase saturates just when ordering corresponding to the sec-
1 T measured on a part of the sample. - .

ond mode sets in. Th&-centered mode can be considered as

the main contribution to the antiferromagnetic ordering. The
probable models did not yield a significant structure factorimplication of the antiferromagnetic arrangement for the ob-
for that reflection. The broadening may indicate some locakervation of the weak ferromagnetism will be discussed to-
distortion for example of the rotational scheme, which wasgether with the results for O-CRO.
already assumed for $rO,.1° That the magnetic ordering of ~ In order to estimate the ordered moment one has to sum
the Ru spins would persist up to high temperature appeamver the two phases yielding a value of gZg3smaller than
rather unlikely due to the low N temperatures commonly 2ug expected for Rti. One further should take into account
observed in ruthenates. For the analysis of the magnetic dathat we have used the form factor for Rugiven in the
the contribution of this spurious peak was subtracted froninternational Tables for Crystallograptiyfor calculating the
the fitted intensity. magnetic intensities, which, at high€ values, overesti-

The two different types of peaks cannot correspond to anates the real form factor of the strongly hybridized arrange-

magnetic structure with one propagation vector. Assumingnent in CRO. Therefore, the corrected ordered moment
an antiferromagnetic ordering in one plane, the only possishould be somewhat higher, approaching the ideal value.
bilities to arrange neighboring planes are in &nor in a The magnetic order influences the crystal structure as can
B-centered way as depicted in Fig. 10. This means that eithdye seen in the anomalies of the lattice parameters Tigar
the Ru at(0 0.5 0.5 or the one at0.5 0 0.5 is equivalentto  see Fig. 3. A possible effect for the tilt angle shown in Fig. 6
the one at0 0 0. It is evident that the first type of reflections is difficult to separate from the expected low-temperature
(101 corresponds to the B-centered” arrangement and the saturation. In contrast, there is evidence that the temperature
second typé(100 and(011)] to the “A-centered” one. Fur- dependence of the Ry@ctahedron distortion changes near
ther inspection of the intensities of the different reflectionsthe magnetic transition, see Fig. 7. The antiferromagnetic
within one family leads to the conclusion that for both typesordering should be dominated by the in plane superexchange
the ordered moment is aligned alobgand hence parallel to constant between neighboring Ru’s, which will sensitively
the elongation of the octahedron basal plane. The two obdepend on both bond lengths and bond angles. Concerning
served antiferromagnetic arrangements depicted in Fig. 1@he bond angle, maximum interaction is expected for flat and
correspond exactly to the kGuQ, and LgNiO, types of undistorted Ru@ planes, corresponding to a bond angle of
ordering, which were described for example in Ref. 27. Be-¢-Ru-O(1)-Ru=180°. The strong distortion,
low 150 K the ordered moments according to these two mageé-Ru-O(1)-Ru~151° in S-CRO at 11 K, weakens the anti-
netic modes were refined together with the structural modelferromagnetic contributio®® However, the same distortion
The obtained values are presented in Fig. 9. It appears uishould also significantly alter the ferromagnetic interaction.
likely that the magnetic structure is single phase but thal quantitative analysis of the magnetic order in CRO will
complicated. It appears more reasonable to assume that theexjuireab initio calculations. The deformation of the octa-
is a phase separation into two coexisting phases. A similanedron which might be associated with the Jahn-Teller ef-
coexistence of these two magnetic modes was already rdect, is obviously coupled to the in-plane and interplane cou-
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pling. Also the elongation of the octahedron basal planesites has a nonzero position as in an ideal LTT structure.
alongb appears closely coupled to the magnetism, since th&herefore, the description iR2,/c needs only three addi-

ordered moment follows this elongation. tional parameters: Cax, Cd -y and the monoclinic anglg,
which, however, remains close to 90°. In addition it was
C. Crystal structure of O-CRO necessary to refine the amount of the CaRu@purity

