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The lattice dynamics in Sr2RuO4 has been studied by inelastic neutron scattering combined with shell-model
calculations. The in-plane bond-stretching modes in Sr2RuO4 exhibit a normal dispersion in contrast to all
electronically doped perovskites studied so far. Evidence for strong electron phonon coupling is found for
c-polarized phonons suggesting a close connection with the anomalous c-axis charge transport in Sr2RuO4. The
role of this electron-phonon coupling in the superconducting pairing remains, however, a challenging open
issue.
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I. INTRODUCTION

The discovery of superconductivity in Sr2RuO4 �Ref. 1�
has attracted attention partially due to the structural similar-
ity with the high-temperature superconducting cuprates. Su-
perconductivity in Sr2RuO4 is unconventional in character:
from Knight-shift, �SR, and polarized neutron studies a trip-
let pairing was deduced.2 Recently, direct evidence for an
odd pairing symmetry was obtained by experiments on quan-
tum interference devices3 and by magneto-otpical Kerr
effect.4 In view of the unconventional pairing symmetry, the
conventional electron-phonon coupling can be discarded
from the possible pairing mechanisms, however, one may not
rule out some exotic electron-lattice mechanism playing an
important role. Indeed, the superconducting transition in
Sr2RuO4 exhibits a remarkable isotope effect.5 A detailed
study of the lattice dynamics in this material appears hence
highly desirable.

The lattice dynamics in Sr2RuO4 merits further interest as
a reference material for the large class of transition metal-
oxides with a perovskite related structure where an anoma-
lous phonon dispersion has been observed.6–21 Stimulated by
the phenomenon of high-temperature superconductivity the
phonon dispersion of many oxide perovskites has been stud-
ied in detail. In general the lattice dynamics of these materi-
als is well understood with the aid of ionic lattice-dynamical
models.22,23 In particular in insulating parent compounds,
such as La2CuO4, all features in the phonon dispersion are at
least qualitatively described by simple ionic models. In elec-
tronically doped materials, such as �La,Sr�2CuO4, however,
significant discrepancies in the dispersion of the longitudinal
bond-stretching branches were discovered.6–21 A typical lat-
tice dynamical model including an isotropic screening func-
tion will always predict an increasing bond-stretching disper-
sion when passing from the Brillouin-zone center into the
zone due to the imperfect screening of the Coulomb poten-
tials at short distance. Instead a decreasing dispersion with
the longitudinal zone-boundary frequencies falling below
those of the transverse branch has been observed in numer-

ous perovskite materials: in different types of superconduct-
ing cuprates,6–15 in nickelates,16,17 in manganates,18 and in
superconducting Ba1−xKxBiO3,19–21 for a recent review of
these effects see Ref. 15. These doping-induced effects are
frequently called over-screening24 referring to the fact that
simple screening should soften the longitudinal phonon
modes. All these materials, however, are poor metals and
they are all close to a charge ordering instability.25 One may,
hence, consider the frequency softening in the bond-
stretching dispersion as a dynamic precursor of the charge
ordering. Charge ordering at the metal site will modulate the
bond distances to the O surroundings.26 Therefore, charge
ordering and the bond-stretching phonons are intimately
coupled. For instance in the cuprates, the propagation vector
where static stripe ordering is observed upon Nd codoping
agrees well with the q vector of the anomaly in the longitu-
dinal bond stretching branch.8 A pronounced anomaly has
recently been observed in materials passing into the charge-
ordered stripe phase.27

As all the electronically doped oxide perovskites studied
so far exhibit an anomalous bond-stretching dispersion, one
may ask whether the over-screening effect should be consid-
ered as being anomalous. The study of additional materials is
hence needed.

We have studied the phonon dispersion in Sr2RuO4 by
inelastic neutron scattering and we have modeled it with
ionic shell models taking the screening of the Coulomb po-
tentials into account. The over-screening effect in the in-
plane longitudinal bond-stretching dispersion is not found in
Sr2RuO4 which is the only metallic oxide perovskite exhib-
iting a normal bond-stretching dispersion. However, the in-
terplane charge dynamics seems to induce a pronounced soft-
ening of the c-axis polarized bond-stretching modes which
must be taken as evidence for a strong-electron phonon cou-
pling in this unconventional superconductor.

II. EXPERIMENTAL

The single crystals studied in this study were grown by
the floating-zone technique28 and these and crystals grown in
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the same way were already used in numerous inelastic
neutron-scattering experiments aiming at the magnetic exci-
tations in Sr2RuO4 �Refs. 29 and 30� as well as in many other
studies.2 Measurements were performed on the 1 T thermal
triple-axis spectrometer at the Orphée reactor in Saclay. In
the standard configuration we have used a pyrolithic graphite
�PG� �002�-Bragg reflection monochromator at low energies
�up to �10 THz energy transfer� and a Cu-�111� monochro-
mator at high energy. In order to suppress higher-order con-
taminations we have set a PG filter into the scattered beam
and fixed the final energy to 3.55 or 7.37 THz �correspond-
ing to 14.7 and 30.5 meV�. The crystals were cooled to about
15 K with the aid of a closed-cycle cryostat. Most of the
measurements were taken at that temperature. In order to
study specific temperature dependencies a helium cryofur-
nace was used.

