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The stability of low-lying phonon modes in the layered perovskite superconducRuSy has been inves-
tigated by inelastic neutron scattering. Thebranch, which ends at tH8.5 0.5 Q zone boundary in the mode
corresponding to the Ry(ctahedron rotation aroure] exhibits a sharp drop near the zone boundary. This
clearly indicates that SRuQy is close to a rotational instability. Although the frequency of the rotational mode
depends only little on temperature, it anomalously broadens with increasing temperature. A flat dispersion of
the rotation branch alongreveals pronounced two-dimensional character; there is almost no coupling between
rotational deformations of neighboring layers. In contrast, the tilt mode j&u@, that drives the tetragonal-
to-orthorhombic phase transition does not exhibit any anomalous behavioyRnGr
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. INTRODUCTION tion of the CuQ square around:, was found to become

: L unstable against a long-range structural distortion in com-
The discovery of superconductivity in the layered perov pounds with small rare earthidturthermore, a similar type

skite SpRuQ, stimulated a C(_)nsiderable_ research effort. of distortion was observed in the compoundsr310, (Ref.
Among the large number of omdg perovskites, there are onlys) and SgIrO, (Ref. 6 which are both isostructural to
a few noncuprate superconducting compounds known bes;,Ru0, and LaCuO,.
sides  SRuQ;  (T,~1.35K): SITig and the Several studies using powder or single-crystal diffraction
(Ba/K)(Bi/Pb)O; family, and among all these SRuQ, is the  could not reveal a structural phase transition of either type in
only one that has a layered structure. SrLRuQ,."“°Nevertheless, it appeared interesting to analyze
SrLRUQ, crystallizes in the KNiF, structure isostructural the dispersion of the related branches by inelastic neutron
to La,CuQ,. As the latter and more generally most of the scattering. Moreover, the fact that,BuQ, remains undis-
perovskites exhibit structural phase transitions, it was tempttorted to low temperatures is favorable for the analysis of the
ing to search for such features also infO,. These tran- lattice dynamics.
sitions are characterized by rotations of the metal-oxygen
octahedron: in the L&ZuUQ,-T phase family there is a series
of low-temperature phases where the rotation axes are al- Two series of experiments were performed on the triple
ways parallel to thab planes, therefore, these transitions areaxis spectrometer 2T installed at the Orghieactor. Double
characterized by tilts of the octahedrofihe structural insta- focusing pyrolitic graphité002) crystals were used as mono-
bility in the La,CuQ, compounds is reflected in a low- chromator and analyzer; a pyrolitic graphite filter was placed
frequency zone boundary, mode? which will be called  between sample and analyzer. In order to take advantage of
“tilt mode” throughout this paper. The softening manifests the focusing arrangement, we choose open collimations. The
itself in the dispersion of the lowest opti;, branch at fixed energy resolution of this configuration corresponds roughly
temperature as well as in the temperature dependence of tiga conventional spectrometer with’33ollimation through-
zone-boundary frequency. The rotation of the octahedrowut. The samples were cooled in a closed-cycle refrigerator.
around thec axis that corresponds to a zone-boundary For the first series a crystal of about 30 fmwplume
mode, does not lead to a structural distortion in@a0y; (crystal ) was investigated in th€100)/(010 and (110/
nevertheless, its frequency is found to be quite low’t@bis  (001) scattering planes; several scans were recorded by tilt-
mode ofZ ; symmetry will be called “rotational mode.” The ing the sample crystal out of these scattering planes. For the
related mode in th&®,CuQ,-T' phase compoundgor the  second series a much larger crystal of about 30F mah-
T' phase the irreducible representations are not exactly theme (crystal 1) was available, which was oriented in the
same as for th@ phase due to the difference in the out-of- (100/(001) and (110/(001) geometries. Both crystals were
plane oxyger(O2) position], which corresponds to the rota- grown by a floating zone techniqdié.
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TABLE |. Parameters of the shell model used to describe the
low-frequency part of the phonon dispersion inf8r0,. The short-
range forces are described by Born-Mayer potentials and van der
Waals termsV(r)=A exp(/Ry)+C/r8 with A, Ry, andC given in
table.Z, Y, andK are the ionic and shell charges and the core-shell
force constantsin plane and out of plane in the case of)Rlihe
metallic character is taken into account by screening described by

