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Electronic structures of layered perovskite Sr,MO, (M=Ru, Rh, and Ir)
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We investigated the electronic structures of the two-dimensional layered perovskite St,MO,4 (M =4d Ru, 4d
Rh, and 5d Ir) using optical spectroscopy and polarization-dependent O 1s x-ray absorption spectroscopy.
While the ground states of the series of compounds are rather different, their optical conductivity spectra o(w)
exhibit similar interband transitions, indicative of the common electronic structures of the 4d and 5d layered
oxides. The energy splittings between the two e, orbitals, i.e., d3,2_,2 and d,2_,2, are about 2 eV, which is much
larger than those in the pseudocubic and 3d layered perovskite oxides. The electronic properties of the Sr,MO,
compounds are discussed in terms of the crystal structure and the extended character of the 4d and 5d orbitals.
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Transition metal oxides (TMOs) with layered perovskite
structures have attracted much attention due to their exotic
physical properties, such as high-7, superconductivity in
cuprates,! one-dimensional charge and spin self-organization
in nickelates,”> and charge and orbital ordering in
manganites.> These phenomena in 3d TMOs originate from
the low dimensionality and the related anisotropy in the elec-
tronic structure, as well as generic correlation effects in the d
orbitals. The discovery of unconventional superconductivity
in 4d layered Sr,RuQO, has initiated intense interest in 4d and
5d layered compounds because of the potential to discover
novel phenomena.*

The electronic structures of 4d and 5d layered TMOs
should be quite different from those of 3d TMOs. For a 3d
TMOs, the Hund coupling energy J; (~3 eV) is much larger
than the crystal field splitting 10Dg (1-2 eV) between the
f, and e, states.>® For example, the electronic structure of
LaSrMnO, (3d* system) with a high-spin configuration is
drawn schematically in Fig. 1(a).>® The exchange splitting of
the ef states is sufficiently large to place the el, band below
the 73, band. The elongation of MnOg octahedra results in
energy splitting between the two e, states (i.e., d3,2_,2 and
d2_y2), and this value is typically about 1 eV. Since most
interband transitions are very broad, this e, orbital splitting is
barely observed in the optical conductivity spectra o(w). In
contrast, for 4d and 5d TMOs, the crystal field splitting
should be larger than the exchange splitting due to the ex-
tended nature of the 4d and 5d orbitals. Therefore, they are
usually in the low-spin configuration, in which all of the #,,
bands are lower than the e, bands. According to recent x-ray
absorption spectroscopy (XAS) studies on the Ca,_,Sr,RuO,
system, the energy splitting between d32_,2 and d,2_,2 is siz-
able, while the exchange splitting in the e, state is not de-
tectable, as shown in Fig. 1(b).” (The e, orbital splitting be-
tween d32_,2 and d,2_> was reported to be about 3 eV, which
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is quite unusual. To the best of our knowledge, large e, or-
bital splitting has not been reported in any other compound.)

To attain further insights into the electronic structure of
4d and 5d layered compounds, we made systematic studies
of Sr,MO, (M=Ru, Rh, and Ir). Each Sr,MO, has the lay-
ered perovskite structure. The space group symmetry of
Sr,RuQy is 14/mmm, and the Ru-O-Ru bond angle is 180°.%
In Sr,RhO, and Sr,IrO,, the MOy octahedra are rotated with
respect to the ¢ axis, so their space group symmetry becomes
I4,/acd.®'° The d-orbital configurations of the Ru**, Rh*,
and Ir** ions are 4d*, 4d°, and 54°, respectively. Despite
having a similar crystal structure, their electronic ground
states differ somewhat. While Sr,RuQ, is a superconductor
below about 1 K, the paramagnetic metallic state of Sr,RhO,
is retained to 36 mK.!'! Interestingly, Sr,IrO, is an insulator
with a canted ferromagnetic ordering.!