Typical scans aiming at phonons at quite different ener-
gies are shown in Fig. 1 covering the full energy range of the
phonon dispersion in Sr2RuO4. In an inelastic neutron scat-
tering experiment the scattering intensity I arising from a
one-phonon process in neutron-energy loss mode is given
by31

I �
1

�
�n��� + 1���

d

bd

�md

e�−Wd+iQ·rd��Q · ed�	2

, �1�

where � denotes the phonon frequency ��=2��, note that
1 THz corresponds to 4.14 meV�, q the phonon wave vector,
Q=g+q the scattering vector �g the reciprocal lattice vec-
tor�, e−Wd the Debye-Waller-factor, and the sum extends over
the atoms in the primitive cell with mass md scattering length
bd, position rd and polarization vector ed. In general, the
intensity is determined by the Bose factor n��� and the 1

�
term, which strongly reduce the effectiveness to observe
high-energy modes. The dynamic structure factor equation
�1� allows one to determine the full polarization of the modes
by comparing the intensities measured in different Brillouin
zones. In the other sense, a preliminary model may predict
via Eq. �1� the favorable Brillouin-zones for the observation
of particular phonon modes. Throughout this work we were
guided by the lattice-dynamical model, which was succes-
sively improved with the growing amount of experimental
information.

III. OVERALL PHONON DISPERSION AND LATTICE
DYNAMICAL MODEL

Figure 2 shows the measured phonon dispersion together
with the results of the lattice dynamical calculations.
Sr2RuO4 crystallizes in the K2NiF4 structure in space group
I4/mmm with seven atoms in the primitive cell, accordingly
the phonon dispersion consists of 21 phonon modes at the
general position, but due to symmetry there are several de-
generations at special points or lines. A small part of this data
was already published earlier focusing on the lattice instabil-
ity appearing at the zone boundary M= �0.5,0.5,0� of the �3

branch.32 The mode associated with the rotation of the RuO6
octahedra around the c axis possesses a rather soft frequency
as seen in the dip in the �3 dispersion at the M point
�0.5,0.5,0� and this mode exhibits an anomalous temperature
dependency as reported in our first publication.32 These ef-
fects must be considered as a precursor of the structural
phase transition lowering the space-group symmetry from
I4/mmm to I41/acd which has been observed in the mean-
while in the Ca2−xSrxRuO4 series.33,34 In contrast to the rota-
tional mode, the octahedron-tilting mode does not show
anomalous effects in Sr2RuO4. This dynamic precursor of the
rotational instability is perfectly described by the lattice-
dynamics model.

In a first approach, one may attribute the branches in the
range of 4 THz to Sr/Ru vibrations and those in the range
5–12 THz to different Ru and Ru-O bond-bending modes.
The modes in the frequency range 14–16 Thz correspond to
vibrations of the apical oxygen parallel to the c axis and the
highest band of phonons with frequencies above 20 THz is
associated with the in-plane bond-stretching vibrations. Only
three zone-center modes are Raman active and were ob-
served by Udagawa et al.35,36 The two Ag modes correspond-
ing to the c-axis vibrations of Sr and to that of the apical
oxygen are found at 5.96 and 16.49 THz, respectively, and
one Eg mode is found at 7.36 THz.35,36 The corresponding
frequencies determined by inelastic neutron scattering per-

FIG. 1. �Color online� Typical scans to determine the phonon
dispersion in Sr2RuO4. In parts �a� and �b� transverse acoustic pho-
non modes of �3 and �4 symmetry are shown, respectively. In part
�c� scans across the two c-polarized apical-oxygen modes Au and Ag

are presented. At the Ag mode a �1 branch starts for which part �d�
shows two corresponding scans. In parts �e� and �f� scans across
transverse in-plane bond-stretching modes are shown: �e� for a
transverse mode along the �100� direction and �f� for the zone-
boundary mode in �110� direction which is the quadrupolar mode.

BRADEN et al. PHYSICAL REVIEW B 76, 014505 �2007�

014505-2



fectly agree with these Raman results, we find the frequen-
cies 6.02, 16.44, and 7.27 THz. Due to the good in-plane
electrical conductivity, infrared optical measurements with
the polarization parallel to the planes were unable to observe
any phonon modes but the three c-polarized Au frequencies
at 5.92, 11.11, and 14.49 THz have been determined.37 The
two lower frequencies agree well with our results giving 5.94
and 10.99 THz. However, we find the highest Au mode at
13.80 THz. Since the determination of the phonon frequen-
cies has not been the focus of the infrared study, no raw-data
were shown in Ref. 37 and we cannot further comment on
the high-frequency discrepancy.

