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Change of Electronic Structure in Ca2RuO4 Induced by Orbital Ordering
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Optical conductivity spectra ��!� were used to investigate the effect of orbital ordering on the
electronic structure of Ca2RuO4. Our LDA� U calculation predicts Ru 4dxy ferro-orbital ordering at
the ground state, and well explains the present ��!� as well as the reported O 1s x-ray absorption
spectra. Variation of temperature (T) causes a large change of spectral weight over several eVas well as
collapse of a charge gap accompanied by elongation of the c-axis Ru-O bond length. These results
clearly indicate that the dxy orbital ordering plays a crucial role in the metal-insulator transition and the
T-dependent electronic structure on a large energy scale.
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dependence of electronic structure including the hole bond lengths, respectively. With increasing T, the
During the past several years, considerable interest
has been focused on the origin and nature of a com-
plex phase diagram shown in single-layered ruthenates
Ca2�xSrxRuO4 [1]. The end members Sr2RuO4 and
Ca2RuO4 have been known to be a spin-triplet super-
conductor [2] and an antiferromagnetic insulator [3,4],
respectively. It has been shown that the evolution of
physical properties with x is nonmonotonous, and a close
relationship among electrical, magnetic, and structural
properties does exist [5,6]. In addition, recent experimen-
tal and theoretical works have suggested an important
role of the orbital degree of freedom [7–11].

Despite extensive studies, controversy persists regard-
ing the understanding of the electronic structure of
Ca2RuO4 in the ground state, especially with respect to
the role of the orbital degree of freedom. It is naturally
expected that the dxy orbital should be dominantly occu-
pied (hereafter, we call this the dxy orbital ordering) due
to the tetragonal crystal field effect. However, Mizokawa
et al. [9] estimated 0.5 holes in the dxy orbital and 1.5
holes in the dyz=zx orbital using angle dependent O 1s x-
ray absorption spectra. With the estimated hole distribu-
tions, they argued that the ground state may favor the
occupation of complex orbitals due to the strong spin-
orbit coupling. In addition, Hotta and Dagotto [10] pro-
posed an antiferro-(staggered-)orbital ordering model
that results in the doubling of the unit cell. Moreover,
Lee et al. [11] suggested the coexistence of antiferro- and
ferro-orbital ordering in their optical study. Thus, the
clear understanding of electronic structure of Ca2RuO4

is still left to be established. In this Letter, we report the
systematic investigations using optical spectroscopy and
theoretical LDA�U calculation for the orbital degree of
freedom. Our results clearly indicate that the dxy ferro-
orbital ordering occurs at the ground state in contrast to
previous proposals, and causes the strong temperature (T)
0031-9007=03=91(5)=056403(4)$20.00 
population change and the metal-insulator transition of
this compound.

Single crystals of Ca2RuO4 were grown by the floating-
zone method. Polycrystalline rods were prepared with the
3:2 M ratios of CaCO3 and RuO2 at 1350 �C. Using a
halogen lamp image furnace under 8 atm O2 pressure, the
crystal was successfully grown without any trace of im-
purity. T-dependent magnetic susceptibility and resistiv-
ity were measured with the use of a superconducting
quantum interference device magnetometer with 1 Tafter
zero field cooling and a four-probe method, respectively.

Near-normal-incidence reflectivity spectra R�!� were
measured for 0:06–36 eV on the ab plane (Ekab) and
along the c axis (Ekc) in a T range between 10 to 400 K
during a cooling run. Optical conductivity spectra ��!�
were obtained by the Kramers-Kronig transformation of
R�!�. For the transformation, room-T R�!� data for
5 eV � �h! � 36 eV were connected to T-dependent
R�!� data below 5 eV and !�4 dependence was assumed
above 36 eV. We also assumed a constant R or Hagen-
Rubens relation below 0.06 eV, and found that ��!� above
0.15 eV were nearly independent of extrapolations. The
Raman spectra were taken with the use of a 632.8 nm line
from a He-Ne laser. The backward scattered light was
collected and dispersed by a monochromator equipped
with a charge-coupled-device detector.

