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Structural stability of Sr 2RuO4
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The stability of low-lying phonon modes in the layered perovskite superconductor Sr2RuO4 has been inves-
tigated by inelastic neutron scattering. TheS3 branch, which ends at the~0.5 0.5 0! zone boundary in the mode
corresponding to the RuO6 octahedron rotation aroundc, exhibits a sharp drop near the zone boundary. This
clearly indicates that Sr2RuO4 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 alongc reveals pronounced two-dimensional character; there is almost no coupling between
rotational deformations of neighboring layers. In contrast, the tilt mode in La2CuO4 that drives the tetragonal-
to-orthorhombic phase transition does not exhibit any anomalous behavior in Sr2RuO4.
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I. INTRODUCTION

The discovery of superconductivity in the layered pero
skite Sr2RuO4 stimulated a considerable research effo1

Among the large number of oxide perovskites, there are o
a few noncuprate superconducting compounds known
sides Sr2RuO4 (Tc;1.35 K): SrTiO3 and the
~Ba/K!~Bi/Pb!O3 family, and among all these Sr2RuO4 is the
only one that has a layered structure.

Sr2RuO4 crystallizes in the K2NiF4 structure isostructura
to La2CuO4. As the latter and more generally most of th
perovskites exhibit structural phase transitions, it was tem
ing to search for such features also in Sr2RuO4. These tran-
sitions are characterized by rotations of the metal-oxy
octahedron: in the La2CuO4-T phase family there is a serie
of low-temperature phases where the rotation axes are
ways parallel to theab planes, therefore, these transitions a
characterized by tilts of the octahedron.2 The structural insta-
bility in the La2CuO4 compounds is reflected in a low
frequency zone boundaryS4 mode,2 which will be called
‘‘tilt mode’’ throughout this paper. The softening manifes
itself in the dispersion of the lowest opticS4 branch at fixed
temperature as well as in the temperature dependence o
zone-boundary frequency. The rotation of the octahed
around thec axis that corresponds to a zone-boundaryS3
mode, does not lead to a structural distortion in La2CuO4;
nevertheless, its frequency is found to be quite low too.3 This
mode ofS3 symmetry will be called ‘‘rotational mode.’’ The
related mode in theR2CuO4-T8 phase compounds@for the
T8 phase the irreducible representations are not exactly
same as for theT phase due to the difference in the out-o
plane oxygen~O2! position#, which corresponds to the rota
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tion of the CuO4 square aroundc, was found to become
unstable against a long-range structural distortion in co
pounds with small rare earths.4 Furthermore, a similar type
of distortion was observed in the compounds Sr2RhO4 ~Ref.
5! and Sr2IrO4 ~Ref. 6! which are both isostructural to
Sr2RuO4 and La2CuO4.

Several studies using powder or single-crystal diffract
could not reveal a structural phase transition of either type
Sr2RuO4.

7–10 Nevertheless, it appeared interesting to analy
the dispersion of the related branches by inelastic neu
scattering. Moreover, the fact that Sr2RuO4 remains undis-
torted to low temperatures is favorable for the analysis of
lattice dynamics.

II. EXPERIMENT

Two series of experiments were performed on the tri
axis spectrometer 2T installed at the Orphe´e reactor. Double
focusing pyrolitic graphite~002! crystals were used as mono
chromator and analyzer; a pyrolitic graphite filter was plac
between sample and analyzer. In order to take advantag
the focusing arrangement, we choose open collimations.
energy resolution of this configuration corresponds roug
to a conventional spectrometer with 378 collimation through-
out. The samples were cooled in a closed-cycle refrigera

For the first series a crystal of about 30 mm3 volume
~crystal I! was investigated in the~100!/~010! and ~110!/
~001! scattering planes; several scans were recorded by
ing the sample crystal out of these scattering planes. For
second series a much larger crystal of about 300 mm3 vol-
ume ~crystal II! was available, which was oriented in th
~100!/~001! and ~110!/~001! geometries. Both crystals wer
grown by a floating zone technique.11
1236 © 1998 The American Physical Society
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III. RESULTS AND DISCUSSION

The phonon dispersion relation of Sr2RuO4 consists of 21
branches covering a frequency range of about 20 THz; o
three zone center frequencies have been determined b
Raman technique.12 Our experiments were focussed on t
modes related to possible structural phase transitions
hence, emphasized the@110# direction ~S branches!; results
are shown in Fig. 1. However, a great amount of data w
also collected in the other main symmetry directions, wh
together with the Raman results allowed us to refine a s
model for Sr2RuO4. The calculated frequencies for theS
direction are included in Fig. 1.

