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The optical conductivity ���� of Sr3Ru2O7 has been studied both in the ab planes, between 12 and 450 K,
and along the c axis between 12 and 300 K. �ab��� is Drude-type but, for increasing T, it shows a crossover
around 300 K to a regime with enhanced scattering rate, probably driven by a stronger coupling with the
optical phonons. The spectral weight shows the imprints of strong correlations, but less pronounced than in a
high-Tc material. Along the c axis, the Drude term has a much smaller plasma frequency, and a strong
absorption appears at 1 eV. These findings indicate an anisotropic metallic state where electron-electron and
electron-phonon interactions play a major role. This picture may be reconciled with the local-density calcula-
tions reported in the literature, which predict an insulating c axis, once those interactions are taken into
account.
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I. INTRODUCTION

The Ruddlesden-Popper-type series Srn+1RunO3n+1

�n=1,2, and �� has attracted wide interest in the last decade
due either to the unconventional superconductivity of
Sr2RuO4 �n=1�, where the Cooper pairs are in a p-symmetry
triplet state,1 or to the metamagnetism and quantum critical-
ity shown by Sr3Ru2O7 �n=2� at T�1 K.2,3 In turn, SrRuO3

�n=�� is the only ferromagnetic material among the itinerant
4d transition-metal oxides.4 In the present paper we focus on
the double-layered, nonsuperconducting, perovskite
Sr3Ru2O7, with the aim to investigate its basically unex-
plored, anisotropic, optical properties. The interest for aniso-
tropic, conducting oxides has grown in recent years after the
discovery of high-Tc superconductivity in the cuprates,
which share with the ruthenates the perovskite structure and
the typical transition metal-oxygen layer. Moreover, single
crystals, large and pure enough along different axes, have
been grown successfully for many chemical compositions,
allowing for a detailed determination of their anisotropic be-
havior by different spectroscopic techniques.

Sr3Ru2O7 has a quasitetragonal cell elongated along the c
axis. In the calculations of both electronic and phonon bands,
a symmetry I4 /mmm is generally assumed. However, under
rotations of the RuO6 octahedra around the c axis, such
structure tends to transform into lower-symmetry orthorhom-
bic phases like Bbcb �no. 68�.5 At room temperature, the
average values for the lattice constants of the tetragonal
cell are �a�= �a+b� /2=0.5500 nm �with a�b�, and
c=2.0725 nm. At 40 K a=b, and below this temperature
a�b.5 The octahedra RuO6 are formed by the hybridized
bonds between the 2p levels of oxygen and the 4d levels of
Ru4+, which host four electrons. In the crystal field these
orbitals are split by an energy6 10Dq, into a triplet t2g and a
doublet eg. In Sr3Ru2O7, the crystal field is strong enough
that 10Dq�J, where J is the Hund energy. Therefore, in the
ground state the four electrons are in the t2g state, eg is

empty, and the total spin S is 1. In turn, the degeneracy of the
t2g state is removed by the Jahn-Teller distortion.

In Sr3Ru2O7 the carriers are holes, as shown by Hall
data.7 The resistivity is anisotropic, consistently with the
quasi-two-dimensional Fermi surface extracted from band-
structure calculations.8 Indeed, both the ab plane resistivity
�ab�T� and that along c, �c�T�, are metallic. However, at 300
K �c�T��40�ab�T�.9 This latter is linear down to 15 K,
while10 �ab�T�	T1.5 between 15 and 6 K, 	T2 below 6 K.
This change in slope, which is much more pronounced in
�c�T�, corresponds to a peak in the magnetic susceptibility at
16 K which was tentatively interpreted in terms of ferromag-
netic fluctuations.9 A ferromagnetic phase is observed only
under external pressure, with a Curie temperature
Tc�70 K at 1.1 GPa.11

Concerning the optical properties, those of12,13 Sr2RuO4
and of14 SrRuO3 have been studied in detail, while for
Sr3Ru2O7 only the room-temperature optical conductivity
�ab��� of the ab plane can be found in the literature.15,16

�ab��� appears metallic in the midinfrared and shows elec-
tronic bands above 3 eV, which are attributed to charge-
transfer �CT� transitions between the O 2p and the Ru t2g
levels. Spectra at lower temperatures were reported only in
the region of the stretching mode of the Ru-O bond, to study
how its peak frequency depends on T.

The present experiment is aimed at completing our optical
knowledge of Sr3Ru2O7, by measuring its ���� both with the
radiation field polarized in the ab plane �between 12 and 450
K� and along the c axis �between 12 and 300 K�, for �
ranging from the far infrared to the near UV.