~ the Lindhard function. In addition angular forces were incorporated
= for the O1-Ru-O1 and O2-Ru-O2 triples forming a 180 degrees
N angle. These angular forces are 7016 and 11 605 dyn/cm, respec-
tively.
A (eV) Ry (A) C (eV A9
Sr-01 1810 0.318
Sr-02 2209 0.318
[¢ & 0]-red. wave vect. Ru-02 3871 0.260
01-01 2000 0.284 —100
FIG. 1. Low-frequency part of the phonon dispersion anngOl'oz 2000 0.284 —100
[110]. Only the branches corresponding to the, X5, and 3, 02-02 2000 0.284 —100
representationgfor explanations see texare shown; the symbols z v K. (10~ dyn/cm)
denote the experimental data and the lines the frequencies calcg-r 1.99 5.60 36
lated by a shell model. RU 2l56 0l63 8-0/2 0
o1 -1.51 -3.32 1.8
Ill. RESULTS AND DISCUSSION 02 ~1.76 —275 18

The phonon dispersion relation of ,BuQO, consists of 21
branches covering a frequency range of about 20 THz; only
three zone center frequencies have been determined by 8.5 —0.5 0), which describes the tilt aroufitl 1 0. There-
Raman techniqu¥ Our experiments were focussed on thefore, all tilt deformations around any in-plane axis are
modes related to possible structural phase transitions andguivalent. The pronounced soft mode behavior seen in the
hence, emphasized tt&10] direction (3 branchey results  dispersion of LagCuQ, is absent in SRuQ,. This is inferred
are shown in Fig. 1. However, a great amount of data wafrom the dispersion of the lowest optk;, branch in Fig. 1,
also collected in the other main symmetry directions, whichwhich starts from thé& frequency at 3.7 THz. There is only
together with the Raman results allowed us to refine a sheb slight decrease of this branch at smgllbut it stays flat
model for SsRuQ,. The calculated frequencies for tf2  beyondé~0.2 up to the zone boundary tilt mode.4 TH2.
direction are included in Fig. 1. The absence of any dispersion near the zone boundary and
For the description of the dispersion curves we have triedhe relatively high frequency of the tilt mode indicates that
to use parameters close to the transferable shell model pr&n,RuQ, is far from a tilt instability.
sented in Ref. 13; the model parameters describing the low- A steep dispersion is observed near the rotational mode
frequency part fairly well are given in Table I. In addition to belonging to theX ; representation, see Fig. 1. Here, a branch
the screened shell model it was necessary to incorporate agtarting at the 8.2-THE, mode at thel” point is softening
gular forces for Ru-O interactions. Details of the model,continuously in the Brillouin zone. This softening, which
which still evolves with the knowledge of the high-energy becomes rather steep towards the zone boundary, leads to
branches actually investigated, will be discussed in a forthsuccessive interactions with the first optic and the acoustic
coming paper. 3.3 branches with a transfer of character. At tKepoint,
Some low-lying modes were observed for theand A (0.50.50, the rotational mode has the lowest frequency.
branches approaching the zone-boundasgoint (001) and  This sharp dip in the dispersion curve is typical for a struc-
(100, which are symmetrically equivalent. However, this tural instability in perovskite compounds; it can be well de-
behavior is due to the long axis and the layered character scribed by the lattice dynamical model into which Born-
of the structure. It should not be considered anomalous. Mayer potentials, screened Coulomb interactions, isotropic
The 21 branches alongl10] can be divided into four core shell inter-actions, and O-Ru-O angular forces were in-
different representations;-3,. There are 7 branches with corporated. Comparing to L&uO, one may assume that
2, symmetry—they include the longitudinal acousfiiA)  Sr,RuQ, does not experience the identical tilt instability, but
modes—3 of,, symmetry, 5 of%,; symmetry including the appears to be rather close to an unstable octahedron rotation
transverse acousti€TA) modes polarized alonfl — 10], around thec axis.
and 6 ofX, symmetry, which contain the TA modes polar-  The temperature dependence of the rotational mode was
ized parallel to thec axis. The tilt deformation in the studied in two different geometries at tf&5 1.5 Q recipro-
La,CuQ, compounds haX, symmetry; this mode is degen- cal lattice vector. In Figs. (®) and Zc) we show scans ob-
erated in the sense that the modg@b 0.5 Q describing a tained in the(100/(010) orientation, and those performed by
tilt around[1 — 10] has the same frequency as the one atilting the sample out of thé110/(001) orientation. In the
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z FIG. 3. The rotation and tilt mode frequencies and widths as a
s function of temperature. On the left side the results for the tilt
- around an in-plane axis are shown, and those forcthgis rotation
7 100 mode are presented on the right side.
3 50
c I . .
= There is only little temperature dependence of the fre-
V¥ . ‘ quency of the rotational mode; see Fig. 3. The mode hardens
0.5 1.5 2.5 3.5 slightly on cooling in contrast to the expectation for a nearby