For the description of the dispersion curves we have tr
to use parameters close to the transferable shell model
sented in Ref. 13; the model parameters describing the l
frequency part fairly well are given in Table I. In addition
the screened shell model it was necessary to incorporate
gular forces for Ru-O interactions. Details of the mod
which still evolves with the knowledge of the high-ener
branches actually investigated, will be discussed in a fo
coming paper.

Some low-lying modes were observed for theD and L
branches approaching the zone-boundaryR-point ~001! and
~100!, which are symmetrically equivalent. However, th
behavior is due to the longc axis and the layered charact
of the structure. It should not be considered anomalous.

The 21 branches along@110# can be divided into four
different representationsS1-S4 . There are 7 branches wit
S1 symmetry—they include the longitudinal acoustic~LA !
modes—3 ofS2 symmetry, 5 ofS3 symmetry including the
transverse acoustic~TA! modes polarized along@1 2 10#,
and 6 ofS4 symmetry, which contain the TA modes pola
ized parallel to thec axis. The tilt deformation in the
La2CuO4 compounds hasS4 symmetry; this mode is degen
erated in the sense that the mode at~0.5 0.5 0! describing a
tilt around @1 2 10# has the same frequency as the one

FIG. 1. Low-frequency part of the phonon dispersion alo
@110#. Only the branches corresponding to theS1 , S3 , and S4

representations~for explanations see text! are shown; the symbols
denote the experimental data and the lines the frequencies c
lated by a shell model.
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(0.520.5 0), which describes the tilt around@1 1 0#. There-
fore, all tilt deformations around any in-plane axis a
equivalent. The pronounced soft mode behavior seen in
dispersion of La2CuO4 is absent in Sr2RuO4. This is inferred
from the dispersion of the lowest opticS4 branch in Fig. 1,
which starts from theEg frequency at 3.7 THz. There is onl
a slight decrease of this branch at smallq, but it stays flat
beyondj;0.2 up to the zone boundary tilt mode~3.4 THz!.
The absence of any dispersion near the zone boundary
the relatively high frequency of the tilt mode indicates th
Sr2RuO4 is far from a tilt instability.

A steep dispersion is observed near the rotational m
belonging to theS3 representation, see Fig. 1. Here, a bran
starting at the 8.2-THzEu mode at theG point is softening
continuously in the Brillouin zone. This softening, whic
becomes rather steep towards the zone boundary, lead
successive interactions with the first optic and the acou
S3 branches with a transfer of character. At theX point,
~0.5 0.5 0!, the rotational mode has the lowest frequen
This sharp dip in the dispersion curve is typical for a stru
tural instability in perovskite compounds; it can be well d
scribed by the lattice dynamical model into which Bor
Mayer potentials, screened Coulomb interactions, isotro
core shell inter-actions, and O-Ru-O angular forces were
corporated. Comparing to La2CuO4 one may assume tha
Sr2RuO4 does not experience the identical tilt instability, b
appears to be rather close to an unstable octahedron rot
around thec axis.

The temperature dependence of the rotational mode
studied in two different geometries at the~2.5 1.5 0! recipro-
cal lattice vector. In Figs. 2~b! and 2~c! we show scans ob
tained in the~100!/~010! orientation, and those performed b
tilting the sample out of the~110!/~001! orientation. In the

cu-

TABLE I. Parameters of the shell model used to describe
low-frequency part of the phonon dispersion in Sr2RuO4. The short-
range forces are described by Born-Mayer potentials and van
Waals terms:V(r )5A exp(r/R0)1C/r6, with A, R0 , andC given in
table.Z, Y, andK are the ionic and shell charges and the core-sh
force constants~in plane and out of plane in the case of Ru!. The
metallic character is taken into account by screening described
the Lindhard function. In addition angular forces were incorpora
for the O1-Ru-O1 and O2-Ru-O2 triples forming a 180 degre
angle. These angular forces are 7016 and 11 605 dyn/cm, res
tively.