Figure 1(a) shows the T-dependent magnetic suscepti-
bility (�ab) and dc resistivity (�ab) for the ab plane. At
low T (< TN � 110 K), Ca2RuO4 shows an antiferro-
magnetic spin ordering and an insulating electrical
behavior. The T variation of the Ru-O bond lengths
[d�Ru-O�] obtained by a neutron scattering measure-
ment as reported by Friedt et al. [5] is shown
in Fig. 1(b). The RuO6 octahedra are flattened at low T,
i.e., d	Ru-O�1�
=d	Ru-O�2�
 > 1:02, where d	Ru-O�1�

and d	Ru-O�2�
 represent the in-plane and apical
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FIG. 2 (color). Projected density of state (PDOS) for Ru t2g
calculated using (a) the 11 K crystal structure with antiferro-
magnetic (AF) spin state and (b) the 295 K crystal structure
with ferromagnetic (FM) spin state, and PDOS for (c) in-plane
oxygen O(1) and apical oxygen O(2) at 11 K (AF). (d) Relative
intensity for in-plane and apical component of x-ray absorption
peak with respect to incident angle �. In (a) and (b),  and !
represent the possible optical transitions. n1 and n2 in (a)
represent the dxy states originating from rotation/tilting and
hybridization.
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FIG. 1. Temperature-dependent (a) in-plane magnetic suscep-
tibility �ab and resistivity �ab, (b) in-plane Ru-O(1), apical Ru-
O(2) bond lengths [Ref. [5] ], and apical oxygen phonon fre-
quency !ph, and (c) effective number of electrons Neff (1.5 eV)
and optical gap 2� of Ca2RuO4. In (c), the solid lines are
guides for the eyes.
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paramagnetic insulating state appears with regularization
of RuO6 octahedra, i.e., the monotonous decrease and
increase of d	Ru-O�1�
 and d	Ru-O�2�
, respectively. At
high T ( > TMI � 363 K), sharp drops of �ab and �ab
occur [12] accompanying sudden changes of d�Ru-O�.
The transition is of the first order as noticed in a large
hysteresis of �ab and �ab; it occurs at 372 K with heating
and 363 K with cooling. Above TMI, �ab is as low as
10�3 � cm and nearly T independent, while �ab is slowly
decreased. The state may be viewed as barely metallic
similar to other layered ruthenates [13]. These systematic
features show the strong correlation among charge, spin,
and lattice degrees of freedom in Ca2RuO4.

To gain insights into the electronic structure, we per-
formed the first-principles calculations based on the
LDA�U scheme with an effective Coulomb repulsion
parameter (Ueff � 3:0 eV) [14] and the experimental
crystal structures [15]. Figure 2(a) shows the projected
density of state (PDOS) to three Ru t2g orbitals calculated
using the 11 K crystal structure with antiferromagnetic
spin order [hereafter, denoted as 11 K (AF)]. Among four
electrons in Ru 4d, three electrons occupy the dxy (black
lines), dyz (red lines), and dzx (green lines) orbitals with
majority spins. A remaining electron predominantly oc-
cupies the dxy orbital with minority spin, giving the dxy
ferro-orbital ordering. (It is demonstrated that the inclu-
sion of spin-orbit coupling does not affect the orbital
occupation significantly, as discussed elsewhere [16].)
056403-2
Important features in the PDOS are the strong mutual
mixture of t2g orbitals due to the rotation/tilting of RuO6

octahedra and also to the extended nature of Ru 4d states.
It results in a finite hole count of the dxy orbital (as
indicated by n1) in the dyz=zx orbital band and a substan-
tial distribution of the majority spin dxy state (as indi-
cated by n2) at the energy of the minority spin dxy state.
Figure 2(b) shows the PDOS to three Ru t2g orbitals
calculated using the 295 K crystal structure with a ferro-
magnetic spin state [hereafter, denoted as 295 K (FM)].
As noticed, the hole population of dxy is strongly en-
hanced while that of dyz=zx is suppressed. It suggests the
crucial change of electronic structure by elongation of the
RuO6 octahedra and the change of spin configuration.

