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Abstract
Using density functional theory, we explore the evolution of the electronic and magnetic
properties of BaRuO3 in four different phases, 9R, 4H, 6H and 3C, obtained by synthesizing
under different pressure conditions. The four different phases differ in the differential
proportion of hexagonal versus cubic close stacking of the BaO3 layers, leading to important
changes in the structure. By computing the electronic and magnetic properties of the four
different phases, and the optical properties of 4H and 9R phases, we find that density
functional based calculations are to a large extent able to explain the change in properties of
the four different polytypes.

1. Introduction

The ever-green field of perovskite structured transition metal
oxides has long been a focus of attention for researchers
due to their fascinating properties. The 4d transition metal
based ruthenates, in this context, are gaining interest, for
which the interplay between the structural aspects and the
electronic correlation may be more interesting than for their
3d counterparts. A number of ruthenate compounds have
been synthesized with interesting properties. For example,
Sr2RuO4 shows unconventional p-wave symmetry of the
superconducting ground state [1], Sr3Ru2O7 exhibits metallic
metamagnetic behavior [2], and BaRu6O12 undergoes a
quantum phase transition [3]. The contrasting magnetic
behavior of SrRuO3 and CaRuO3 has also been a topic of
discussion [4]. BaRuO3, which is the sister compound of
SrRuO3 and CaRuO3, with an isoelectronic configuration,
exhibits structural and physical properties different from both
SrRuO3 and CaRuO3. The presence of Ba2+, which has
a larger ionic size compared to Sr2+ or Ca2+, leads to
a tolerance factor of BaRuO3, t = (rBa+rO)√

2(rRu+rO)
> 1 (where

rBa, rRu and rO correspond to the radius of Ba, Ru and

O ions, respectively) favoring the hexagonal polytype as
opposed to SrRuO3 and CaRuO3, for which t < 1 favors an
orthorhombic structure with cubic stacking. Sintering under
high pressure results in the sequence of structural types in
BaRuO3 from 9R (ambient pressure) to 4H (3 GPa) to 6H
(5 GPa) [5], all based on hexagonal symmetry. Just recently,
the cubic phase of BaRuO3 has been synthesized under very
high pressure conditions [6]. The hexagonal close stacking
versus the cubic close stacking of the BaO3 layers corresponds
to face sharing versus corner sharing connections between
the two neighboring RuO6 octahedra. The four polytypes of
BaRuO3, 9R, 4H, 6H and 3C, with varying proportions of
hexagonal and cubic stacking, therefore provide an unique
opportunity to study the influence of structural changes
within the same compound. The physical properties offered
by the four polytypes are rather diverse. The 3C phase
shows ferromagnetic metallic behavior with a transition
temperature of 60 K [6], whereas the 9R, 4H and 6H phases
are paramagnetic metals with antiferromagnetic short-range
fluctuations [5]. Resistivity and optical conductivity data on a
9R sample show the signature of a metal–insulator transition
at low temperature [7].
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To the best of our knowledge, a systematic first-principles
study of the evolution of the electronic and magnetic
properties considering four different polytypes has not
been carried out before, though there are reports of
first-principles investigations on individual compounds such
as 9R and 4H [8], and 3C [9]. The conclusion drawn
from the photoemission study indicates that the electron
correlation becomes progressively less important in the series
CaRuO3–SrRuO3–BaRuO3 [10], implying the justification
for a first-principles study for BaRuO3. The results of the
first-principles study should also form the basis for future
many-body calculations to explore the effect of correlation. In
the following we have carried out first-principles calculations
based on density functional theory (DFT) to investigate the
four polytypes. In particular, we have analyzed the features
of the electronic structure, which lead to the understanding
of the stability of the ferromagnetic ground state in the 3C
phase versus the paramagnetic ground state for the remainder.
Following this we attempted to provide an understanding of
the propensity towards antiferromagnetism in the 4H, 6H and
9R phases. We computed the optical conductivity for the
4H and 9R phases and compared them with the available
experimental data [11]. Our study shows the application of
DFT is capable of explaining quite a number of features.

