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What happens when both correlations and SOC are present?

SOC ⇒ spin not a good quantum number
spin & orbital DOF entangled

weak and strong correlation regions and the weak and strong SOC regimes, thereby generating
four quadrants. Conventional transition metal materials reside on the left-hand side of the dia-
gram, where SOC is weak l=t ! 1, and a conventional metal-insulator transition (MIT) may
occur when U is comparable to the bandwidth, i.e., a few times t. Upon increasing SOC, when
U=t ! 1, ametallic or semiconducting state at smallUmay be converted to a semimetal or to a TI.
What happens when both SOC and correlations are present? Several arguments suggest that, in
generating insulating states, l and U tend to cooperate rather than compete. Including SOC, we
have already remarked upon the splitting of degeneracies and the consequent generation of
multiple narrow bands from relatively mixed bands. The narrow bands generated by SOC are
more susceptible toMott localization byU, which implies that the horizontal boundary in Figure 1
shifts downwardwith increasingl. If we include correlations first, theU tends to localize electrons,
diminishing their kinetic energy. Consequently the on-site SOC l, which is insensitive to or even
reduced by delocalization, is relatively enhanced. Indeed, in the strongMott regimeU=t " 1, one
should compare l with the spin exchange coupling J } t2/U rather than with t. As a result, the
vertical boundary shifts to the left for largeU/t.We see that there is an intermediate regime inwhich
insulating states are obtained only from the combined influence of SOC and correlations—these
may be considered spin-orbit-assistedMott insulators. Here we are using the termMott insulator
to denote any state that is insulating by virtue of electron-electron interactions. In Section 4,
we remark briefly on a somewhat philosophical debate as to what should properly be called a
Mott insulator.

Terminology aside, an increasing number of experimental systems have appeared in recent
years in this interesting correlated SOC regime. A collection of iridates has received special inter-
est. These are weakly conducting or insulating oxides that contain iridium, primarily found in
the Ir4þ oxidation state. This includes a Ruddlesden-Popper sequence of pseudocubic and planar
perovskites [Srnþ1IrnO3nþ1 (n ¼ 1, 2, 1)] (9–16), hexagonal insulators [(Na/Li)2IrO3] (17–22),
a large family of pyrochlores (R2Ir2O7) (23–25), and some spinel-related structures (26, 27). Close
to iridates in the periodic table are several osmium oxides, such as NaOsO3 (28) and Cd2Os2O7

(29), which experimentally displayMITs. Apart from these materials where the microscopic SOC
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Figure 1

Sketch of a generic phase diagram for electronic materials in terms of the interaction strength U/t and
spin-orbit coupling l/t. The phases described in this review (bold text) reside on the right half of the figure.
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Correlations & Spin-Orbit
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Figure 1
(a) An illustration of the octahedral geometry of a transition metal site for an iridate. (b) Splitting of the 4d or
5d levels by octahedral crystal fields !Oh and by spin-orbit coupling λ into j = 1/2 and j = 3/2 levels. (c) An
illustration of the atomic j = 1/2 wave functions. The composition of the j = 1/2 states with the spin-up
charge density shown in red and the spin-down charge density in blue.

When projected into this manifold, the angular momentum of the the d electrons is mapped to a
set of effective l = 1 angular momentum operators, −L. The large SOC then acts within the t2g

manifold as −λL · S, where L is an effective l = 1 angular momentum and S is the spin. Using the
rules of addition of angular momenta, we see that SOC splits the t2g multiplet into an effective
j = 1/2 doublet and effective j = 3/2 quartet as show in Figure 1. The j = 3/2 states are lower
in energy and separated from the j = 1/2 states by a gap of 3λ/2. Written in the basis of the t2g

states, one has
∣∣∣∣
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(|yz, ∓⟩ ± i |xz, ∓⟩ − 2 |xy, ±⟩) , 1c.

where |yz, ±⟩ , |xz, ±⟩, and |xy, ±⟩ are the t2g states, and spin-up and -down correspond to ±. The
important role played by SOC can be seen in the entanglement of the spin and orbital degrees of
freedom in these wave functions, as illustrated in Figure 1. The states of this j = 1/2 doublet
and its pseudo-spin operators J are a common thread in our discussion of the family of iridates
and ruthenium materials. Although strongly spin-orbit entangled, it remains isotropic, with a g-
factor of −2. Explicitly, the magnetic moment operator µ = µB (L + 2S) becomes −2µBJ when
projected into the j = 1/2 states. The anisotropy of these systems thus manifests predominantly
in the coupling of j = 1/2 moments (2), not in the single-ion properties.

The interactions of j = 1/2 electrons are determined by the atomic interactions of the free
ion projected into the t2g manifold and the kinetic terms, or hoppings, of the t2g electrons.
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Test ⇒ need local probes 

Hspin = J
X
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Importance of SOC to Applications 

(Rashba and Sheka, 1991; Ganichev et al., 2002; Kato and
Awschalom, 2008). In the past 15 years, the interest in materials
with strong spin-orbit coupling has substantially intensified.
Heterostructures, surfaces, and interfaces displaying unprece-
dentedly large spin-momentum locking have been recognized
as powerful platforms for investigating the relativistic motion
of electrons in condensed matter systems (Hasan and Kane,
2010; Manchon et al., 2015) as well as the formation of
chiral magnetic textures (Nagaosa and Tokura, 2013;
Soumyanarayanan et al., 2016). In this context, recent pre-
dictions (Bernevig and Vafek, 2005; Tan, Jalil, and Liu, 2007;
Manchon and Zhang, 2008, 2009; Obata and Tatara, 2008;
Garate and MacDonald, 2009; Železný et al., 2014) and
observations of current-induced magnetization dynamics medi-
ated by spin-orbit coupling in ferromagnets and antiferromag-
nets (Ando et al., 2008; Chernyshov et al., 2009; Miron et al.,
2010, 2011; Liu et al., 2011; Wadley et al., 2016) have
revolutionized the field of spintronics, leading to new oppor-
tunities to integrate electronic and magnetic functionalities in a
wide variety of materials and devices.
Research in spintronics explores the possibilities to add

the spin degree of freedom to conventional charge-based
microelectronic devices or to completely replace charge with
spin functionalities (Wolf et al., 2001; Zutic, Fabian, and Das
Sarma, 2004). Over the past three decades of research and
development, spintronics has offered means to replace mag-
netic fields for reading andwriting information in nanomagnets
by more scalable current-induced spin torques (Chappert, Fert,
and Dau, 2007; Brataas, Kent, and Ohno, 2012). Spin-transfer
torques (STT), which mediate the transfer of spin-angular
momentum between two magnetic layers having noncollinear