II. SAMPLE AND EXPERIMENT

The Sr3Ru2O7 single crystal was grown by the floating
zone technique and characterized by x-ray diffraction and
scanning electron microscopy. Traces of the Sr4Ru3O10
phase, as usual in these samples, were found. The reflectivity
R��� of the crystal was measured at nearly normal incidence
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�8°� at different temperatures, both with the field polarized in
the ab plane and along the c axis. The reference was ob-
tained by evaporating a gold film onto the sample itself in the
far and midinfrared, a silver film in the near infrared and the
visible range. Data were collected by a rapid-scanning inter-
ferometer from 80 �ab plane� or 60 �c axis� to 20 000 cm−1,
and by thermoregulating the samples within 
2 K at ten
temperatures between 12 and 450 K. The spectra were then
extended at room temperature up to 30 000 cm−1 by using a
monochromator and an aluminum film as reference. The op-
tical conductivity ���� was extracted from the corresponding
reflectivity curves by use of standard Kramers-Kronig trans-
formations. In the ab-plane measurements, in order to ex-
clude the presence of spurious contributions from the less-
metallic c axis due to small errors in cutting the crystal,17 the
polarizer was rotated until the maximum reflectivity was at-
tained at room temperature. This ensured that the field was
aligned orthogonally to the slope of any possible, residual
miscut.

III. RESULTS AND DISCUSSION

A. Optical conductivity of the ab plane

The ab plane reflectivity Rab��� of Sr3Ru2O7, as mea-
sured from 12–450 K and from 80–30 000 cm−1, is shown

in Fig. 1�a�. Rab��� increases, as T is lowered, up to
10 000 cm−1. The plasma edge at �12 000 cm−1 indicates
that the system is a good metal. The optical conductivity
�ab��� extracted from Rab��� through the Kramers-Kronig
transformations is shown in Fig. 1�b�. It is basically Drude-
type, as confirmed by the fits to a Drude-Lorentz model
shown in the figure for the highest �450 K� and the lowest
temperature �12 K�. The plasma frequency �pD turns out to
be 12 000 cm−1, independent of temperature. �ab��� does
not show any feature similar to the pseudogap observed18

below 200 cm−1 and 50 K in Ca3Ru2O7. This confirms that,
unlike the latter compound, Sr3Ru2O7 does not present
charge/spin density wave instabilities down to the lowest
temperature here investigated. The extrapolated value
�ab��→0� at 300 K, 5000 �−1 cm−1, is in excellent agree-
ment with the dc determination �ab�0� reported in Ref. 9
�4800 �−1 cm−1�. However, as T lowers below 100 K, the
extrapolated value �ab��→0� increases less rapidly than the
dc conductivity. This discrepancy may be due to the lack of
data below 80 cm−1, which produces an increasing error as
the Drude term becomes narrower.

An interesting quantity is the relaxation rate of the carri-
ers �. In Fig. 2�a� it is plotted versus temperature as obtained
from the above Drude fit. Below 50 K, � drops as reported
for the dc resistivity,9 while at higher T it clearly shows two
different regimes, with a crossover around room temperature.
Above 300 K, � decreases for decreasing T much more rap-
idly than between room temperature and 50 K. Figure 2�b�
shows instead the frequency-dependent relaxation rate ����
that one can extract from the dielectric function
̃���=1���+ i2��� in the framework of an extended Drude
model,19

���� =
��pD

2 /��2���
��1��� − �	2 + 2

2���
2 . �1�

One may first remark that ���→0� in Fig. 2�b� is consistent
at all temperatures with the ��T� of Fig. 2�a�, within the
errors involved in Eq. �1�. Moreover, the existence of two
regimes with a crossover at room temperature is confirmed
and further information is added. Indeed in Fig. 2�b� at 12 K,
if one neglects the phonon contributions, � versus � follows
an exactly linear increase �dashed line� up to 1500 cm−1. A
linear ���� has been often observed in cuprates with a
strongly metallic character.20 The same slope is conserved in
Fig. 2�b� up to 300 K, while deviations are detected at 350 K
and, much stronger, at 450 K. They consist of an excess of
relaxation rate at low frequency, in the region of the longi-
tudinal and transverse optical phonons. This unusual behav-
ior is just opposite to that reported in the ab plane of the
underdoped cuprates for a pseudogap �p. Therein, since no
suppression of spectral weight is observed directly in
�ab���, some authors report a depletion19 in ���� for
���p and T�T�, the pseudogap temperature. This is inter-
preted as a suppression of certain scattering channels for
T�T�. Here, the low-� increase in � in Fig. 2�b� for
T�300 K associated with the change in slope in Fig. 2�a�
points toward an enhanced interaction of the holes with the
optical phonons.
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FIG. 1. �Color online� Reflectivity �a� and optical conductivity
�b� of the ab plane of Sr3Ru2O7 at selected temperatures between
12 and 450 K. In �b�, fits to a Drude-Lorentz model �see text� are
shown for the highest �dotted line� and the lowest temperature
�dashed line�.
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This finding is further supported in the inset of Fig. 2�a�,
which reports the T dependence of �2, the peak frequency of
the in-plane Ru-O stretching mode. At 300 K and below, the
data are in agreement with those reported in Ref. 16. In the
same range of temperatures where both the conventional
Drude ��T� and the extended Drude ���� undergo a cross-
over between different regimes, also �2�T� exhibits a change
in slope. This may indicate either a structural phase transition
which affects both the carriers and the phonon, or a strong
coupling between the carriers and the optical stretching
mode, which, at T�300 K, enhances the usual softening
produced by lattice expansion. As diffraction data on
Sr3Ru2O7 are available only for T�300 K, this remains an
open question.

