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In 5d transition metal oxides, novel properties arise from the interplay of electron correlations and
spin–orbit interactions. In this paper, we briefly review our theoretical progress relating to 5d
compounds. We focus on describing the topological Weyl-Semimetal in pyrochlore iridates, the Axion
insulator in spinel osmates, the Slater insulator in perovskite osmates. We also discuss the anisotropic
unscreened Coulomb interaction in ferroelectric metal LiOsO3.
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1. Introduction

It has been suggested that Coulomb interaction is of substantial
importance in 3d and 4d electron systems [1], and these systems
exhibit peculiar properties, such as metal–insulator transition [2],
ferroelectric [3], colossal magnetoresistance [4] and high critical
temperature superconductivity [5]. On the other hand, comparing
with 3d and 4d state, the 5d orbitals are spatially more extended,
consequently usually possess a broader bandwidth, thus it is natu-
ral to expect that correlation effects are minimal in 5d compounds
and may be ignored. However, recently, both theory and experi-
ment give the evidences of the importance of Coulomb interaction
for 5d materials [6–9]. On the other hand, the spin–orbit coupling
(SOC) in the 5d transition metal elements is expected to be strong
due to the large atomic number [10]. Thus various anomalous elec-
tronic properties have been also observed/proposed in the 5d TMO
such as Jeff = 1/2 Mott state [6–8], giant magnetoelectric effect [12],
high Tc superconductivity [13,14], topological insulator [15,45–47],
correlated metal [16], novel magnetic properties [20–22], Kitaev
mode [17], Quantum spin liquid [18,19], etc.

In this review, we briefly summarize our theoretical works
about the 5d TMO. In Section 2, we systematically discuss
pyrochlore iridates [23]. We find that magnetic moments at Ir sites
form a non-colinear pattern with moment on a tetrahedron
pointing all-in or all-out from the center. We propose pyrochlore
iridates are Weyl Semimetal (WSM), thus provides a condensed-
matter realization of Weyl fermions that obey a two-component
Dirac equation. We find Weyl points are robust against perturba-
tion and further reveal that WSM exhibits remarkable topological
properties manifested by surface states in the form of Fermi arcs,
which are impossible to realize in purely two-dimensional band
structures. In Section 3, we propose that spinel osmates show a
large magnetoelectric coupling characteristic of axion electrody-
namics [24]. In Section 4, we give a comprehensive discussion
about the electronic and magnetic properties of Slater insulator
NaOsO3, and successfully predict the magnetic ground state config-
uration of this compounds [25]. We also discuss the novel proper-
ties of LiOsO3, and suggest that the highly anisotropic screening
and the local dipole–dipole interactions are the two most
important keys to form LiOsO3-type metallic ferroelectricity [26]
in Section 5.
2. Weyl semimetal in pyrochlore iridates

A2Ir2O7 [27–32] (A = Y or rare-earth element), which crystallize
in pyrochlore structure [33], is a geometrically frustrated iridate
system. Experiment observe that depend on the A-site, A2Ir2O7
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Fig. 1. The pyrochlore crystal structure showing the Ir corner sharing tetrahedral
network and the ‘‘all-in/all-out” magnetic configuration predicted to occur for
iridates (from Ref. [23]).
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shows a wide range of electrical properties [27–32]. For example,
Y2Ir2O7 shows insulating behavior [27]. With increasing the
A-site ionic radii, the band gap will vary slightly, and eventually
the system becomes metal for Nd2Ir2O7 [28], and Pr2Ir2O7 shows
strong Kondo abnormal [32]. Moreover, it had been found that
temperature will drive a insulator to metal transition for these sys-
tems, and this transition is associated with the magnetic abnormal
meanwhile no structural changing has been found [28]. To clarify
the effect of A-site, based on the full-potential, all-electron,
linear-muffin-tin-orbital (FP-LMTO) method [34], we perform a
constrained calculation with the 4f band shifted by a constrained
potential [35]. Our calculations show that the rare earth element
has only a small effect on the bands around the Fermi level. There-
fore, we focus on Y2Ir2O7 to discuss the properties of pyrochlore
iridates.

2.1. All-in/all-out magnetic configuration

In Y2Ir2O7, each of four Ir atoms is octahedrally coordinated by
six O atoms, which makes the Ir 5d states split into doubly degen-
erate eg and triply degenerate t2g states. Due to the extended nat-
ure of Ir 5d orbital, the crystal-field splitting between t2g and eg
is large, and our local-density functional (LDA) calculation shows
that the eg band to be 2 eV higher than the Fermi level. The bands
near the Fermi level are mainly contributed by Ir t2g and SOC has a
considerable effect on these t2g states: it lifts their degeneracy and
produces 24 separate bands in the range from �2.3 to 0.7 eV. Same
as in Sr2IrO4 [6,7], the bandwidth of these t2g states in our LSDA
+ U + SO calculation (U = 2.0 eV) for ferromagnetic (FM) setup of
Y2Ir2O7 is also narrow. However, Y2Ir2O7 is still metallic. Naively
one may expect that using larger Coulomb U will result in an insu-
lating state. However, our additional calculations show that
increasing U cannot solve this problem, and even a quite large U
(=5 eV) cannot open a band gap for the initial collinear (001)
magnetic configuration setup.

With the pyrochlore structure, the Ir sublattice has a topology
consisting of corner-sharing tetrahedra and is geometrically frus-
trated. To search the possible magnetic order and explore its effect
on the electronic properties, we subsequently perform calculations
with the initial magnetization aligning along (110), (120), (111)
directions. We also perform the calculations with two sites in the
Ir tetrahedron along and other two pointed oppositely to (001),
(111), (110) or (120) direction in order to account for possible
antiferromagnetism. It turns out that all of the above mentioned
calculations give metallic states with large Fermi surface, which
is not consistent with the experimental insulating behavior
[29–31]. Also, all of them produce a considerable net magnetic
moment in contrast to the experiment [29–31]. Carefully check
these calculations, we notice that for all of considered collinear ini-
tial setup, the magnetic moments tend to rotate to the direction of
pointing to the centers of the tetrahedron during the self-
consistency process. Motivated by that, we thus carry out several
non-collinear calculations with the initial state to be ‘‘all-in/
all-out” (AIAO) (where all moments point to or away from the cen-
ters of the tetrahedron, see Fig. 1 for the moments configuration),
‘‘2-in/2-out” (two moments in a tetrahedron point to the center
of this tetrahedron, while the other two moments point away from
the center, i.e. the spin-ice [36] configuration), and ‘‘3-in/1-out”
magnetic structures. Different from all of other considered
magnetic configurations, during the self-consistency iterations
the AIAO state will retain their initial input direction indicating a
local energy minimum. While for other magnetic setup, even we
obtain a very good total energy convergence, the calculated mag-
netic moments still slowly rotate. Consistent with the experiment,
the band structure of AIAO configuration with U around 2.0 eV
looks like insulating as shown in Fig. 2, while all of other configu-
rations give metal state with large Fermi surface. There is no net
magnetic moment for AIAO setup. While in contrast to the experi-
mental fact on the absence of the magnetic hysteresis loop [31],
all of other magnetic orders produce a considerable net magnetic
moment. Moreover, the Fermi surface from LDA + SO calculation
does not show strong nesting feature, one can expect that the
non-commensurate order is unlike although the possibility of com-
plex larger q sates cannot be ruled out. Consider these facts, we thus
believe AIAO is the ground state configuration of pyrochlore iridates.