The 21 modes at the zone center can be separated accord-
ing to the irreducible representations into one Bu �observed at
9.09 THz�, two Ag �6.02 and 16.44 THz�, four Au �5.94,
10.99 and 13.80 THz plus acoustic mode�, two double-
degenerated Eg �3.59 and 7.27 THz�, and five double-
degenerated Eu �4.38, 8.36, 9.72, and 20.85 THz and acous-
tic mode�. Along the main-symmetry directions �100� ���,
�110� ���, and �001� ��� the modes can be separated accord-
ing to three or four irreducible representations. In our nota-
tions the subscript 1 always refers to the representation the
longitudinal acoustic mode belongs to. Subscript 2 signifies
the representation which does not contain any acoustic mode,
and subscripts 3 and 4 �the latter is not used for � modes�
denote the representations containing the transverse acoustic
modes with c-polarized acoustic modes belonging to repre-
sentation 4. The polarization schemes and the compatibility

relations of the irreducible representations are given in Table
I.

We have tried to describe the observed phonon dispersion
of Sr2RuO4 in a Born–von Karman force-constant model tak-
ing into account atomic pairs up to 15th shell or 30 param-
eters. For a metallic material one may expect such a model to
yield a good description. In Sr2RuO4 there are clear discrep-
ancies, for example the relatively large elastic constants
compared to the lower zone-boundary frequencies, which
suggest the relevance of long-range interactions arising from
Coulomb potentials. We, therefore, have modeled the phonon
dispersion of Sr2RuO4 in an ionic shell model, whose param-
eters are given in Table II. Starting from the generalized
model presented in Ref. 22 we have adapted the parameters
to the measured dispersion under the additional constraint of
the resulting forces not getting too large.

For the description of the phonon dispersion in Sr2RuO4
we use Coulomb potentials with effective charges V�r�
�Z1Z2e2 /r and the repulsive forces are described by Born-
Mayer potentials V�r�=A exp�−r /r0�. Shell charges describ-
ing a single-ion polarizability have been introduced for all
atoms with shell-core force constants chosen anisotropic for
Sr and Ru. The interatomic forces act on the shells in our
model. We treat the in-plane oxygen �O1� and the apical
oxygen �O2� differently, similar to the case of the cuprates,
but the same O-O potential was used for all pairs. For the
O-O-interaction we have added a van der Waals term of
−100�ev Å6�r−6 with r the interatomic distance in Å. All cal-

FIG. 2. �Color online� Phonon dispersion in Sr2RuO4, symbols denote the measured frequencies and lines those calculated with the lattice
dynamical model. We show the phonon dispersion along the main symmetry directions �100�, �110�, and �001�, separated according to the
irreducible representations, see text and Table I.
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culations were performed with the GENAX program.39

In addition to the potentials a few additional force con-
stants were introduced to improve the description. Angular
forces were added for the linear O1-Ru-O1 and O2-Ru-O2
bonds and special force constants were needed in order to
describe the behavior of the c-polarized bond-stretching
modes, as it will be discussed below.

IV. SOFT ROTATIONAL MODE

Since our first report on the softening of the rotational
mode in Sr2RuO4 the structural studies on the phase diagram
of Ca2−xSrxRuO4 have shown the close connection between
the static octahedron rotation and the electronic and mag-
netic properties in Ca2−xSrxRuO4.33,34 Therefore, it appeared
interesting to study the temperature dependence of the rota-
tional mode in more detail in Sr2RuO4 which, however, does
not exhibit the static distortion.38 The new results on the
rotational mode confirm our previous measurement and are
given in Fig. 3. The rotational mode was measured at Q

= �2.5,1.5,0� in the �100�,�010� scattering geometry. Be-
tween the lowest and the highest temperature ��450 K� the
rotational mode continuously broadens whereas the fre-
quency first softens up to about room temperature and then
stiffens upon further temperature increase. These temperature
dependencies cannot be explained by a normal structural in-
stability where the mode should soften and broaden con-
comitantly. Instead, we think that these anomalous effects
have to be attributed to electron-phonon coupling. The stron-
gest temperature effects in both, in the frequency and in the
width, are observed near 150 K, where the c-axis resistivity
exhibits a broad maximum. The anomalous temperature de-
pendency of the rotational mode might thus be connected
with the c-axis charge transport.