magnetizations (Berger, 1996; Slonczewski, 1996; Ralph and
Stiles, 2008), are currently the method of choice for controlling
the bit states in magnetic random access memories (MRAMs)
(Kent and Worledge, 2015; Apalkov, Dieny, and Slaughter,
2016). In STT, spin-orbit coupling already plays an important,
but passive role: by inducing spin relaxation and magnetic
damping, it enables the spin polarization of the charge current
passing through the reference layer and permits the magneti-
zation switching. This review focuses on a new family of spin
torques, whose physical origin is the transfer of orbital angular
momentum from the lattice to the spin system. These torques
rely on the conversion of electrical current to spin (Gambardella
and Miron, 2011; Sinova et al., 2015) and are called spin-orbit
torques (SOTs) in order to underline their direct link to the spin-
orbit interaction.
Because of the ubiquity of spin-orbit coupling, SOTs

provide efficient and versatile ways to control the magnetic
state and dynamics in different classes of materials, as
schematically shown in Fig. 1. Several microscopic mecha-
nisms can give rise to SOT. In one picture, a charge current
flowing parallel to an interface with broken inversion sym-
metry generates a spin density due to spin-orbit coupling,
which in turn exerts a torque on the magnetization of an
adjacent magnetic layer via the exchange coupling (Manchon
and Zhang, 2008). Several names have appeared in the
literature for this model mechanism, such as the Rashba-
Edelstein effect (Edelstein, 1990) or the inverse spin galvanic
effect (iSGE) (Belkov and Ganichev, 2008). In this review we
use the term iSGE-SOT.
In the other model scenario, spin-orbit coupling generates

a spin current in the nonmagnetic metal layer due to the spin

FIG. 1. Materials in which spin-orbit torques have been observed range from metallic heterostructures involving transition metals,
topological insulators, and other heavy element substrates to bulk noncentrosymmetric ferromagnets and antiferromagnets. Spin-orbit
torque is a promising candidate mechanism to drive disruptive spintronics devices such as magnetic memories, nano-oscillators,
racetrack storage devices, as well as interconnects and spin logic gates.

A. Manchon et al.: Current-induced spin-orbit torques in ferromagnetic …
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spin densities. However, antiferromagnets like CuMnAs
shown in Fig. 7(c) share the crystal symmetry allowing for
the current-induced staggered spin density whose sign alter-
nates between the inversion-partner atoms. Moreover, one
inversion-partner lattice site is occupied by the magnetic atom
belonging to the first antiferromagnetic spin sublattice and the
other inversion partner is occupied by the magnetic atom
belonging to the second spin sublattice. As a result, the
corresponding fieldlike Néel SOT can reorient antiferromag-
netic moments with an efficiency similar to the reorientation
of ferromagnetic moments by an applied uniform field. This
scenario has been confirmed experimentally in CuMnAs and
Mn2Au memory devices (Wadley et al., 2016; Bodnar et al.,
2018; Meinert, Graulich, and Matalla-Wagner, 2018; Zhou
et al., 2018).

E. Spin-orbit torques in topological materials

The distribution of spin texture in momentum space is a
crucial ingredient to understand SOT. In semiconductor
materials where the iSGE and SHE were initially discovered,
and even more in metal structures, multiple bands cross the
Fermi level and their respective contributions to the current-
induced spin density tend to compensate each other. Also the
spin textures are more complex, which can further reduce the
net effect.
From this perspective, topological insulators (Hasan and

Kane, 2010; Pesin and MacDonald, 2012b) are regarded as
optimal materials for the SOT. The surface states of a three-
dimensional (3D) topological insulator form a Dirac cone with
a single Fermi surface and a helical locking of the relative
orientations of the spin and the momentum [see Fig. 8(a)].
Indeed, SOT-FMR measurements in a metallic ferromagnet
interfaced with a topological insulator showed an exception-
ally large spin conversion efficiency ξ (Mellnik et al., 2014).
However, compared to common nonmagnetic metals, the

increase of ξ in the studied topological insulators turned
out to be primarily due to its decreased electrical conductivity
while the inferred effective spin Hall conductivity was similar
to the nonmagnetic metals (see Table II).
Interfacing a highly resistive topological insulator with a

low resistive metal FM has also a practical disadvantage
that most of the applied electrical current is shunted through
the metallic magnet and does not contribute to the generation
of the spin density at the topological insulator surface.
A possible remedy is in using an insulating magnet. An
example is a study of highly efficient magnetization switching
at cryogenic temperatures in a topological insulator/magnetic
topological insulator bilayer, in which the inferred spin
conversion efficiency ξ was 3 orders of magnitude larger
than in nonmagnetic metals (Yabin Fan et al., 2014; Fan and
Wang, 2016).
In the previously discussed studies, Dirac quasiparticles

exhibiting strong spin-momentum locking are considered
to enhance the efficiency of the SOT control of magnetic
moments. Vice versa, a scheme has been recently proposed for
the electric control of Dirac band crossings by reorienting
magnetic moments via SOT (Šmejkal et al., 2017). Instead of
2D surface states of a topological insulator, these predictions
consider Dirac bands in the bulk of a topological 3D
semimetal. Since Dirac bands can exist only in systems with
a combined space-inversion and time-inversion (PT) sym-
metry, ferromagnets are excluded. On the other hand, the
combined PT symmetry in an antiferromagnet is equivalent to
a magnetic crystal symmetry in which antiferromagnetic spin
sublattices occupy inversion-partner lattice sites. This in turn
allows for an efficient SOT, as discussed in the previous
section.

F. Inverse effect of the spin-orbit torque

The Onsager reciprocity relations imply that there is an
inverse phenomenon to the SOT, which we call the spin-orbit
charge pumping (Hals, Brataas, and Tserkovnyak, 2010; Kim,
Moon et al., 2012; Tölle, Eckern, and Gorini, 2017). The
underlying physics of the spin-orbit charge pumping gener-
ated from magnetization dynamics is the direct conversion of
magnons into charge currents via spin-orbit coupling, as
illustrated in Fig. 9. This effect evolves from the spin pumping
predicted by Brataas et al. (2002) and Tserkovnyak, Brataas,
and Bauer (2002b) when spin-orbit coupling is included,
either in the bulk of the nonmagnetic metal or at the interface.
Thus, any external force that drives magnetization precession
can generate spin-orbit charge pumping. Similar to the SOT,
two model microscopic mechanisms can be considered for the
spin-orbit charge pumping: one due to the inverse effect of the
iSGE (Rojas-Sánchez et al., 2013; Ciccarelli et al., 2015),
called the spin galvanic effect (SGE), and the other one due to
the inverse SHE (Saitoh et al., 2006). Together with the
nonlocal detection in a lateral structure (Valenzuela and
Tinkham, 2006), the spin-orbit charge pumping across the
NM/FM interface provided the first experimental demonstra-
tion of the inverse SHE (Saitoh et al., 2006). Since then it has
evolved into one of the most common tools for electrical
detection of magnetization dynamics.