Room temperature structure of O-CRCThe high- phase, which possesses a larger volume ratio than in S-CRO.

resolution pattern obtained with O-CRO at room temperaturd N€ final structural parameters are presented in Table I. The
has little resemblance to that of S-CRO, see Fig. 1, suggestefinement of theP2,/c model gives a slightly better de-
ing a rather different structure, as already deduced from th&cription than the one according Rbcg the strongest de-
much |argerc axis (|ong_c phasé_ However, the huge tem- viation arises from the G.) Sp“t It was checked that this
perature dependences of the structure of S-CRO have shovghavior can be excluded for S-CRO, where refining the two
that in this system essential distortions may occur withoufO(1) sites within P2, /c symmetry yields shifts along the
changing the fundamental structure of CRO. long axis which are identical within their errors. The
First refinements indicate that O-CRO possesses a strutemperature-dependent studies show, that the O-CRO phase
ture derived from the KNiF, type with a quite peculiar dis- remains quasitetragonal upon cooling down to 160 K, in con-
tortion scheme but without any doubling of the long axis. Wetrast to the strongly varying orthorhombic strain of fPleca
checked the rotational distortion found in &10,,** space  phase in S-CRO, where it possibly passes zero above room
group Acam This refinement yields a better agreementtemperature. This discrepancy in the temperature dependence
though it still remains rather imperfect. The SUper|atticesupport3 the distinct symmetry in both phases. However, it
peaks which are of type (21} or (1 21) are well described; may not be excluded that tHe2,/c symmetry in O-CRO
however between two neighboring reflections of that typeesults from averaging short-range orthorhombic distortions
some broad intensity exists, which may point to an imperfecyjmilar to the structure of S-CRGee below The definite

tion in the stacking of the rotationadis}grtion. A similar analysis of the space group in O-CRO requires certainly
observation was reported also for,80D,.~~ Some unde- single-crystal diffraction.

scribed intensities indicate that in addition to the rotational The refinement in the2, /c is still less satisfying than

distortion a long range filt deformat|on exIsts in the O'CRothose of the S-CRO data sets, especially the high flux data
phase too. However, the quasitetragonality of the lattice, . ; :
indicate some weak but unexplained reflectignete, that

which prevents a detailed analysis of extinction rules, sugih CaRUQ i itv oh has b taken int id
gests a space group other tHabca Nevertheless, a satisfy- t'e 3 !JQ ![rr?pur:c_y P aSteThas eenk axen 'ntg c_or(1jS| e(rj—
ing description can be obtained in the latter model. ation during the rennementsinese peaks cannot be indexe

The rotational distortion described in space grégam even when doubling all parameters of tR@,/c structure,

does not induce a strong orthorhombic splitting though it iSwhich would already require a rather complicated distortion

allowed by symmetry. In this case, the orthorhombicity jsPattern. Furthermore, they do not show the same and very

only caused by the stacking of the distorted planes—a singI,[Shar""(:te“SSCI temR(:.tratur:e ?e%endggcethof tht? Eam treI!ec-
layer still has a fourfold axi&*3!In contrast, the tilt distor- -o"'>: S€€ below. Attempts 1o describe them by the starting

tion may easily induce orthorhombicity. We assume that thén_aterlals CaC@and RQQ were unsuccessful. These peaks
distinct structure in O-CRO is due to a different tilt scheme.mlght be due to a r_nultllayer Ruddlesden-Popper pfase.
Because of the quasitetragonal structure a tilt scheme corre- The. characteristic bond .Iengths gnd angles of O-CRO are
sponding to the LTT structure of the cuprates should presurng!Ven in Table 1l. The main distortion elements are rather
ably be involved. Therefore, we looked for the subgroups o ifferent when compared to the results on S-CRO. Whereas

