
PHYSICAL REVIEW MATERIALS 5, 104410 (2021)

Untangling the structural, magnetic dipole, and charge multipolar orders in Ba2MgReO6
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We present a density functional theory study of the low-temperature structural, magnetic, and proposed charge-
quadrupolar ordering in the double perovskite, Ba2MgReO6. Ba2MgReO6 is a spin-orbit-driven Mott insulator
with a symmetry-lowering structural phase transition at 33 K and a canted antiferromagnetic ordering of 5d1 Re
magnetic moments at 18 K. Our calculations confirm the existence of the proposed charge quadrupolar order
and reveal an additional, previously hidden, ordered charge quadrupolar component. By separately isolating the
structural distortions and the orientations of the magnetic dipoles, we determine the relationship between the
charge quadrupolar, structural, and magnetic orders, finding that either a local structural distortion or a specific
magnetic dipole orientation is required to lower the symmetry and enable the existence of charge quadrupoles.
Our paper establishes the crystal structure–magnetic dipole–charge multipole relationship in Ba2MgReO6 and
related 5d1 double perovskites, and illustrates a method for separating and analyzing the contributions and
interactions of structural, magnetic, and charge orders beyond the usual dipole level.
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I. INTRODUCTION

The ordering of structural distortions, magnetic dipole mo-
ments, atomic orbital occupancies, and electronic charges is
widespread in materials and leads to well-known behaviors
such as changes in the symmetry, the onset of ferromagnetism,
or metal-insulator transitions. While such orderings have been
extensively investigated, there remain many materials that
show intriguing changes in behavior indicating the onset of or-
der, but for which the nature of the order is not yet known. The
search to find and identify such hidden orders and understand
their relationship to the resulting properties is an important
challenge in materials physics, often requiring developments
in the state of the art for both experimental and theoretical
methods [1].

While historically the actinides, with their large spin-orbit
coupling (SOC) and strongly magnetic 5 f electrons, have
been a rich area of exploration for hidden order [2–8], the
5d transition metal oxides have recently attracted attention,
since their SOC, crystal-field splitting, orbital bandwidth,
and electron-electron repulsion, U , tend to have similar ener-
gies [9,10]. Among the 5d compounds, the double-perovskite
oxides, A2BB′O6, with B a nonmagnetic cation and B′ a 5d1

ion, are of particular interest. First, the wide separation be-
tween adjacent B′ cations means that they tend to have a small
bandwidth leading to localized correlated electrons and insu-
lating behavior. Second, since the B′ sites form a face-centered
cubic lattice, their magnetic interactions can be geometrically
frustrated. Indeed, a huge range of magnetic ground states
have been reported in addition to conventional long-range
antiferromagnetic (AFM) or ferromagnetic order, including
short-range antiferromagnetic order, weak ferromagnetism,
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and gapped spin singlets; for a review see Ref. [11]. Fi-
nally, a formally d1 ion in an octahedral crystal field has
exact cancellation between its effective orbital angular mo-
mentum, leff = −1, and spin angular momentum, s = +1,
components [12,13]. This provides the intriguing possibility
of studying the physics of higher-order magnetic multipolar
states in the absence of a magnetic dipole. Considerable re-
cent interest has been spawned by a phenomenological study
of a model Hamiltonian appropriate for such 5d1 oxides,
in which several exotic phases have been identified [14].
The model contains a nearest-neighbor antiferromagnetic su-
perexchange, J , a nearest-neighbor ferromagnetic exchange,
J ′, a quadrupole-quadrupole interaction, V , and spin-orbit
coupling, λ. The authors identify, at the mean-field level, a
ferromagnetic phase, an unusual antiferromagnet in which
magnetic octupolar order dominates over dipolar order, and a
charge quadrupolar-ordered paramagnet, as a function of these
various parameters. In addition, a possible quantum-spin-
liquid state is proposed when quantum fluctuations are taken
into account. Experimental examples include Ba2NaOsO6,
which exhibits magnetic octupolar interactions on its formally
5d1 Os7+ ion [10], and Ba2CdReO6, in which a structural
transition observed using x-ray diffraction has led to the pro-
posal of charge quadrupolar ordering [15].