Figure 2(c) shows the PDOS to O 2p at 11 K (AF),
which is hybridized with the unoccupied Ru t2g states
(pd� bonds) and Ru eg states (pd� bonds). Using this
PDOS, we calculate the relative intensity of two peaks,
observed in the O 1s absorption experiment at 528.5 and
529.5 eV [9], as a function of light incident angle � in
Fig. 2(d). Since we are treating the transition from O 1s to
056403-2
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O 2p states, the angle dependence of relative intensity of
the peak for the in-plane and the apical part can be
estimated as 1

2 �cos
2�� 1��n�1�px � n�1�py � �

1
2 �sin

2���2n�1�pz �
and 1

2 �cos
2�� 1��n�2�px � n�2�py �, respectively. Here npx , npy ,

and npz are the integrated unoccupied weight of three O
2p states, and the superscripts (1) and (2) indicate in-
plane oxygen O(1) and apical oxygen O(2), respectively.
The calculated result can qualitatively reproduce the
experimental data at 90 K [9] without assuming 0.5 holes
in the dxy orbital and 1.5 holes in the dyz=zx orbital,
suggesting the validity of our calculation.

Using the Kubo formula, we calculated the optical
conductivity spectra ��!� for Ekab [Fig. 3(a)] and Ekc
[Fig. 3(b)] at 11 K (AF) (solid lines) and 295 K (FM)
(dashed lines). The calculated ��!� at 11 K (AF) show
apparent three peaks for Ekab and one major peak for
Ekc, and well reproduce the experimental ��!� at 10 K
(see Fig. 4). Based on the calculated PDOS in Fig. 2(a),
the origin of each peak in ��!� can be interpreted as
follows. The strong and broad peaks near 3.5 eV for Ekab
and Ekc can be understood as the charge-transfer tran-
sition from O 2p to Ru 4d. These transitions should
mostly contribute to the spectral weight above 3 eV. The
different peak positions for Ekab and Ekc are due to the
difference in the O 2p energy levels for in-plane and
apical oxygen. In Ekab, two more peaks are observed
near 1.0 and 2.4 eV below the charge-transfer peak. They
mostly come from the Ru d-d transitions. The weak peak
 and intense peak ! can be understood as the transition
from the occupied dxy on one Ru site to the unoccupied
dxy component on a neighboring Ru site [a black solid
arrow in Fig. 2(a)] and from the occupied dyz=zx to the
unoccupied dyz=zx [a red solid arrow in Fig. 2(a)], respec-
tively [17]. In Ekc, there is no clear peak structure below
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FIG. 3. Optical conductivity spectra ��!� obtained by
LDA�U calculation at 11 K (AF) (solid lines) and 295 K
(FM) (dashed lines) for (a) Ekab and (b) Ekc.  and ! are the
optical transitions as assigned in Fig. 2.
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the charge-transfer peak. The broad bump below the
charge-transfer peak can be understood as the nonvanish-
ing matrix element of transitions and! along the c axis
in the distorted structure. To the first order approximation,
the high T (295 K) paramagnetic state can be described
by the mixture of AF and FM solutions from the first-
principles calculations. As clearly noticed in ��!� at
295 K (FM), peaks  and ! are strongly affected by
orbital and spin ordering, and follows the similar trend of
experimental data (see Fig. 4). With elongation of RuO6

octahedra and an increase of the FM component in the
spin configuration at high T, the peak  [a black solid
arrow in Fig. 2(b)] is strongly enhanced and moved to the
lower energy region due to the increased dxy hole popu-
lation as well as to the decreased Jahn-Teller splitting,
while the peak ! [a red dashed arrow in Fig. 2(b)] is
strongly suppressed due to spin flip transition.

Figures 4(a) and 4(b) show the experimental
��!� results of Ca2RuO4 for Ekab and Ekc, respec-
tively. For both polarizations, there are appreciable
T-dependent changes of the spectral weight at least up
to 4 eV. The optical sum rule is satisfied near 4.5 eV, as
demonstrated in the insets of Fig. 4 by the near conver-
gence of an effective number of electrons, Neff�!� �
�2m0�=��e

2N�
R
!
0 ��!