2. Methodology

First-principles DFT calculations within the generalized gra-
dient approximation [12] (GGA) for the exchange–correlation
functional have been utilized to study the electronic structure
of BaRuO3 in four different phases. Calculations have been
carried out in two choices of basis sets: (a) the full-potential
linearized augmented plane wave (FLAPW) method as
implemented [13] in WIEN2k and (b) the muffin-tin orbital
(MTO) based linear muffin-tin orbital [14]3 (LMTO) and Nth
order MTO basis [15].

The full-potential LAPW basis uses a potential with no
shape approximations and an interstitial region treated with
plane waves. For FLPAW calculations, the atomic sphere radii
were chosen to be 2.5 au, 2.0 au and 1.6 au for Ba, Ru and O,
respectively. We chose the APW + lo as the basis set and the
expansion in spherical harmonics for the radial wavefunctions
was taken up to l = 10. The charge densities and potentials
were represented by spherical harmonics up to l = 6. The
commonly used criterion for the convergence of the basis
set, relating the plane wave cutoff, Kmax, and the smallest
atomic sphere radius, RMT, RMT ∗ Kmax was chosen to be 7.0.
The numbers of k-points used in the irreducible part of the
Brillouin zone (IBZ) were 126 (3C), 240 (4H), 132 (6H) and
116 (9R) for the self-consistent calculations. For the optical
calculations on the 4H and 9R phases, 392 and 489 k-points
in IBZ were used. The valence configurations were chosen to
be Ba 6s, Ru 4d5s and O 2s2p.

For the analysis of the computed electronic structure we
have made use of the muffin-tin orbital based LMTO and
NMTO technique. In particular, we have made use of the

3 Stuttgart TBLMTO-47 code.

NMTO-downfolding technique to construct the Ru d-only
Hamiltonian, the real space representation of which provides
the information of the crystal field splitting. The NMTO
method, which has yet to be made fully self-consistent,
relies on the self-consistent potentials derived out of LMTO
calculations. The space filling muffin-tin radii for LMTO
calculations were chosen to be about 4.2 au, 2.4 au and
1.8 au for Ba, Ru and O respectively. The consistency of
the results between LAPW and LMTO basis sets have been
cross-checked.

Calculations have been carried out both with and without
spin–orbit coupling. As found in the case of SrRuO3 [16],
the spin–orbit coupling has been checked to have only a
small effect on the electronic structure. The results reported
in the following are, therefore, without including spin–orbit
coupling.

3. Crystal structure

The 9R, 4H, 6H and 3C phases are formed in rhombohedral
R3̄m, hexagonal P63/mmc,P63/mmc and cubic Pm3̄m space
groups with lattice parameters a = 5.754 Å, c = 21.624 Å for
9R, a = 5.729 Å, c = 9.500 Å for 4H, a = 5.713 Å, c =
14.050 Å for 6H and a = 4.006 Å for 3C [5, 6]. In
the perovskite or perovskite-related structure of the four
polytypes, Ba and O atoms form BaO3 layers and Ru
atoms occupy the interlayer positions with an octahedral
coordination of O atoms. As mentioned before, the stacking
of BaO3 layers can be of the hexagonal close packed stacking
type (h) or the cubic close packed stacking (c) type. These two
different stackings give rise to face shared (for h) and corner
shared (for c) connectivity of neighboring RuO6 octahedra. In
the ambient pressure 9R phase, three RuO6 octahedra share
faces with each other, giving rise to a Ru3O12 trioctahedron
unit which connects to another trioctahedron unit through
the corner sharing forming stacking sequence hhchhchhc.
There are two inequivalent classes of O (O1 and O2) and
Ru (Ru1 and Ru2) atoms. O2 and O1 atoms occupy the
face shared and corner shared positions, respectively, while
Ru2 and Ru1 atoms occupy the center and edge of the
trimeric unit respectively, as shown in figure 1. The RuO6
octahedra are regular in terms of Ru–O bond lengths but
show trigonal distortions with O–Ru–O deviating from the
ideal 90◦ configuration. The corner shared Ru–O–Ru bond
angle is 180◦. The 4H phase is structurally similar to the 9R
phase with two RuO6 octahedra in a face shared connection
forming a Ru2O9 dioctahedron unit which shares corners with
each other, through O1 oxygen (stacking sequence hchc). The
trigonal distortion in the RuO6 octahedra is about the same as
that in the 9R phase (∼5◦–6◦). In the 6H phase, the Ru2O9
dioctahedron unit and single RuO6 octahedral unit arrange
alternately and connect to each other through the O1 oxygen
with the stacking sequence hcchcc. The Ru1 and Ru2 occupy
the single octahedral and dioctahedral metal sites respectively.
The cubic 3C phase is the ideal cubic perovskite phase with
corner shared regular RuO6 octahedra. The percentage of
corner shared connectivity is 33%, 50%, 66%, and 100% for
the 9R, 4H, 6H and 3C phases respectively. Figure 1 shows
the structures of the four polytypes.
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Figure 1. Crystal structures of BaRuO3 in four different phases. The large, medium and small sized atoms indicate Ba, Ru and O,
respectively.