the LTT space groufP4,/ncm. Since the rotation should the rotational angle is slightly larger in O-CRO, the tilt is
not induce a lattice larger than that of the LTT struct(see strongly suppressed. The loegehase appears less favorable

above the mode involved in such a transition has to be anfor a large tilt than the LTO-liké®bcaphase, an effect which

evenI’ mode. Among the few candidates listed in Ref. 17,'S cor.npensated. b_y the increas_ed rotation._ However, while
only P2, /c allows the desired distortion. IR2, /c, there explaining the d|st|nc_t symmetries, these differences appear
are two Q1) sites within one plane as it is necessary in ghot to be the most Important features_. Already the lattice
LTT tilt scheme: in the ideal case, only one site is movingV°|ume’ which is about 1.5% smaller in ###2,/c phase,

perpendicular to the planes. Howeverf, /c, also the Ca indicates essential changes in the bond lengths too. These

Ru, and @2) sites are split which considerably increases theeﬁceCtS are most pronounced for the Ru-O distances, which

number of free parameters in this structup2, /c is also a show a small octahedran flattening in tRbcaphase in S-

- ; CRO. In the longe phase in O-CRO, there is a strong elon-
\?v%ki)grzoil;pngret;((igt(esriei;% /2’(; :assymmetry relation oPbca gation of the octahedra along the long axis, which together

with the reduced tilt angle accounts for the larger long axis.
(0.5—-x0.5+Yy2). (1) The. symmetry in O-CRO appears to impose important con-
straints on the Ru octahedra which appear to be relaxed in
The distortion of a single RuQayer is shown in Fig. &). the Pbcastructure. The in-plane Ru-O distance is the struc-
First refinements with the full number of free parameterstural parameter most important for the electronic properties,
indicate that only the () and the Ca site violate the sym- this distance is about 2.5% smaller in O-CRO. It seems in-
metry operator1); therefore the number of free parametersteresting to note, that the RuO coordination in O-CRO which
was reduced by constraining most of the sites according tes metallic at room temperature, is rather similar to the one in
Eq. (1). Furthermore, it turned out that only one of thélD  metallic SERUG;.
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0 : | | : FIG. 12. Partial volume fractions of the three structural phases
- '22 '23 '24 '25 I26 in O-CRO as a function of temperature, the Pnma phase corre-
sponds to the CaRuperovskite. The arrows indicate the tempera-
(@) 20 (deg.) ture variation.
70000 be well described by a superposition of three phases: the
I P2,/c O-CRO structure, th®bcaphase like in S-CRO and
- i 111 i ] the perovskite CaRu{mpurity phase. A similar superposi-
2 seoo0 [ (111) 3 - tion was then used to describe the high flux data at interme-
S - mn diate temperatures. The latter data allowed us to determine
< “1“,A“; 1 the temperature-dependent volume ratios of the different
3 42000 | ﬂ = phases in this sample which are depicted in Fig. 12. The
& e perovskite volume ratio is constant, as expected for an im-
g purity phase. At 200 K the transition towards tAbcaphase
S 28000 £ — : : S
2 sets in, which remains incomplete even at the lowest tem-
~ - peratures: 24% of the sample remain in the lengtructure.
14000 There is a pronounced hysteresis of about 40 K between
o\ cooling and heating which confirms the first-order nature of
2 . the transition.
0 ) T The results of the 11 K high-resolution structure analysis
37 38 39 40 41 42 are presented in Tables | and II. The structure is very similar
to that of S-CRO at the same temperature which is charac-
(b) 20 (deg.)

terized by a shorter axis(short¢ phase. It should be noted
FIG. 11. Parts of the diffraction patterns obtained with.1 on j[hat the rotational angl_¢, WhiCh was significantly enhanced
O-CRO showing thé002 (a) and (111) reflections(b) at different 1N theP2,/c structure, is shifted to exactly the same value as
temperatures. The profiles are shifted vertically with the lowest lind" S-CRO where it was found to be temperature independent,
showing the data obtained at 1.5 K. The successive lines corresporf@e Table Il. The angles characterizing the tilt of the octahe-

to temperatures of 20, 40, and then-t® K temperature steps. dra are strongly increased when C(_)mpaYEd to Bl /c
room-temperature values but are still lower than those of