FIG. 8. Charge current-induced surface spin density in a
topological insulator. (a) Schematic illustration of the spin-
momentum locked helical spin texture of the surface states in
a topological insulator: clockwise spin texture above the Dirac
point while anticlockwise spin texture below the Dirac point.
(b) Schematic of surface spin density on two opposite surfaces for
a charge current flowing along the −x direction (i.e., Ix < 0, thick
yellow arrow) and for a charge current flowing along the þx
direction (i.e., Ix > 0, thick green arrow).

A. Manchon et al.: Current-induced spin-orbit torques in ferromagnetic …
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stabilized by the Dzyaloshinskii-Moriya interaction (DMI)
which relies on the interfacial spin-orbit coupling and broken
inversion symmetry, similarly to the SOT. In this chiral case,
the effective field associated with the dampinglike SOT in the
domain wall is oriented along the easy axis in a direction that
alternates from one domain wall to the next so that current
drives them in the same direction [see Fig. 4(b)]. Moreover, in
analogy to switching in MRAMs, the racetrack SOT can be
more efficient than STT, resulting in higher current-induced
domain wall velocities (Miron et al., 2011; Yang, Ryu, and
Parkin, 2015).
In an alternative racetrack memory concept, the one-

dimensional (1D) chiral domain walls are replaced with the
skyrmion topological 2D chiral textures [see Fig. 4(c)] (Fert,
Cros, and Sampaio, 2013). While current-driven depinning
can be achieved at substantially lower current density in
skyrmion lattices (Jonietz et al., 2010), individual metastable
skyrmions are expected to behave as pointlike particles and
are in principle less sensitive to the boundaries and pinning to
boundary defects as compared to domain walls (Sampaio
et al., 2013). Research is currently focusing on current-driven
motion of individual skyrmions (Woo et al., 2016; Jiang et al.,
2017; Legrand et al., 2017; Litzius et al., 2017).

C. Microscopic origin of spin-orbit torques

We mentioned in the Introduction that two main model
mechanisms have been proposed to generate SOT. SHE
originates from asymmetric spin deflection in the bulk of,
e.g., a nonmagnetic metal induced by spin-orbit coupling.
Such a deflection induces a pure spin current, transverse to the
direction of the applied electrical current, that is subsequently
absorbed in the adjacent magnetic layer, as depicted in
Fig. 2(b). The SHE-SOT model mechanism shares with the
STT the basic concept of the angular momentum transfer from
a carrier spin current to magnetization torque. As a conse-
quence, the dominant component of the SHE-SOT in this
picture is dampinglike and takes the form (Ando et al., 2008)

T ¼ ðjSHEs =tFÞm × ðm × ζÞ; ð3Þ

in units of eV=m3. Here jSHEs is the SHE spin current density
absorbed by the recording magnet of thickness tF, and ζ is a
unit vector of the in-plane spin polarization of the out-of-plane
SHE spin current. The magnitude of the injected SHE spin
current density into the magnet is modeled as jSHEs ¼
ðℏ=2eÞηθshσNE, where η is the spin-injection efficiency across
the NM/FM interface, also called transparency, θsh ¼ σsh=σN
is the spin Hall angle in the nonmagnetic material of spin Hall
conductivity σsh (expressed in units of Ω−1 m−1) and electrical
conductivity σN, andE⊥ζ is the applied in-plane electric field.
The SHE-SOT, being dampinglike, directly competes with the
damping term in the LLG equation of magnetization dynam-
ics. This situation favors the current-induced switching of
in-plane magnetized layers, as, for a dampinglike torque, the
critical current has to overcome the magnetic anisotropy
barrier multiplied by the Gilbert damping factor α, the latter
being typically ≪ 1 (Ralph and Stiles, 2008).
Another common favorable feature of both SOTs and STT

is that the switching condition is given by the applied current
density and not the absolute current, which makes the
mechanism scalable and, therefore, suitable for high-density
memories. In contrast, for the traditional writing method by
the current-induced Oersted magnetic field, the switching
condition is determined by the absolute current.
The iSGE-SOT, as depicted in Fig. 2(c), arises from spin-

orbit coupling in noncentrosymmetric systems such as inter-
faces [see Fig. 2(c)], or zinc-blende (Ga,Mn)As crystals (see
Sec. II.D). In such systems, the band structure acquires a spin
texture that is odd in momentum k. An example of such a
spin texture is given in Fig. 5 for the prototypical case of the
Pt=Co interface. This interfacial spin texture exhibits several
features similar to the ideal case of Rashba spin-orbit coupling
(Manchon et al., 2015) and promotes iSGE. The iSGE-SOT
resembles at first glance a mechanism in which the applied
current generates a field rather than a dampinglike torque.

FIG. 4. (a) Domain wall racetrack memory with red and blue regions representing areas that are oppositely magnetized. Adapted from
Parkin and Yang, 2015. (b) Illustration of left-handed chiral Néel domain walls in a NM/FM bilayer. The effective field B of the
dampinglike SOT moves adjacent up-down and down-up domains (with velocity vDW) in the same direction. Adapted from Emori et al.,
2013. (c) Skyrmions in a 2D ferromagnet with uniaxial magnetic anisotropy along the vertical axis. Magnetization is pointing down on
the edges and pointing up in the center. Moving along a diameter, the magnetization rotates by 2π around an axis perpendicular to the
diameter due to the DMI. Adapted from Fert, Cros, and Sampaio, 2013.