Figure 2. The density of states of BaRuO3 in 3C (a), 4H (b), 9R (c) and 6H (d) phases. The zero of the energy is set at the GGA Fermi
energy. The green-dashed line, black-solid line and red-shaded area in panels (a), (c) and (d) represent states projected onto O-p and Ru-t2g
and Ru-eg states, respectively. For the 9R and 6H structures, having two inequivalent Ru atoms (Ru1 and Ru2), projections to both atoms
have been shown. The DOS in panel (b) for the 4H structure additionally show projections to Ru-a1g and Ru-eπg states, marked as black-solid
and gray-solid lines. The labeling of the peaks marks the pseudo-gap features. The charge density plots in the plane containing the Ru–Ru
dimer, corresponding to the marked peaks, are shown in panel (b) for the representative case of 4H. The positions of Ru and projected
positions of O atoms in the plane of the charge density plot have been labeled. The insets show the crystal field splitting at the Ru site.

4. Basic electronic structure

4.1. Density of states

Figure 2 shows the density of states (DOS) of BaRuO3 in the
four different polytypes 3C, 4H, 9R and 6H, as calculated
within the framework of the GGA exchange–correlation
functional in the LAPW basis. The self-consistent calculations
within the spin-polarized GGA lead to a magnetic solution in

the case of the 3C phase, and nonmagnetic solutions in all
other cases, i.e. 4H, 9R and 6H.

Focusing on the DOS for the 3C phase, shown in the top
left panel of figure 2, we find that the states close to the Fermi
level, εF (set at zero in the figure), are dominated by Ru-d
states while the states below −2 eV or so are dominated by
O-p states. The high lying states around 5 eV (not shown
in the figure) are contributed by empty Ba-s states. The
spin-polarized calculation gave rise to a magnetic moment
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of ∼1.2 µB with a moment of ∼0.80 µB at the Ru site, a
substantial fraction (∼0.10 µB) at the O site and rest at Ba
and in the interstitial region. The crystal field split Ru-t2g
states are found to be partially filled while Ru-eg states are
empty. The rather strong covalency between Ru-4d states
and O leads to a large crystal field splitting of ∼3.4 eV
between t2g and eg energy levels, as shown in the inset, giving
rise to the low spin configuration of the nominal Ru4+ (d4)
valence, which would give rise to a spin magnetic moment
of 2 µB in the fully polarized limit. The calculated moment
is significantly less than that expected for the fully polarized
moment of the 2 µB, in agreement with previous reports of
cubic ruthenates [17]. The strict cubic symmetry gives rise to
a logarithmic singularity in DOS, with the density of states
piling up near the Fermi energy and quickly dropping out as
one moves away from εF.