The average RuO bond distance is about 1% smaller i8-CRO at low temperature. The latter tendency is also fol-
the longe phase. Hence, the increased lattice volume in Slowed by the orthorhombic strain. As discussed above, the
CRO is mainly due to the Ru coordinatidgeee Table I\ strong deformation of the RuyQoctahedron in the long-

The differences in the Ca-O bonds are less dramatic: thphase constitutes an essential structural difference between
CaO-coordination polyhedron appears more regular in théhe two room-temperature structures. This deformation is
longc phase. also relaxed by the first-order transition on cooling. The oc-

Low-temperature phase transition and structufégure tahedron in thePbca structure in O-CRO at 11 K is more
11 shows parts of the diffraction patterns obtained using theegular than that of S-CRO. The inequivalent Ru-O bonds
high-flux diffractometer upon heating; these figures show thénave almost the same distance and also the edge lengths of
profile shapes of th€d 0 2 and(1 1 1) reflections inPbca  the octahedron basal planes are more similar. The latter split-
notation. The essential changes manifest a structural reating is related to the smaller orthorhombic strain in Bieca
rangement related to a first-order phase transition. The restructure. In order to briefly resume the low-temperature
flections corresponding to the room-temperature phase datructure of the O-CRO, one may note that it corresponds to
pend only slightly on temperature concerning their positionghe Pbca structure of S-CRO with all characteristic distor-
but their intensity is continuously transferred to the newtions being less pronounced.
peaks at low temperatures. The position of the new peaks Figure 13 shows the lattice parameters for the two phases
indicate that the low-temperature O-CRO phase exhibits & O-CRO as a function of temperature. One notices that
smaller long axis and larger in-plane parameters, as does thieese parameters also show some hysteretic behavior. On
Pbcaphase of the S-CRO and, indeed, it turned out that theooling thePbca parts of the sample show stronger ortho-
new phase can be described in tlecastructure. The 11 K rhombic strain and a smaller long axis—both effects indicate
pattern measured on the high-resolution diffractometer could character closer to the one in S-CRO. The parts transform-
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0-Ca,Ru0, complex structure types like KiF, the analysis becomes
5.7 . . 0.025 more complicated due to the degrees of freedom which per-
. * mit the system to reduce the internal misfit. In these cases it
5.6 . 10.020 ! .
o bb oo i appears more convenient to analyze the stability of'the struc-
’f 55 oo d “o 00 10.015 & ture using the bond valence sum analy3eghen available.
Z - i
: 54l a j ao%gﬁg&:;% looto = tSuch. an qnaly3|s is perfectly. adzzélpted to describe the phase
g J x ransition in the LaCuQ, family.””> For Ru the necessary
: PR 10.005 ~ parameters are not yet determined; therefore, one has to re-
P2i/e strict this analysis to the Ca site. The analysis of th&k86),
1%% i : : 358 compound yielded a perfect stability of the ideal structire,
L : using the same structure with Ca bond valence parameters
P2,/c mw&“@mw 136 2 yields a bond valence sum of 1.29 clearly indicating the in-
= B .3545 stability induced by the Ca ion. The smgller Ca needs a
= 120 . g smaller polyhedron, therefore, it exerts a higher pressure on
© wwm;ﬁ?us@" 1 o2 352 3 the RuO bonds. In thBA/mmmsymmetry it is impossible to
. M 350 2 reduce the CaO polyhedron volume without simultaneously
- = increasing the pressure on the Ru-O bonds. In order to re-
15 348 equilibrate the internal pressure it is favorable to lower the
0 1°°T (K)2°° 300 0 1°°T (K)2°° 300 symmetry and then reduce the Ca-O distances separately via