Our focus in this paper is Ba2MgReO6, which has been the
subject of several recent studies [16–18]. Here the Mg2+ ion
is nonmagnetic, and the formally Re6+ has the 5d1 config-
uration. At room temperature, Ba2MgReO6 adopts the ideal
double perovskite structure with space group Fm3̄m [19,20].
As the temperature is lowered, it is reported to undergo
two successive symmetry-lowering phase transitions [17]. An
anomaly in heat capacity measurements at 33 K led to a
proposal of charge quadrupole ordering, although no struc-
tural distortion was initially identified [17]. Later, synchrotron
x-ray measurements on high-quality single crystals detected a
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small tetragonal structural distortion at the same temperature,
pointing to the coupling of charge quadrupole ordering to the
lattice [18]. At lower temperature, 18 K, there is an unusual
antiferromagnetic ordering of the magnetic dipoles with a
large canting estimated to be ≈ 40◦ away from the [110] easy
axis leading to a saturation moment of ≈ 0.3 μB per formula
unit [10,17]. Reference [18] proposed a possible relationship
between the unusual magnetic order and the quadrupolar order
which is already established above the Néel temperature.

Here, we present a detailed density functional theory
(DFT) study of the structural, electronic, and magnetic prop-
erties of Ba2ReMgO6. Our primary goal is to provide an
understanding of the nature and interplay between the struc-
tural distortions, the charge quadrupole ordering, and the
magnetic dipole ordering, as well as to determine the driving
force for the occurrence of the charge quadrupole ordering.
We achieve this goal by calculating the magnitude and sign of
the various quadrupole components, with and without crys-
tallographic distortions, and in the ordered and disordered
magnetic states. This in turn allows us to analyze the de-
pendence of the charge quadrupoles in Ba2ReMgO6 on the
magnetic order and the symmetry-lowering crystallographic
distortions separately.

A second goal is methodological and motivated by the fact
that the charge quadrupole ordering occurs at a higher tem-
perature than the magnetic dipolar ordering in Ba2ReMgO6.
Therefore an understanding of the interplay between the
multipolar ordering, the crystallographic distortions, and the
electronic structure is most appropriately achieved by study-
ing the paramagnetic state. Conventional DFT approaches,
however, apply periodic boundary conditions to a single unit
cell and do not incorporate temperature effects, and therefore
are not suitable for describing paramagnetic local-moment in-
sulators. Here we explore the use of a supercell approach that
has recently been used successfully to obtain paramagnetic
and insulating behavior in materials that would be metallic
within the standard DFT framework [21–23]. We find that the
approach is also useful here, allowing us to generate param-
agnetic configurations with disordered Re local moments and
in turn to study the formation and ordering of quadrupoles in
the magnetically disordered state.

II. COMPUTATIONAL DETAILS

All DFT calculations were performed using the Vienna
ab init io simulation package (VASP) based on a plane-wave
basis set and projector augmented wave (PAW) pseudopo-
tentials [24–27]. The following electrons were included as
valence states: Ba, 5s2 5p6 6s2; Mg, 2p6 3s2; Re, 5p6 5d5 6s2;
and O, 2s2 2p4. To approximate the exchange and correla-
tion, the Perdew-Burke-Ernzerhof (PBE) implementation of
the generalized gradient approximation was used [28] with
an on-site effective Hubbard Ueff = U − J correction for the
Re d orbitals within the Dudarev approach [29]. Spin-orbit
coupling was included within the fully relativistic scheme in
which HSOC = ∑

i ξili.si, coupling the spin (si) and angular
momentum (li) operators, is added to the Hamiltonian; the
ξi are calculated from the radial derivatives of the PAW po-
tentials [30,31] and i refers to the electrons in the system.
Additionally, we analyzed the influence of SOC strength by

FIG. 1. Calculated band gap values of Ba2ReMgO6 as a function
of SOC scaling (that is the amount by which we scale the true
ξi values) and Ueff .

linearly scaling the ξi factors in the SOC Hamiltonian. An en-
ergy cutoff of 600 eV and a k-point mesh of 6×6 × 6 was used
with convergence criteria of 1 × 10−6 eV for both electronic
and ionic parts. The canting angles were determined utilizing
constrained magnetic noncollinear calculations to calculate
the total energy as a function of moment orientation. Within
this method the direction of the magnetic moments is fixed by
adding a penalty functional to the Hamiltonian. We varied this
functional to ensure that it was sufficient to fix the moments in
the desired direction while having only a small effect (around
10−5 eV) on the total energy; this was achieved with a penalty
parameter λ = 10 in the VASP code.