V. SCREENING OF COULOMB POTENTIALS BY
CHARGE CARRIERS

The metallic character of Sr2RuO4 yields an effective
screening of the Coulomb potentials and was explicitly taken

TABLE I. Upper part: Polarization schemes according to the crystal structure of Sr2RuO4 for all 	 modes
and for the representations along the �100�, �110�, and �001� directions �labeled �, �, and �, respectively�;
the first line gives the positions of seven atoms forming a primitive unit �Ref. 38�, the following lines show
the displacements of these atoms. A letter at the i position, signifies that this atom is moving along the i
direction, a second appearance of the same letter signifies that the second atom moves with the same
amplitude �“
” denotes a phase shift� in the corresponding direction. Lower part: Compatibility relations of
the irreducible representations for phonon wave vectors along the main-symmetry directions.

Sr
0 0 0.0353

Sr�
0 0 −0.353

Ru
0 0 0

O1
0.5 0 0

O1�
0 0.5 0

O2
0 0 0.162

O2�
0 0 −0.162

1 Bu 0 0 0 0 0 0 0 0 0 0 0 A 0 0 −A 0 0 0 0 0 0

2 Ag 0 0 A 0 0 −A 0 0 0 0 0 0 0 0 0 0 0 B 0 0 −B

4 Au 0 0 A 0 0 A 0 0 B 0 0 C 0 0 C 0 0 D 0 0 D

2 Eg A 0 0 −A 0 0 0 0 0 0 0 0 0 0 0 B 0 0 −B 0 0

5 Eu A 0 0 A 0 0 B 0 0 C 0 0 D 0 0 E 0 0 E 0 0

7 �1 A 0 B A 0 −B C 0 0 D 0 0 E 0 0 F 0 G F 0 −G

2 �2 0 A 0 0 −A 0 0 0 0 0 0 0 0 0 0 0 B 0 0 −B 0

5 �3 0 A 0 0 A 0 0 B 0 0 C 0 0 D 0 0 E 0 0 E 0

7 �4 A 0 B −A 0 B 0 0 C 0 0 D 0 0 E F 0 G −F 0 G

7 �1 A A B A A −B C C 0 D E 0 E D 0 F F G F F −G

3 �2 A −A 0 −A A 0 0 0 0 0 0 B 0 0 −B C −C 0 −C C 0

5 �3 A −A 0 A −A 0 B −B 0 C D 0 −D −C 0 E −E 0 E −E 0

6 �4 A A B −A −A B 0 0 C 0 0 D 0 0 D E −E F −E E F

6 �1 0 0 A 0 0 B 0 0 C 0 0 D 0 0 D 0 0 E 0 0 F

1 �2 0 0 0 0 0 0 0 0 0 0 0 A 0 0 −A 0 0 0 0 0 0

7 �3 A 0 0 B 0 0 C 0 0 D 0 0 E 0 0 F 0 0 G 0 0

�100� �1 :2 Ag+5 Eu �2 :2 Eg

�3 :5Eu �4 :1 Bu+2Eg+4Au

�110� �1 :2Ag+5 Eu �2 :1 Bu+2Eg

�3 :5 Eu �4 :2Eg+4Au

�001� �1 :2 Ag+4 Au �2 :1 Bu

2·�3 :2 Eg+5 Eu
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into account in the lattice-dynamics calculations. We de-
scribe the electronic susceptibility by the Lindhard function
for a free-electron gas.22 In such model the screening is per-
fect at long distance, thereby the splitting between longitudi-
nal optic �LO� and transverse optic �TO� phonon frequencies
disappears at the Brillouin-zone center. However, when pass-
ing into the zone, the screening will be less effective as it has
to occur at shorter distance and the LO-TO splitting may
partially recover yielding an increasing dispersion close to
the zone center. The screening scenario applies to any polar
modes, in particular to those with Ru-O bond-bending char-
acter, which posses the strongest polar character in Sr2RuO4.
Since in other perovskites these bending modes are associ-
ated with ferroelectricity, they are frequently called ferro-
electric modes. Comparison of the Sr2RuO4 low-temperature
phonon dispersion with those observed in La1.85Sr0.15CuO4
�Ref. 22� and in Nd1.85Ce0.15CuO4 �Ref. 15� immediately re-
veals differences. The bond-bending branches in the ruthen-
ate are much flatter indicating a more effective screening.
The relevant �1 and �1 branches starting at the Eu mode at
9.72 THz attain only frequencies of about 12 THz in the ru-
thenate whereas they exhibit a steep dispersion up to 16 THz
in the cuprates starting at a comparable zone-center fre-
quency. Also along the c direction the screening is rather
perfect in Sr2RuO4, as the �1 branch starting at the 11 THz
Au mode is rather flat. The comparably efficient screening
perpendicular to the planes is further corroborated by the

model calculations where an isotropic screening formalism is
found to describe the dispersion relation reasonably well.
The isotropic screening contrasts with the anisotropic trans-
port properties of Sr2RuO4, where resistivity ratios