the new degrees of freedom. The bond valence sums of Ca in
FIG. 13. The lattice constants, orthorhombic strain and lattice 'CRO and O-CRO at room temperature, given in Table I,

volume in O-CRO as a function of temperature. The open circleénd'cate an almqst e_qUIIIbrat_ed §tructure fqr bOth_ com-

denote the results obtained @w.1 for the Pbca phase and the POUNds. From this point of view it appears impossible to

open triangles those for the2, /c long-c phase. The filled rect- €XPplain the short—long-< transition.

angles show the corresponding high-resolution results; furthermore, The role of the oxygen content is to further tune the struc-

the lattice constants of S-CRO are shown for comparison indicateéHral balance? Additional oxygen will relax the pressure
by the filled circles. implied by the misfit, since it oversaturates the Ca coordina-

tion and a charge transfer towards the Ry@nes results in

ing on cooling at lower temperature seem to readjust themaller Ru-O equilibrium distances. The latter requires an
averagedPbca structure in O-CRO. The same behavior is oxidation of Ru higher than 4 which is also found in the
also seen in the temperature dependence ofRbea tilt double perovskite SRuYOg.” From the phase diagrams of
angle 8-O(1). Only little can be learned about the tempera-La,CuQ,, ;s (Ref. 39 and LaNiO,, s (Ref. 37 it is well
ture dependence of the lorgphase in O-CRO because of known that even small amounts of interstitial oxygen which
the structural transition of the major part of the volume. Theare undetectable with the powder neutron-diffraction tech-
P2, /c lattice parameters exhibit much smaller temperaturenique, significantly shift the structural transitions. We sug-
dependences than those of #Bkcaphase, for example the gest a similar behavior for the CRO compounds. The highly
long axis varies within a relative change ok20 3 which  distorted CRO structure is certainly favorable for an inser-
may be considered as a normal value for a compound witlion of additional oxygen during the annealing at 400 °C,
pronounced covalent bonding. Also the volume shows a norwhich reduces the structural distortion as, indeed, the com-
mal thermal expansion. Below 200 K, when the transformaparison between thbca structures in the two samples at
tion starts, the long axis begins to increase and a more prdew temperature confirms. Thermogravimetric analysis
nounced orthorhombic splitting is observed; the monoclini(TGA) studies on the two samples allow to determine the
angle is always close to 90°. Like in tHebca parts, the enhanced oxygen content in O-CR@=0.07(1) corre-
phase separation may also allow the langparts of the sponding to the formula GRuQ,, ;, whereas we finds=
sample to relax. The long-structure is far too complicated —0.01(1) in S-CRO.
for being determined as a minority phase: even the high- Another impact of the interstitial oxygen consists in the
resolution data allowed us only to refine €aO(2)-z, and introduction of sizeable disorder, since around an excess
0O(1)-z at 11 K. The first two parameters show no effect andoxygen the tilt distortion should become considerably re-
the last one indicates a slight increase of the tilt angle in th&uced. A similar disorder was discussed in the context of the
longc phase upon cooling, which is supported by the highLTT-tilt structure in Lg_,_,SrR,CuQ, with R being a rare
flux data. earth®® the LTT-tilt scheme appears more favorable in order

