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Abstract
The Jahn–Teller (JT) distortion induced orbital order and optical conductivity in SrRuO3 and
CaRuO3 are investigated by first-principles calculations. The total energy and optical
conductivity of all the spin ordering states of SrRuO3 and CaRuO3 are calculated in the
LDA + U scheme with Ueff = 2.5 eV. The down-spin t2g of Ru show antiferromagnetic-like
orbital order in the a–b plane. We observe a d–d transition peak at an energy of about 1.0 eV in
the calculated optical conductivity and analyze the reason for it not being observed in previous
experiments.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Orbital order related properties of transition-metal oxides
(TMOs) [1–5] have been interesting topics for physical and
material scientists in recent years due to the strong couplings
among the spin, lattice and charge degrees of freedom
in these compounds. The direct observation of orbital
structure is difficult, yet several experiments [6–9] have been
developed to detect the anisotropy induced by spin and orbital
orderings. Among them, the measurement of anisotropic
optical conductivity [8, 9] by using polarized light could
provide us with some useful information. The low energy
(<3 eV) optical excitations (mostly come from the transition-
metal d–d transitions) are able to reflect sensitively the orbital
orderings for d electrons in TMOs.

Generally, 4d orbitals are more extended than 3d orbitals
in TMOs. So, the hybridization of 2p–4d is more important
than that of 2p–3d. Although the 4d orbitals are more
extended and the correlation effect is weaker than that of
3d electrons, some measurements such as thermal, magnetic,
transport properties [10, 11], photoemission [12–14] and
optical conductivity spectroscopy [15–18] of SrRuO3 and
CaRuO3 have shown that the electron correlation effects in the
Ru 4d are important.

Both SrRuO3 and CaRuO3 are in the Pbnm orthorhombic
unit cell with a ≈ b ≈ c/

√
2, including four formula

units per cell [19, 20]. There are four 4d electrons
per Ru4+ site. Synchrotron x-ray and neutron diffraction
results [19, 20] have shown that there are JT distortions in
the octahedron of SrRuO3 and CaRuO3, leading to the split-
off degenerated energy level of t2g. So the four electrons of
Ru4+ will occupy t2g orbitals selectively and orderly, which
will induce spin ordering. SrRuO3 has been known as a bad
metal, showing a ferromagnetic ordering at Curie temperature
(TC) ∼ 160 K. CaRuO3 is also barely metallic, but its
magnetic ground state remains enigmatic to date and is still
the subject of controversy: Goodenough [21] believed that
it was antiferromagnetic; Yoshimura [22] observed robust
ferromagnetic spin fluctuations in CaRuO3 and argued that it
was exchange enhanced paramagnetic; Mukuda [23], by means
of nuclear magnetic resonance (NMR), demonstrated that it
was nearly a ferromagnetic (FM) metal; Felner [24] using
Mössbauer studies and Kolev [25] using Raman spectroscopy
found it was a spin glass with short range magnetic interaction.

In order to clarify these controversies, we calculated the
total energy and optical conductivity of different magnetic
states (FM, A, C, G-type antiferromagnetic), where FM
denotes ferromagnetic, A-type represents ferromagnetic in the
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a–b plane but antiferromagnetic along the c axis, C-type marks
ferromagnetic along the c axis, but antiferromagnetic in the a–
b plane, G-type means antiferromagnetic both in the a–b plane
and along the c axis [3, 26]. We appropriately decouple the
spin degree of freedom and treat it in terms of the Heisenberg
model, then the exchange interaction is estimated by mapping
the calculated total energies of each magnetic state [27] to
the Heisenberg model. So, the nearest neighboring exchange
coupling constants are given by

Jc = −[E(F)− E(G)− E(A)+ E(C)]/(4S2)

Jab = −[E(F)− E(G)+ E(A)− E(C)]/(8S2)

where E(F), E(A), E(C) and E(G) are the total energy of
ferromagnetic, A, C, G-type antiferromagnetic respectively
and S = 1 is the moment. The calculated results are compared
with experimental measurements.