�c

�inplane
of

the order of 1000 were reported.40,41

In the case of Sr2RuO4 we obtain a screening vector of
ks=0.86 Å−1 which is considerably larger than the one found,
for example in La2−xSrxCuO4, ks=0.39 Å−1 for x�0.1 �Ref.
22� or the one observed in Nd2−xCexCuO4 ks=0.41 Å−1 for
x=0.15.15 Qualitatively, the efficient screening agrees with
the better metallic properties of the ruthenate. Using a
screening vector of ks=0.42 Å−1, similar to those observed in
the cuprates, we find also a comparable phonon dispersion.
The longitudinal branches starting at the ferroelectric bond-
bending modes are then found to attain frequencies of
16 THz for propagation vectors along and perpendicular to
the planes as it is indeed observed in the cuprates.

At low temperature, Sr2RuO4 exhibits a considerably
higher in-plane electrical conductivity than the cuprates.
However, upon heating the conductivity considerably de-
creases in Sr2RuO4 attaining values at high temperature
which are comparable to those observed in the cuprates. The
in-plane mean free path in Sr2RuO4 was reported to fall be-
low 1 Å without any sign for resistivity saturation upon heat-
ing up to 1200 K.41 One may, therefore, wonder, whether the
efficient low-temperature screening in Sr2RuO4 is signifi-
cantly reduced upon heating as well. To study this problem
we have analyzed the ferroelectric bond-bending modes at
different temperatures for the �1 and �1 branches. However,
all temperature-induced phonon-frequency shifts are very
small, of the order of one percent, whereas an essential
change of the screening rendering the ruthenate at room tem-
perature comparable to the cuprates would imply frequency
shifts by more than 30%. We may conclude that the high
screening of the Coulomb potentials in Sr2RuO4 remains es-
sentially unchanged between 10 K and room temperature.
The screening of Coulomb potentials seems to be fully de-

FIG. 3. �Color online� Temperature dependence of the rotational
mode in Sr2RuO4, �a� mode frequency and �b� width. The mode was
measured at Q= �2.5,1.5,0� in the �100�, �010� scattering geometry.
Raw-data scans at three temperature are shown in part �c�, these
scans were fitted by Lorentzian profiles in order to obtain the posi-
tions and widths �for the 10 K scan a second Lorentzian is used to
take into account a resolution effect�.

TABLE II. Lattice dynamics model parameters for the descrip-
tion of the phonon dispersion in Sr2RuO4; for the explanation of the
parameters see text; Z,Y are given in electron charges; K in
106 dyn/cm.

ionic part

ion Z Y K

Ru 2.58 0.47 8.0/2.0

Sr 2.00 5.86 3.6

O1 −1.52 −3.25 1.8

O2 −1.77 −2.77 1.8

potentials

pair A �eV� r0 �Å� C �eV/Å6�

Sr-O1 1825 0.318

Sr-O2 2250 0.318

Ru-O1 2999 0.260

Ru-O2 3874 0.260

O1-O1 2000 0.284 −100

O1-O2 2000 0.284 −100

O2-O2 2000 0.284 −100

additional force constants �dyn/cm�
constant F

angular O1-Ru-O1 6798

angular O2-Ru-O2 11178

special O2-z 3205

special breathing −5203
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coupled from the macroscopic charge transport.
Qualitatively the minor temperature-induced frequency

changes agree with a very small reduction of the screening
upon heating; the zone-center modes slightly soften �Eu� or
remain unchanged �Au� whereas there is a minor hardening
for polar modes in the Brillouin zone upon heating, but none
of these effects is stronger than 2%.

VI. DISPERSION OF BOND-STRETCHING MODES

The dispersion of the in-plane bond-stretching modes is
shown in detail in Fig. 4. Starting at the highest Eu frequency
a �1 branch connects to the half-breathing mode at q
= �0.5,0 ,0� and then continues to the Z= �1,0 ,0� point bond-
stretching mode with an out-of-phase vibration of neighbor-
ing planes. For the corresponding polarization patterns see
Figs. 5�a� and 5�b�. Unfortunately, there is a strong loss in
the dynamical structure factor when approaching the half-
breathing mode rendering these measurements always diffi-
cult. The raw data shown in Fig. 4�a�, however, document

that the branch can be followed along this path by combining
measurements in different Brillouin zones, mostly �4,0,0�,
�5,1,0�, and �5,0,3�. This branch shows a rather flat disper-
sion and a nearly q-independent width. There is no over-
screening effect along the �100� direction comparable to
those observed in all metallic perovskites observed so far.
The dispersion is reasonably well described by our lattice-
dynamical model, see Fig. 4�c�.