Mechanism of the sherd-long-c transition The mecha- to adapt variations in the ionic radii of the atoms occupying
nism of rotational and/or tilt transitions in perovskite-relatedthe La site than the LTO scherm&This statement is sup-
compounds is well analyzed in several families of typeported by the fact that the transition temperature from LTO
A;BO; .**3* A high symmetry imposes strong constraints forto LTT in these compounds depends on the variation of the
the coordination polyhedra around tAeandB cations. This  ionic radius rather than on its average vaitiélote, that the
can be easily seen in the cubic perovskite structure, whichTT phase can be induced by smaller idi¥s substituted
imposes that theA-O distance corresponds to exacu into La,_,Sr,CuQ, (Ref. 38] as well as by the substitution
times theB-O distance. Analyzing the empirical ionic radii of larger ions[La,_,Ba,CuQ, (Ref. 16]. That disorder is
one may estimate whether the cubic perovskite would bémportant for the stabilization of thB2,/c structure is fur-
stable for the atom#\, B, and O or nof® For the more ther supported by the observation of this structure in a
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L . .. O-CRO at 1.5(circles and 290 K(connected circles The line
FIG. 14. Resistivity of the two GRUQ,, ysamples studied in shows the calculated profiles taking into account Bt#&g /c struc-

this work compared to the resistivity of SRO. In contrast with the .
insulating behavior of S-CRO, a metal-insulator transition occursture’ the_Pbca_structure, theB-centered_ magnetl_c mode and the_
. CaRuQ impurity phase. The long vertical bars indicate the posi-
below about 160 K in O-CRO. - . . . .
tions of the magnetic reflections in thbca lattice: the(101) re-
flection corresponding to thB-centered mode clearly exists, while

sample prepared at high temperattivehich exhibits oxygen  hose corresponding to thecentered modE(100) and(011)] show
vacancies according to recent TGA studi®sfaking this  only weak diffuse scattering. The smaller bars indicate the positions
disorder into account, one may even not exclude that thgf magnetic reflections in the2, /c lattice.

P2,/c symmetry results from averaging locally orthorhom-

bic domains. Determining the real structure of the small tilthayior to insulating behavior below about 150 K. Since the
distortion in O-CRO I‘equires further diffraction studies on resistivity has been measured on Cooiing’ the onset of insu-
single crystals,—which, however, might be difficult to |ating behavior agrees very well with the onset of the first-
obtain—or measurements using local probes. €gal.re-  order transition into thébcaphase. One should, therefore,
port that their single crystals do not support any Oijnterpret the mixed electronic-structural transition as a metal
treatment, assuming that the oxygen content drives the firstinsulator transitiof The nonobservation of a similar effect
.order.transition one may understand that attempts to vary i, the resistivity of LaCuQ,, s at the phase separatfrcon-
in a single crystal will destroy the crystal. firms the distinct character of these transitions. The short-
The subtle hysteretic effects in thbcastructure should ¢.jong< transition should be compared to metal-insulator
be interpreted by small O-phase segregation involved in thgansitions inRNiO3, where the structural transition is very

shortc—long< transition. However, several arguments ren-gyptie? or in some vanadates, where the transition is asso-
der very unlikely that such a mechanism drives the transizjated with magnetic ordéf.

tion. First, the observation of the longphase is not only
restricted to oxygen-rich samples, it was also observed in
deficient and Sr-substituted samp?é8.Second, the inclu-
sion of additional oxygen raises the symmetry inCa0,., s Figure 15 shows a part of the 1.5 K diffraction pattern
(Ref. 41) and in LagNiO,, s (Ref. 42 from Abma to  obtained with O-CRO oi4.1 together with its description
Fmmm In analogy the space group of O-CRO with addi- via the Rietveld method and an experimental profile at higher
tional oxygen destroying the tilt long-range order should betemperature. The comparison of the two temperatures evi-
Acamwith split oxygen positions; the corresponding refine-dences the appearance of the new peaks of magnetic origin.
ments, however, cannot describe the data as weélltesor At first sight the magnetic structure seems to be less compli-
P2,/c, i.e., there is a long-range tilt in O-CRO. Third, a cated in the O-CRO compound, as only tBecentered or-
dominant segregation of the excess oxygen towards thdering type is dominantly present. The bars indicating the
P2, /c phase, where the amount of excess oxygen would bpositions of possible Bragg reflections give further evidence
a factor close to four larger, should decrease the tilt anglethat the magnetic phase corresponds toRhbealattice indi-
which, however, is found to increase on cooling. And fourth,cated by the row of longer bar&o nucleaPbcareflection

D. Magnetic structure of of O-CRO

the largest structural effect at the shortlong-c transition, lies within the shown part of the pattgrrnhe (1 0 1) posi-
the increase of the in-plane RuO-bond distance by 2.5%, ha#on clearly indexes the magnetic peak, in addition weaker
no analog in nickelates or cupratés’ 4142 and broadened intensities exist aroud0 0) and (0 1 1).