Pyrochlore lattice has strong geometric frustration, moreover
the 5d electron is quite itinerant and the effective magnetic model
[37] may not suitable for pyrochlore iridates. Thus our work
attracts attention [38–44], and AIAO magnetic configuration now
had been confirmed by several experimental works [38–41]. AIAO
has also been found as the magnetic configuration of Slater insula-
tor Cd2Os2O7 at 2012 [44].

Based on both strong sensitivity of the energy bands near the
Fermi level on the orientation of moments, and proximity of vari-
ous magnetic states in energy as shown in Table 1, it is natural to
expect that an application of a magnetic field could have a big
effect not only on the magnetic response but also on the conductiv-
ity in iridates. In particular, this should result in a large magnetore-
sistance effect if one is able to switch between insulating AIAO
state and any collinear state. This simple idea has been proved
by the numerical calculation. Starting from the AIAO ground state,
we apply an external field along (001) direction. The result shows
that the external field will rotate the magnetic moments mean-
while only slightly change their magnitude. A 5 T magnetic field
along (001) induces a 0.07 lB net magnetic moment, which is in
fact close to the experiment performed for Sm2Ir2O7, where it
was shown that a 4 T magnetic field produces a 0.05 lB total
moment [31]. Increasing the field further, the numerical calcula-
tion does find energy bands crossing the Fermi level, namely an
insulator-to-metal transition at a field of 40 T, although there is
already non-negligible density of states at Ef for a lower magnetic
field. Notice the proximity of the ground and excited (or said
metastable) states in energy, one can also understand that for
the same compound Y2Ir2O7, Taira et al. [31] observe no ferromag-
netic ordering while Yanagishima et al. [29,30] claim a presence of
a small net magnetic moment. One can also understand the
observed temperature induced metal–insulator transition, as well
as a large difference in temperature dependence of magnetization



Fig. 2. Evolution of electronic band structure of Y2Ir2O7 shown along high symmetry directions, calculated using LSDA + U + SO method with three different values of U equal
(a) 0 (metallic), (b) 1.5 eV, and (c) 2 eV (insulator with small gap). The magnetic configuration is AIAO. The Weyl point that is present in case (b), is not visible along high
symmetry lines (from Ref. [23]).

Table 1
The spin hSi and orbital hOi moment (in lB) and the total energy Etot per unit cell (in
meV) for several selected magnetic configurations of Y2Ir2O7 as calculated using LSDA
+ U + SO method with U = 1.5 eV. (Etot is defined relative to the ground state.) The IDM
(indirect Dzyaloshinsky–Moriya) is a coplanar configuration predicted for one sign of
D–M interactions in Ref. [37] (from Ref. [23]).

Configuration: (001) (111) 2-in/2-out IDM All-in/out

hSi 0.08 0.10 0.09 0.06 0.13
hOi 0.09 0.10 0.07 0.06 0.12
Etot (meV) 5.47 1.30 3.02 2.90 0.00
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measured under zero-field-cooled conditions (ZFC) and under
field-cooled conditions (FC).
2.2. Weyl semimetal

We now discuss electronic properties of Y2Ir2O7. A variety of
phases ranging from normal metal at small U to Weyl semi-
metal at intermediate U � 1:5 eV and Mott insulating phase at U
above 2 eV with non-collinear magnetic AIAO ordering are pre-
dicted based on the band structure calculation and effective model.
Importance of electronic correlations for 5d orbitals has been
recently emphasized [6–8] and estimates for the values of U have
been recently obtained between 1.4 and 2.4 eV in layered Sr2IrO4/
Ba2IrO4 [9]. Moreover, pressure or chemical substitution may alter
the screening and the electronic bandwidth resulting in changes in
U, we thus expect that these phases can be observed experimen-
tally in iridates.

As mention above, the bands near the Fermi level are mainly
contributed by Ir t2g with some mixing with O 2p states. SOC has
a considerable effect on these t2g states: it lifts their degeneracy
and produces quadruplet with Jeff = 3/2 and doublet with Jeff = 1/2
with the latter lying higher in energy [6]. Alternatively, one can
view the d-shell in strong SOC limit which splits the 10-fold degen-
erate state onto lower lying J = 3/2 and higher lying J = 5/2 multi-
plets. A subsequent application of the cubic crystal field would
leave the J = 3/2 multiplet degenerate but would split the 6-fold
degenerate J = 5/2 state onto C7 doublet and C8 quadruplets. Since
Ir occurs in its 4+ valence, its 5 electrons would fill completely
J = 3/2 subshell and put an additional one electron into the C7 dou-
blet thought as the state with Jeff = 1/2 in some previous work [6].
For the solid, we thus expect 8 narrow energy bands at half-filling
to appear in the vicinity of the chemical potential that correspond
to the C doublets of four Ir atoms.

Based on a tight-binding model, the non-magnetic phase of the
pyrochlore iridates had been proposed as a topological insulator
[45,46]. Our study of the nonmagnetic state by using LDA + SO
scheme contradict this; instead we find a metallic phase. One can
understand the discrepancy by analyzing the structure of energy
levels at the C point (Brillouin Zone center) for the low energy
8-band complex, composed of the four Jeff ¼ 1=2 states. In Ref.
[45], these appear with degeneracies 4, 2, 2 (in order of increasing
energy) which after filling with 4 electrons results in an insulating
band structure. Our study of the non-magnetic state using LDA
+ SO method results, on the other hand, in the sequence 2, 4, 2 of
degeneracies, which is necessarily metallic assuming 4 levels are
filled. Thus, one needs either magnetic order, or a structural tran-
sition [47], to recover an insulating phase. Based on AIAO magnetic
configuration, we thus perform LSDA + SO (with no U) calculation
and as shown in Fig. 2(a) magnetic order alone cannot give insulat-
ing behavior. Considering the effect of Coulomb repulsion, LSDA
+ U + SO calculation indeed show that the band structure along
high-symmetry lines appears to be insulating (see Fig. 2(b) and
(c)). LDA + U method use a Hartree Fock approximation for
Coulomb repulsion of correlated electron, and the calculated band
gap usually increase with increasing the parameter U [48].
However, a very interesting feature appears in the band structure
of Y2Ir2O7, as shown Fig. 2 the band gap seems decrease with
increasing U from 1.5 to 2.0 eV.

Since AIAO magnetic order preserves inversion symmetry, we
thus calculate the band parity to study the evolution of the band
structure and explore the possible novel properties related with
the abnormal band behavior. At special momenta, called TRIMs
(Time Reversal Invariant Momenta), that are invariant under
inversion, we can label states by parity eigenvalues n ¼ �1. In
the Brillouin zone (BZ) of the FCC lattice, TRIMs correspond to
the C ¼ ð0; 0; 0Þ, and X; Y; Z½¼ 2p=að1; 0; 0Þ and permutations]
points and four L points [p=að1; 1; 1Þ and equivalent points]. The
parities of the top four occupied bands at TRIMs, in order of
increasing energy, are shown in Table 2. Note, although by symme-
try all L points are equivalent, the choice of inversion center at an



Table 2
Calculated parities of states at Time Reversal Invariant Momenta (TRIMs) for several
electronic phases of the iridates. Only the top four filled levels are shown in order of
increasing energy (from Ref. [23]).