In this paper we report the optical conductivity spectra
o(w) and polarization-dependent O 1s XAS data for Sr,MO,
(M =Ru, Rh, and Ir). The optical spectra showed three charge
transfer transitions in the energy region between 0 and 8 eV
with a systematic trend with M. By comparing o(w) with the
XAS spectra, we could determine the electronic structures of
Sr,MOy. In particular, we found that the splitting of the e,
orbitals due to the elongation of the MOg4 octahedra along the
¢ axis is quite large, about 2 eV. We also discuss the low-
energy optical responses of Sr,MO, in relation to their
ground states.

Single crystals of Sr,RuO, and Sr,RhO, were grown us-
ing the floating zone method,*!" and the Sr,IrO, single-
crystalline sample was grown using flux technique.'® The
magnetic and transport properties of Sr,RhO,_s depend on
its oxygen content.!! We used stoichiometric Sr,RhO, ( for
our measurements. We measured the ab-plane reflectivity
spectra R(w) at room temperature over a wide photon energy
region between 5 meV and 30 eV. The corresponding o(w)
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FIG. 1. Schematic diagrams of the electronic structures of (a)
LaSrMnOy, (b) Sr,RuO, and Sr,RhOy, and (c) Sr,IrOy. Ep repre-
sents the Fermi level. The arrows pointing up and down indicate
spin up and spin down, respectively. The schematic diagram of the
electronic structure of LaSrMnQ, is drawn based on Ref. 5.

were obtained using the Kramers-Kronig (KK) transforma-
tion of R(w). We checked the validity of our KK analysis by
measuring o(w) between 0.6 and 6.4 eV independently using
spectroscopic ellipsometry.

Figure 2 shows the ab-plane o(w) of Sr,RuO,, Sr,RhO,,
and Sr,IrO,. First, we will focus on the optical transitions
above 1.5 eV. As shown in Fig. 2, the o(w) of Sr,RuQ,,
Sr,RhOy, and Sr,IrO, all showed three interband transitions.
According to the literature on regular perovskite TMOs, the
optical transitions from the O 2p to Sr d bands are usually
located at about 9—10 eV.!3!4 Therefore, all of the A, B, and
C peaks observed in Fig. 2 might come from the charge
transfer transition from O 2p to M d bands.

Polarization-dependent O 1s XAS spectra of Sr,RuO,
have already been reported. To obtain further insights, we
measured O ls XAS spectra of Sr,RhO, and Sr,IrO, at the
EPU6 beamline of the Pohang Light Source (PLS). O 1s
XAS detects the transition from O 1s to O 2p orbitals. The
XAS measurements can probe the unoccupied density of
states that are strongly hybridized with the O 2p orbitals.
With the incident E vector mainly in plane (i.e., #=0°), the
XAS spectra should show only the M d orbital states that are
strongly coupled with O 2p,,,. With §=60°, the XAS spectra
should show the M d orbital states coupled with both O 2Dy
and O 2p,, but the latter states should make a larger contri-
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FIG. 2. The ab-plane o(w) of (a) Sr,RuQy, (b) Sr,RhOy, and (¢)
Sr,IrO, at room temperature. The solid triangles and letters repre-
sent the optical transitions, which are shown in Fig. 1. The solid
circles are the dc conductivities of Sr,RuO, and Sr,RhO, at room
temperature (Refs. 11 and 12).

bution. The polarization dependence should be large, since
the d orbitals have strong directional dependence. The main
bondings of the in-plane O 2px,y orbitals are O 2p,,—d,,
(xyp) and O 2p-do 2 (x* ~y3), and that of the apical O
ZpX/} orbitals is O 2px/} vz (¥2/2x4), while those of the
in-plane and apical O 2p, orbitals are O 2p.-d,., (yz/zxp)
and O 2p,-d; 2 2 ZA) respectively. The d5,2_,2 orbital mainly
bonds with the aplcal O 2p,, but still bonds weakly with the
in-plane O 2p,, (z 2). Therefore, the spectra with 6=0°
should show the contributions of the xyp, X* y », ¥2/zx4, and
25 states, while the yz/zxp and z; states should contribute
more strongly in the spectra with 6=60°.