The top right panel of figure 2 shows the DOS for the
4H crystal structure, projected onto the O-p and Ru-d states.
The octahedral crystal field splits the Ru-d states into t2g and
eg (eσg ) states, while the presence of finite trigonal distortion
in the RuO6 octahedra further splits the t2g states into doubly
degenerate eπg and singly degenerate a1g states, as shown in
the inset. The partial DOS projected onto Ru-a1g, Ru-eπg and
Ru-eg (eσg ) states are, therefore, shown. Ru-d dominated states
are found close to εF, O-p below −2 eV and Ba-s states in
higher energy∼5 eV, similar to that found in the 3C structure.
The Ru-d dominated states, however, shows the presence of
several pseudo-gaps. We could identify six distinct peaks
separated by dips, marked as A, B, C, D, E and F. The
charge density plots in the energy window spanning these
peaks are shown by the side. As is evident, the peaks A, B, C
correspond to the Ru–Ru bonding a1g and two eπg states, while
D, E, F arise due to the corresponding antibonding states. The
directed nature of a1g orbitals connecting two Ru atoms in the
dimer makes the bonding–antibonding splitting of a1g largest
among the three t2g. The dimer geometry of the connected Ru
pairs therefore generates pseudo-gap features in the density of
states, the total Ru-t2g band width being slightly larger than
that in 3C.

The first two bottom panels in figure 2 show the DOS
for the 9R structure, projected onto the O-p and Ru1-d
and Ru1-d states. The Ru-d states are projected onto Ru-t2g
and eg states. The insets show the crystal field splitting of
Ru-d states for Ru1 and Ru2. The trimer geometry of face
shared RuO6 octahedra gives rise to bonding, nonbonding
and antibonding combinations of a1g, eπ,1g and eπ,2g states,
generating a nine-peak structured Ru-t2g DOS, marked as A,
B, C, D, E, F, G, H and I.

Finally, the density of states plots for the 6H structure
are shown in the last two bottom panels in figure 2. DOS
projected to t2g and eg states at Ru1 and Ru2 sites, along
with O-p projected states are shown. Ru2 atoms, which form
the dimer, as in the case of the 4H structure, show features
very much like that of the Ru projected DOS of 4H with the
formation of bonding a1g, eπ,1g , eπ,2g and antibonding peaks.
The DOS projected to the Ru1 site, which forms the single
unit, is very different, with a reduced band width due to

limited connectivity and tailing due to non-zero mixing with
the Ru2-d states.

The pseudo-gap features in 4H, 9R and 6H are significant
in the magnetism, as we will see in section 5.

5. Magnetism

The strong covalency between Ru-4d states and O-p makes the
extended band picture of magnetism relevant for ruthenates,
as discussed by Mazin and Singh in the context of SrRuO3
and CaRuO3 [17]. According to the standard approach of
Stoner theory [18], the stability of magnetic states is given by
N(0) > 1

I , where N(0) is the density of states at εF and I is the
Stoner parameter. As discussed in [17], the finite covalency
between Ru and O makes the contribution of O in the
Stoner parameter substantially large. The Stoner parameters
at the Ru and O sites were found to be 0.7 eV and 1.6 eV
respectively [17]. Taking into account the O contribution in
the Stoner parameter, the Stoner I for the 9R, 4H, 6H and 3C
phases turned out to be 0.32 eV, 0.34 eV, 0.39 eV and 0.35 eV
respectively. Without the inclusion of the oxygen contribution
these parameters would have been 0.19 eV, 0.20 eV, 0.22 eV
and 0.21 eV respectively, indicating a substantial contribution
of O in I, a fact also noted before [17].

Figure 3 shows the plot of the LAPW nonspin polarized
density of states of BaRuO3 in four different polytypes
together with the inverse Stoner parameter, 1

I . We find that
N(0) for 3C is much larger than 1

I , which is 2.85 (eV)−1,
indicating the stability of the magnetic solution for 3C. For the
remaining three phases, N(0) is smaller than 1

I , suggesting the
stability of paramagnetic states, as found in the self-consistent
spin-polarized GGA calculation. We found that the stability
of the paramagnetic phase in the 4H, 6H and 9R phases is
driven by the formation of pseudo-gaps that appear near the
Fermi energy, which, as discussed before, are caused by the
formation of bonding and antibonding states.