2. Method and details

Total energies and optical properties of SrRuO3 and
CaRuO3 are studied by the first-principles plane-wave basis
pseudopotential calculations in the BJSTATE code [3]. The
4d states of Ru and 2p states of O are treated with
the ultrasoft pseudopotentials [28] and the other states by
the optimized norm-conserving pseudopotentials [29]. All
the pseudopotentials used in this study have been well
checked [4, 5]. The inter-band optical conductivity is
calculated from the converged Kohn–Sham wavefunctions
|ψnk〉 and eigenvalues En(k) by the Kubo formula [30, 31].
Generally speaking, correlation effects are believed to be less
important in describing 4d TMOs than 3d ones, because 4d
electrons are more delocalized than 3d electrons. However,
recent reports [10–18] on SrRuO3 and CaRuO3 showed
that the correlation effect might play an important role in
determining their physical properties. So we used the LDA +
U method [32, 33] in the calculation. This method is
proposed by Anisimov [32] and implemented in the plane-
wave pseudopotentials scheme by Sawada [33]. In the
LDA + U method the choice of localized orbitals is very
important because Ueff is applied on such orbitals. However,
ambiguity exists in the choice of localized orbitals, especially
in the case of using the plane-wave basis method. For those
methods based on the local basis like LMTO (linear-muffin-
tin orbital), it is natural to use the basis orbitals as the
localized orbitals. However, in the plane-wave basis method,
the definition of localized orbital is nontrivial. Following the
idea of Sawada [33], a truncated pseudo-atomic wavefunction
is chosen as the localized orbital to which Ueff is applied. The
other crucial problem in the practical LDA + U calculations
is the choice of Ueff. Generally two ways are followed to
estimate Ueff. First, Ueff can be directly calculated by using
the constrained local density approximation (LDA) method.
However, it is not so meaningful to take this approach in
the plane-wave method because of some arbitrariness in the
definition of localized orbitals. The second way is to adjust Ueff

so as to fit the calculated band gap with an experimental one.

It is well known that density functional theory (DFT) is bad at
calculating band gaps, especially for TMOs. So the LDA + U
method was proposed to reproduce band gaps by adjusting
parameter U . Here we use U = 3.5 eV and J = 1.0 eV
(Ueff = 2.5 eV) to reproduce experimental band gaps. Such
a parameter has been checked as a suitable parameter by our
previous work [5] and by Jeng [34]. The cut-off energy for
describing the wavefunctions is 36 Ryd, while that for the
augmentation charge is 200 Ryd. And we used a (10 × 10 × 8)
mesh for the k-points in the linear tetrahedron method with the
curvature correction.

The unit cell and coordinates are defined the same as
in figure 1 of [34]. We defined the x, y and z axes
as the [11̄0], [110] and [001] directions of the unit cell,
respectively. Four Ru atoms are defined as Ru1(0.0, 0.0, 0.0)
and Ru2(0.5, 0.5, 0.0) in the first layer, Ru3(0.0, 0.0, 0.5) and
Ru4(0.5, 0.5, 0.5) in the second layer. The oxygen atoms in the
a–b plane are denoted as O2; at the apex of the RuO6 octahedra,
the oxygen atoms are named as O1.

3. Results and discussion

Figure 1 shows the partial density of state (PDOS) of Ru1 and
Ru2 in SrRuO3. In the ionic model, the four 4d electrons of Ru
occupy the low energy level of t2g (t3

2g↑, t12g↓), keeping the high
energy level of eg empty. There are JT distortions in the a–b
plane as well as rotation and zig-zag tilting of RuO6 octahedra
along the c(z) axis. For the SrRuO3, the distance between Ru1

and O2 along the x axis is Ru1O2(x) = 2.038 Å and along the
y axis is Ru1O2(y) = 1.942 Å. The distance between Ru1 and
O1 along the z axis is Ru1O1(z) = 1.979 Å. Because of the
JT distortion and rotation of RuO6 octahedra, the degenerated
energy level of t1

2g↓ of Ru1 will split as Eyz > Exy > Ezx ,
where Eyz , Exy and Ezx are the energy levels of dyz , dxy and
dzx orbitals respectively. So the down-spin electron of t1

2g↓
will preferentially occupy the dzx↓ state; however, the split
is too small for the dzx↓ state to be fully occupied, leaving
dyz and dxy orbitals empty. As a result, the three out of four
electrons of Ru1 will occupy the dxy/yz/zx↑, and the other one
will partially occupy dzx↓ and dxy↓ to lower its energy. On
the other hand, Ru2O2(x) = 1.942 Å, Ru2O2(y) = 2.038 Å,
Ru2O1(z) = 1.979 Å, t3

2g↓ will split as Ezx > Exy > Eyz ,

so the down-spin of Ru2 will partially occupy dzy↓ and dxy↓.
For t3

2g↓ of Ru1, the occupation numbers are nxy = 0.45

and nzx = 0.52. As for Ru2, the occupation numbers are
nxy = 0.45, nyz = 0.52. Ru1 and Ru3 have the same orbital
order, while Ru1 and Ru2 have zig-zag orbital ordering. So the
C-type orbital order (antiferromagnetism-like in the a–b plane
and ferromagnetism-like along the c axis) is formed.