Figure 1 shows the calculated band gap of Ba2ReMgO6,
Eg, as a function of Ueff and SOC strength for our fully relaxed
and antiferromagnetically ordered structure. The blue shades
in Fig. 1 indicate the size of Eg, with white corresponding
to the metallic state and dark blue to Eg ≈ 0.6 eV. We see
that, despite the relatively large bandwidth of Re 5d orbitals,
the large distance (4.09 Å) between the Re and Mg ions
in the double-perovskite structure, combined with the Ueff

and the SOC, leads to an insulating state for the true SOC
(scaling = 1) and Ueff > 1 eV. For most of the calculations
performed we selected Ueff = 1.8 eV and SOC scaling = 1,
where Eg is calculated to be 0.2 eV, which is very close to
the 0.17-eV thermal activation energy reported from electrical
resistivity measurements [17]. Note that the trends are similar
for the experimentally reported structure (without structural
relaxation); in particular a finite band gap is obtained for
reasonable values of U parameters when SOC is included.

The paramagnetic structures were constructed by creating
2 × 2 × 2 supercells containing 160 atoms with 16 Re sites.
The magnetic moments on 14 Re sites were initially assigned
before the remaining two were set manually to enforce the cor-
rect net magnetic moment. Similarly, in-plane paramagnetic
structures were constructed with the additional constraint of
only allowing x and y components for the magnetic vectors.
Five randomized configurations (snapshots) were calculated
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FIG. 2. Calculated lowest-energy structure of Ba2MgReO6. The
space group is P42/mnm. The oxygen atoms at the corners of the
ReO6 octahedra are omitted for clarity. The spins are shown with
yellow and red arrows for Re1 and Re2 atoms, respectively. The
canting angle is indicated by φ.

and averaged to ensure the robustness of the data. The k-point
mesh was reduced to 3 × 3 × 2 for the supercells while the
same convergence parameters implemented for the unit cell
were used otherwise. Finally, the multipoles were computed
by decomposition of the atomic-site density matrix (wkpr) into
irreducible spherical tensor moments using the density matrix
obtained from VASP calculations. This method was initially
formulated and developed for the ELK code, as described in
Ref. [32], and was later implemented in VASP [33].

III. RESULTS AND DISCUSSIONS

We begin by calculating the minimum energy zero kelvin
structure and magnetic ordering within the density functional
formalism.

Full structural optimization using PBE + SOC + U calcu-
lations yields the tetragonal P42/mnm ground state structure
(Fig. 2), consistent with the most recent experimental studies.
Note that this is a subgroup of the cubic Fm3̄m structure
that is reported at room temperature. The lattice parameters
are calculated to be a = 5.79 Å and c = 8.20 Å , in good
agreement with the experimental results obtained at 6 K using
synchrotron x-ray single-crystal diffraction, a = 5.70 Å and
c = 8.09 Å [18]. The tetragonal structure has two Re sites
with inequivalent Re-O bond lengths having equal but oppos-
ing distortions of their coordinating octahedra as illustrated
in Fig. 2 due to the splitting of oxygens sites into 4e, 4 f ,
and 4g Wyckoff positions. For the rhenium site at the center
of the unit cell (Re1) the Re1-O bond lengths are 1.93 and
1.98 Å along [110] and [1̄1̄0], respectively. In contrast, the
Re2-O bonds are elongated along [110] and contracted along
[1̄1̄0]. These distortions are indicated by small blue arrows in
the right panels of Fig. 2. At both rhenium sites, the Re-O
bond lengths along [001] are 1.96 Å.