v (THz) structural instability which should cause some frequency

softening. The observed small hardening may be considered

FIG. 2. Raw data scans across the rotation or tilt modes at difzg the usual behavior, as the thermal lattice contraction
ferent temperatures; the symbols denote the measured intensitigg;ses higher phonon frequencies at low temperatures. How-
and the solid lines fits by one or two Gaussians. The mode COMM€ayer, the increase of about 5% appears strong compared to
sponding to the tilt around an axis parallel to tigplane is inves-  yho gmga|l thermal expansion, in addition, the increase only at
tigated at(1.5 1.5 2; the scans at 250 K and at 12 K are shown in low temperatures is astoni,shing The,temperature depen-

(a). The mode corresponding to the rotation arounddtexis was dence of the tilt mode was investiéatedhtS 1.5 2: there is

analyzed at2.5 1.5 0 in the (100/(010 scattering geometry using o . .

crystal I, part(b), and in the(110/(001) geometry by tilting out of E”!y a S”t"a"(to‘; tht‘; order of 1 )bSdOfte?t'”g. on .Co?r']'”gmt%lz

the scattering plane using crystal(t). In the latter orientation the In contrast to the pronounced softening In theLaty
compounds.

vertical resolution of the spectrometer introduces a significant shif . .
of the intensity maximum compared to the phonon frequency. This _Whereas the width of the tilt mode does not show any

effect was calculated using the lattice dynamical model and thdnfluence of the temperaturgsee Figs. &) and 3, we ob-
resolution function, the result is presented by the dashed line. ~ S€rve a strong effect for the broadening of the rotational
mode; see Figs.(B), 2(c), and 3. At the lowest temperature,
first orientation where the axis stands perpendicular to the the observed phonon widths are only slightly larger than the
scattering plane, resolution effects are negligible; see Figexperimental resolution. On heating the peaks become con-
2(b). In the second orientation thé& — 1 0] direction is nor-  tinuously broadened, as can be clearly seen in the raw scans
mal to the scattering plane. As the dispersion along this diperformed in the two orientations; see Fig. 2. This anoma-
rection is rather steefsee Fig. 1 the relaxed vertical reso- lous broadening is certainly not due to some temperature
lution of the spectrometer produces asymmetric peak profileshange in the dispersion area, which is integrated by the
whose maximum intensity position is significantly shifted resolution ellipsoid, since in both orientations the same effect
from the phonon frequency. Nevertheless, the observed iris observed in spite of completely different resolution condi-
tensity shape can well be described by folding the resolutioions. Furthermore, it appears unlikely that a strong change
function of the triple-axis spectrometer with the three-in the dispersion occurs without a similar impact on the
dimensional dispersion calculated by the lattice dynamicaX-point frequency itself. So, one should conclude that there
model. The dashed line shown in Figic@ corresponds to is anomalous broadening due to an interaction with thermally
this calculation, it is fitted to the data with only two free activated quasiparticles.
parameters, a scale factor and a constant background. The origin of the broadening might be purely structural,



57 STRUCTURAL STABILITY OF SERuQ, 1239

involving strongly anharmonic lattice dynamics close to a 210 - - - . -
structural instability. However, even for an imminent but not

condensing structural distortion one should expect the pho-
non softening on cooling, leading to an overdamped mode at oL ° Crystal Il at 12 K
low temperature. The suppressed ferroelectric transition in