Phase C X; Y ; Z L0 L ð�3Þ
U = 2.0, AIAO (Mott) + + + + + � � + + � � � � + + +
U = 1.5, AIAO (Weyl) + + + + + � �+ + � �+ � + + �

Y. Du, X. Wan / Computational Materials Science 112 (2016) 416–427 419
Iridium site singles out one of them, L0. With that choice the
parities at L0 and the other three L points are the opposite of one
another. The parities of the AIAO state remains unchanged above
U > Uc � 1:8 eV, and is shown in the top row under U ¼ 2 eV. It
is readily seen that these parities are the same as for a site-
localized picture of this phase, where each site has an electron with
a fixed moment along the ordering direction. Due to the possibility
of such a local description of this magnetic insulator, we term it the
Mott phase. For the same AIAO magnetic configuration, at smaller
U ¼ 1:5 eV, the parities reveals that a phase transition has
occurred. At the L points, an occupied level and an unoccupied
level with opposite parities have switched places. It can readily
be argued that only one of the two phases adjacent to the U where
this crossing happens can be insulating (see the Appendix of Ref.
[23]). Since the large U phase is found to be smoothly connected
to a gapped Mott phase, it is reasonable to assume the smaller U
phase is the non-insulating one. A detailed analysis perturbing
about this transition point (see the Appendix of Ref. [23]) allows
us to show that there are 24 points where the conduction and
valence band touch.

Without time reversal symmetry, the bands forming the
crossing point are non-degenerate, thus the excitations near each
touching point k0 can be described by an effective Hamiltonian:

HW ¼
X3
i¼1

vi � qri; ð1Þ

Energy is measured from the chemical potential, q ¼ k� k0 and ri

are the three Pauli matrices. The velocity vectors vi are generically
non-vanishing and linearly independent. Thus around the node,

system has a cone-like energy dispersion DE ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP3

i¼1ðvi � qÞ2
q

.

This equation is closely related to the Weyl equation in particle
physics [49]. One thus can assign a chirality (or chiral charge)
c ¼ �1 to the fermions defined as c ¼ signðv1 � v2 � v3Þ, and the
crossing points related by inversion have opposite chirality. Note,
since the 2� 2 Pauli matrices appear, our Weyl particles are two
component fermions. In contrast to regular four component Dirac
fermions, it is not possible to introduce a mass gap. The only way
for these nodes to disappear is if they meet with another Weyl point
with opposite chiral charge.

The stability of Weyl points can also been understood as follow-
ing: a general Hamiltonian for two bands system is

H ¼ AðkÞ BðkÞ þ iCðkÞ
BðkÞ � iCðkÞ �AðkÞ

� �
, and the eigenvalues are EðkÞ ¼

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2ðkÞ þ B2ðkÞ þ C2ðkÞ

q
. The emergence of band crossing point

requires three equations AðkÞ ¼ 0, BðkÞ ¼ 0 and CðkÞ ¼ 0. A 3D
system has three parameters (namely kx; ky and kz). This does not
promise a band crossing point, but once such a node is formed, a
small perturbation for Hamiltonian will only slightly change the
location of the node, since one can always adjust kx, ky and kz to
satisfy the three equations [50].

The key point for Weyl nodes is the non-degenerate band, thus
to obtain the Weyl points one need break either time reversal sym-
metry [23] or inversion symmetry [51–53]. The Weyl fermions
here are rather different from the Dirac fermions in three dimen-
sional semi-metals. The Weyl points are topological objects and
robust against perturbations regardless of symmetry. However,
with inversion symmetry and time reverse symmetry, the Dirac
Semimetal requires additional lattice symmetry [54–57].

For pyrochlore iridates, we note that near each L point there are
three Weyl points related by the three fold rotation, which have
the same chiral charge, as well as the inverse images with opposite
chirality. Thus, there are 24 Weyl points, where the valence and
conduction band line up, in the whole Brillouin zone (BZ). Since
all Weyl points are at the same energy by symmetry, the chemical
potential must pass through them. Therefore, for the case of inter-
mediate correlations, relevant to Y2Ir2O7, the electronic ground
state is an unusual Weyl semi-metal, with linearly dispersing Weyl
nodes at the Fermi level. The small density of states at Fermi level
makes it an insulator at zero temperature and frequency (as seen
experimentally for Y2Ir2O7). The a.c. conductivity for a single node
with isotropic velocity v in the free particle limit of the clean
system is rðXÞ ¼ e2

12h
jXj
v .

In the LSDA + U + SO band structure at U ¼ 1:5 eV, we find a 3D
band crossing located at the k-vector (0.52, 0.52, 0.3)2p/a. There
also are five additional Weyl points in the proximity of the point
L related by symmetry. When U increases, these points move
toward each other and annihilate all together at the L point close
to U ¼ 1:8 eV. This is how the Mott phase is born from the Weyl
phase. Decreasing the value of U to 1 eV, the Weyl points with
opposite chirality will meet and annihilate at X point. Unfortu-
nately, within our LSDA + U + SO calculation, a metallic phase
intervenes on lowering U 6 1:0 eV, before the Weyl points annihi-
late to give the axion insulator (We will discuss this novel property
at next section). Since we expect that for Ir 5d states the actual
value of the Coulomb repulsion should be somewhere within the
range 1 eV < U < 2 eV we thus conclude that the ground state of
the Y2Ir2O7 is most likely the semi-metallic state with the Fermi
surface characterized by a set of Weyl points but in proximity to
a Mott insulating state. Both phases can be switched to a normal
metal if Ir moments are collinearly ordered by a magnetic field.
Thus we expect magnetic-field induced semi-metal/insulator to
normal metal transition to occur in pyrochlore iridates which
should greatly affect their transport and optical properties.

2.3. Fermi arc surface states

We now discuss surface states that are associated with the
presence of the Weyl fermions. The Weyl points behave like
‘magnetic’ monopoles in momentum space whose charge is given
by the chirality; they are actually a source of ‘‘Berry flux” rather
than magnetic flux [58]. The Berry connection, a vector potential
in momentum space, is defined by AðkÞ ¼ PN

n¼1ihunkjrkjunkiwhere
N is the number of occupied bands. As usual, the Berry flux is
defined as F ¼ rk �A [58].