A. Manchon et al.: Current-induced spin-orbit torques in ferromagnetic …
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Hall effect (SHE) (Dyakonov and Perel, 1971; Hirsch, 1999;
Sinova et al., 2015). The spin current propagates toward the
interface, where it is absorbed in the form of a magnetization
torque in the adjacent ferromagnet (Ando et al., 2008; Liu
et al., 2011). The SHE-SOTand iSGE-SOT can act in parallel.
This is reminiscent of the early observations in semiconduc-
tors of the SHE and iSGE as companion phenomena, both
allowing for electrical alignment of spins in the same structure
(Kato et al., 2004a, 2004b; Wunderlich et al., 2004, 2005).
Considering the SOT as originating from either the iSGE

or SHE model scenarios can provide useful physical and
materials guidance. The necessary condition for the iSGE-
induced nonequilibrium spin polarization is the broken
inversion symmetry, which is automatically fulfilled in the
previously mentioned interfaces. However, uniform crystals
can also have unit cells that lack a center of symmetry. The
initial discovery of the iSGE-SOTwas made in such a crystal,
namely, in the zinc-blende diluted magnetic semiconductor
(Ga,Mn)As (Chernyshov et al., 2009) and later also reported
in asymmetric metal multilayers (Miron et al., 2010). This line
of research was subsequently extended to crystals whose
individual atomic positions in the unit cell are locally non-
centrosymmetric, leading to the discovery of a staggered iSGE
polarization and current-induced switching in an antiferro-
magnet (Železný et al., 2014; Wadley et al., 2016).
The notion of the SHE-induced SOT, on the other hand, led

to systematic studies correlating trends in the magnitude and
sign of the SOT in ferromagnetic/nonmagnetic metal bilayers
(Ando et al., 2008; Liu, Pai et al., 2012; Pai et al., 2012) with
the magnitude and sign of the SHE in the nonmagnetic
material calculated by ab initio methods (Tanaka et al.,
2008; Freimuth, Blügel, and Mokrousov, 2010; Qiao et al.,

2018) or measured by spin absorption in nonlocal spin valves
(Morota et al., 2011; Hiroshi, Fukuma, and Otani, 2015).
However, in the commonly used bilayers with a nm-scale
spin-diffusion length and nm-thick magnetic film, the dis-
tinction between SOTs generated by “bulk”-SHE and “inter-
face”-iSGE remains principally blurred. Moreover, the
experimentally observed complex SOT phenomenology in
the bilayer structures is often not captured by either of the two
idealized model scenarios (Garello et al., 2013; Junyeon Kim
et al., 2013). Other studies have pointed out further contri-
butions to the SOT due to interface oxidation (Miron, Garello
et al., 2011; Qiu et al., 2015; Demasius et al., 2016; An,
Kanno et al., 2018) and spin-dependent scattering of the spin-
polarized current flowing in the ferromagnet (Saidaoui and
Manchon, 2016; Amin, Zemen, and Stiles, 2018), which can
add to the SHE-induced SOT.
Independently on their origin, SOTs allow for new device

architectures and efficient control of the magnetization.
Figure 2 compares the out-of-plane current geometry
employed in STT-MRAMs for both the write and read
operations of a magnetic tunnel junction (MTJ), shown in
Fig. 2(a), with the in-plane writing geometry enabled by SOT
based on either SHE [Fig. 2(b)] or iSGE [Fig. 2(c)]. SOT-
induced magnetization switching, first demonstrated by
Miron, Garello et al. (2011) and Liu, Pai et al., 2012, allows
for decoupling the write and read current paths, with great
advantages in terms of endurance of the junction and switch-
ing speed relative to STT (Prenat et al., 2016; Fukami and
Ohno, 2017; Cubukcu et al., 2018). Differently from STT,
SOT allows also for the switching of magnetic insulators
(Avci, Quindeau et al., 2017) and antiferromagnets (Wadley
et al., 2016), as well as for the generation of coherent spin

FIG. 2. STT vs SOT switching of a magnetic tunnel junction. (a) In the STT case, a current of spin-polarized electrons (gray arrow)
flows from a reference ferromagnet through a spacer layer into the recording ferromagnetic layer. Within a few atomic monolayers of
entering the recording magnet, the flowing electrons’ spin aligns with the instantaneous magnetization due to the exchange interaction
(large purple arrow in the recording medium). This alignment results in a torque (curved white arrow) on the recording ferromagnet that
ultimately causes the magnetization to switch from its original orientation (large red arrow). In the snapshot shown here, the
magnetization is about 2=3 of the way to being switched. Note that the time scale for the full reversal is much greater than the time
needed for the current to flow from the reference ferromagnet through the recording ferromagnet. A second mechanism, SOT, can be
driven by the SHE or by the iSGE. (b) In the SHE variant, as current flows along the contact and the nonmagnetic metal layer, a spin
current is generated that flows upward into the recording ferromagnet and switches its magnetization. (c) In the iSGE mechanism,
electrons become spin polarized at the interface of a nonmagnetic metal and a ferromagnet; the polarized electrons then switch the
magnetization of the recording ferromagnet. From Sinova and Jungwirth, 2017.

A. Manchon et al.: Current-induced spin-orbit torques in ferromagnetic …
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Double Perovskites - Mott insulators with SOC

weak and strong correlation regions and the weak and strong SOC regimes, thereby generating
four quadrants. Conventional transition metal materials reside on the left-hand side of the dia-
gram, where SOC is weak l=t ! 1, and a conventional metal-insulator transition (MIT) may
occur when U is comparable to the bandwidth, i.e., a few times t. Upon increasing SOC, when
U=t ! 1, ametallic or semiconducting state at smallUmay be converted to a semimetal or to a TI.
What happens when both SOC and correlations are present? Several arguments suggest that, in
generating insulating states, l and U tend to cooperate rather than compete. Including SOC, we
have already remarked upon the splitting of degeneracies and the consequent generation of
multiple narrow bands from relatively mixed bands. The narrow bands generated by SOC are
more susceptible toMott localization byU, which implies that the horizontal boundary in Figure 1
shifts downwardwith increasingl. If we include correlations first, theU tends to localize electrons,
diminishing their kinetic energy. Consequently the on-site SOC l, which is insensitive to or even
reduced by delocalization, is relatively enhanced. Indeed, in the strongMott regimeU=t " 1, one
should compare l with the spin exchange coupling J } t2/U rather than with t. As a result, the
vertical boundary shifts to the left for largeU/t.We see that there is an intermediate regime inwhich
insulating states are obtained only from the combined influence of SOC and correlations—these
may be considered spin-orbit-assistedMott insulators. Here we are using the termMott insulator
to denote any state that is insulating by virtue of electron-electron interactions. In Section 4,
we remark briefly on a somewhat philosophical debate as to what should properly be called a
Mott insulator.