0� d!0 at 10 K (thick lines) and
370 K (thin lines). Here m0 is the free electron mass
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FIG. 4. Temperature T-dependent optical conductivity spectra
��!� for (a) Ekab and (b) Ekc. In the insets of (a) and (b), we
show the effective number of electrons Neff�!� at 10 K (thick
lines) and 370 K (thin lines). The T-dependent (10, 250, 293,
350, and 370 K from top to bottom) Raman scattering spectra
with A1g symmetry are also shown in the inset of (a). For
clarity, the intensity levels are shifted for each T.
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and N the number of formula units (i.e., the number of Ru
atoms). For Ekab, a clear gap feature is observed below
1.5 eV for T < TMI ( � 363 K). With the increase of T, the
spectral weight above 1.5 eV is transferred to a lower
energy region and for T > TMI (e.g., T � 370 K) the
gap structure is fulfilled, giving rise to a metallic feature
[18]. For Ekc, the spectral weight above 3.0 eV is trans-
ferred to a lower energy region as well with the increase
of T. However, a metallic response, i.e., a large spectral
weight in the low energy region down to zero energy, is
not observed. This feature is similar to that of Sr2RuO4 at
the normal state [19], indicating a quasi-2D metallic
state. For more quantitative analyses of the spectral
weight transfer and the metal-insulator transition, we
deduced the T dependence ofNeff at 1.5 eV, where� values
of 10 and 370 K are nearly the same (i.e., isosbetic point),
and the optical gap 2�, which was defined as the crossing
point on the abscissa with linear extrapolation of ��!�.
As shown in Fig. 1(c), there appears a close correlation
between Neff (1.5 eV) (solid circles) and 2� (solid
squares).

In accord with the large change of electronic structure,
the Raman phonon mode corresponding to apical oxygen
stretching vibration [20] also shows a large variation with
T. In the inset of Fig. 4(a), we show the T-dependent
Raman scattering spectra with A1g symmetry for (z; z)
configuration. There is an apical oxygen stretching mode
near 600 cm�1 at 10 K [21] without any splitting or
another stretching mode as compared with that at 370 K
( > TMI). Its frequency (!ph) shows an appreciable red-
shift with increasing T [open circles in Fig. 1(b)]. The
result suggests the increase of a Ru-O bond length along
the c axis with T being consistent with that of the neutron
scattering experiment [5].

Systematic variations of electronic structure and pho-
non frequency shown in Figs. 1(b) and 1(c), as well as our
band calculation shown in Fig. 2, clearly indicate a key
role of dxy orbital ordering stabilized by the Jahn-Teller
distortion of RuO6 octahedra and Coulomb repulsion. The
dxy orbital ordering which is nearly saturated below TN
results in the small effective number of electrons Neff

(1.5 eV), the large optical gap 2�, and the high apical
phonon mode frequency !ph. Destabilization of the dxy
orbital ordering with increasing T causes the increase of
dxy hole density (or decrease of dyz=zx hole density) and
the elongation of RuO6 octahedra. It results in the in-
crease of Neff (1.5 eV), decrease of 2�, and decrease of
!ph for TN < T < TMI. In accord with the structural tran-
sition, the increased bandwidth of the dxy orbital causes
the dxy orbital disordering and, accordingly, the metal-
insulator transition. It results in a sharp increase of Neff

(1.5 eV), a disappearance of 2�, and a sharp decrease of
!ph above TMI. To reinforce our conclusion, we became
aware that the superlattice peak, expected for antiferro-
orbital ordering, was not observed in a recent resonant
x-ray scattering experiment [22].
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In summary, we have investigated the temperature-
dependent optical conductivity spectra of Ca2RuO4.
By combining the spectroscopic results with the trans-
port and structural features as well as with the
LDA�U calculation, the crucial role of dxy orbital or-
dering is definitely shown for the large temperature varia-
tion of the electronic structure and the metal-insulator
transition.
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