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We reported the optical conductivity spectra of the Ruddlesden-Popper series ruthenates, i.e., Srn+1RunO3n+1

and Can+1RunO3n+1, where n=1, 2, and`. Among various optical transitions, we investigated two Ru-O
related modes, i.e., the charge-transfer excitation and the transverse stretching phonon. We found that their
frequency shifts are not much affected by a structural dimensionality, but are closely related to the Ru-O bond
length. Through the quantitative analysis of the charge-transfer excitation energy, we could demonstrate that
the p–d hybridization should play an important role in determining their electronic structure. In addition, we
discussed how the electronic excitation could contribute the lattice dynamics in the metallic ruthenates.
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I. INTRODUCTION

Transition metal oxides are an intriguing material system
where bondings between the outer most electron orbitals
have both ionic and covalent characters. When the ionic
character is dominant, then the long-range Coulomb interac-
tions, called the Madelung potential, should play an impor-
tant role and the correlation between electrons should be
very strong. When the covalent character is dominant, the
hybridization effects between O 2p and metal iond orbitals,
the so-calledp–d hybridization effects, should play a major
role. Since both characters are comparable in transition metal
oxides, their physical properties have been difficult to under-
stand either from the localized ionic picture or from the band
picture, and have been important topics in condensed matter
physics.

Optical spectroscopy has been proven to be a useful
method to investigate the bonding natures in the strongly
correlated electron systems. In cuprates, many workers sys-
tematically investigated charge-transfer optical excitations,
i.e., optical transitions between the O 2p states and the
Cu 3d states,1–5 and could successfully understand the nature
of the bonding character between the 2p states and the 3d
states. They found that the trend in the charge-transfer exci-
tations could be explained mainly by variation of the Made-
lung potential, suggesting that the O 2p-Cu 3d bondings
could have a strong ionic character. Similar observations
have been made for other 3d transition metal oxides, such as
nickelates.6

Through the extensive investigations on ruthenates, after
the discovery of the unconventional superconductivity in
Sr2RuO4,

7 we have accumulated a large understanding of the
4d transition metal oxides.8–12 Numerous intriguing physical
phenomena, including metal-insulator transition and super-
conductivity, have been observed in the ruthenates, and ex-
plained in terms of electron-electron interactions.12–14 How-
ever, due to their more extended 4d orbitals, ruthenates
should have weaker electron-electron interaction but stronger
p–d hybridization effects than those of the 3d transition
metal oxides. In the perovskite ruthenates, a distortion in the
RuO6 networks results in a weakening of thep overlap be-
tween the oxygenp and the Rut2g orbitals. Such electron-
lattice interactions, which are strongly coupled with thep–d
hybridization, can be greatly enhanced due to the extended
character of the 4d orbitals. Actually, both LSDA electronic
structure calculations and the photoemission spectroscopy
study for SrRuO3 revealed that the electronic structure shows
a strong 2p−4d hybridization throughout the whole valence-
band and conduction-band regions.14,15

In this paper, we investigated the bonding nature of the
O 2p and Ru 4d orbitals by calculating the Madelung poten-
tials and analyzing optical conductivity spectrassvd of the
Ruddlesden-Popper(RP) seriessSr,Cadn+1RunO3n+1 (n=1, 2,
and `). In these ruthenates, the valency of the Ru ions re-
mains the same, i.e., 4+, but their structural parameters, such
as dimensionality, bond length, and bond angle, exhibit sys-
tematic variations.16–20Note that the Madelung potential will

PHYSICAL REVIEW B 70, 085103(2004)

1098-0121/2004/70(8)/085103(6)/$22.50 ©2004 The American Physical Society70 085103-1



be determined how the ions are arranged, so it should be
strongly dependent on the system dimensionality. Therefore,
sSr,Cadn+1RunO3n+1 could be an ideal material system to de-
termine which structural parameters are crucial to determine
the electronic structures of ruthenates: If the dimensionality
becomes important, then the bonds should have a strong
ionic character, but if the other structural parameters become
important, then the covalent characters should be more im-
portant.