Also along the �110� direction, we do not find the over-
screening effect but a rather normal and increasing disper-
sion towards the planar breathing mode at q= �0.5,0.5,0�,
for the polarization pattern see Fig. 5�c�. Figure 4�b� shows
the scans taken most at Q= �3+� ,3+� ,2� and in Fig. 4�d� the
dispersion is presented, which again is well reproduced by
the shell model.

The normal bond-stretching dispersion contrasts with all
electronically doped perovskite compounds studied so far, as
all of them exhibit a pronounced over-screening effect at

a) b)

c) d)

FIG. 4. �Color online� Raw data scans to determine the longitu-
dinal bond-stretching modes at q= �� ,0 ,0� �a� and at �� ,� ,0� �b�,
for clarity scans were successively translated vertically. Dispersion
of the in-plane bond-stretching phonon modes along the �100� �c�
and �110� direction �d�; symbols denote the measured frequencies
and lines the dispersion calculated with the lattice dynamics model.

q=(0 0 0)
a)

q=(0.5 0.5 0)c)

q=(0.5 0 0)

q=(0.5 0.5 0)d)

b)

e) f) g)

FIG. 5. �Color online� Polarization patterns of several bond-
stretching modes. Parts �a�, �b�, and �c� display the elongations
within a single RuO2 layer for the longitudinal in-plane bond-
stretching modes at the zone center, at q= �0.5,0 ,0� �half-breathing
mode� and at q= �0.5,0.5,0� �planar beathing mode�, respectively.
Part �d� shows the polarization pattern of the transverse bond-
stretching mode at q= �0.5,0.5,0� of quadrupolar character. Three
z-polarized bond-stretching mode patterns are given in parts �e�–
�g�: the Au �e� and the Ag �f� modes at the Brillouin-zone center and
the Ozz mode at the Z point �g�.

BRADEN et al. PHYSICAL REVIEW B 76, 014505 �2007�

014505-6



least along one of the in-plane directions. The difference be-
tween Sr2RuO4 and the materials studied previously consists
in the fact that Sr2RuO4 is intrinsically metallic implying a
relatively higher charge carrier density. More importantly, it
appears that the charge carriers in Sr2RuO4 possess a higher
mobility. Sr2RuO4 exhibits a low residual resistivity and
well-defined Fermi-liquid behavior at low temperatures.2 The
ruthenate does not seem to be close to any charge-ordering
instability with an inhomogeneous distribution of charges
within the RuO2 layers.

The debate about the role of electron-phonon coupling in
cuprate high-temperature superconductivity has gained fur-
ther weight with the interpretation that the kink observed in
angle resolved photoemission spectroscopy �ARPES� spectra
of many high-temperature superconducting compounds
arises from electron-phonon coupling.42 This interpretation
contrasts with the explanation given by other groups, who
attribute the kink to an interaction with magnetic excita-
tions.43 A comparable kink has more recently been found in
the ARPES spectra of Sr2RuO4 as well.44,45 Therefore, the
comparison of the lattice dynamics of this material with that
of the cuprates might help understanding the origin of these
kinks. In view of the absence of the corresponding phonon
anomaly in the in-plane bond-stretching dispersion of the
ruthenate it appears rather unlikely that these in-plane bond-
stretching modes are essential for the understanding of the
ARPES kinks. The multi-band Fermi surface in Sr2RuO4
renders the comparison with the cuprates more complex, but
the kinks in Sr2RuO4 have been attributed to the dxy band45

which is the one most similar to the cuprate dx2−y2 band. The
ARPES kinks in the ruthenate could arise from magnetic
excitations as Sr2RuO4 exhibits magnetic fluctuations of
nearly antiferromagnetic character and of comparable
strength as those in cuprates.29,30,46

Figures 5�e�–5�g� show the polarization patterns of differ-
ent out-of-plane bond-stretching modes. At the zone-center
there is an odd Au and an even Ag mode where the two O2’s
connected to a Ru-site vibrate in and out-of-phase, respec-
tively. Due to the translation symmetry, the octahedron at the
center of the tetragonal cell moves in phase with the one at
the origin for the zone-center modes. For q at the point Z
= �1,0 ,0�, however, the two octahedra vibrate with opposite
phases, see Fig. 5. The Ag mode connects with the so-called
Ozz mode at Z through a �1 branch and the Au mode to its
analog through a �4 branch. The Ozz mode is interesting in
terms of a possible coupling with charge fluctuations. At the
same time all oxygens connected to a certain Ru-layer move
towards that layer whereas those O2’s connected to the
neighboring layers move away from those. This mode may,
hence, be considered as the c-axis polarized analog of the
linear breathing mode; it can be coupled with an interlayer
charge transfer.47,48