Terminology aside, an increasing number of experimental systems have appeared in recent
years in this interesting correlated SOC regime. A collection of iridates has received special inter-
est. These are weakly conducting or insulating oxides that contain iridium, primarily found in
the Ir4þ oxidation state. This includes a Ruddlesden-Popper sequence of pseudocubic and planar
perovskites [Srnþ1IrnO3nþ1 (n ¼ 1, 2, 1)] (9–16), hexagonal insulators [(Na/Li)2IrO3] (17–22),
a large family of pyrochlores (R2Ir2O7) (23–25), and some spinel-related structures (26, 27). Close
to iridates in the periodic table are several osmium oxides, such as NaOsO3 (28) and Cd2Os2O7

(29), which experimentally displayMITs. Apart from these materials where the microscopic SOC

Spin liquid Quadrupolar

Axion
insulator

Topological
Mott

insulator

Mott
insulator Spin-orbit coupled

Mott insulator

Simple
metal or

band insulator
Topological insulator

or semimetal

λ/t

U/t

Weyl
semimetal

Figure 1

Sketch of a generic phase diagram for electronic materials in terms of the interaction strength U/t and
spin-orbit coupling l/t. The phases described in this review (bold text) reside on the right half of the figure.
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What happens when both SOC and correlations are present?

Witczak-Krempa et al., Annu. Rev. Condens. Matter Phys. v5, 57 (2014)

Ba2NaOsO6

• double perovskite structure
• unpaired 5d1 Os electron 
• two sub-lattices of fcc symmetry
• large magnetic ion separation
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Quantum Models of Multipolar Interactions  

With strong SOC, spin or orbital is not longer good quantum number.
J = L + S

Projection of spin operators into the new |j, mj> 
subspace introduces multipolar spin coupling.

Then finally the interaction between the 5d electrons’ electric quadrupole mo-

ments are taken into account. This quadrupolar interaction in XY plane has the

form [18]

HXY
quad = V

X

i,j2XY

[�4

3
(ni,xz � ni,yz)(nj,xz � nj,yz) +

9

4
ni,xynj,xy] (3.8)

3.2.3 Overall Hamiltonian

Including all the interactions discussed above and Zeeman interaction, we arrive at

the total Hamiltonian

Htotal = HZ +Hsoc +Hexchange +Hquad (3.9)

where HZ = �gµBH · j and simply shifts the total energy without lifting the existing

energy degeneracy. One problem still remains regarding the Hamiltonian: all the

spin and occupation number involved are in the |ml,ms > subspace and have to

be projected onto the j = 3/2 quadruplets. Following are examples of results of

projections:

S̃i,xy =
1

4
jxi � 1

3
jzi j

x
i j

z
i

ñi,xy =
3

4
� 1

3
(jzi )

2

(3.10)

and we get a new representation of the total Hamiltonian in the j-based eigenspace

by substituting the new spin and occupation number,

H̃total = H̃Z + H̃exchange + H̃quad (3.11)

18

Distinct predictions of the quantum models:

• Local spin expectation values that differ from the average ones
• Structural change associated with quadrupolar ordering (i.e. local cubic symmetry 

breaking) drives the magnetism (precedes LRO)

displays local static dipole moments, their magnitude is small and in fact vanishes as temperature
T→0. This is particularly surprising in amean-field theory (for a conventionalHeisenberg system,
mean-field theory gives a full moment). In fact, accompanying the dipole moment is a large
staggered octupole moment, which competes with and substantially suppresses the dipolar order.

With larger J0/J and V/J, the system develops ferromagnetic phases, FM110 and FM100, with
net ferromagnetic moments along [110] and [100] directions, respectively. These two nonuniform
ferromagnets are rather unconventional, as they actually have a two-sublattice structure with
partial cancellation of nonparallel magnetic moments in the ferromagnetic magnetization. In
fact, the two-sublattice structure is a manifestation of staggered quadrupolar order, and it is
this quadrupolar ordering that predominantly drives the formation of these two phases. The
magnetism develops atop it. Because orbital polarization is distinct on the two sublattices, they
cannot be time-reversal conjugates, and consequentlywhenmagnetismonsets, a net ferromagnetic
moment results.

The driving role of the quadrupolar order can be seen from the T > 0 phase diagram. Over
a wide range of intermediate temperature, the ferromagnetic order is destroyed, with the FM
region (and part of the AF one) being replaced by a purely quadrupolar ordered phase. In the
quadrupolar phase, TRS is unbroken,which is sufficient to require the dipolar andoctupolar order
parameters to vanish. A standard classification scheme for quadrupolar states is to examine the

eigenvalues of the traceless quadrupolar tensor Qmn
i ¼ ÆSmi Sni æ"

1
3
SðSþ 1Þdmn, where the eigen-

values must sum to zero (here S¼ 3/2 for d1). The quadrupolar phase with only one independent
eigenvalue, i.e., eigenvalues (Q)¼ {q,q,"2q}, is called the uniaxial nematic phase and corresponds
to the situation in which one principal axis is distinguished from the other two that remain
equivalent. This type of spin nematic has been studied theoretically in S ¼ 1 Heisenberg models
with strong biquadratic interactions (120), although it is hard to achieve such strong biquadratic
exchange in conventional systems. In the most general case, there may be two independent

0.1 0.2 0.3 0.4 0.5 0.6

V/J

0.5

1.0

1.5

T/J

Quadrupolar

PM

AF
FM110FM

10
0

Figure 7

A cut of themean-field phase diagram for d1 double perovskites at fixed J0 ¼ 0.2 J as a function of temperature,
T, and electric quadrupole interaction,V. The antiferromagnetic (AF) state is illustrated atT¼0 by an image of
the orbital wave functions for Sx ¼ þ1/2 (with positive and negative regions colored blue and light blue,
respectively) and for the Sx¼"1/2 (with positive and negative regions colored red and orange, respectively). In
the quadrupolar state, the charge density is shown. The FM110 and FM100 are ferromagnetic states with
net magnetization along the [110] and [100] axes (and spin-orbital entanglement, which is difficult to
illustrate). The curves are obtained from calculations in Reference 54. Abbreviation: FM, ferromagnetic; PM,
paramagnetic.
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Witczak-Krempa et al., Annu. Rev. Condens. Matter Phys. v5, 57 (2014)

Use NMR to concurrently probe spin and orbital/lattice degrees of freedom ! 

novel directional-dependent exchange coupling of spins

Chen et al., Phys. Rev. B 82, 174440 (2010)
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Ba2NaOsO6 bulk characterization  

temperature shows a moderate amount of curvature [panel
(a) of the inset to Fig. 4]. Data between 75 and 200 K can
nevertheless be fit by a Curie-Weiss law if a constant offset,
nominally attributed to Van Vleck paramagnetism, is in-
cluded: ! ! C="T # "$ % !0 [panel (b) of the inset to
Fig. 4]. This fit results in relatively small effective mo-
ments #eff of 0.602(4), 0.596(1), and 0:647"3$#B for fields
oriented in the [100], [111], and [110] directions, respec-

tively, indicative of substantial spin-orbit coupling, and
Weiss temperatures of #10"2$, #10"1$, and #13"1$ K.
Values of !0 are found to be 3"1$ & 10#5, 1:7"1$ & 10#4,
and 1:76"9$ & 10#4 emu=molOe for fields oriented in
these same directions.

