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We study the effects of RuO6 rotation on Ru 4d band structures in metallic Ca2�xSrxRuO4 (0:5 � x �
2) by first-principles electronic structure calculations. We show that the RuO6 rotation leads to the strong
hybridization between dxy and dx2�y2 bands, resulting in orbital-dependent changes in the band struc-
ture. The dxy band near the Fermi level is significantly modified and thereby a severely reconstructed
Fermi surface with nested sections appears at x � 0:5. In contrast, the dyz and dzx bands are found to be
insensitive to the rotational distortions induced by the Ca substitution. Our results imply that the pro-
gressive changes in the magnetic, optical, and thermal properties of Ca2�xSrxRuO4 are associated with the
dxy band.
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Orbital-related physics in transition-metal oxides
(TMO) have recently attracted much interest in the field
of strongly correlated systems [1]. Among 4d TMOs, the
layered ruthenate Ca2�xSrxRuO4 (CSRO) offers a unique
challenge as it displays diverse ground states ranging from
a superconductor to a Mott insulator [2], rarely found in
other 4d TMOs. Having four t2g electrons, the orbital
degree of freedom in CSRO is of great importance as
each d orbital plays a distinct role in different phases.
For example, in the superconducting phase (x � 2), the
dxy orbital of the � Fermi sheet is known to be the active
band responsible for the superconductivity [3], while in the
Mott-insulating phase (x � 0), electrons are believed to be
localized in the dyz;zx orbitals [4,5], possibly with orbital
ordering [6].

Of renewed interest in the CSRO system is the anoma-
lous correlated metal phase near x � 0:5, which shows
critical enhancement of low-temperature susceptibility
and strong mass enhancement well inside the range of
heavy fermion compounds [7]. It is an interesting problem
to determine which orbital is involved in the heavy mass
phase and how it is realized. A proposed theory is the
orbital-selective Mott transition (OSMT) scenario [5],
which predicts coexisting itinerant dxy band and localized
dyz;zx orbitals. The results of OSMT are quite interesting,
but the studies are based on a model that oversimplifies the
effect of the structural distortions. Contrary to the sug-
gested theory, experimental results from neutron scattering
[8,9] and optical spectroscopy [10] suggest that the local-
ized spin is associated with the dxy orbital.

As in the work on OSMT, it is widely believed that the
electronic ground state in CSRO is tuned by the bandwidth
W, via the rotation and tilt of the octahedra induced by the
Ca substitution. This has been the usual paradigm for
studying metal-insulator transitions (MIT) in 3d TMOs
with narrow bands which are classified as ‘‘bandwidth-
controlled systems.’’ However, a recent study on the neigh-

boring 4d compound Sr2RhO4 [11] showed that this may
not be the case for 4d TMOs. In Sr2RhO4, it is shown that
the rotation of octahedra severely modifies the electronic
band structures in an orbital-dependent way to the extent
that the rotational effect cannot be described by a single
parameter W. The most important factor that gives the
orbital-dependent changes in the electronic structure was
found to be the hybridization between t2g and eg bands; eg
bands in 4d TMOs disperse widely across the crystal field
splitting and they overlap with the t2g bands. The possible
role of the t2g-eg hybridization has not been noted in earlier
studies of CSRO, although it may have been automatically
included in the previous electronic structure calculations
[4].

In this Letter, we present electronic structure calcula-
tions of metallic CSRO (0:5 � x � 2) by an ab initio
pseudopotential method based on the local density ap-
proximation (LDA). We address specifically the effect of
the RuO6 octahedra rotation and show that it leads to strong
hybridization between in-plane orbitals of t2g and eg
bands, resulting in deformation of the dxy band and thus
a severe reconstruction of the � sheet of the Fermi surface.
On the other hand, the out-of-plane dyz;zx orbital bands
remain essentially intact, the only change being in the
occupation number of electrons. We show that CSRO is
not a bandwidth-controlled system in the traditional sense
as is widely believed, but its bandwidths are altered by the
t2g-eg hybridization in an orbital-dependent way. The re-
sulting � Fermi surface at x � 0:5 consists largely of
nested sections, which may explain the observed mass
enhancement in the dxy band.