The PDOS of Ru1 and Ru2 in the CaRuO3 are revealed in
figure 2. Similarly with SrRuO3, it has the FM spin order and
C-type-like orbital order. The JT distortion is different from
that of SrRuO3 as follows: Ru1O2(x) = 2.028 Å, Ru1O2(y) =
1.981 Å, Ru1O1(z) = 1.981 Å, Ru2O2(x) = 1.981 Å,
Ru2O2(y) = 2.028 Å, Ru2O1(z) = 1.981 Å. Because
Ru1O2(x) is larger than the other bonds, the electrons favor
partially occupying dzx↓ and dxy↓ in Ru1. For the same reason,
the electrons favor partially occupying dzy↓ and dxy↓ in Ru2.
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Figure 1. PDOS of Ru1 (left) and Ru2 (right) in SrRuO3 with U = 2.5 eV. Different orbitals are labeled by different colors and symbols.
(black and circle: dz2 , red and square: dx2−y2 , green and triangle up: dxy , blue and triangle down: dyz , magenta and plus: dzx ).

Figure 2. PDOS of Ru1 (left) and Ru2 (right) in CaRuO3 with U = 2.5 eV. Different orbitals are labeled by different colors and symbols.
(black and circle: dz2 , red and square: dx2−y2 , green and triangle up: dxy , blue and triangle down: dyz , magenta and addition symbol: dzx ).

Table 1. The relative energies per unit cell of NM (non-magnetic), FM, A-, C- and G-type antiferromagnetism and the exchange constant
calculated with the Heisenberg model [31] (in the unit of meV).

Sample U (eV) NM FM A C G Jab Jc

SrRuO3 2.5 421.63 0 63.73 106.50 64.80 13.4 5.5
CaRuO3 2.5 371.6 0 19.3 24.1 18.5 2.91 3.4

The angle � Ru1O2Ru2 is 147.01 in CaRuO3, while it is 161.09
in SrRuO3. The angle � Ru1O2Ru3 is 149.61 in CaRuO3, while
it is 164.94 in SrRuO3. Comparing the bond angle between
SrRuO3 and CaRuO3 we find the rotation and tilt angles of the
RuO6 in CaRuO3 are bigger than those in SrRuO3. It must
be noted that the only structural difference between the Sr-
and Ca-based compounds is the rotating and tilting degrees of
RuO6, which are a bit larger in the latter due to the smaller size
of Ca2+ compared with Sr2+. The occupied numbers of Ru1

are nxy = 0.41 and nzx = 0.55. As for Ru2, the occupied
number are nzx = 0.41 and nyz = 0.55.

The relative energies per unit cell are presented in table 1,
where E(F), E(A), E(C) and E(G) represent energies per
unit cell for FM, A-, C- and G-type antiferromagnetism,

respectively. We mapped the calculation results to the
Heisenberg model to get the exchange constant. For both
SrRuO3 and CaRuO3, the total energy of FM is the smallest
and the exchange constants of Jab and Jc are positive, which
indicates that the ground state is FM. The exchange constant
of CaRuO3 is smaller than that of SrRuO3. This might due to
the rotation and tilt angle of the RuO6 octahedron of CaRuO3

is bigger than that of SrRuO3. The increased rotation and
tilt angle of CaRuO3 reduces the exchange integration. The
small exchange constant is one of the characteristics of the
spin glass [18]. In such a compound, the exchange constant
is too small to form long range magnetic order, which agrees
well with the spin glass state proposed by Felner [18] and
Goodenough [21]. For SrRuO3, Jab is larger than Jc, which
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Figure 3. The optical conductivity of SrRuO3 in the spin state of
NM, FM, A, C, G and experimental results of Lee.

may result in the spin order being more likely to form in the a–
b plane because the exchange integration between Ru1 and Ru2

is larger than that between Ru1 and Ru3. Furthermore it may
explain why the easy magnetic axis [11] is [100] or [010] rather
than [001]. For CaRuO3, Jab < Jc, so the exchange integration
between Ru1 and Ru3 is larger than that between Ru1 and Ru2,
which means the easy axis is more likely to be along [001].
Such results are confirmed by Felner’s [24] experiments.