We now prove that the band topology associated with the Weyl
point leads to a novel surface states. Consider a curve in the surface
Brillouin zone encircling the projection of the bulk Weyl point,
which is traversed counterclockwise as we vary the parameter
k : 0 ! 2p;kk ¼ ðkxðkÞ; kyðkÞÞ (see Fig. 3a). We show that the energy
�k of a surface state at momentum kk crosses E ¼ 0. Consider
Hðk; kzÞ ¼ Hðkk; kzÞ, which can be interpreted as the gapped
Hamiltonian of a two dimensional system (with k and kz as the
two momenta). The two periodic parameters k; kz define the sur-
face of a torus in momentum space. The Chern number of this
two dimensional band structure is given by the Berry curvature
integration: 1

2p

R Fdkzdk which, by Stokes theorem, simply corre-
sponds to the net monopole density enclosed within the torus. This
is obtained by summing the chiralities of the enclosed Weyl nodes.
Consider the case when the net chirality is unity, corresponding to
a single enclosedWeyl node. Then, the two dimensional subsystem
is a quantum Hall insulator with unit Chern number. When defined
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on the half space z < 0, this corresponds to putting the quantum
Hall state on a cylinder, and hence we expect a chiral edge state.
Its energy �k spans the band gap of the subsystem, as k is varied
(see Fig. 3b). Hence, this surface state crosses zero energy some-
where on the surface Brillouin zone kk0 . Such a state can be
obtained for every curve enclosing the Weyl point. Thus, at zero
energy, there is a Fermi line in the surface Brillouin zone, that
terminates at the Weyl point momenta (see Fig. 3c). An arc begin-
ning on aWeyl point of chirality c has to terminate on a Weyl point
of the opposite chirality. Clearly, the net chirality of the Weyl
points within the ðk; kzÞ torus was a key input in determining the
number of these states. If Weyl points of opposite chirality line
up along the kz direction, then there is a cancellation and no
surface states are expected.

For U ¼ 1:5 eV, a Weyl node is found to occur at the momentum
(0.52, 0.52, 0.31)2p/a (in the coordinate system aligned with the
cubic lattice of the crystal) and equivalent points. They can be
thought of as occurring on the edges of a cube, with a pair of Weyl
nodes of opposite chirality occupying each edge, as, e.g., the points
(0.52, 0.52, 0.31)2p/a and (0.52, 0.52, -0.31)2p/a. For the case of
U ¼ 1:5 eV, the sides of this cube have the length 0:52ð4p=aÞ. Thus,
the (111) and (110) surfaces would have surface states connecting
the projected Weyl points (see Fig. 4 for the (110) surface states).
If, on the other hand we consider the surface orthogonal to the
(001) direction, the Weyl points of opposite chirality are projected
to the same surface momentum, along the edges of the cube. Thus,
no protected states are expected for this surface.

To verify these theoretical considerations, we have constructed
a tight-binding model which has features seen in our electronic
structure calculations for Y2Ir2O7. The calculated (110) surface
band structure for the slab of 128 atoms together with the sketch
of the obtained Fermi arcs is shown in Fig. 4. This figure shows
Fermi arcs from both the front and the back face of the slab, so
there are twice as many arcs coming out of each Weyl point as
predicted for a single surface. We also display the expected surface
states for the (111) surface. Note, no special surface states are
expected for the (001) surface.

The tight-binding model considers only t2g orbitals of Ir atoms
in the global coordinate system. Since Ir atoms form a tetrahedral
network (see Fig. 1), each pair of nearest neighboring atoms forms
a corresponding r-like bond whose hopping integral is denoted as
t and another two p-like bonds whose hopping integrals are
denoted as t0. To simulate the appearance of the Weyl point it is
essential to include next-nearest-neighbor interactions between
t2g orbitals which are denoted as t00. With the parameters t = 0.2,
t0 ¼ 0:5t and t00 ¼ �0:2t, the value of the on-site spin–orbit cou-
pling equal to 2.5t and the applied on-site ‘‘Zeeman” splitting of
0.1t between states parallel and antiparallel to the local quantiza-
tion axis of the AIAO configuration we can roughly model the bulk
Weyl semimetal state, when this model is solved on a lattice with a
boundary, the surface states shown in Fig. 4 appear.

The theoretical phase diagram for pyrochlore iridates is sum-
marized in Fig. 5 as a function of U and applied magnetic field,
which leads to a metallic state beyond a critical field.
3. Axion insulator in spinel osmates

The orbital motion of electrons in a three-dimensional solid can
generate a pseudoscalar magnetoelectric coupling h, and this
polarizability h is the same parameter that appears in the ‘‘axion
electrodynamics” Lagrangian Lh ¼ he2

2ph E � B [60,59,61,62]. This form
implies that an electric field can induce a magnetic polarization,
whereas a magnetic field can induce an electric polarization. The

linear magnetoelectric polarizability aij (aij ¼ @Mj

@Ei
jB¼0 ¼ @Pi

@Bj
jE¼0, E
and B are electric and magnetic fields, P and M are the polarization
and magnetization) can be expressed as aij ¼ a0

ij þ he2
2ph dij. Thus the

dimensionless ‘‘axion” field h is a very important parameter for
the magnetoelectric effect. Clearly the combination E � B in the
expression of Lh is odd under time-reversal T, while the electrody-
namics is invariant under h ! hþ 2p [60,61]. Thus all time-
reversal invariant insulators fall into two distinct classes described
by either h ¼ 0 or h ¼ p. h ¼ p corresponds to topological insulator
and h ¼ 0 denotes trivial insulators [60,61]. Actually, Lh is also odd
under any improper rotation, such as a simple mirror reflection or
inversion P. Thus, one can obtain an insulator with quantized h ¼ p
not only for time invariant systems, but also for inversion- and
mirror-symmetric crystals regardless of time symmetry. When
time reversal symmetry, as well as spatial symmetries are broken
in the bulk, the h parameter is no longer quantized [62]. However,
in most known materials, it is extremely small, e.g. h ¼ 10�3; 10�4

in Cr2O3 and BiFeO3 respectively [62]. Thus, achieving large values
of the h parameter, even at the absence of quantization, is an
important materials challenge. For sufficiently large h > p=2, it
has been proposed that magnetic domain walls will be associated
with conducting channels at the sample surface [63].

Ideally, magnetic topological insulators would combine band
topology with intrinsic magnetic order, leading to large surface
energy gaps. Unfortunately, most of known/proposed topological
insulators involve p-electron orbitals, whose Coulomb interaction
is weak and cannot support magnetism. Elements with 3d and 4d
electrons do have large electronic correlations, but only small
SOC. While both strong Coulomb interaction and large SOC is found
in 4f and 5f electron systems, they usually form narrow energy
bands, thus making it also hard to realize topological insulator
state of matter (see [64] for an exception).

As mentioned above, 5d electron has strong SOC and consider-
able electronic correlation, thus it is interesting to explore the pos-
sible magnetic Axion insulator in 5d TMO. At weak correlation
region (U � 1:0 eV), the Weyl points of pyrochlores A2B2O7 will
meet at the X point of BZ and annihilate. Unfortunately for such
small U value, there is other band crossing the Fermi level, thus
A2B2O7 in weak correlation region is metal instead of Axion insula-
tor. As in pyrochlores A2B2O7, spinel compounds AB2O4 have their
four B-sites forming a corner sharing tetrahedral network. Further-
more, it may be expected that 5d systems in the spinel structure
will be more tunable by pressure, external fields or by doping as
compared to the closely packed pyrochlore lattice. We therefore
focus on spinel osmates AOs2O4 (A is alkali metal element such
as Mg, Ca, Sr, Ba), and investigate their electronic structure and
magnetic properties using DFT calculations with FP-LMTO [34].