II. EXPERIMENTAL TECHNIQUES

Single crystals of Sr2RuO4 sSr214d, Ca2RuO4 sCa214d,
Sr3Ru2O7 sSr327d, and Ca3Ru2O7 sCa327d were grown by
the floating zone method.21–23 High-quality SrRuO3 sSr113d
and CaRuO3 sCa113d films were epitaxially grown with the
c-axis orientation on a SrTiO3 substrate using the pulsed la-
ser deposition and sputtering techniques, respectively.24,25

The film thicknesses were larger than 4000 Å. Near-normal
incidence reflectivity spectra of theab plane were measured
between 5 meV and 30 eV. Below 0.8 eV, a Fourier trans-
form spectrophotometer was used. Between 0.6 and 6.0 eV,
grating spectrometers were used. Above 6.0 eV, the synchro-
tron radiation at Pohang Light Source(PLS) was used. Using
the Kramers-Kronig analysis,ssvd were obtained. The de-
tails of the reflectivity measurements and the Kramers-
Kronig analysis were given elsewhere.26

III. RESULTS AND DISCUSSIONS

A. The Ru-O interband transition

Figures 1(a) and 1(b) show the room temperaturessvd of
Srn+1RunO3n+1 and Can+1RunO3n+1, respectively. Both of the
figures show that the spectral features are mainly composed
of two parts: namely, the Drude-like peak centered at the
zero frequency and interband transitions above 1 eV. The
coherent Drude-like peaks were observed for all the samples
except Ca214. The existence of the coherent peaks indicates
that they should be in metallic states, consistent with their
dc-transport results.7,8,18,27For Ca214, an optical gap can be
clearly seen, revealing its insulating character. The sharp
spikes in the far-infrared region come from absorptions by
the transverse optical phonon modes.

Among the interband transitions, we pay attention to the
strong peaks just above 3.0 eV, which are observed in all of
the spectra. The peaks correspond to the interband transitions
between the O 2p band and the Rut2g band,11,12,28so their
energy positions should be directly related to the charge-
transfer energyDp–d, i.e., the energy difference between two
bands. Using the fitting ofssvd with the Lorentz oscillators,
we were able to obtainDp–d. The second row of Table I
shows the values ofDp–d, estimated by assuming that the
strong peak feature around 3.0 eV could be fitted with a
single Lorentz oscillator. Since such absorption features for
Sr214 and Sr327 are rather broad, we could also fit them
with two Lorentz oscillators.[The inset of Fig. 1(a) shows
the fitting result for Sr214 with two Lorentz oscillators.]
And, Dp–d could be estimated as the midpoints of the peaks,
which are nearly the same as those of Table I.29 With increas-

ing n, Dp–d for the Sr series decreases systematically by
about 0.9 eV, but that for the Ca series shows little change.

For cuprates and nickelates,2–6 it was already known that
the dimensionality, which is related to the coordination num-
ber of the oxygen atoms for the transition metal ion, should
play an important role. To check this possibility, we plotted
the dimensionality dependences of theDp–d values in Fig.
2(a). Here, we adopt the value ofs3−1/nd as a dimensional
parameter. Then,n=1, 2, and` correspond to the two, 2.5,
and three-dimensional cases, respectively. As dimensionality
(or n) increases,Dp–d for the Sr series(the closed circles)
shifts significantly to the lower energy. On the other hand,
for the Ca series(the closed triangles), Dp–d does not show
such systematic trends, but remains at nearly the same en-
ergy. These differences demonstrate that the variation ofDp–d
in these perovskite ruthenates could not be explained with
only the consideration of the structural dimensionality.