Interestingly from the Stoner plots, we find the magnetic
solution for 4H, 6H and 9R should be marginally unstable.
In order to get an idea of the stable or metastable magnetic
states and the corresponding magnetic moments, one may
resort to what is known as an extended Stoner plot, which
takes into account the energy dependence of the DOS in a
rigid band approximation. This, as shown in figure 4, plots
the effective density of states, N̄(m), which is the density of
states at εF, averaged over the up and down spin channel,
versus the magnetization, m, produced by splitting the nonspin
polarized density of states in a rigid band fashion. The stable
or metastable values of the magnetic moment are those for
which N̄(m)I = 1 and dN̄(m)

dm < 0. For the cubic structure,
a rather high value of N̄(m) is observed, which decreases
quickly with magnetization and becomes equal to 1

I at m ≈
1.2 µB. For the hexagonal based polytypes, 4H, 6H and 9R,
the effective DOS is much smaller compared to their 3C
counterpart and is larger than 1

I only for limited values of
m. The equilibrium values of the magnetic moments, if they
could be stabilized, would fall in the range 1–1.2µB. Note that
these magnetic states are metastable, as N̄(0) ≡ N(0) < 1/I,
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Figure 3. The plot of the nonmagnetic, density of states of BaRuO3 calculated in the LAPW basis for the 9R, 4H, 6H and 3C phases
together with the inverse Stoner parameter, 1

I .

Figure 4. Extended Stoner plot (see text for details) for the density
of states, shown in figure 3 together with the inverse Stoner
parameter, 1

I .

for hexagonal based polytypes, indicating the stability of the
paramagnetic state over the magnetic states.

A possible way to investigate the propensity to magnetic
fluctuation would be to evaluate the low-frequency limit of
the imaginary part of the bare electronic susceptibility, χ ′′o (q),
which reflects the Fermi surface topology [19]. This function,
often known as the nesting function, is given by

lim
ω→0

χ ′′o (q, ω) =
∑

k

δ(εk − εF)δ(εk+q − εF).

Figure 5 shows the plot of the nesting functions together
with their Fermi surfaces (FS) for 9R, 4H and 6H. For

the 9R structure, there are nine Ru t2g bands that span an
energy window of ≈2.5 eV around εF. Two of these bands
cross εF, giving rise to two sheets in FS. One of these, the
central one, is of hole type while the outer sheet, containing
six connected cylinder-like structures, is of electron type.
They originate from nonbonding Ru a1g and antibonding Ru
eπg states within the trimer, in agreement with the findings
in [8]. For the 4H structure, twelve Ru t2g bands spanning
an energy window from ∼−2 to ∼1 eV or so, form the
low-energy bands. These give rise to six sheets of the FS,
originating from antibonding Ru–Ru a1g, eπg bands with a
central hole part of pancake-like shapes and outer sheets
containing electrons. On the other hand, for the 6H structure,
there are in total 18 Ru t2g bands, out of which four cut
the Fermi level, generating four sheets of the Fermi surface.
The topology of the 6H FS is somewhat similar looking
to that of 4H, with central pieces of pancake-like shapes
containing holes and outer sheets containing electrons. The
calculated nesting functions, shown for qz = Eb3/2, along the
direction (Eb1, Eb2), based on these Fermi surfaces, show peaks
at large (qx, qy) values, = (Eb1/2, Eb2/2) for the 9R and 6H
phases and = (Eb1/3, Eb2/3) for the 4H phase (Eb1, Eb2 and Eb3
are three reciprocal vectors of the hexagonal BZ), indicating
the antiferromagnetic-like spin fluctuation. These findings
justify the report of antiferromagnetic (AFM) fluctuations
observed in the susceptibility data [5]. Interestingly, CaRuO3
with a pseudo-gap-like feature in the paramagnetic DOS has
also been reported to exhibit dominant short-range AFM
interactions [20].