Spinel structure forms space group Fd�3m. As the experimental
lattice parameters are not available, we search for the stable crystal
structures by using DFT calculation. Our numerical calculations
show that Coulomb U has only a small effect on the crystal struc-
ture of AB2O4, thus based on LDA + SO scheme, we perform fully
structural optimization and list the calculated structural parameter
in Table 3. The structural stability has further been checked by
studying various energy surfaces, chemical stability with possible
reactants, other crystal structures and by calculating the phonon
spectrum. All of these calculations suggest that spinel AB2O4 is at
least metastable. For comparison, in Table 3 we also list the same
parameters for the pyrochlore iridate Y2Ir2O7. We see that the
A-site element has a considerable effect on the Os–O bond angle
and its length. As we discuss below, this allows us to control the
electronic structure in Osmates and design exotic topological
phases.

Our calculation predicts MgOs2O4 to be always metallic. We
therefore do not discuss this compound here and concentrate our
study on CaOs 2O4. Although, the accurate value of U is not known



Fig. 3. Illustration of surface states arising from bulk Weyl points. (a) The bulk states as a function of ðkx; kyÞ (and arbitrary kz) fill the inside of a cone. A cylinder whose base
defines a 1D circular Brillouin zone is also drawn. (b) The cylinder unrolled onto a plane gives the spectrum of the 2D subsystem Hðk; kzÞ with a boundary. On top of the bulk
spectrum, a chiral state appears due to the non-zero Chern number. (c) Meaning of the surface states back in the 3D system: the chiral state appears as a surface connecting
the original Weyl cone to a second one, and the intersection between this plane and the Fermi level gives a Fermi arc connecting the Weyl points (from Ref. [23]).

Fig. 4. Surface states. The calculated surface energy bands correspond to the (110)
surface of the pyrochlore iridate Y2Ir2O7. A tight-binding approximation has been
used to simulate the bulk band structure with three-dimensional Weyl points as
found by our LSDA + U + SO calculation. The plot corresponds to diagonalizing 128
atoms slab with two surfaces. The upper inset shows a sketch of the deduced Fermi
arcs connecting projected bulk Weyl points of opposite chirality. The inset below
sketches the theoretically expected surface states on the (111) surface at the Fermi
energy (surface band structure not shown for this case) (from Ref. [23]).

Fig. 5. Sketch of the predicted phase diagram for pyrochlore iridiates: Horizontal
axis corresponds to the increasing interaction among Ir 5d electrons while the
vertical axis corresponds to external magnetic field which can trigger a transition
out of the non-collinear ‘‘all-in/all-out” ground state, which has several electronic
phases (from Ref. [23]).
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for spinels, we generally expect screening to be larger in three
dimensional systems than that of two dimensional systems like
Sr2IrO4 [9]. Furthermore, the Os–Os bond length is shorter than
that of Y2Ir 2O7, and one can expect that the U in CaOs2O4 is also
smaller than in Y2Ir2O7. We therefore believe that the U is in the
range between 0.5 and 1.5 eV. As in the pyrochlore structure, the
Os spinel sublattice is geometrically frustrated. Naively one may
expect that the magnetic configuration of CaOs2O4 is also non-
colinear as recently found in Y2Ir2O7. However, a carefully theoret-
ical study predicts that regardless of the value of U, the ferromag-
netic (FM) configuration with magnetization along (010) is found
to be the ground state, and the energy difference between this
and other configurations is quite large.

For the values of U = 0.5 and 1.5 eV, electronic band structures
along high symmetry lines appear to be insulating as shown in
Fig. 6b and c, respectively. To check a possibility of the gap closure
and the metallic behavior away from the high symmetry lines of
BZ, we perform the calculation with 100� 100� 100 k-mesh. This
very dense k-mesh confirms that both U = 0.5 and 1.5 eV calcula-
tions show the band gaps of 0.01 and 0.08 eV respectively.

Similar to the Fu and Kane criterion [65], which is designed for
non-magnetic systems with inversion symmetry, one can still use
the parity eigenvalues to classify the magnetic insulators with
inversion symmetry and evaluate the magneto-electric coupling
[66,67]: h ¼ pMðmod 2Þ, where M ¼ P

kNi
� �

=2, and Ni is the
number of occupied states at the TRIM points i with odd parity.
The local environment of Os ion in spinels is oxygen octahedron,
and the crystal-field splitting of Os 5d states is large, which makes
the e g band higher (about 2 eV) than the Fermi level. The bands
close to the Fermi level are mainly contributed by t2g mixed with
O 2p orbitals. There are 4 Os per unit cell, thus the number of t2g
bands is 24. If all of 24 t2g bands are fully occupied, the system can-
not possess any topologically non-trivial properties. Noticing that
Os occurs in its 3+ valence, for an insulator to occur, there are 20
occupied and 4 empty t2g bands. Thus, instead of analyzing 20
occupied bands, we alternatively look at the parities of 4 empty
bands.

For the spinel lattice, the eight TRIM points are C; X; Y; Z, and
four L points. For the C point, all of the t2g bands possess even
parity, while for X; Y , and Z points, two of the 4 empty bands have
even parity and the other two bands possess odd parity. Thus,



Table 3
Theoretically determined lattice parameters of spinel osmates. Angle denotes the Os–
O–Os bond angle; Os–O and Os–Os denote the nearest neighbor Os–O bond length,
and Os-Os bond length, respectively (from Ref. [24]).

Angle (�) Os–Os (Å) Os–O (Å)

CaOs2O4 98.5 3.07 2.04
SrOs2O4 94.6 3.12 2.05
BaOs2O4 103.1 3.28 2.11
Y2Ir2O7 129.7 3.60 1.99

Table 4
Calculated parities of states at Time Reversal Invariant Momenta (TRIMs) for CaOs2O4.
Only 4 empty t2g bands are shown in order of increasing energy. Lx denotes 2p=a
(�0.5, 0.5, 0.5), Ly denotes 2p=a(0.5, �0.5, 0.5), Lz denotes 2p=a(�0.5, 0.5, 0.5) and L
denotes 2p=a(0.5, 0.5, 0.5) (from Ref. [24]).

Lx Ly Lz L

U = 0.5 eV + + + + + + + + + + + + � � � �
U = 1.5 eV � + + + � + + + � + + + + � ��

Fig. 7. Sketch of the predicted phase diagram for spinel osmates (from Ref. [24]).
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regardless the value of U, the summation of the number of empty
t2g states with odd parities at C, X; Y , and Z points is 6. On the
other hand, the Coulomb interaction has a significant effect on
the parities of the bands around the L points. This is shown in
Table 4, where the summation of the number of the odd states
are 6 and 4 for U = 1.5 and 0.5 eV, respectively. Therefore, for
U = 1.5 eV, we have h ¼ 0, which corresponds to a normal insulator.
However, for U = 0.5 eV, we have h ¼ p, which leads us to the axion
insulator with novel magnetoelectric properties.

Topological insulators must be separated from trivial insulators
by a semi-metallic state [23]. To find the boundary between semi-
metal and Axion insulator as well as between semi-metal and Mott
insulator we perform LSDA + U + SO calculations for a number of
intermediate values of U. Our calculations for U’s varying from
1.0 to 1.3 eV show that there are 3D Weyl crossings close to
(0.02, x, 0.02)2p=a and its symmetry related points of the BZ,
where the value of x changes with U. With both decreasing and
increasing U, theWeyl points move and annihilate by meeting with
each other, thus opening the energy gap and forming either the
h ¼ p Axion insulator or normal insulator, respectively.