A ~eV! R0 ~Å! C (eV Å6)

Sr-O1 1810 0.318
Sr-O2 2209 0.318
Ru-O1 2954 0.260
Ru-O2 3871 0.260
O1-O1 2000 0.284 2100
O1-O2 2000 0.284 2100
O2-O2 2000 0.284 2100

Z Y Ks (1026 dyn/cm)
Sr 1.99 5.60 3.6
Ru 2.56 0.63 8.0/2.0
O1 21.51 23.32 1.8
O2 21.76 22.75 1.8
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first orientation where thec axis stands perpendicular to th
scattering plane, resolution effects are negligible; see
2~b!. In the second orientation the@1 21 0# direction is nor-
mal to the scattering plane. As the dispersion along this
rection is rather steep~see Fig. 1! the relaxed vertical reso
lution of the spectrometer produces asymmetric peak pro
whose maximum intensity position is significantly shifte
from the phonon frequency. Nevertheless, the observed
tensity shape can well be described by folding the resolu
function of the triple-axis spectrometer with the thre
dimensional dispersion calculated by the lattice dynam
model. The dashed line shown in Fig. 2~c! corresponds to
this calculation, it is fitted to the data with only two fre
parameters, a scale factor and a constant background.

FIG. 2. Raw data scans across the rotation or tilt modes at
ferent temperatures; the symbols denote the measured inten
and the solid lines fits by one or two Gaussians. The mode co
sponding to the tilt around an axis parallel to theab plane is inves-
tigated at~1.5 1.5 2!; the scans at 250 K and at 12 K are shown
~a!. The mode corresponding to the rotation around thec axis was
analyzed at~2.5 1.5 0! in the ~100!/~010! scattering geometry using
crystal I, part~b!, and in the~110!/~001! geometry by tilting out of
the scattering plane using crystal II~c!. In the latter orientation the
vertical resolution of the spectrometer introduces a significant s
of the intensity maximum compared to the phonon frequency. T
effect was calculated using the lattice dynamical model and
resolution function, the result is presented by the dashed line.
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There is only little temperature dependence of the f
quency of the rotational mode; see Fig. 3. The mode hard
slightly on cooling in contrast to the expectation for a near
structural instability which should cause some frequen
softening. The observed small hardening may be conside
as the usual behavior, as the thermal lattice contrac
causes higher phonon frequencies at low temperatures. H
ever, the increase of about 5% appears strong compare
the small thermal expansion, in addition, the increase onl
low temperatures is astonishing. The temperature dep
dence of the tilt mode was investigated at~1.5 1.5 2!: there is
only a small~of the order of 1%! softening on cooling to 12
K in contrast to the pronounced softening in the La2CuO4
compounds.

Whereas the width of the tilt mode does not show a
influence of the temperature,@see Figs. 2~a! and 3#, we ob-
serve a strong effect for the broadening of the rotatio
mode; see Figs. 2~b!, 2~c!, and 3. At the lowest temperature
the observed phonon widths are only slightly larger than
experimental resolution. On heating the peaks become c
tinuously broadened, as can be clearly seen in the raw s
performed in the two orientations; see Fig. 2. This anom
lous broadening is certainly not due to some tempera
change in the dispersion area, which is integrated by
resolution ellipsoid, since in both orientations the same eff
is observed in spite of completely different resolution con
tions. Furthermore, it appears unlikely that a strong cha
in the dispersion occurs without a similar impact on t
X-point frequency itself. So, one should conclude that th
is anomalous broadening due to an interaction with therm
activated quasiparticles.