We performed first-principles electronic structure calcu-
lations based on the LDA functional and ab initio norm-
conserving pseudopotentials [12,13] using the SIESTA code
[14]. LDA treatment of ruthenates is validated in
Refs. [4,15]. A semicore pseudopotential of Ru is gener-
ated using an ionic configuration of 4s24p64d75s0, with 4s,
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4p, and 4d electrons as valence electrons [16]. Electronic
wave functions are expanded with localized pseudoatomic
orbitals (double-zeta polarization basis set), and the cutoff
energy for the real space grid is 350 Ry. The k-point
sampling in the Brillouin zone is made dense enough for
good convergence of the total energy.

Sr2RuO4 has K2NiF4 structure with I4=mmm symmetry.
Structural parameters are calculated with the total-energy
minimization and then they are used for electronic struc-
ture calculations. The calculated parameters are a �
3:81 �A and c � 12:77 �A with 1.91 Å for in-plane Ru–O
distance and 2.07 Å for apical Ru–O. These values are in
good agreement with corresponding experimental ones:
3.87, 12.74, 1.93, and 2.06 Å [17], respectively.

Ca1:5Sr0:5RuO4 has lower I41=acd symmetry due to in-
plane RuO6 rotation of 12.8� [18], where the Ru–O bond
lengths are almost the same as in Sr2RuO4. Electronic
structures of Ca2�xSrxRuO4 are studied using distorted
Sr2RuO4 which is generated by introducing in-plane
RuO6 rotation of angle � in a
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a is rescaled by cos� to make the

Ru–O bond length unchanged, while the lattice constant 2c
is fixed at 25.54 Å. In the present work, we consider two
rotational angles, � � 6� and � � 12:8�, corresponding to
x ’ 1:2 and x � 0:5, respectively [19].

In Fig. 1(a), we reproduce the well-established band
structure of Sr2RuO4 [20–22], starting from which we
investigate the evolution of the band structure as a function

of the Ca content, or equivalently the RuO6 rotation. In
Sr2RuO4, three t2g bands cross the Fermi energy (EF)
while two eg bands are above EF. The t2g and eg bands
are roughly separated in energy by the crystal field splitting
10Dq of �3 eV [23], which is characteristically large for
4d TMOs. However, as the bandwidths are even larger, the
dx2�y2 band disperses down close to EF at � (�0:33 eV),
making a negative indirect gap between the t2g and eg
bands [Fig. 1(a)]. The dx2�y2 band comes to overlap with
the t2g bands directly, as shown in Fig. 1(b), in the folded
band structure of the
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2
p
� 2 supercell correspond-

ing to the enlarged unit cell in the I41=acd symmetry. This
suggests that a t2g-eg scattering with nonzero wave vectors,
qx � �

�
a and qy � �

�
a , may result in significant t2g-eg

hybridization even if the local crystal field splitting is
strong inside each RuO6 octahedron.

The band structures for � � 6� and 12.8�, plotted, re-
spectively, in Figs. 1(c) and 1(d), show the orbital-
dependent changes upon rotation. The dxy band is severely
modified by its hybridization with the dx2�y2 band, while
the dyz;zx bands remain intact apart from a slight upward
shift in energy. The hybridization is caused by the intersite
dxy-dx2�y2 scattering with qx � �

�
a and qy � �

�
a , and its

effect is enhanced greatly because of the energy overlap
between the unperturbed bands. At � � 12:8�, the dxy
bandwidth at � is reduced by as much as 40%, while
rescaling of the hopping matrix elements alone would
result in only 10% reduction [24]. The narrowing and
downward shift of the dxy band was reported previously
by Fang and Terakura [4], but its mechanism was not
recognized. Our present study shows that the narrowing
and downward shift of the dxy band is not simply due to the
change in the hopping matrix element as in the traditional
bandwidth-controlled systems, but it is caused mainly by
the orbital-dependent t2g-eg hybridization effect. As a
result, a gap forms between the otherwise overlapping
dxy and dx2�y2 bands, which pushes down the dxy band
and leads to systematic transfer of electrons from the dyz;zx
band to the dxy band. The dramatic changes are induced
only in the dxy band, which strongly suggests that the
progressive changes in the effective mass and the magnetic
properties induced by the rotation of octahedra are due to
the dxy electrons. Another interesting feature is that at � �
6�, the van Hove singularity (vHS) point at M, widely
discussed in relation to the superconductivity [22], moves
below EF contributing to a large density of states at EF. At
� � 12:8�, the dxy band is shifted downward further, re-
sulting in an additional dxy Fermi-surface sheet around �.
This point will be discussed in detail later with Fig. 4(d).

We show in Fig. 2 the calculated projected density of
states (PDOS), where the coordinates for the d orbitals are
set up locally in the rotated octahedra. Again, this shows
the narrowing of the dxy band and essentially unchanged
dyz;zx bands. A peculiar aspect of this narrowing is that only
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FIG. 1 (color online). Calculated band structures for
(a) Sr2RuO4 using the primitive unit cell, (b) using the

���

2
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�

���

2
p
� 2 supercell, and for (c) the 6� and (d) the 12.8� rotation.

For comparison, (b)–(d) are plotted at wave vectors correspond-
ing to the high symmetry lines of (a). Bands are color coded.
Fermi energy is set to zero. The dxy bandwidth at � is 3.85, 3.02,
and 2.29 eV for (b), (c), and (d), respectively. The upper part of
the dxy bands is strongly modified in (c) and (d), while their
lower part is simply rescaled by a factor of cos�2�	 [24].
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the upper part of the dxy band near and above EF is largely
affected, while the low energy part remains almost un-
altered. An interesting question is whether this type of nar-
rowing can induce the MIT. In a traditional bandwidth-
controlled system, as the bandwidth is narrowed, the gain
in the Coulomb energy U by localizing the carriers be-
comes larger than the gain in the hopping energy t, and
thereby the MIT is induced. However, in our case, the
bandwidth does not directly reflect the hopping element t
and the term ‘‘bandwidth narrowing’’ in the traditional
sense may not be appropriate. Nevertheless, some typical
features following the bandwidth narrowing can be seen in
the PDOS. One can see the PDOS enhancement at EF at
� � 6�, which is due to the shift of the vHS point just
below EF. It is interesting that just by the rotation of
octahedra, the dxy band is ‘‘doped’’ to the level that the
vHS point sinks down below EF. The further enhancement
of the PDOS at EF at 12.8� is due to the formation of an
additional dxy Fermi sheet. The enhancement of the PDOS
at EF is consistent with the observed mass enhancement
and the increased ferromagnetic correlations implied by
the magnetic susceptibility data [7]. However, it cannot
account for the strong temperature dependence of the
magnetic susceptibility at x � 0:5, and the factor by which
the PDOS is enhanced is too small to account for the

observed mass enhancement. Nonetheless, as will be
shown later, the severely reconstructed Fermi-surface to-
pology hints at the origin of these effects.