Replacing Ca by Sr, both the Os–O–Os bond angle and the bond
length will change as shown in Table 3. However, similar with
Y2Ir2O7, both CaOs2O4 and SrOs2O4 show the same rich phase
diagram (see Fig. 7) as a function of U.

We finally study BaOs2O4 which has both the largest bond angle
and bond length as shown in Table 3. These differences signifi-
cantly affect its band structure: the LDA + SO calculation with
U = 0 gives that at the C point the eight Jeff ¼ 1=2 states have
degeneracies 4-2-2 and not 2-4-2 as found in Ca and Sr cases. Note
that this sequence of levels is the same as recently suggested by
Fig. 6. Electronic band structure of CaOs2O4 shown along high symmetry direction. (a) L
Ref. [24]).
Pesin and Balents to realize topological insulating in pyrochlore
iridates [45]. Unfortunately, the bands crossing the Fermi level
exist and cannot be removed by slight adjusting the lattice con-
stant. Same with CaOs2O4 and SrOs2O4, considering the Coulomb
interaction U will induce magnetism, but we do not find axion-
insulator or Weyl-metal state for BaOs2O4 for any reasonable U.
4. Electronic structure and magnetic properties of Slater
insulator NaOsO3

In addition to the novel topological properties discussed at pre-
vious sections, the unusual metal–insulator transition (MIT) had
also been found in 5d TMO. In 1951, Slater proposed that antiferro-
magnetic (AFM) order alone can open a gap in the half-filled state
regardless of the magnitude of the Coulomb interaction [68]. Usu-
ally, the formation of AFM ordering can only affect a small fraction
of Fermi surface, thus three dimensional (3D) Slater insulator is
very rare. As the first well-documented example of 3D Slater insu-
lator, 5d transition metal oxide Cd2Os2O7 has attracted research
DA + SO; (b) LSDA + SO + U, with U = 0.5 eV; (c) LSDA + SO + U, with U = 1.5 eV (from
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attention since 2001 [69–72]. However, due to the strong geomet-
ric frustration of the pyrochlore structure, until 2012 its magnetic
ground-state configuration had been determined as AIAO [44] and
this compound had been finally confirmed as a Slater insulator
[44].

In 2009, by using high-pressure technique, Shi et al. synthesized
another osmate: NaOsO3 [73]. It has been found that NaOsO3 is
metallic at high temperature, while undergoing a MIT at about
410 K [73]. Experiments reveal that this MIT is continuous and
purely electronic. Moreover, it is coincident with a magnetic
transition of AFM character [73]. Therefore, NaOsO3 provides a
unique platform to understand the temperature-induced and
magnetic-related MIT, and a comprehensive investigation of the
mechanism of this MIT is an interesting problem.

Based on the full potential linearized augmented planewave
method [74], we first perform non-magnetic LDA calculation to
see the basic band-structure features. Due to the octahedral
environment, the Os 5d bands split into the t2g and eg states. Our
LDA results show that the crystal splitting between t2g and eg states
is large, the bands around the Fermi level are basically contributed
by t2g states and all of other states are far from Fermi level. LDA
calculation produces a metallic state in contrast to the experimen-
tal insulating behavior.

SOC usually changes the 5d band dispersion significantly and
plays an essential role in the gap opening of 5d TMO. We thus
compare the results obtained in the presence and absence of
SOC, which are given in Fig. 8. The difference between the bands
with and without SOC is small, as demonstrated in Fig. 8. For 5d5

electronic configuration of SrIr2O4 [6], A2Ir2O7 (A = Y or rare earth)
[23] and AOs2Os4 (A = Ca, Sr) [24], where Jeff ¼ 1=2 picture is valid,
SOC has a dramatic effect on the band structure. In NaOsO3, Os
occurs in its 5+ valence and there are 3 electrons in its t2g band.
Since t2g band is half filled, it is natural to expect the effect of
SOC to be small. We then perform a spin polarized calculation
but find that the FM state is not stable for this compound, as our
LSDA + SO calculation with initial FM setup converges to the non-
magnetic state.

We generally expect the screening to be larger in three dimen-
sional systems than in two dimensional ones, and one can image
that U in NaOsO3 should be smaller than that in Sr2IrO4/Ba2IrO4

[9]. We perform LDA + U + SO calculation, which is adequate for
magnetically ordered insulating ground states [2]. Varying param-
eter U between 0.5 and 2.0 eV, numerical results show that the
electronic correlations can stabilize the FM configuration and
narrow the Os t2g band. However, as shown in Fig. 9(a), our
Fig. 8. Band structure of NaOsO3, shown along the high symmetry directions. Fermi
energy EF is set to zero. (a) LDA, (b) LDA + SO (from Ref. [25]).
LDA + U + SO calculation with U = 2.0 eV still gives a metallic solu-
tion. Naively, one may expect that using larger Coulomb U will
result in an insulating state. However, similar with the case in
Y2Ir2O7, our additional calculations show that increasing U cannot
solve this problem, and even a quite large U(=6.0 eV) cannot open
the band gap. Therefore, electronic correlations alone cannot
explain the insulating behavior, and the MIT in NaOsO3 is definitely
not of a Mott-type.

After studying the effect of SOC and U, we subsequently
investigate the effect of various magnetic orders. We considered
four AFM configurations besides the FM state: A-type AFM state
(A-AFM) with layers of Os ions coupled ferromagnetically in a
given set of (001) planes but with alternate planes having opposite
spin orientation; C-type AFM state (C-AFM) with lines of Os ions
coupled ferromagnetically in a given direction (001) but with
alternate lines having opposite spin orientation; G-type AFM state
(G-AFM) with Os ions coupled antiferromagnetically with all of
their nearest neighbors; D-type AFM state (D-AFM) where Os ions
lying within alternating planes perpendicular to [001] direction
are coupled ferromagnetically along either [010] or [100] direc-
tions while different lines are coupled antiferromagnetically. Same
as with the FM setup, the LSDA + SO calculation with U = 0 for all
considered AFM setups converges to the nonmagnetic metallic
state.