Basing on a simple ionic lattice dynamical model one
expects roughly similar frequencies for the Ag and the Ozz
modes. However, we find a steep downwards dispersion in
the �1 branch connecting these two modes, see Fig. 6. From
the Ag frequency at 16.4 THz the frequencies of the branch
decrease towards the value of 14.5 THz observed for the Ozz
mode. Two scans across this branch are shown in Fig. 1�d�.
In contrast the �4 branch exhibits an increasing dispersion

from the Au mode towards the corresponding Z-point mode.
This dispersion cannot be described with the normal ionic
model, the corresponding dispersion is indicated in Fig. 6 by
the broken lines. In order to describe the pronounced soften-
ing of the Ozz mode without affecting the description of the
other modes we had to introduce two specially adapted force
constants, see Table I. The Ozz force constant acts on the two
O2 sites connected to the same Ru, and the breathing con-
stant chosen negative acts on the in-plane oxygens connected
to the same Ru. These constants mimic the observed disper-
sion rather well but they do not possess an intrinsic physical
meaning. With these additional parameters a good descrip-
tion of the bond-stretching dispersion is obtained except the
transverse �3 branch connecting to the quadrupolar mode at
q= �0.5,0.5,0�, see Fig. 1�f�� for a raw-data scan and Fig.
5�d� for the polarization pattern, where the model predicts a
softening stronger than the one found experimentally.

We think that the anomalously soft Ozz-mode frequency
has to be attributed to a strong electron-phonon coupling, as
it is further supported by the temperature dependence. In two
independent experiments we have studied the temperature
dependence of these c-axis polarized �1 modes between 15
and 300 K and between 15 and 450 K. The results are re-
sumed in Fig. 7. The entire �1 branch softens upon heating,
but the softening is much stronger at the Ozz mode where it
exceeds the expectation for a typical mode Grüneisen param-
eter, see Figs. 7�b� and 7�c�. In addition, at room temperature
the Ozz mode is significantly broader than the other modes
studied in this branch. Most interestingly the anomalous soft-
ening of the Ozz mode occurs just above about �150 K,
which is the crossover temperature observed in the c axis
electric resistivity.40,41 Concomitantly, the width of the Ozz
mode increases at this temperature range. The measurements

FIG. 6. �Color online� Dispersion of the z-polarized bond-
stretching phonons along the �100� direction; the Ag /Ozz and
Au /Z-Au modes connect through �1 and �4 branches, respectively.
The broken lines give the results of a normal lattice dynamics
model which is unable to describe the dispersion properly. The solid
lines correspond to the dispersion calculated with the inclusion of
the special force constants.
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of the optical conductivity in Sr2RuO4 have revealed that the
charge transport along the c direction is coherent only at low
temperatures.37

We attribute the anomalous dispersion near the Ozz mode
as well as the temperature effects to a strong coupling be-
tween this phonon mode and the interlayer charge transport.
This electron lattice coupling causes considerable phonon
softening and broadening in particular at high temperature
where the charge transport is incoherent. Evidence for a
much stronger electron-phonon coupling associated with
the Ozz mode was found in the isostructural cuprate
�La,Sr�2CuO4 �Ref. 7� and in less extent in
Nd1.85Ce0.15CuO4.15 For the hole-doped cuprates, Falter et al.
have explained the anomalous effects by a coupling with
interlayer charge fluctuations.47,48 Ho and Schofield have
analyzed the temperature dependence of the anisotropic re-
sistivity of a two-dimensional metal and in particular the
existence of a resistivity maximum along the less coupled
direction in terms of an anisotropic electron-boson
coupling.49 They obtained an excellent fit to the c-axis resis-
tivity in Sr2RuO4 assuming the characteristic energy of the
coupling boson at kB515 K�11 THz, which agrees reason-
ably well with the energy of the Ozz mode of 14 THz, cor-
roborating the conclusion that strong electron-phonon cou-
pling for the Ozz mode is associated with the uncommon
c-axis charge transport.

Bands of different orbital character contribute to the
Fermi surface in Sr2RuO4.2 Amongst them, the dxz and the
dyz states should be most relevant for the c-axis charge trans-
port and also most sensitive to the strong coupling with the
Ozz phonon mode. The electron-phonon coupling, thus,
should be more important for these dxz and dyz states possibly
competing with a nonconventional superconducting pairing
mechanism. The anisotropic electron-phonon coupling in
Sr2RuO4 might, therefore, enhance the orbital selective char-
acter of the superconductivity in Sr2RuO4.50

VII. SEARCH FOR A KOHN-ANOMALY

Pure29 and Ti-doped Sr2RuO4 �Ref. 51� are textbook ex-
amples for pronounced Fermi-surface nesting. The quasi-
one-dimensional dxz and dyz bands form flat Fermi-surface
sheets yielding strong nesting at the q position �0.3,0.3,ql�.
In pure Sr2RuO4 this nesting implies sharply peaked mag-
netic fluctuations29,30,46 and upon minor Ti substitution a
static spin-density wave develops at this propagation
vector.51 We have studied the question whether the pro-
nounced peak in the electronic susceptibility yields a signa-
ture in the lattice dynamics as well which would correspond
to a Kohn anomaly.