One can now shortly describe the other features which
appear in Fig. 1�b�. If, alternatively to the extended Drude
model, one uses a Drude-Lorentz fit, one should add to the
Drude term a broad midinfrared oscillator peaked at
1500 cm−1. In the far infrared, in addition to the stretching at
�2, below 100 K another transverse optical mode emerges at
�1 from the Drude continuum. It can be assigned to a bend-

ing of the Ru-O square lattice. One finds �1=307, 303, and
299 cm−1 at 100, 50, and 12 K, respectively. In the same
range of temperatures the ab plane undergoes the already
mentioned distortion, with5 2�b−a� / �b+a� switching from
+0.6�10−3 at 100 K to −0.4�10−3 at 12 K. Finally, in the
visible range the best fit to �ab��� requires the band at
23 000 cm−1 assigned in Ref. 16 to the CT transitions be-
tween the O 2p and the Ru t2g levels.

B. Spectral weight in the ab plane

From the ab-plane optical conductivity of Sr3Ru2O7 one
can also calculate the spectral weight

W��,T� =
2m�V

�e2 �
0

�

�ab��,T�d� , �2�

where m� is the effective mass of the carriers �here assumed
to be equal to the free electron mass� and V is the volume of
the formula-unit cell. The resulting W is plotted in Fig. 3
versus the cut-off frequency � at different temperatures. The
f-sum rule on W establishes that all those curves collapse
into a single one for �→�. However, a restricted sum rule
is verified in conventional metals, according to which W be-
comes independent of T for ���p. Here �p is the plasma
edge, namely the Drude plasma frequency �pD renormalized
by the screening effect of the higher-energy bound charges.
For example, such sum rule is well verified in gold. On the
contrary, in the ab plane of high-Tc cuprates the f-sum rule is
not fulfilled, unless21 ���p. This anomaly has been attrib-
uted to the effect of strong correlations, which act to mix the
high- and low-energy scales in the optical response of the
carriers.22

Both in conventional metals and in a superconducting cu-
prate such as La2−xSrxCuO4, moreover, the spectral weight
depends on temperature as21

W��,T� = W0�1 − b���T2	 . �3�
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The above quadratic dependence is expected on the basis
of a one-band tight-binding model and of a Sommerfeld ex-
pansion of the kinetic energy. However, while in a conven-
tional metal like gold W0 and b are controlled by the same
energy scale, namely the hopping rate t, in correlated oxides
the former scale is larger by 1 order of magnitude than that
which controls the frequency-dependent coefficient b which
describes the “thermal response” of the carriers. Figure 4
shows W��� versus T at different �, with the corresponding
fits to Eq. �3�. For increasing cut-off frequencies, the varia-
tion with T of W becomes weaker and weaker, but it is al-
ways larger than the experimental error. This latter is small,
either as the reflectivity above room temperature is not af-
fected by traces of water condensation, or as we evaporated
gold at each T in order to compensate for any misalignment
of the system due temperature variations.

Given the good agreement at any �, one can extract from
the fits b���. This quantity is plotted in Fig. 5 for Sr3Ru2O7,
and compared therein with that of gold and of the supercon-
ducting cuprate La1.88Sr0.12CuO4. In order to facilitate the
comparison, b��� is reported versus � /�p, where �p is the
plasma edge of each compound: 12 000, 21 500, and
6800 cm−1,21 respectively.

In correlated materials, unlike in a conventional Fermi
liquid, b��� is appreciably different from zero well beyond
the plasma edge,21,22 while in a conventional metal like gold
b����0 at �p. Figure 5 shows that in Sr3Ru2O7 b��� be-
haves like the cuprate, even if its absolute values below �p
are intermediate between those of the cuprate and those of
gold. Therefore, from the present analysis of the T depen-
dence of the spectral weight one may conclude that in
Sr3Ru2O7 the effect of electron correlations is present but
less pronounced than in the prototypical superconducting cu-
prate La2−xSrxCuO4.