The Coulomb interaction U of Os 5d is found to stabilize the
AFM configuration. Our calculation confirms that the magnetic
order has a significant effect on the band structure, and for a rea-
sonable U (62.0 eV), G-AFM configuration is the only insulating
solution as shown in Fig. 9. The comparison of the total energy
shows that regardless the value of U, the G-AFM configuration is
Fig. 9. Electronic density of states (DOS) from LDA + SO + U (U = 2.0 eV) calculation.
Fermi energy EF is set to zero. (a) FM configuration, (b) G-AFM (c) C-AFM, (d) A-AFM
(e) D-AFM. The black/red line is for up/down-spin, respectively. For AFM config-
urations, spin-up is the same as spin-down, thus only one spin channel is plotted
(from Ref. [25]). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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always the ground state. With increasing U the band structure will
change, but only when U is larger than 1.0 eV, the G-AFM solution
becomes insulating. It is found that the magnetic moment is
mainly located at Os site, and despite of strong hybridization
between Os 5d and O 2p, O site is basically non-magnetic (less than
0.003 lB). The numerical data for U = 2.0 eV are given in Table 5.
For the 5d5 electronic systems such as BaIrO3, Sr2IrO4, pyrochlore
iridates, etc, it has been found that due to the strong spin–orbit
entanglement in 5d states, the magnetic orbital moment is about
twice larger than the spin moment [6,7,23,20], even in the
presence of strong crystal field and band effects. Contrary to 5d5

systems, the obtained orbital moment for NaOsO3 is much smaller
than its spin moment, showing again that SOC effect is small for
this 5d3 electronic configuration case. As shown in Table 5, the
magnitude of magnetic moment is sensitive to the magnetic con-
figuration, indicating the itinerant nature of magnetism. For the
same U value, the G-AFM configuration always has the largest
magnetic moment among the considered states. As shown in
Table 5, our numerical magnetic moment is 0.83 lB, while based
on the Curie–Weiss fitting of magnetic susceptibility vðTÞ, the
magnetic moment was estimated to be 2.71 lB [73]. For an itiner-
ant magnet, one may still fit the vðTÞ curve by the Curie–Weiss law,
but cannot estimate the magnetic moment accurately based on the
Curie–Weiss constant [75]. Thus, the experimental magnetic
moment may not be reliable. The energy difference between vari-
ous magnetic configurations is large, which is consistent with the
observed high magnetic transition temperature (about 410 K)
[73], although here one cannot estimate the interatomic exchange
interaction and TN based on the difference between total energies
accurately as in the local moment systems [76]. Since the G-AFM
configuration is the only insulating state, it is easy to understand
that both magnetic and electronic phase transitions occur at the
same temperature and our calculation indeed confirms that the
MIT of NaOsO3 is a Slater-type transition.

The agreement between our theory and recent experiment [77]
is fairly good: (1) Our theoretical magnetic ground state configura-
tion has been confirmed by the experiment; (2) numerical
magnetic moment at Os (0.83 lB) is close to the neutron result
(1.01 lB); (3) SOC is not important for NaOsO3, this theoretical
result agrees with the experimental measurement; (4) Our theo-
retical conclusion (the MIT of NaOsO3 is a Slater-type transition)
is also consistent with the experimental result.
5. Anisotropic unscreened Coulomb interaction in metallic
ferroelectricity LiOsO3

Very recently, another important 5d TMO LiOsO3 had been
synthesized by high-pressure technique [78]. LiOsO3 remains
metallic behavior while it undergoes a second-order phase
transition from the high temperature centrosymmetric R3c to a
ferroelectric (FE) like R3c structure at Ts ¼ 140 K [78]. It is well
accepted that FE instability can be explained by a delicate balance
between short-range elastic restoring forces supporting the undis-
torted paraelectric (PE) structure and long-range Coulomb interac-
tions favoring the FE phase [79]. Itinerant electrons can screen the
Table 5
Spin hSi and orbital hOi moment (in lB) as well as the total energy Etot per unit cell (in
eV) for several magnetic configurations, as calculated using LDA + U + SO method
with U = 2.0 eV (Etot is defined relative to the G-AFM configuration) (from Ref. [25]).

Configuration G-AFM FM C-AFM A-AFM D-AFM

Etot 0 0.243 0.186 0.282 0.205
hSi 0.94 0.22 0.54 0.29 0.20
hOi �0.11 �0.01 �0.04 �0.03 �0.03
electric fields and inhibit the electrostatic forces, metallic systems
are thus not expected to exhibit FE like structural distortion. There-
fore as the first convincing FE metal [80], LiOsO3 receives extensive
research attention [78,81–84].

Neutron and X-ray diffraction studies showed that the struc-
tural phase transition involves the displacements of Li ions accom-
panying also a slight shift of O ions [78]. The electronic structure
and lattice instability were studied by several groups [82–84]. It
was found that the local polar distortion in LiOsO3 is solely due
to the instability of the A-site Li ion [82–84]. Despite these efforts
devoted to understanding the origin of the FE like structural tran-
sition in this metallic system, there are still two fundamental
issues have not been clearly clarified. The first is the origin of the
ferroelectric instability: is it displacive or order–disorder? Second,
as FE-like phase transition of LiOsO3 occurs at a relatively high
temperature (140 K), how can these local dipoles lined up to form
long-range order, as if there is no conduction electrons to screen
the dipole interactions.

The atomic arrangements of LiOsO3 are sketched in Fig. 10. In
the R3c PE structure, the Os atoms are at the centers of the oxygen
octahedrons, while Li atoms are centered between two adjacent Os
atoms along the polar axis on average. The FE structural phase
transition mainly involves the displacements of Li atoms: Li atoms
shift along the polar axis about d � 0:47 Å from the mean positions
of the PE phase (see gray arrow d in Fig. 10(a)) and O atoms slightly
displace about 0.056 Å [78,82,84].

Based on Vienna ab initio simulation package [85,86], we first
perform standard generalized gradient approximation (GGA) cal-
culation and show the total and partial density of states (DOS) in
Fig. 11. The energy range, �9.0 to �2.4 eV is dominated by O-2p
orbital with an additional contribution from the Os-5d state indi-
cating hybridization between them. As shown in Fig. 11(b), Li is
highly ionic and its bands are far from the Fermi level. The Os atom
is octahedrally coordinated by six O atoms, making the Os 5d bands
split into the t2g and eg states, and the t2g bands are located around
the Fermi level (from �2.2 to 1.2 eV), as shown in Fig. 11(c). As
shown in the comparison of DOS of PE and FE, the electronic struc-
tures almost do not change during the phase transition, which is
consistent with the previous theoretical work [82]. It is worthy
to mention that this is quite different from prototype FE systems
such as BaTiO3, in which hybridization is necessary for the FE
Fig. 10. Primitive unit cell of (a) PE and (b) FE phases of LiOsO3. The green, blue and
red balls are the Li, Os and O ions respectively. d and �d correspond to the
displacements of Li ions along the polar axis (from Ref. [26]). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Fig. 11. (a) The total DOS patterns of LiOsO3 in PE(blue) and FE(pink) phases. The
partial DOS of (b) Li-1s (c) Os-5d and (d) O-2p states in PE(blue) and FE(pink) phases
respectively. The Fermi energy is positioned as zero (from Ref. [26]). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 12. The olive, blue and red curves represent the potential energy changes with
respect to O displacements only, Li displacements only and the coupled displace-
ments of the Li and O ions. The total energy and displacements of PE states are set as
zero. The displacements of corresponded FE states are set as 100% (from Ref. [26]).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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phase transitions [3,87,88]. Thus we conclude the hybridization is
not the major driving force for the structural instability in LiOsO3.

As shown in Fig. 11, the O-2p orbitals are almost fully occupied,
while the bands of Li are mainly empty, thus Os occurs in its 5+
valence state and there are basically three electrons in its t2g band.
Since t2g band is half filled, the effect of SOC is small despite the
large strength of SOC [25,77].