Figure 3 shows the squared amplitudes of the wave
functions on the RuO2 plane at particular k points for � �
0� and 12.8�. In the undistorted case shown in Fig. 3(a)
[Fig. 3(b)], the squared amplitude of the dxy�dx2�y2	 band at
X��	 reflects its typical orbital character: the nodal lines
(the lobes) of the dxy�dx2�y2	 orbitals point directly to the
oxygen ions. As the octahedra are rotated, the two bands
are hybridized. Figures 3(c) and 3(d) show that the nomi-
nally dxy band and the dx2�y2 band are actually half-and-
half mixtures of locally defined dxy and dx2�y2 orbitals, as
can be inferred from the feature that none of the nodal lines
and the lobes point directly to the oxygen ions. Evidence
for the hybridization can also be found in Fig. 2(c), which
shows the dx2�y2 PDOS below EF. This orbital occupance
of dx2�y2 may be unfavorable in terms of lattice stability
because of the large Jahn-Teller energy of the dx2�y2 state
associated with the elongation of the octahedra. This fact is
consistent with the experimental observation of tilting and
eventual flattening of the octahedra as x is decreased below
0.5 [2].

The most striking consequence of the hybridization of
t2g and eg bands is the dramatic change in the Fermi-
surface topology, as shown in Fig. 4. At the 6� rotation,
the � sheet turns from electronlike to holelike as the vHS
point at M sinks below EF [Fig. 4(c)]. At 12.8� (x � 0:5),
an additional electronlike Fermi sheet develops around �
[Fig. 4(d)]. A more interesting feature is that the � sheet,
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FIG. 3 (color online). Squared amplitudes of the wave func-
tions on a RuO2 plane: (a) the dxy band at X (0.8 eV above EF),
(b) the dx2�y2 band at � (0.3 eV) for � � 0�, (c) the dxy band at �
(� 0:3 eV), and (d) the dx2�y2 band at � (2 eV) for � � 12:8�.
Red (dark gray) [orange (light gray)] dots are Ru [O] atoms.
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FIG. 2 (color online). Projected density of states (PDOS) near
EF for (a) 0�, (b) 6�, and (c) 12.8� rotations. The inset shows a
RuO2 plane for the 12.8� case and the locally defined x; y axes
for PDOS. Red (dark gray) [orange (light gray)] dots are Ru [O]
atoms.
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which had a circular shape, now consists of mostly straight
sections connected to each other by q vectors as marked by
arrows in Fig. 4(d). This suggests the anomalies at x � 0:5
are related to the nesting instabilities. A universal obser-
vation in a wide variety of layered TMOs with nested
Fermi surfaces is the destruction of coherent transport of
the carriers. Examples include high-Tc superconductor
Ca2�xNaxCuO2Cl2 [25] and colossal-magnetoresistive ma-
terial La1:8Sr1:2Mn2O7 [26,27], in which quasiparticles are
destructed possibly by static or dynamic spin or charge
density waves. The same behavior is also observed in a
sister compound Ca3Ru2O7 [28], in which metallic pockets
are found only in the non-nested sections. This apparent
universality in the compounds with similar layered struc-
tures strongly points towards the possibility that the
anomalies at x � 0:5 stem from its nested Fermi surface.
We suggest further study to uncover the possible existence
of instability at q1 
 ��

2�
7a ;�

2�
7a ; 0	 and q2 


1
2 q1.

In summary, our results indicate that significant changes
are induced by the rotation of the octahedra in the band
structures and thereby the Fermi-surface topology of the
dxy band. They are fully consistent with the topological
change of the � sheet observed at the

���

2
p
�

���

2
p

recon-
structed surface of Sr2RuO4 [20], the absence of the �
sheet in Sr2RhO4 [11], and in some aspect to the recent
angle-resolved photoemission spectroscopy result on
Ca1:5Sr0:5RuO4 [29,30]. The results also naturally account
for the experimental observation that the mass enhance-
ment occurs in the dxy band. All of these phenomena stem
from the hybridization of t2g and eg bands, which is a

robust mechanism that affects the electronic band structure
of 4d TMOs.
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FIG. 4 (color online). Calculated Fermi surfaces for
(a) undistorted Sr2RuO4 using the primitive unit cell and
(b) using the
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(d) 12.8� (x � 0:5). The center and four corners of each plot
correspond to the � and X of undistored Sr2RuO4, respectively.
The gray lines represent the Brillouin zone of the supercell.
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