The origin of the broadening might be purely structur
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FIG. 3. The rotation and tilt mode frequencies and widths a
function of temperature. On the left side the results for the
around an in-plane axis are shown, and those for thec-axis rotation
mode are presented on the right side.
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57 1239STRUCTURAL STABILITY OF Sr2RuO4
involving strongly anharmonic lattice dynamics close to
structural instability. However, even for an imminent but n
condensing structural distortion one should expect the p
non softening on cooling, leading to an overdamped mod
low temperature. The suppressed ferroelectric transition
SrTiO3 is the best known example for such behavior.14 The
observed broadening in Sr2RuO4 may be interpreted as a
indication of electron-phonon coupling. A strong electro
phonon coupling for the rotational distortion is supported
the phase diagram of Sr2Ru12xIrxO4,

15 where the rotationa
mode is condensing in a long-range distorted structure
high In contents. Most interestingly, the transport proper
in this series change from metallic to semiconducting beh
ior just at the structural phase boundary between the id
K2NiF4 structure at smallx and the distorted phase at highx.
Already the occurrence of a structural phase transition
itself is astonishing as the ionic radii of Ru and Ir are alm
identical.16 Hence, it is impossible to explain the transitio
by bond length arguments only. Furthermore, Sr2RuO4 was
found to be in good equilibrium within the K2NiF4
structure:10 the analysis of the bond lengths via bond lengt
bond strength relations yields bond valence sums rather c
to the expected values and, hence, indicates that the b
lengths are in equilibrium—nevertheless, Sr2RuO4 appears
much closer to the rotational instability than La2CuO4, for
example. Anomalous effects related to thec-axis rotational
distortion were also reported for theT8-phase cuprates
There, the rotation of the CuO4 squares appears to cause t
suppression of superconductivity in several compounds.17,18

The structural transitions in Sr2IrO4 ~Ref. 6! and in
Sr2RhO4 ~Ref. 5! result in a doubling of thec-lattice param-
eter; therefore, soft mode behavior is not expected
~0.5 0.5 0! but at ~0.5 0.5 0.5!. At room temperature and a
12 K, the dispersion of the rotational branch in Sr2RuO4
alongc, i.e., along the zone boundary~0.5 0.5j!, was stud-
ied, the results are presented in Fig. 4. At low temperat
the dispersion alongc is found to be flat within the experi
mental accuracy of about 1%. Also, at room temperature
observes only a slight softening towards~0.5 0.5 0.5! of
about 2%. The flat dispersion indicates that there is alm
no coupling of the rotation distortion between neare
neighbor or next-nearest-neighbor planes. Also, the width
the rotation modes along the zone boundary does not de
on thec component of the wave vector. Therefore, the ro
tional instability in Sr2RuO4 exhibits pronounced two
dimensional character, which is rather unusual for a str
tural feature. A similar behavior has been found in KMnF3,
which possesses the perovskite structure,19 however, most of
the perovskites show three-dimensional coupling of the
tahedron rotations. The lack of interlayer coupling
Sr2RuO4 reflects the layered character of this material in co
trast to the cubic perovskites. KMnF3 might be exceptiona
due to a low ionic polarizability. The two-dimensional cha
acter of the short-range fluctuations in Sr2RuO4 may be es-
sential for the understanding of a possible coupling to
electronic system. The extremely weak interlayer coupl
should become relevant only when the three-dimensio
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transition into a low-symmetry phase occurs. Actually, t
difference between the low-temperature space groups
served in theT8-phase cuprates4 and in Sr2IrO4 ~Ref. 6! and
Sr2RhO4 ~Ref. 5! consists just in the stacking scheme of t
distorted planes. The difference in the out-of-plane oxyg
position is sufficient to alter the interlayer coupling for th
long-range distortion.

IV. CONCLUSION

Concerning the structural stability significant differenc
between Sr2RuO4 and La2CuO4 are found. Whereas the cu
prate is unstable against octahedron tilts around an axis
allel to theab plane, the Ru compound does not present a
indication of the tilt instability. In contrast, the steep dispe
sion of a branch withS3 character towards the zone boun
ary reveals that Sr2RuO4 is close to an instability character
ized by the octahedron rotation around thec axis. However,
the origin of this instability remains unclear, as the bo
distances observed in Sr2RuO4 agree well with the equilib-
rium values. It seems unlikely that this instability or the r
lated structural transition in Ir-substituted compounds is
plained by structural arguments only. In particular, t
anomalous broadening of the rotation mode on hea
points to a more complex mechanism.
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FIG. 4. Dependence of the rotation mode frequency on theqc

component. Open and closed circles denote the results obtain
the ~100!/~010! and~110!/~001! scattering geometries, with crystal
at 295 K and with crystal II at 12 K, respectively. The latter da
were corrected for the resolution-induced shifts.
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