The Os–Os bond length of LiOsO3 is shorter than that of NaOsO3,
thus we expect that the U in LiOsO3 is even smaller than in NaOsO3,
for which U is around 1 eV [25]. Here, we estimate the Sommerfeld
coefficient based on the numerical DOS at Fermi level. Our numer-

ical result (6:1 mJ mol�1 K�2) is just slightly less than that of exper-

imental one (c ¼ 7:7 mJ mol�1 K�2) [78] which indicates the
electronic correlation is indeed weak in LiOsO3.

One fundamental issue about this system is the mechanism for
the ferroelectric instability: is it displacive or order–disorder? We
first calculate the potential energy profile along different displacive
soft modes, i.e. the evolution paths from the PE to FE structures.
The results, as shown in Fig. 12, suggest that the energy difference
between the PE and FE structures is majorally contributed by Li
ions movements. The depth of double wells resulting from the
motion of Li ions only and both of the Li and O ions are 27 and
44 meV, respectively, which is in consistent with several previous
works [82,84]. Note that we find it is important to adopt the opti-
mized structure to obtain the correct potential energy surfaces.
Adopting experimental coordinates will obtain unreasonable
results, as the well depth caused by the sole Li ion movements is
even larger than that of considering both the Li and O moments
(see Appendix of Ref. [26].).

We notice that the experimental transition temperatures of
LiOsO3 is 140 K and much lower than the depths of double wells.
This indicates the transition in LiOsO3 is most probably order–
disorder like [89]. This may also explain the experimentally
observed incoherent charge transport above the transition temper-
ature [78], which is possibly caused by the scattering induced by
disorder of Li off-center displacement. For order–disorder transi-
tion, the Li atoms oscillate between the double wells and the
potential wells remain basically unchanged throughout the phase
transition, thus we expect there is no softening mode in the Raman
spectra of LiOsO3. Therefore, a Raman measurement is useful to
clarify this issue.

As mentioned above, the Li ions in LiOsO3 favor an off-center
displacement and form local dipoles as shown in Fig. 10. Thus it
is a puzzle why the local electric dipoles in different unit cell can
interact with each other and form a long range order at 140 K,
noticing that the distance between them is far (even the nearest
neighbor dipole distance is larger than 3.5 Å) and the DOS at the
Fermi level is rather large (Fig. 11). We find that the bands located
below �10 eV are quite narrow and have negligible hybridization
with other bands. The electrons at these bands are tightly bounded
with the ion, thus almost do not change with the motion of Li ion,
namely these electrons almost have no contribution to the electric
screening effect. On the other hand, the displacements of Li ions
just slightly affect the Os-5d and O-2p electrons as shown in
Fig. 11. To have a straightforward view of the charge distribution,
we sketched the electron densities of PE LiOsO3 arising from states
between �10 eV and the Fermi level in Fig. 13(a) and (b). There are
two distinctive characters in these two figures. One is that the
electronic density is relevant high between the Os and O ions,
which again indicates the strong hybridization between Os-5p
and O-2p states. The second is that there is almost no conduction
charge at all in a relative large space around the Li ions, i.e. the
Li ion is literally bare ion. We will demonstrate later that the later
character directly results in incomplete electric screening of
dipole–dipole interactions and forms long range dipole ordering.

The screening effect actually can be described as the electron
charge difference induced by a perturbation such as the change
of the dipole or external electric field. Yet seldom efforts have been
carried out to study the screening effect in the bulk metal, as
people generally believe there is no macroscopic electric field
inside metals. Actually this effect can be done by analyzing the
charge difference before and after the local dipole is introduced.
Such strategy provides a explicit picture on the exact behavior of
the screening effect in metallic systems. Since the FE like transition



Fig. 13. Partial electron densities contour maps for PE LiOsO3 taken through (a) [1–
10] and (b) [2–10] plane. Contour levels shown are between 0 (blue) and 0.3 e/Å3

(red). (c) Charge density difference between FE and PE structures for Li pair 1, 3 and
5 through [1–10] plane. See text for details. Contour levels shown are between
�0.004 (blue) and 0.004 e/Å3 (red). The (001) direction here is the same as the
(111) direction in Fig. 10 (from Ref. [26]) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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basically involves displacements of Li ion, the change of local
dipole can be approximated by the Li movement from the PE struc-
ture and the dipole interactions can be labeled as Li–Li pairs. In
Fig. 13, we use symbol 1, 2, 3, etc. to denote the Li–Li pairs with
the first, second and third nearest distance between them. As is
clear in Fig. 13(a), there is almost no conduction charge distribu-
tion between pair 1 (red solid line), thus it is natural to expect
the screening effect for the nearest dipole–dipole interaction is
small. This had been confirmed by the calculation of the charge dif-
ference induced by the Li motions. We first construct a 3� 3� 1
supercell containing 270 atoms in hexagonal phase. The PE struc-
ture is taken as background. Then we move Li ions in pair 1 to their
FE positions, and all other atoms are fixed. In this way we can see
what happened when the two local dipoles are formed. The charge
density change (namely Dq ¼ qFE � qPE) is then plotted in the left
panel of Fig. 13(c), which clearly demonstrates the screening of
these two dipoles. As can be seen from this plot, significant con-
duction electron responses only occur around Os ions, and they
form local dipoles to against the Li dipoles, this is exactly the
screening effect which is expected in metallic systems. Whereas
the charge distribution near O remains almost unchanged, indicat-
ing the Os-5d and O-2p hybridization is neither important for the
electric dipole interaction, nor will be affected by the Li dipoles.
The most interesting thing is, as shown in the left panel of
Fig. 13(c), that is almost no modification of charge distribution
between pair 1 at all. This clearly demonstrates that dipole interac-
tion between pair 1 is only slightly screened. We then apply the
same strategy to study other Li pairs. For pair 2 (Fig. 13(b)), as
there is O atom between two Li ions, we observe noticeable screen-
ing to prevent the direct dipole interaction. Yet for pair 3, the
dipole interaction is again not fully screened as shown in the mid-
dle panel of Fig. 13(c). Detailed analysis indicates that this is
because this Li pair is 0.65 Å away from the O ion plane. For other
pairs, as there is either O or Os atoms between two Li ions, the elec-
tric screening effect is strong. The example of pair 5, which is also
at the [1–10] plane like pair 1 and 3, is shown in the right panel of
Fig. 13(c) for comparison.

6. Summary

In this review, we briefly summarize representative theoretical
work of our group in this booming and fascinating research branch.
We discuss the unusual properties in pyrochlore iridates, propose
this system is WSM and possess a exotic surface states in the form
of Fermi arcs. We suggest the spinel osmates are the insulator with
a large magnetoelectric coupling characteristic of axion electrody-
namics. We give a comprehensive discussion about the electronic
and magnetic properties of NaOsO3, and successfully determine
the magnetic ground state configuration for this compound. We
also discuss LiOsO3, and propose that highly anisotropic screening
and local dipole–dipole interactions are the two most important
keys to form LiOsO3-type metallic ferroelectricity.

In 5d TMO, the electron correlation and the SOC are of compa-
rable magnitude, hence, the interplay of electron correlations and
strong spin–orbit interactions makes the 5d transition metal oxi-
des (TMO) of special interest for possible novel properties [11].
To find novel properties in 5d TMO is of both fundamental and
technological importance and deserves special attention.
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