C. Optical conductivity of the c axis

The reflectivity Rc��� of Sr3Ru2O7, as measured with the
radiation field polarized along the c axis from 12 to 300 K, is

shown in Fig. 6�a�. At 300 K and below 1200 cm−1 it is
consistent with that of Ca3Ru2O7 in Ref. 15. Except for the
charge-transfer band at the highest frequencies, it looks quite
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different from that of the ab plane in Fig. 1�a�. The plasma
edge here falls at �800 cm−1 �0.1 eV� and a strong absorp-
tion, not observed in the conductivity of the ab plane, ap-
pears in the near infrared. The separation between the two
bands emerges clearly in the optical conductivity �c��� of
Fig. 6�b�. Therein, a Drude-Lorentz fit provides a plasma
frequency �pD=2700 cm−1, independent of T within errors,
and the relaxation rate ��T� which is plotted in the inset. As
a consequence, the extrapolated value �c��→0� at 300 K is
650 �−1 cm−1, much larger than the dc value �c�0�
=120 �−1 cm−1 reported in Ref. 9. Similarly, �c��→0�
does not show the strong increase in �dc reported therein
below 50 K. These discrepancies might be explained by as-
suming an anomaly in �c��� at frequencies lower than those
explored here, even if there are no hints to support such
possibility at this stage. In the far infrared, three phonon
lines are also detected, at peak frequencies 306, 382, and
440 cm−1, independent of temperature within errors.

The above results can be compared with the band calcu-
lations reported in Ref. 8, which are based on a full-potential
linearized augmented plane-wave method within a local-
density approach. Along the direction � of the k� space,
which corresponds to the c axis in real space, they show a
band �A� well below the Fermi level at EF, and a flat band
�B� at �0.1 eV above EF. Therefore this scheme describes
an insulating c axis, in contrast with the present experiment.
The apparent metallic behavior of the c-axis conductivity
suggests that the band B is shifted from the calculated value
toward lower energies by at least 0.1 eV, so that it crosses the
Fermi energy. Such discrepancy may be attributed to the
electron-electron and/or the electron-phonon interactions, not
included, or only partially included, in local-density calcula-
tions. Both those effects have been here shown to be impor-
tant in Sr3Ru2O7.

If one assumes that band B crosses the Fermi level, one
may fully reconcile the theory with the experimental result of
Fig. 6�b�. Indeed, the low dispersion of B implies a high
effective mass of the carriers m� and explains why, in the
conductivity of the c axis, �pD

2 =ne2 /m� is smaller by a factor
of 20 than in the ab plane. Moreover, if band B is occupied,
also the strong near-infrared absorption in Fig. 6�b� has a
natural explanation. Indeed, above EF another band C is

predicted,8 about �1 eV above B. The band at 8000 cm−1

can then be reasonably assigned to the interband transitions
B→C.

CONCLUSION

In the present paper we have studied the optical conduc-
tivity of c, both in the ab plane and along the c axis. �ab���
is metallic, with a plasma frequency which falls in the near
infrared. The relaxation rate � increases linearly with T be-
tween 50 and 450 K, but shows a pronounced change in
slope around room temperature. By studying the � depen-
dence of � in an extended Drude model, that crossover can
be associated with an enhanced scattering rate above 300 K
in the optical phonon frequency range, just opposite to the
reported opening of a pseudogap in the ���� of certain un-
derdoped cuprates. Around 300 K, also the T dependence of
the stretching mode peak frequency shows an anomaly. Up to
450 K, the behavior with temperature of the spectral weight
W�� ,T�	�0

��ab���d� is quadratic, as observed both in con-
ventional metals and in most cuprates. Its dependence on �
is instead intermediate between that of a conventional metal
and that of a highly correlated material like the high-Tc su-
perconductor La2−xSrxCuO4.

When polarizing the field orthogonally to the ab plane,
the conductivity changes sharply: the Drude term along the c
axis has a much smaller plasma frequency, indicating a
strong enhancement in the effective mass, and a broad ab-
sorption appears at 1 eV. According to the predictions of
local-density calculations reported in the literature, a quas-
iflat band is close to the Fermi energy, and a dispersive band
is placed at �1 eV above that band. This structure is con-
sistent with our results, provided that the flat band crosses
the Fermi level instead of being empty as predicted. The
inclusion of the interactions here shown to be important in
Sr3Ru2O7 might shift the band energies thus reconciling
theory and experiment. Indeed, this double-layer ruthenate is
here confirmed to be a strongly anisotropic metal with a
rather weak interplane hopping, but cannot be described as a
two-dimensional conductor like the high-Tc cuprates, where
the c axis is insulating at any T�Tc.
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