For a more quantitative argument, we calculated the en-
ergy levels based on a simple ionic model, where the Made-
lung potential should be varied for different ionic arrange-
ments, and depend on the dimensionality. Note thatDp–d
corresponds to the energy cost to excite an electron from an
O2− ion to a neighboring metal Ru4+ ion. This involves the
difference between the ionization potentialIsO2−d of the O2−

ion and the electron affinityAf=IsRu4+dg of the Ru4+ ion. In

FIG. 1. The room-temperature optical conductivity spectrassvd
of (a) SrRuO3 sSr113d, Sr3Ru2O7 sSr327d, and Sr2RuO4 sSr214d,
and (b) CaRuO3 sCa113d, Ca3Ru2O7 sCa327d, and
Ca2RuO4 sCa214d. The inset of(a) shows a fitting result for Sr214
using the Lorentz oscillators. The spectral shape of a coherent peak
is fitted with a truncated Lorentzian. And, the peak just above 3 eV
is assumed to be composed of two peaks around 3.65 and 4.7 eV.
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addition, there exists a termDVMad, i.e., the difference in the
electrostatic Madelung site potentials of the Ru4+ and the O2−

ions. Consequently,

Dp–d ; AsO−d − IsRu4+d + eDVMad − e2/dRu-O, s1d

where the terme2/dM−O includes the Coulomb interaction
from the electron and hole pair, the so-called exciton, formed
by the optical absorption. In Eq.(1), AsO−d− IsRu4+d should

be the same for all of the ruthenates studied since it is the
value of the level separation between the O2− and Ru4+ ions
in the atomic limit. Also, the variation of the excitonic en-
ergy contributions is at most 0.1 eV, which is smaller than
the variation ofeDVMad. So, in this simple ionic picture,Dp–d
should be mainly determined byeDVMad. Taking into ac-
count all of the structural information, including the dimen-
sionality and the structural distortion,16–20 we calculated the
Madelung site potential based on a full-potential electronic
structure. The third row of Table I shows the values of
eDVMad8 f;eDVMad−eDVMadsSr214dg, which is the DVMad
value difference with respect to the corresponding Sr214
value.

The simple ionic model has proven useful for calculating
the electronic state of oxides which have rather strongly lo-
calized electrons. In addition, based on the ionic model, Tor-
ranceet al. calculated the parameters of the Coulomb repul-
sion energy and the charge-transfer energy, and categorized
numerous 3d and 4d transition metal compounds into two
groups, i.e., metals and insulators, on the basis of the
Zaanen-Sawatzky-Allen scheme, and found that they are
consistent with their actual ground states.30 Therefore, we
think that it can be a good starting point to understand the
electronic states of the metallic ruthenates, which also have
been considered as a strongly correlated electron system.12,14

Figure 2(b) shows the dependence ofDp–d on −eDVMad8 .
[Note that Figs. 2(a) and 2(b) are similar to each other, which
indicates that theeDVMad8 values are closely related to the
structural dimensionality.] If the simple ionic model is valid,
all of the data, including those for the Sr and the Ca series,
should fall on a single straight line. When we look at just the
data for the Ca series, the change ofDp–d seems to be in
reasonably good agreement witheDVMad8 . For the Sr series,
although theirDp–d values also seem to be linearly increasing
with eDVMad8 , their values are much larger than those for the
Ca series. Moreover, its slope is also larger than that of the
Ca series. If existent, the Madelung potential contribution
(i.e., the ionic bond character) should not be large enough to
explain the systematic variation of the 3.0 eV interband tran-
sition, at least for the Sr series.

Now, let us look into the dependence ofDp–d on in-plane
bond length between the Ru and the O ions,dRu–O. (For the

TABLE I. Values of the charge-transfer energyDp–d, the Madelung potentialeDMad8 , the Ru-O bond
length dRu–O, the corresponding bond angleu, and the transverse optical phonon frequencyvTO of the
perovskite ruthenates.(Note that values ofeDMad8 were calculated Madelung potential differences relative to
the Sr214 value.)