Figure 14 shows the temperature dependences of the ré&he positions of the possible magnetic reflections according
sistivity in both CRO compounds. Whereas S-CRO exhibitgo the longe minority phase lattice are given in the last row,
insulating behavior in the entire temperature range, O-CR@hey do not correspond to a magnetic intensity, which ex-
shows a crossover from constant resistivity or metallic becludes a comparable antiferromagnetic ordering for the long-
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1.5 r y In O-CRO it is difficult to analyze small structural
= ' changes neaf due to the strong first-order transition oc-
S 10t 0-Ca,Ru0, curring in this temperature region. However, magnetoelastic
2 coupling is evidenced by the occurrence of the magnetic or-
2 05¢} der only in thePbca phase. The nonexistence of magnetic
= | order in the longs phase can be compared to the magnetism
£ ot in the cubic Ru perovskites. Whereas SrRufdders ferro-

g magnetically near 160 K’ CaRuQ remains paramagnetic
-05 till the lowest temperature®. It was argued that the by a

0.030 : . factor of two enhanced structural distortion in CaRu®@-
: duces the ferromagnetic interaction in comparison to

50025 SrRu@,.® In analogy to the perovskites the smaller tilt dis-
5 0.020 | 0-Ca,Ru0, ] tortion in the longe phase may favor a ferromagnetic inter-
§ 0.015 action and hence act against the antiferromagnetic order. The
g influence of the shorter Ru-O distance most probably respon-
g 0.010 sible for the metallic character of O-CRO should even be
= 0.005 stronger.

0 ) ) Qo0

0 100 200 300 IV. CONCLUSION

T (K
® The structural studies on the two CRO materials show

FIG. 16. Results of the magnetic refinements for O-CRO showextreme distortions in comparison to an idegNiF, struc-
ing the ordered moment corresponding to Breentered magnetic  ture, which are naturally explained by the small ionic radius
que. The lower part shows for comparison the magnetic suscepyf Ca" compared to the SRuQ, analog. The rotation of the
tibility at 1 T measured on a part of the sampée heating. octahedra around the long axis is almost temperature inde-
¢ parts of this sample. In contrast to S-CRO one finds arpendent, which indicates that a relate_d phase transition may
inverted phase volume ratio in tHebca structure parts of OCCUr only at elevated temperature if at all. In agreement
O-CRO: theB-centered structure which is the minority phaseWith our recent phonon-dispersion analysis on 'Sll_%GA/,e o
in S-CRO is dominant now, and the former main phase igonjecture that the rotation represents the intrinsic instability
strongly reduced to some short-range-ordered domains.  ©f the 214 ruthenates. In addition to the rotational distortion,