The magnetic phase transition is most clearly seen in the
heat capacity (Fig. 5). Data were taken using the relaxation
method for 3–4 single crystals weighing a total of 2–3 mg,
oriented at arbitrary angles to each other, for temperatures
from 0.3 to 300 K. A sharp anomaly is seen with a peak at
6.8(3) K, which defines the critical temperature TC. The
magnetic contribution to the heat capacity was estimated
by subtracting a polynomial extrapolation of the higher
temperature phonon heat capacity, fit between 14.5
and 18 K [Cph ! 0:065"7$T % 0:00262"6$T3 # 2:6"1$ &
10#6T5, shown in Fig. 5]. Since the magnetic contribution
is significantly larger close to TC, this crude subtraction
results in only small systematic errors. The total magnetic
contribution to the entropy Smag through the transition is
found to be 4:6 J=molK (right axis, Fig. 5), falling slightly
short (80%) of R ln2 ! 5:76 J=molK. No additional
anomalies are observed up to 300 K (inset to Fig. 5).

The triply degenerate t2g orbitals of OsO6 octahedra in
the undistorted Ba2NaOsO6 crystal structure constitute an
effective unquenched angular momentum L ! 1. The ma-
trix elements of the orbital angular momentum operator L
within the t2g manifold are the same as those of #L within
states of P symmetry [19]. Application of spin-orbit cou-
pling therefore results in a quartet ground state (J ! 3=2)
and a doublet excited state (J ! 1=2) [19–21]. Since the
integrated entropy through the magnetic phase transition is

f.u
.

FIG. 4. Low temperature magnetization of Ba2NaOsO6 as a
function of temperature in a field of 2 T. Insets show (a) inverse
susceptibility and (b) the inverse of the susceptibility with a
constant offset, !0, subtracted. Lines show fits to Curie-Weiss
behavior. f.u. refers to one formula unit.

FIG. 5. Heat capacity (left axis) and magnetic contribution to
the integrated entropy (right axis) for the magnetic transition in
Ba2NaOsO6. The dashed line (left axis) shows an extrapolation
of a fit to the phonon background, the solid horizontal line (right
axis) indicates the theoretical entropy of R ln2 for a doublet
ground state. The inset shows the heat capacity to 300 K. The
upper axis shows the Dulong-Petite value of 249 J=mol K.

FIG. 3. Magnetization of Ba2NaOsO6 along high-symmetry
directions as a function of applied field at 1.8 K for a full
hysteresis loop. ‘‘f.u.’’ refers to one formula unit. The inset
shows magnetization as a function of angle in the (01!1) plane
at a temperature of 1.8 K and a field of 2 T. A line is drawn
between data points to guide the eye.
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Erickson et al.,  PRL 99, 016404 (2007)..

• Seff = 3/2 but magnetic entropy ~ Rln2

• [110] FM 

projection operator onto the Jeff ¼ 3/2 multiplet. Some algebra shows that these projections are
quite nontrivial:

~S
a
i,xy ¼

1þ 2da,z
4

Sai # 1
3
Szi S

a
i S

z
i ða ¼ x, y, zÞ, ~ni,xy ¼

3
4
# 1
3
!
Szi
"2, 8:

where Si is the final projected Jeff ¼ 3/2 effective spin. Spin and occupation number operators for
other orbitals can be readily generated by a cubic permutation.

The quadratic and cubic products of Smi represent components of the quadrupolar and octu-
polar tensors, respectively. We see that the innocuous-looking Hamiltonian in Equation 7 is
transformed, after the strong SOC projection using O→ ~O via Equation 8, into a highly nontrivial
interaction with octupolar and quadrupolar couplings of the same order as ordinary bilinear
exchange. This mechanism generating higher-orderspin exchange is quite generic and applies
equally to all the interactions in a typical strong SOC situation. It gives access to a variety of exotic
physics of multipolar systems (125, 153).

For the d1 double perovskites, two natural additional exchange channels were identified be-
tween nearest neighbors in Reference 54: a ferromagnetic exchange, J0, between orthogonal
orbitals and an electrostatic quadrupole interaction,V.Details of these interactions canbe found in
Reference 54. Similar considerations apply to the d2 case, as described in Reference 55. All the
interactions in both cases become multipolar in character after the strong SOC projection.

3.1.3. Mean-field theory. With the exotic interaction Hamiltonians discussed above, unusual
phases are expected even in a mean-field treatment. We explore this here and subsequently con-
sider the possibility of phases beyondmean-field theory. TheWeiss mean-field treatment consists,
as usual, of decoupling the interactions between sites to generate self-consistent single-site problems.
As a result of the multipolar interactions, each single-site Hamiltonian contains not only an effective
Zeeman field but also effective quadrupolar and octupolar anisotropies. The latter define additional
multipolar order parameters in the mean-field theory. A full analysis is given in Reference 54 for the
d1 case and Reference 55 for the d2 case. We summarize only the former as an example.

A representative cut through the three-dimensional phase diagram is depicted in Figure 7. At zero
temperature, three phases appear, all with nominally conventional ferromagnetic or AF dipolar
magnetic order. However, there are unconventional aspects revealed upon closer inspection.