Sr series Ca series

Sr214 Sr327 Sr113 Ca214 Ca327 Ca113

Dp–dseVd 4.15 3.78 3.28 3.25 3.35 3.08

eDVMad8 seVd 0 −0.16 −0.32 −0.11 −0.14 −0.31

dRu–OsÅd 1.935a 1.957b 1.983c 1.990a 1.994d 1.991c

us°d 180a 168b 165c 154a 150d 150c

vTOscm−1d 670 619 581 584 575 569

aReference 16.
bReference 17.
cReference 18 and 19.
dReference 20.

FIG. 2. The dependences ofDp–d (a) on the dimensional param-
eter s3−1/nd, (b) on the Madelung potential difference −eDVMad8 ,
and (c) on the Ru-O bond lengthdRu–O. The solid lines are guides
for the eye. The data for the Sr and the Ca series are shown as
closed circles and triangles, respectively.
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113 compounds,dRu–O corresponds to the average bond
length.19,20) As can be seen from the second and fourth rows
of Table I, Dp–d decreases drastically with the increase of
dRu–O.16–18 Figure 2(c) shows a plot ofDp–d vs dRu–O. Note
that all of the experimental data from the Sr and the Ca series
fall on a single line. An analysis based on pseudopotential
theory predicts that the hybridization strengtht should be
proportional to 1/dRu–O

3.5 (Ref. 31). This gives rise to an addi-
tional energy separation between the states with the main
character of thep andd orbitals, proportional tot2/Dp−d.

1,32

In these respects, the strongdRu–O dependence ofDp–d dem-
onstrates that the short-range contribution specified by a
bond length should be of significance, and thep–d hybrid-
ization effect plays an important role in determining the elec-
tronic structure of these ruthenates.33

It would be interesting to compare our results with those
of other transition metal oxides. For cuprates, while the
charge-transfer energy is partly determined by the Cu-O
bond length,1 it is also strongly influenced by the coordina-
tion number of the system or by the system
dimensionality.2–4 Ohtaet al. have demonstrated that a fairly
large variation ofDp–d in insulating cuprates could be well
explained byDVMad.

5 For nickelates also, the change of the
Madelung potential, related to the structural dimensionality,
could explain the large variations of the charge-transfer
energies.6 On the other hand, for ruthenates, while the
charge-transfer energy is not much influenced by the struc-
tural dimensionality, it is found to be closely related to the
Ru-O bond length. Based on these comparisons, we could
conclude that ruthenates should have strongerp–d hybrid-
ization effects than cuprates and nickelates, which could
originate from the extended character of the 4d orbitals.

One of the interesting puzzling behaviors in the perov-
skite ruthenates is that the dimensionality dependence of the
electrical properties of the Sr series is different from that of
the Ca series: namely, while the two-dimensional Sr214 is
the most metallic in the Sr series, Ca214 is the most insulat-
ing in the Ca series. In most perovskites, asn increases, the
metallicity also increases. The rather strong hybridization ef-
fects, discussed above, can provide a reasonable explanation.
When the hybridization between the O 2p and the Rut2g
bands becomes important, we have to consider the nearest-
neighbor interaction, represented by a transfer integral pro-
portional to ucosuu /dRu–O

3.5 together with the dimensionality
effects.31 Here,u is the Ru-O-Ru bond angle. As shown in
Table I, while the Sr series exhibits quite significant varia-
tions fordRu–O andu, three Ca series samples have nearly the
same values. Consequently, for the Ca series the dimension-
ality effect is dominant, and the 2-dimensional Ca214 is the
most insulating. However, for Sr214, which has the largestu
and the smallestdRu–O, the large transfer integral contributes
its metallicity, and its effect should be much larger than the
dimensionality contribution.