6. Optical conductivity

Finally, we calculated the optical conductivity of the 4H
and 9R phases, based on the GGA electronic structure, for
which the experimental data exists [11]. Our band structure
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Figure 5. The FS (left panels) and the corresponding nesting functions (right panels) calculated for 9R, 4H and 6H phases. The color scale
on FS indicates the velocity, with the magnitude of velocity scaled with redness of the color. The inset in the center panel shows the
hexagonal BZ, marking the direction in which the nesting functions have been evaluated.

based calculation of optical properties provides only the
dispersive and the absorptive parts of the diagonal and
off-diagonal conductivities. The corresponding imaginary and
real counterparts are obtained using the Kramers–Kronig
transformation, with the conductivity expressed by Kubo’s
conductivity relationship [21] as

σij(ω) =
4π2e2

�m2ω

∑
knn′s

〈kns|pi|kn′s〉〈kn′s|pi|kns〉

× δ(ekn′ − ekn − h̄ω)

where 〈kns|pi|kn′s〉 is the dipole matrix element or the
transition probability from state n to state n′ at the kth point
in the BZ in the s spin channel, pi is the momentum operator
in the ith direction. e and m are the charge and mass of the
electron, � is the unit cell volume, ω is the photon energy,

and ekn and ekn′ are the eigenvalues of the bands at the k
point. To the real part of diagonal conductivity, the Drude
contribution due to intraband transition, given by σD(ω) =

iω2
p

ω+iδ , is added. The bare plasma frequencies, ωp, for 4H and
9R, as given by LAPW calculations, turn out to be about
2.2 eV and 0.70 eV, respectively. δ, which is the broadening
parameter, proportional to the inverse of the relaxation time,
is chosen to be 0.001 eV, in agreement with experimental
measurement [7]. A Lorentzian broadening of about 0.05 eV
has been used.

The upper panel of figure 6 shows the computed in-plane
component of diagonal conductivity for the 4H structure along
with the experimental data obtained by Kramers–Kronig
analysis of the reflectivity spectra in the ab plane [11]. We
find a pronounced dip (structure I) in the spectra around
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Figure 6. Calculated (left panels) diagonal optical conductivity of BaRuO3 in 4H (top panels) and 9R (bottom panels) phases respectively.
For the 9R structure, the calculated spectra are shown for GGA (black-solid line) and GGA + U (green-dashed line) calculations. The right
panels show the experimental data taken from [11]. I, II, III and IV label the prominent structures.

200 cm−1 wavenumber, following which a strong interband
transition occurs. This dip, known as the plasma edge, arises
due to the inclusion of the Drude contribution arising from the
metallic nature of the compound combined with the specificity
of the electronic structure of the compound. The two interband
transitions (structures II and III) originate due to d–d
transitions driven by the strong d–p covalency. The structure
marked as IV arises due to transitions between O-p and Ru-d
states. We find that the structures II and III in the calculated
spectra are shifted towards higher energy compared to the
experimental spectra. The very sharp peak around 1900 cm−1

is due to phonon modes which are not included in our study.
Apart from these deviations, the calculated spectra within the
DFT scheme of the GGA exchange–correlation functional
are capable of qualitatively reproducing the experimental
spectra. The pseudo-gap feature in the experimental literature
of BaRuO3 has been discussed in the context of the correlation
signature [22], similar to pseudo-gap phenomena in heavy
fermion or high-Tc cuprates [23]. However, we find that
the GGA based calculation is capable of reproducing the
pseudo-gap feature arising from the plasma edge related
band structure effect. The present situation, which shows
a clear Drude peak, is rather different from heavy fermion
or high-Tc cuprates. The effect of correlation beyond the
GGA on the optical conductivity, which may improve the
agreement between experimental and theoretical spectra, if
any, needs to be explored in terms of dynamical mean

field [24] calculations capable of handling correlated metals.
This may renormalize the GGA band structure and also effect
the plasmon frequency. This will form the basis of our future
study.