It is well known that both LDA and the generalized
gradient approximation (GGA) exaggerate magnetic tendency.
So it is difficult to calculate an exact value of TC from the
exchange coupling J . However, the calculated exchange
coupling J is proportional to the Curie temperature TC.
Because the exchange J of SrRuO3 is much larger than that
of CaRuO3, the former is FM below TC (about 160 K), while
the latter shows spin glass behavior [18, 35]. Such a significant
difference in exchange constant between SrRuO3 and CaRuO3

comes from the difference of rotation and tilt angle of the RuO6

octahedron.
Figures 3 and 4 show the calculated optical conductivity of

SrRuO3 and CaRuO3 in the spin states of NM, FM, A, C and
G, comparing them with the experimental results of Lee [17]
and Lee [16]. In figure 3, two peaks appear at 3.0 and 6.0 eV,
which come from the electron transitions from occupied O 2p
to unoccupied t2g and eg states of Ru respectively [16]. From
figures 1 and 2, we can see that the energy split between eg

and t2g is about 3.0 eV. Above 2.0 eV, our calculated optical
conductivity is coincident with Lee’s [16] experiments with
SrRuO3. For CaRuO3, even above 2.0 eV, there is some
discrepancy between the calculated and experimental optical
conductivity. Such a discrepancy maybe derived from the
‘strain effect’ [16] in the sample. The sample used in the
optical conductivity measurement was epitaxially grown on
the SrTiO3 substrates [16]. So the lattice mismatch induced
a ‘strain effect’, which changed the transport properties of
CaRuO3 significantly [16, 36]. Below 2.0 eV there are some
differences for both SrRuO3 and CaRuO3: for FM and A-
type antiferromagnetism, there is a peak at an energy of about

Figure 4. The optical conductivity of CaRuO3 in the spin state of
NM, FM, A, C, G and experimental results of Lee.

1.0 eV, resulting from the transition from the partially occupied
t2g↓ of Ru1 to the unoccupied t2g↓ of Ru2. This peak has
been predicted and observed by Ahn [15] in the films of
SrRuO3 and CaRuO3. They explained this peak as electrons
translated from the QP (quasi-particle) band to the UHB (upper
Hubbard band), which will cost energy of as much as U/2.
Why did not Lee et al observe the lower energy peak? We
thought the reason might be that they did the experiment at
room-temperature (300 K), but the Curie temperature TC is
about 160 K. Above TC the thermal vibration breaks the spin
ordering, so the FM order and the d–d transition channels are
destroyed. If the FM spin order remained in the a–b plane, the
electrons of Ru1 could hop from dxy↓ to Ru2dxy↓. However,
if it is antiferromagnetic in the a–b plane, when electrons
hop from dxy↓ of Ru1 to dxy↑ of Ru2, they have to invert
their spin direction, which rarely happens. So the electron–
phonon interaction breaks the spin order and simultaneously
impedes the d–d transition. Figure 4 displays a similar optical
conductivity pattern to figure 3. We predicted that if the optical
conductivity of SrRuO3 could be measured at low temperature
(below Tc), the d–d transition at an energy of about 1.0 eV
might be observed.

4. Conclusion

In this paper, we have discussed JT distortion induced orbital
order in SrRuO3 and CaRuO3. We calculated the total
energy and optical conductivity of all the spin ordering states
(NM, FM, A-, C-, G-type antiferromagnetism) of SrRuO3 and
CaRuO3 in the LDA + U scheme with Ueff = 2.5 eV. From
the energy difference in CaRuO3 between different magnetic
states, we predicted that CaRuO3 prefers to take the spin glass
state. Mapping the total energy to the Heiseng model, we gave
the exchange constant as follows: for SrRuO3, Jab = 13.4
and Jc = 5.5; for CaRuO3, Jab = 2.9 and Jc = 3.4.
Comparing our calculated optical conductivity results with the
experimental data of [16, 17], we suggested the reason they
did not observe the low energy d–d transition peak in the
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optical conductivity might be that the experiment was done at
room temperature. At such a high temperature, the thermal
vibration would have destroyed the FM magnetic order, which
is important for the d–d transition. If they had measured the
optical conductivity of SrRuO3 at low temperature (below Tc),
they might have observed the d–d transition at an energy of
about 1.0 eV.
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