SrTiO; is the best known example for such behavibihe S 5 0

observed broadening in RuQ, may be interpreted as an ’:ET Q

indication of electron-phonon coupling. A strong electron- 2197 ]
a

phonon coupling for the rotational distortion is supported by
the phase diagram of Sy, _,Ir,0, ' where the rotational }ﬁ\?
mode is condensing in a long-range distorted structure for 18} ]
high In contents. Most interestingly, the transport properties o Crystal | ot 295 K
in this series change from metallic to semiconducting behav-
ior just at the structural phase boundary between the ideal
K,NiF, structure at smalt and the distorted phase at high 1.7
Already the occurrence of a structural phase transition in

itself is astonishing as the ionic radii of Ru and Ir are almost

identical’® Hence, it is impossible to explain the transition FIG. 4. Dependence of the rotation mode frequency onqthe
by bond length arguments only. Furthermore;R8I0; was  omponent. Open and closed circles denote the results obtained in

found tOO be in good equilibrium within the KiF,  the(100/(010 and(110/(001 scattering geometries, with crystal |
structure?” the analysis of the bond lengths via bond length—at 295 K and with crystal Il at 12 K, respectively. The latter data

bond strength relations yields bond valence sums rather closgere corrected for the resolution-induced shifts.
to the expected values and, hence, indicates that the bond
lengths are in equilibrium—nevertheless 0O, appears transition into a low-symmetry phase occurs. Actually, the
much closer to the rotational instability than a0, for  difference between the low-temperature space groups ob-
example. Anomalous effects related to #haxis rotational  served in theT’-phase cupratésand in SslirO, (Ref. 6 and
distortion were also reported for th&'-phase cuprates. Sr,RhQ, (Ref. 5 consists just in the stacking scheme of the
There, the rotation of the CuG&quares appears to cause thedistorted planes. The difference in the out-of-plane oxygen
suppression of superconductivity in several compodid®. position is sufficient to alter the interlayer coupling for the
The structural transitions in grO, (Ref. 6 and in  |ong-range distortion.
SLRhO, (Ref. 5 result in a doubling of the-lattice param-
eter; therefore, soft mode behavior is not expected at
(0.50.50 but at(0.50.50.5. At room temperature and at
12 K, the dispersion of the rotational branch in,FuQ0, Concerning the structural stability significant differences
alongc, i.e., along the zone bounda(.5 0.5¢), was stud- between SIRuQ, and LgCuQ, are found. Whereas the cu-
ied, the results are presented in Fig. 4. At low temperatur@rate is unstable against octahedron tilts around an axis par-
the dispersion along is found to be flat within the experi- allel to theab plane, the Ru compound does not present any
mental accuracy of about 1%. Also, at room temperature onidication of the tilt instability. In contrast, the steep disper-
observes only a slight softening towar@8.5 0.5 0.5 of sion of a branch witt® ; character towards the zone bound-
about 2%. The flat dispersion indicates that there is almosiry reveals that SRuQ, is close to an instability character-
no coupling of the rotation distortion between nearestized by the octahedron rotation around thaxis. However,
neighbor or next-nearest-neighbor planes. Also, the width ofhe origin of this instability remains unclear, as the bond
the rotation modes along the zone boundary does not depeniistances observed in JRuQ, agree well with the equilib-
on thec component of the wave vector. Therefore, the rota+ium values. It seems unlikely that this instability or the re-
tional instability in SgpRuQ, exhibits pronounced two- lated structural transition in Ir-substituted compounds is ex-
dimensional character, which is rather unusual for a strucplained by structural arguments only. In particular, the
tural feature. A similar behavior has been found in KMnF anomalous broadening of the rotation mode on heating
which possesses the perovskite structifepwever, most of  points to a more complex mechanism.
the perovskites show three-dimensional coupling of the oc-
tahedron rotations. The lack of interlayer coupling in
SrRuUQ, reflects the layered character of this material in con-
trast to the cubic perovskites. KMahnight be exceptional We are grateful to T. Fujita for helpful discussions. This
due to a low ionic polarizability. The two-dimensional char- work was supported by Grant-In-Aid for International Scien-
acter of the short-range fluctuations in,Bu0O, may be es- tific Program: Joint Research from the Ministery of Educa-
sential for the understanding of a possible coupling to thdion, Science, Culture and Sports of Japan, and by CREST
electronic system. The extremely weak interlayer couplingCore Research for Evolutionary Science and Technglofly
should become relevant only when the three-dimensionalapan Science and Technology Corporation.
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