The simplest state is the AF phase, appearing for small J0/J and V/J. It has a conventional two-
sublattice structure, with states on either sublattice related by time reversal. However, although it

Table 2 A list of representative ordereddouble perovskites inwhich themagnetic ions haved1 or d2 electron configurationa

Compound B0
Electron

configuration QCW (K) meff (mB) Magnetic transition References

Ba2YMoO6 Mo5þ 4d1 #91∼#219 1:34∼ 1:72 PM down to 2 K 33–38

Sr2MgReO6 Re6þ 5d1 #426 1.72 spin glass, TG ∼ 50 K 40

Ba2NaOsO6 Os7þ 5d1 ∼#10 ∼0:6 FM Tc ¼ 6.8 K 44

Ba2CaOsO6 Os6þ 5d2 #157 1.61 AF Tc ¼ 51 K 42

La2LiReO6 Re5þ 5d2 #204 1.97 PM down to 2 K 39

aVariations in the Curie-Weiss temperatureQCW and effective magnetic moment meff may originate from the experimental fitting of data at different
temperature ranges.
Abbreviations: AF, antiferromagnetic; FM, ferromagnetic; PM, paramagnetic; Tc, ordering temperature; TG, glass transition temperature.
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projection operator onto the Jeff ¼ 3/2 multiplet. Some algebra shows that these projections are
quite nontrivial:

~S
a
i,xy ¼

1þ 2da,z
4

Sai # 1
3
Szi S

a
i S

z
i ða ¼ x, y, zÞ, ~ni,xy ¼

3
4
# 1
3
!
Szi
"2, 8:

where Si is the final projected Jeff ¼ 3/2 effective spin. Spin and occupation number operators for
other orbitals can be readily generated by a cubic permutation.

The quadratic and cubic products of Smi represent components of the quadrupolar and octu-
polar tensors, respectively. We see that the innocuous-looking Hamiltonian in Equation 7 is
transformed, after the strong SOC projection using O→ ~O via Equation 8, into a highly nontrivial
interaction with octupolar and quadrupolar couplings of the same order as ordinary bilinear
exchange. This mechanism generating higher-orderspin exchange is quite generic and applies
equally to all the interactions in a typical strong SOC situation. It gives access to a variety of exotic
physics of multipolar systems (125, 153).

For the d1 double perovskites, two natural additional exchange channels were identified be-
tween nearest neighbors in Reference 54: a ferromagnetic exchange, J0, between orthogonal
orbitals and an electrostatic quadrupole interaction,V.Details of these interactions canbe found in
Reference 54. Similar considerations apply to the d2 case, as described in Reference 55. All the
interactions in both cases become multipolar in character after the strong SOC projection.

3.1.3. Mean-field theory. With the exotic interaction Hamiltonians discussed above, unusual
phases are expected even in a mean-field treatment. We explore this here and subsequently con-
sider the possibility of phases beyondmean-field theory. TheWeiss mean-field treatment consists,
as usual, of decoupling the interactions between sites to generate self-consistent single-site problems.
As a result of the multipolar interactions, each single-site Hamiltonian contains not only an effective
Zeeman field but also effective quadrupolar and octupolar anisotropies. The latter define additional
multipolar order parameters in the mean-field theory. A full analysis is given in Reference 54 for the
d1 case and Reference 55 for the d2 case. We summarize only the former as an example.

A representative cut through the three-dimensional phase diagram is depicted in Figure 7. At zero
temperature, three phases appear, all with nominally conventional ferromagnetic or AF dipolar
magnetic order. However, there are unconventional aspects revealed upon closer inspection.

The simplest state is the AF phase, appearing for small J0/J and V/J. It has a conventional two-
sublattice structure, with states on either sublattice related by time reversal. However, although it

Table 2 A list of representative ordereddouble perovskites inwhich themagnetic ions haved1 or d2 electron configurationa

Compound B0
Electron

configuration QCW (K) meff (mB) Magnetic transition References

Ba2YMoO6 Mo5þ 4d1 #91∼#219 1:34∼ 1:72 PM down to 2 K 33–38

Sr2MgReO6 Re6þ 5d1 #426 1.72 spin glass, TG ∼ 50 K 40

Ba2NaOsO6 Os7þ 5d1 ∼#10 ∼0:6 FM Tc ¼ 6.8 K 44

Ba2CaOsO6 Os6þ 5d2 #157 1.61 AF Tc ¼ 51 K 42

La2LiReO6 Re5þ 5d2 #204 1.97 PM down to 2 K 39

aVariations in the Curie-Weiss temperatureQCW and effective magnetic moment meff may originate from the experimental fitting of data at different
temperature ranges.
Abbreviations: AF, antiferromagnetic; FM, ferromagnetic; PM, paramagnetic; Tc, ordering temperature; TG, glass transition temperature.
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NMR

Static NMR Spectrum Measurements  -                                ⇒
  Image of Local Magnetic Field Probability Distribution

       Local Magnetic Susceptibility (LDOS)
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Quadrupolar Interactions

For I > 1/2  ⇒ nuclei have nuclear quadrupole moment Q

For I > 1/2  & non-cubic local symmetry (non-zero EFG) ⇒ 

⇒ NMR line splits into 2I lines

NQR lines with 

Local lattice/charge distribution deformations 
(often with sensibility far superior to x-rays)....
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Quadrupolar Interactions

For I > 1/2  ⇒ nuclei have nuclear quadrupole moment Q interacts with the EFG 

⇒
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Quadrupolar Interactions
For anisotropic charge distributions, quadrupole Hamiltonian expressed in the coordinate 
system define by the principal axes of  the EFG ⇒
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23Na NMR Spectra - Temperature Evolution

• 2 magnetically distinct Na sites - I and II 

• LRO magnetism - Commensurate & FM

• triplets I and II - local cubic symmetry breaking
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Triplets I & II - Origin?
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Triplets ⇒ Broken local cubic symmetry
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Broken local cubic symmetry - Nature of distortions

The principal axes of the EFG coincide with those of the crystal.

c

a
b

Na

Os
O

 EFG ≠ 0

 EFG ≠ 0

Low T  LRO phase:  Orthorhombic distortions

�q =
(eQ)(Vzz)

2h

�
1 +

�2

3

�1/2

Intermediate T (BLPS) phase: 

Tetragonal distortions  possible

Examine �q as a function of orientation ofH



12/11/2019 Vesna Mitrović - Probing Quantum Magnetism in Spin-Orbit Entangled Materials

• DFT+U calculation of the electronic properties of 
Ba2NaOsO6, a magnetic Mott insulator with strong spin 
orbit coupling (SOC), using electronic and magnetic 
results from NMR experiment.  

• The breaking local point symmetry (BLPS) phase is an 
orthorhombic Jahn-Teller distortion in the presence of 
strong SOC (i.e., a Q2 distortion mode of the Na-O 
octahedra). => This distortion is insensitive to the 
type of underlying magnetic order and lifts the 
J=3/2 quartet to two Kramer doublets before the onset 
of cFM order.  