The appearance of the magnetic peaks agrees with tHeoth compounds exhibit a tilt distortion which varies below
temperature dependence of the magnetic susceptibility, sé@om temperature. At room temperature, the S-CRO com-
Fig. 16. In contrast to S-CRO, the transition is not split in thepound shows a tilt scheme corresponding to the LTO struc-
susceptibility data, which reflects the rather small volume ofture in the cuprates, whereas that of O-CRO resembles the
the second magnetic phase in O-CRO. One should stress thetheme in the LTT cuprate phases with a significantly re-
the magnetic moment shown in Fig. 16 is normalized withduced tilt angle. The latter structure is further characterized
the scale factor of thebcaphase, and, therefore, should not by smaller Ru@ octahedra comparable to metallic SRO. O-
experience the strong hysteresis of the structural transitiorCRO exhibits a first-order structural phase transition on cool-
That this is really fulfilled strongly confirms that the mag- ing, which reaches—at least for the main part of the
netic scattering is due to thébca structure only. The dif- sample—the same structure as the S-CRO material at low
fraction experiment alone cannot rule out that these long- temperature. This transition is characterized by a strong in-
parts might exhibit ferromagnetic order; however, such a beerease of the tilt angle and a strong elongation of the in-plane
havior should have become evident in the susceptibility. Ru-O bonds. Furthermore, it is accompanied by a change

As the contribution from theéA-centered mode is almost from metallic to insulating behavior in the electric resistivity.
negligible, the summed ordered moment in the O-CRO com- The variation of the oxygen content induces the signifi-
pound is significantly lower than that of the S-CRO com-cant structural changes. The strong misfit between the Ca
pound. and Ru ionic sizes, which drives the enormous structural

Due to the strong lattice deformations in the CRO struc-deformation in both compounds, will strongly favor the in-
ture the antiferromagnetic ordering induces the appearancertion of interstitial oxygen like in L&uQ,, 5 (Ref. 36 or
of weak ferromagnetism for both types of magnetic order viaLa,NiO,. 57 In these compounds a small amount of inter-
Dzyaloshinski-Moriya interactions. In this sense the rotatiorstitial oxygen can change the structural phase transitions
of the octahedra around the long axis is more effective thadrastically. The disorder induced by nonstoichiometry might
the tilting around an axis almost parallelticsince the spins favor a LTT-like tilt pattern or reduce the long-range tilt
are oriented alondd. Considering only the rotation one order. Such disorder could lead to a partially coherent super-
yields a weak ferromagnetic moment aloagin a single  position of orthorhombic domains in the diffraction experi-
layer which is ferromagnetically coupled for tiBecentered ment and, hence, may be indistinguishable from a real
mode and antiferromagnetic for thecentered mode. This P2, /c structural model used for describing the data. Further
nicely agrees to observations of the magnetic susceptibilitystudies are needed to clarify the real structure of the tilt dis-
as O-CRO possessing dominantly tBecentered order ex- tortion in O-CRO. A partial phase separation may be associ-
hibits the stronger ferromagnetic components, see Figs. 8ted with the first-order transition in O-CRO; however, it
and 16. cannot explain the transition itself, as it may be related only
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to the tilt distortion. The large increase of the in-plane RuOence of magnetic order in the lomgphase of O-CRO and
distances isnot observed, either in the cuprates or in thethe strong dependence of the magnetic structure on subtle
nickelates; it clearly indicates that this transition should bestructural changes underlines the close coupling. The impli-
interpreted as a metal-insulator transition. cation of the antiferromagnetic order, which is not required
The magnetic structure of both compounds is found to bé&o occur exactly at the metal-insulator transition, still needs
antiferromagnetic similar to the cuprates and nickelatesto be clarified.
There are two competing arrangements, @éneentered of
the LgCuQ, type and oneB-centered of the LaNiO, type,
which coexist in the samples. The strongly distorted S-CRO
material exhibits a majoh-centered mode; in contrast, inthe ~ We are grateful to T. Fujita for helpful discussions. This
Pbcaphase in O-CRO th&-centered mode is dominating, work has been supported by a Grant-In-Aid for the Interna-
while the other contribution is almost negligible. Strongtional Scientific Program: Joint Research from the Ministry
magnetoelastic coupling is manifested in these compoundsf Education, Science, Culture and Sports of Japan, and by
by several structural anomalies observed near thel ien- CREST(Core Research for Evolutionary Science and Tech-
perature in single phase S-CRO. In addition, the nonexistaology) of the Japan Science and Technology Corporation.
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