B. The Ru-O stretching phonon

Figure 3 shows the far-infraredssvd of Srn+1RunO3n+1

and Can+1RunO3n+1 between 500 and 750 cm−1, respectively.
All of the spectra show a peak due to the transverse in-plane

Ru-O stretch phonon mode.11 Since most of the samples are
in metallic states, the phonon features are rather weak com-
pared to the broad Drude background. The phonon frequency
vTO for the Sr series exhibits a dramatic shift of around
100 cm−1 as n varies. However,vTO for the Ca series re-
mains at nearly the same value. Note that these trends are
quite similar to those of the 3.0 eV interband transitions,
shown in Fig. 1. In addition, for Sr327, we measured the
phonon spectra at various temperatures. As shown in the in-
set of Fig. 3,vTO of Sr327 increases by about 15 cm−1 as
temperature decreases from 300 to 10 K.

It is well known thatvTO will depend on the crystal struc-
ture, especially on the bond lengthd. Whend increases, the
restoring force of the vibration mode decreases, resulting in a
decrease ofvTO. In a simple model where neutral atoms are
vibrating in a periodic harmonic potential,vTO,d−1.5 (Ref.
34). In Fig. 4(a), vTO is plotted in terms ofdRu–O. To see the
power dependence ofvTO on dRu–O, we made a log-log plot.
As dRu–O increases,vTO decreases. However, the decrease of
vTO is much faster thand−1.5, which is displayed as a dotted
line. Actually, all of the Sr and the Ca series data, including
the temperature-dependent Sr327 data, fall onto the solid line
with a slope of −5.5, indicating thatvTO,dRu–O

−5.5 This strong
dependence ondRu–O indicates that we should look for some
interactions beyond a harmonic potential.

Similar strongd dependences ofvTO have been also ob-
served in the insulating cuprates and some manganites.35–37

FIG. 3. The far-infrared optical conductivity spectrassvd of (a)
the perovskite Sr-ruthenate series, and(b) the perovskite
Ca-ruthenate series. Since Ca214 is in the insulating state, its cor-
respondingssvd is low. So, itsssvd is plotted with an upward shift
by 1200V−1 cm−1. The inset displays the temperature-dependent
ssvd of the Sr327 sample.
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These phenomena have been explained in terms of the so-
called interband electron-phonon coupling. During the lattice
vibration, the atomic displacements can be coupled to each
other through the polarizations of valence electrons. From a
band-view point, such interband polarization of valence elec-
trons can be induced by the interband electron-TO phonon
coupling.38 Figure 4(b) shows the plot ofvTO vs Dp–d, which
shows a monotonic increase ofvTO asDp–d increases, for all
of ruthenates. This indicates a possible coupling of the

Ru-O stretching phonon mode with the Ru-O charge-transfer
electronic excitation, which should originate from the strong
p–d hybridization. Note that, in cuprates and some manga-
nites, the strongd dependences ofvTO were only observed
for the insulating(or semiconducting) states. However, in
our ruthenates, the strong dependence ofvTO on dRu–O was
observed for mostly metallic states. The extended nature of
the 4d orbitals in the ruthenates could result in the strong
dRu–O dependence ofvTO, even in the metallic states through
the strongp–d hybridization. More systematic studies are
desirable in order to elucidate the interband electron-phonon
coupling.

IV. SUMMARY

We reported the optical conductivity spectra of the
Ruddlesden-Popper series ruthenatessSr,Cadn+1RunO3n+1

(n=1, 2, and`). As dimensionality(or n) varies and/or the
Ca ion is substituted by the Sr ion, there are unusual peak
shifts in two Ru-O related modes, i.e., the Ru-O interatomic
charge-transfer excitation and the Ru-O transverse stretch
phonon mode. In order to obtain a proper understanding, we
should consider short-range contributions, specified by bond
length, rather than the long-range contributions, such as the
Madelung potential. The importance of the short-range con-
tributions suggests that thep–d hybridization should play an
important role in determining the electronic structures and
the lattice dynamics of the perovskite ruthenates.
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