The bottom panel of figure 10 shows the corresponding
plots for the 9R phase. We find that peaks arising due
to the interband transitions are reproduced reasonably well
in the calculation (structure II, III, IV), with structures II
and III shifted towards higher energy and the absence of
very sharp peaks around 230 and 550 cm−1 due to phonon
modes not considered in the calculation. As opposed to the
experimental spectra, a Drude-contributed peak preceding
the dip (structure I) is seen in the calculated spectra, which
is highly suppressed in the experimental counterpart. This
has been discussed in the literature in terms of a metal
to insulator transition at low temperature, which is also
supported by the upturn of resistivity below a temperature,
T0 ' = 110 K [22]. In this context, it may be worthwhile
exploring the possible influence of the antiferromagnetic
spin fluctuation, as exhibited in the susceptibility calculation.
Unfortunately, the present DFT setup is not designed to handle
the short-range magnetic fluctuations. We, therefore, resort
to GGA + U calculations [25], and repeat the calculation
of optical conductivity by stabilizing the antiferromagnetic
long-range order with a chosen U value of 2 eV and a
Hund’s coupling of JH = 0.8 eV. The considered AFM
structure consisted of a ferrimagnetic arrangement (↑↑↓) of
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Ru spins in Ru trimers, which anti-align with the neighboring
trimer spins, and was found to be lower in energy compared
to the ferromagnetic arrangement of Ru spins by about
30 meV/f.u. within the GGA + U calculation. This is in
accordance with the preference for antiferromagnetic spin
fluctuations obtained in the electronic susceptibility. Note that
though this is not a correct representation of the nonmagnetic
ground state with short-range antiferromagnetic fluctuations,
this may provide us with an idea of the influence of the
magnetism. The obtained spectra, shown in comparison
with nonmagnetic GGA result, do not show any qualitative
differences, except for a pronouncing of the pseudo-gap
feature. In particular, the discrepancy at low frequency in
terms of the presence of the Drude peak remains, signaling
the metallic character. As a possible origin of the development
of insulating or insulator-like behavior at low temperature,
the connection to charge density wave (CWD) instability
has been pointed out [22]. However, there have been no
reports on the static CDW formation in 9R BaRuO3 [26].
The development of an insulating-like state may, therefore, be
caused by some temperature-dependent charge transfer effect,
as suggested in [8]. Without knowledge of the precise nature
of the structural deformation, however, it is hard to resolve
this issue. This issue, certainly, requires more experimental
investigation.

7. Summary and discussion

Using density functional theory, we investigated the electronic
and magnetic properties of BaRuO3 in four different
polymorphic phases. The presence of face sharing RuO6
octahedra in hexagonal symmetry based 9R, 4H and 6H
phases, gives rise to Ru dimer (for 4H and 6H) and trimer (for
9R) units, as opposed to the cubic 3C phase, which consists
of solely corner shared RuO6 octahedral units with no direct
Ru–Ru bond. As a consequence, the low-energy electronic
structures of the 9R, 4H and 6H phases are characterized by
pseudo-gaps originating from the energy splitting between
bonding, nonbonding or/and antibonding combinations of
Ru–Ru t2g states, while the low-energy electronic structure
of the 3C phase is characterized by logarithmic singularity
due to the strict cubic symmetry. This, in turn, stabilizes the
paramagnetic state over the magnetic state in 9R, 4H and 6H
within the Stoner theory of magnetism—the ferromagnetic
state being stabilized in the 3C phase. Our study further shows
the signature of antiferromagnetic spin fluctuations in 9R, 4H
and 6H. This is supported by the conclusion drawn based on
susceptibility measurements [5].

We calculated the optical properties in the 4H and 9R
phases, for which the experimental data are available [11].
The calculated optical conductivity is found to reproduce the
qualitative features of the experimental data, including the
pseudo-gap feature, with the exception of suppression of the
Drude peak in the 9R phase in the experimental data and
its presence in the calculated data. Since the experimental
data do not find evidence of the formation of static CDW,
the low-temperature behavior of the 9R phase possibly has a
different origin from the CDW. There could be charge transfer

between the nonbonding and antibonding combinations of Ru
states, as proposed in [8]. More experimental investigations
are needed to resolve this issue.

In summary, our study shows that a band structure theory
based on DFT is, to a large extent, capable of accounting
for the intriguing behavior of BaRuO3 in four different
polymorphic forms, and should form the first step towards a
complete understanding.
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