Figure 3 shows the polarization-dependent XAS spectra
of Sr,MO,. [The XAS spectrum of Sr,RuO, (Ref. 7) is in-
cluded in Fig. 3(a) for better comparison with those of other
compounds.] All three compounds exhibit very similar XAS
spectra with strong polarization dependence. Considering the
directional dependence of the p-d hybridization, the four
peaks in the 6=0° spectra can be assigned as yz/zx,, xyp, 72 e
and x? —y », and the two peaks in the #=60° spectra can be
assigned as yz/zxp and zA from the lowest energy. In the
layered TMOs, the core-hole energy of the apical oxygen is
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FIG. 3. Polarization-dependent O 1s XAS spectra of (a)
Sr,RuQy, (b) Sr,RhOy, and (c) SrpIrO,. The spectra of Sr,RuQO, are
taken from Ref. 7. € is the incidence angle of light to the surface
normal. The solid triangles and labels represent the positions and
characters of empty d bands, respectively. The open triangles indi-
cate zf, and xz—yfD states, which are shown in the #=60° spectrum
due to the partial in-plane polarization of incident light.

lower than that of the in-plane oxygen due to the difference
in the chemical environment.” Therefore, the 1, states re-
lated to the apical oxygen (yz/zx,) should have lower energy
than those related to the in-plane oxygen (xyp), which is also
the case for the e, orbitals (z; and z}).

These peak assignments in the XAS spectra are also con-
sistent with those of o(w) obtained from the optical measure-
ments. From the XAS results, three p-d charge transfer tran-
sitions are predicted to be observed in the o(w): those from
O 2p t0 d,yy.c (peak A), ds2_2 (peak B), and d,2_,» (peak
C) from the lowest energy. This is well reproduced in o(w)
as shown in Fig. 2. Using the Lorentz oscillators, we esti-
mated the peak positions of the interband transitions to be
about 3.7, 4.7, and 6.7 eV for Sr,RuOy,, about 2.2, 3.6, and
6.3 eV for Sr,RhO,, and about 3.3, 5.4, and 7.5eV for
Sr,IrO,. We summarized the peak positions in o(w) and the
XAS spectra in Fig. 4. It is clear that the two independently
determined peak positions are quite consistent, which indi-
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FIG. 4. The peak positions of the interband transitions in o(w)
and relative peak positions of the XAS spectra of Sr,MO,. In order
to compare two spectra, we shifted the energy values of the empty
1), states in the XAS spectra to the values of the corresponding
optical transitions: O 2p—M 1.

cates the self-consistency of our assignments.

It is interesting to examine the change in the charge trans-
fer energies in the Sr,MO, series with M. As shown in Fig.
4, the charge transfer peaks of Sr,RhO, have the lowest val-
ues in the series. This change with M could be explained by
the ionic model, which has been applied to explain the elec-
tronic structures of numerous 3d TMOs.!>!¢ According to
the ionic model, the charge transfer energy decreases, as the
ionization energy of a transition metal increases. For a given
oxidation state, the ionization energy of a transition metal
increases with the atomic number and decreasing principal
quantum number. Therefore, the charge transfer energies of
Sr,RhO, should be the smallest in our Sr,MO, series. In this
respect, the systematic changes in the charge transfer ener-
gies in our 4d and 5d layered oxides can be explained in
terms of the ionic model.

It is unexpected that the energy splittings of the d;2_,2
and d,2_y orbitals for Sr,RhO, and Sr,IrO, are quite large,

e., ~2 eV, like Sr,RuO,. These e, orbital splittings have
not been observed in pseudocubic perovskite 4d SrMOs;,
which have nearly undistorted MOy octahedra.'* For the lay-
ered Sr,MO, compounds, the MOg4 octahedra are elongated
along the ¢ axis.®'% It is believed that #,, and the e, orbitals
split in such a way that the energy of the d,, and d,>_,2
orbitals is higher than that of d,.., and ds,2_,2, respectively.
This simple idea appears to agree with our finding that the e,
orbital splitting becomes rather large (~2 eV), while that of
the 1,, states is negligible. Indeed, the energy splitting of the
1y, states in Ca,RuO, should be only 0.2 eV.!”!® Since the
hybridization of the O 2p orbitals should be stronger with the
e, than the 1,, orbitals, the energy states of the e, orbitals
could be more sensitive to lattice distortion, which can lead
to larger e, orbital splitting. Further investigations of the
large e, orbital splitting in other 4d and 5d layered materials
are warranted.