The longitudinal breathing modes along the �110� direc-
tion are a first promising candidate to search for a Kohn
anomaly, since the breathing modes are intrinsically coupled
with the Ru-site charges. In the in-plane bond stretching dis-
persion shown in Fig. 4, however, no such signature can be
detected in spite of the high precision obtained for that
branch. Another candidate for a Kohn anomaly is the longi-
tudinal acoustic branch which belongs to the same �1 repre-
sentation. In order to detect such an anomaly we have mea-
sured the phonon frequencies in the lowest two �1 branches
with much higher precision than the data taken in order to
establish the global dispersion in Fig. 2. At 60 K one data set
was taken in the �100� / �010� scattering geometry using the
PG monochromator. We also used the �110� / �001� scattering
geometry in combination with the PG monochromator yield-
ing comparable results but less precision due to the less fa-
vorable alignment of the resolution ellipsoid. Another data
set was taken in �100� / �010� scattering using the Cu-�111�
monochromator yielding a better energy resolution at 12 and
295 K. The results of these measurements are shown in Fig.
8. Indeed one may discern a small dip in the lowest branch
just at q= �0.3,0.3,0� which is somehow smeared out at
room temperature. This dip, however, is superposed with the
effects arising from the anticrossing behavior of the two
branches of the same symmetry which may explain the weak
plateau in the acoustic branch around q= �0.25,0.25,0�–
�0.35,0.35,0�. Anyway the effect of the nesting has to be

a) b)

c) d)

FIG. 7. �Color online� Temperature dependencies of peak widths
and frequencies of the c-polarized bond-stretching �1 modes. �a�,
�c� Temperature dependencies of the peak width �a� and of the fre-
quency �c� of the Ozz mode, respectively. These results were deter-
mined in two independent experiments �open and filled symbols�.
�b�, �d� q dependence of the temperature-induced frequency shifts
�b� and of the phonon frequencies of this �1 branch �d� at 15 K
�open symbols� and at room temperature �filled symbols�.

FIG. 8. �Color online� Dispersion of the longitudinal acoustic
and the lowest optical branch of the same symmetry along the �110�
direction, �1 modes. In part �a� crosses denote the data taken to
establish the overall dispersion shown in Fig. 2. Open circles denote
the results of measurements at 60 K with the PG monochromator;
filled circles and stars present the data obtained with the Cu-�111�
monochromator achieving higher resolution. Lines correspond to
the frequencies calculated with the lattice dynamical model.
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considered as being weak. It appears very unlikely that such
an electron phonon coupling is a relevant effect in Sr2RuO4.

VIII. CONCLUSIONS

The lattice dynamics of Sr2RuO4 in spite of its excellent
metallic properties at low temperatures still shows the char-
acteristic features of an ionic compound. The dispersion is
best described in an ionic shell model taking account of the
electronic screening. Compared to previously studied perovs-
kites, in particular the high-temperature superconducting cu-
prates, the screening is more efficient in Sr2RuO4. There is
no direct relation between the screening and electric trans-
port properties, as, in contrast to the transport, the screening
is isotropic and essentially temperature independent.

In view of the anomalous bond-stretching dispersion ob-
served in all electronically doped perovskites studied so far,
this aspect is particularly interesting in Sr2RuO4 as well. The
in-plane bond-stretching dispersion, however, is rather nor-
mal in Sr2RuO4. The anomalous effects in the other materials
may hence not simply be attributed to their metallic charac-
ter. Instead it seems likely that the high mobility of the

charge carriers along the planes in Sr2RuO4 inhibits the
strong coupling between the breathing modes and charge
fluctuations. The absence of the in-plane bond-stretching
anomalies in Sr2RuO4 together with the observation of kinks
in ARPES spectra resembling those of the cuprates, renders a
dominant role of the in-plane bond-stretching phonons in the
cuprate-kink mechanism unlikely.

A highly anomalous bond-stretching dispersion is, how-
ever, observed for the c-polarized bond-stretching modes in
Sr2RuO4. The Ozz zone-boundary mode exhibits a rather low
frequency and a strongly temperature-dependent line broad-
ening. These effects indicate that this mode is coupled with
the anomalous charge transport along the c direction ob-
served in dc resistivity and in optical conductivity experi-
ments. Whether this sizeable electron-phonon coupling plays
some role in the superconducting pairing mechanism in
Sr2RuO4, remains a challenging open issue.
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