Broken local cubic symmetry - Nature of distortions

1. Point Charge Calculations (W. Liu et al. PRB 97, 224103 (2018)) 
2. DFT+U  - Rong Cong (arXiv:1908.09014)
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 Angular Dependence of Internal Fields
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Exotic Canted FM - Multipolar exchange

ALRO Symmetry lower than tetragonal =>  

Highly anisotropic complex spin exchange path

displays local static dipole moments, their magnitude is small and in fact vanishes as temperature
T→0. This is particularly surprising in amean-field theory (for a conventionalHeisenberg system,
mean-field theory gives a full moment). In fact, accompanying the dipole moment is a large
staggered octupole moment, which competes with and substantially suppresses the dipolar order.

With larger J0/J and V/J, the system develops ferromagnetic phases, FM110 and FM100, with
net ferromagnetic moments along [110] and [100] directions, respectively. These two nonuniform
ferromagnets are rather unconventional, as they actually have a two-sublattice structure with
partial cancellation of nonparallel magnetic moments in the ferromagnetic magnetization. In
fact, the two-sublattice structure is a manifestation of staggered quadrupolar order, and it is
this quadrupolar ordering that predominantly drives the formation of these two phases. The
magnetism develops atop it. Because orbital polarization is distinct on the two sublattices, they
cannot be time-reversal conjugates, and consequentlywhenmagnetismonsets, a net ferromagnetic
moment results.

The driving role of the quadrupolar order can be seen from the T > 0 phase diagram. Over
a wide range of intermediate temperature, the ferromagnetic order is destroyed, with the FM
region (and part of the AF one) being replaced by a purely quadrupolar ordered phase. In the
quadrupolar phase, TRS is unbroken,which is sufficient to require the dipolar andoctupolar order
parameters to vanish. A standard classification scheme for quadrupolar states is to examine the

eigenvalues of the traceless quadrupolar tensor Qmn
i ¼ ÆSmi Sni æ"

1
3
SðSþ 1Þdmn, where the eigen-

values must sum to zero (here S¼ 3/2 for d1). The quadrupolar phase with only one independent
eigenvalue, i.e., eigenvalues (Q)¼ {q,q,"2q}, is called the uniaxial nematic phase and corresponds
to the situation in which one principal axis is distinguished from the other two that remain
equivalent. This type of spin nematic has been studied theoretically in S ¼ 1 Heisenberg models
with strong biquadratic interactions (120), although it is hard to achieve such strong biquadratic
exchange in conventional systems. In the most general case, there may be two independent
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Figure 7

A cut of themean-field phase diagram for d1 double perovskites at fixed J0 ¼ 0.2 J as a function of temperature,
T, and electric quadrupole interaction,V. The antiferromagnetic (AF) state is illustrated atT¼0 by an image of
the orbital wave functions for Sx ¼ þ1/2 (with positive and negative regions colored blue and light blue,
respectively) and for the Sx¼"1/2 (with positive and negative regions colored red and orange, respectively). In
the quadrupolar state, the charge density is shown. The FM110 and FM100 are ferromagnetic states with
net magnetization along the [110] and [100] axes (and spin-orbital entanglement, which is difficult to
illustrate). The curves are obtained from calculations in Reference 54. Abbreviation: FM, ferromagnetic; PM,
paramagnetic.
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displays local static dipole moments, their magnitude is small and in fact vanishes as temperature
T→0. This is particularly surprising in amean-field theory (for a conventionalHeisenberg system,
mean-field theory gives a full moment). In fact, accompanying the dipole moment is a large
staggered octupole moment, which competes with and substantially suppresses the dipolar order.

With larger J0/J and V/J, the system develops ferromagnetic phases, FM110 and FM100, with
net ferromagnetic moments along [110] and [100] directions, respectively. These two nonuniform
ferromagnets are rather unconventional, as they actually have a two-sublattice structure with
partial cancellation of nonparallel magnetic moments in the ferromagnetic magnetization. In
fact, the two-sublattice structure is a manifestation of staggered quadrupolar order, and it is
this quadrupolar ordering that predominantly drives the formation of these two phases. The
magnetism develops atop it. Because orbital polarization is distinct on the two sublattices, they
cannot be time-reversal conjugates, and consequentlywhenmagnetismonsets, a net ferromagnetic
moment results.

The driving role of the quadrupolar order can be seen from the T > 0 phase diagram. Over
a wide range of intermediate temperature, the ferromagnetic order is destroyed, with the FM
region (and part of the AF one) being replaced by a purely quadrupolar ordered phase. In the
quadrupolar phase, TRS is unbroken,which is sufficient to require the dipolar andoctupolar order
parameters to vanish. A standard classification scheme for quadrupolar states is to examine the

eigenvalues of the traceless quadrupolar tensor Qmn
i ¼ ÆSmi Sni æ"

1
3
SðSþ 1Þdmn, where the eigen-

values must sum to zero (here S¼ 3/2 for d1). The quadrupolar phase with only one independent
eigenvalue, i.e., eigenvalues (Q)¼ {q,q,"2q}, is called the uniaxial nematic phase and corresponds
to the situation in which one principal axis is distinguished from the other two that remain
equivalent. This type of spin nematic has been studied theoretically in S ¼ 1 Heisenberg models
with strong biquadratic interactions (120), although it is hard to achieve such strong biquadratic
exchange in conventional systems. In the most general case, there may be two independent
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Figure 7

A cut of themean-field phase diagram for d1 double perovskites at fixed J0 ¼ 0.2 J as a function of temperature,
T, and electric quadrupole interaction,V. The antiferromagnetic (AF) state is illustrated atT¼0 by an image of
the orbital wave functions for Sx ¼ þ1/2 (with positive and negative regions colored blue and light blue,
respectively) and for the Sx¼"1/2 (with positive and negative regions colored red and orange, respectively). In
the quadrupolar state, the charge density is shown. The FM110 and FM100 are ferromagnetic states with
net magnetization along the [110] and [100] axes (and spin-orbital entanglement, which is difficult to
illustrate). The curves are obtained from calculations in Reference 54. Abbreviation: FM, ferromagnetic; PM,
paramagnetic.
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Conclusions

• Broken local cubic symmetry (BLPS) precedes FM  

• Exotic canted FM (with local orthorhombic distortions)

Low T  LRO phase:  
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