Compared to our 4d and 5d layered compounds, the re-
ported values of the e, orbital splittings for 3d layered TMOs
are much smaller. XAS measurement of the layered manga-
nite La, ,,Sr;,,,Mn,O5 has revealed that the corresponding
energy splitting is about 0.4 eV.!” The XAS measurement of
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the layered nickelate La, Sr,NiO, also shows an e, orbital
splitting of about 0.7 eV.?" This implies that the electron-
lattice couplings of the 4d and 5d orbitals are stronger than
those of the 3d orbitals due to their extended nature.

We will now discuss the low-energy spectral features ob-
served in o(w) below 1.5 eV. As shown in Figs. 2(a) and
2(b), the o(w) of Sr,RuO, and Sr,RhO, exhibit Drude-like
peaks, which are the characteristic optical response of a me-
tallic state. The spectral weight of the Drude-like peak for
Sr,RhOy is one-third that of Sr,RuQ,, which might be asso-
ciated with the less metallic character of Sr,RhO,. Note that
the Ru-O-Ru bond angle of Sr,RuQ, is 180°. In Sr,RhO,,
the RhOg octahedra are rotated with respect to the ¢ axis, so
the d electron bands of Sr,RhO, should become narrower. In
addition, the number of the d electrons increases, so the elec-
tron correlation should increase.

In contrast to the metallic electrodynamics in Sr,RuO,
and Sr,RhO,, the o(w) of Sr,IrO, shows an insulating be-
havior with an optical gap around 0.3 eV. The sharp spikes
below 0.1 eV are due to optical phonon modes. Interestingly,
S1,IrO, has a two-peak structure below 2 eV with a sharp
peak near 0.5 eV. These spectral features below 2 eV are
attributable to the splitting of the #,, bands into the subbands
below and above the Ef, as displayed schematically in Fig.
1(c). This splitting will lead to the d-d transition below the
charge transfer excitations, as shown in Fig. 2(c).

However, the origin of the two-peak structure of Sr,IrO,
has not been determined. One possibility is the structural
distortion in the electronic structure of Sr,IrO,4. According to
the recent angle-resolved photoemission spectroscopy result
for Sr,RhO,, the mixing between the d,, and d,2_,2» bands
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driven by the rotation of the RhO¢ octahedra could lead to an
almost fully occupied d,, band with the remaining three elec-
trons in d,,, bands,>' and the d,, bands in the layered
structure are likely to have a one-dimensional nature.”? Due
to the structural similarity of Sr,RhO, and Sr,IrO,4, we pos-
tulate that similar effects hold for Sr,IrO,4. Then, the quasi-
one-dimensional d,,, bands might be subject to density
wave instability, which could induce the insulating state of
Sr,IrO, and the fairly sharp peak in the o(w) near 0.5 eV.
Indeed, Cao et al. suggested the possibility of a charge den-
sity wave in Sr,IrO, based on its negative differential resis-
tivity behavior.!® However, the amount of structural distor-
tion, i.e., the rotation of the metal-oxygen octahedra, is
nearly the same in Sr,RhO, and Sr,IrO,. Further systematic
studies of the low energy peaks and a structural analysis of
Sr,IrO, are needed.

In summary, we investigated the electronic structures of
Sr,MO, (M=Ru, Rh, and Ir) systematically by measuring
optical and XAS spectra. These spectroscopic studies dem-
onstrated that these three compounds have similar interband
transitions, indicating that their electronic structures are quite
similar. The e, orbital splittings were found to be very large,
suggesting interesting roles of the electron-lattice coupling.
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