FIG. 3. (a) Canting angle as a function of Ueff . (b) Canting angle
as a function of δ

[110]
Re2-O, defined as the ratio of Re2-O contraction

to Re2-O expansion along [110]. δ
[110]
Re2-O = 1 means all Re-O bonds

are equal. Distortion δ
[110]
Re2-O > 1 corresponds to the cases where the

in-plane Re1-O and Re2-O bonds distort in the same direction as
the optimized structure. δ

[110]
Re2-O < 1 occurs when the in-plane Re1-O

and Re2-O bonds distort in the opposite direction from the optimized
structure. In both cases the out-of-plane Re-O bonds are optimized.

Our calculated magnetic structure of Ba2MgReO6 is also
depicted in Fig. 2 with the yellow and red arrows indicating
the Re1 and Re2 spin magnetic dipole moments, respectively.
Our calculated magnetic ground state, in agreement with the
prior experimental reports, can be described as a strongly
canted antiferromagnet with a net ferromagnetic moment, or
as two interpenetrating ferromagnetic sublattices that are non-
collinear with each other so that their magnetizations partially
cancel. The net ferromagnetic moment is along the tetragonal
[100] direction, which corresponds to the [110] direction of
the simple cubic perovskite unit cell. The computed canting
angle, φ, extracted by calculating the variation in total en-
ergy as we rotate the spin moments using the constrained
noncollinear magnetic noncollinear method described above,
is 24◦ for Ueff = 1.8 eV. This corresponds to a net magnetic
moment of 0.25 μB per formula unit, slightly underestimating
the experimental saturation moment of 0.3 μB. Note that this
is significantly reduced compared to the spin-only value of
formally d1 systems due to the partial cancellation of the spin
magnetic component, here calculated to be 0.75 μB, by the
unquenched orbital component, here calculated to be 0.5 μB

[17]. Our results confirm the large unquenched orbital mo-
ment in Ba2MgReO6. As expected, the complete cancellation
of the spin and orbital components is not realized due to the
hybridization of O 2p and Re 5d orbitals.

We find, however, that our calculated canting angle is de-
pendent on our choice of Ueff , as shown in Fig. 3(a). Since
we expect a smaller correlation effect in 5d oxides compared
to the more thoroughly studied 3d materials we explore Ueff

values between 1.8 and 3.0 eV and obtain canting angles of
24◦to 30◦, all of which slightly underestimate the estimated
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experimental value of 40◦. We find that separate treatment of
the U and J parameters within the Liechtenstein method [34]
slightly suppresses the canting angles compared with the cor-
responding Ueff (for example, the canting angle with U = 2
and J = 0.2 eV is 20◦, compared with 24◦ for Ueff = 1.8 eV).
Therefore, while our results provide the correct qualitative
magnetic ground state for Ba2MgReO6 [17], we do not make
quantitative predictions of the orientation of the magnetic
moments. We note also that, as the resonant elastic x-ray
scattering experiment at the Re L3 edge was performed at only
one azimuthal angle, the experimental estimate of 40◦ has a
large uncertainty. An azimuthal scan or full linear polarization
analysis of the scattered x rays would be required to obtain a
better refinement of the canting angle of the Re spins.

To understand the relationship between spin canting and
crystal structure distortion in Ba2MgReO6, we calculate the
canting angle as a function of the magnitude of the oxygen
octahedral distortions; our results are shown in Fig. 3(b). We
define a parameter,

δ
[110]
Re2-O = contraction (in Å) of Re2-O along [110]

expansion (in Å) of Re2-O along [110]
,

to describe the bond asymmetry arising from the structural
distortion. δ

[110]
Re2-O equal to 1 in Fig. 3(b) corresponds to

the high-temperature high-symmetry phase, in which atomic
positions are fixed to the reported high-temperature exper-
imental coordinates [18] with all Re-O bonds equivalent.
We then manually vary δ

[110]
Re2-O by contracting (δ[110]

Re2-O <

1) or expanding (δ[110]
Re2-O > 1) the Re-O bonds in the x-y

plane and relaxing the Re-O bond in the z direction. For
the fully relaxed DFT structure, the δ

[110]
Re2-O value is 1.02.

Subsequently, we determine the canting angles using the
approach described previously. The canting angle is sur-
prisingly zero not only for the undistorted configuration
(δ[110]

Re2-O = 1) but also when the Re-O bonds are distorted in
the opposite direction to that found in the relaxed struc-
ture (δ[110]

Re2-O < 1). This indicates a strong coupling between
the structural distortions and the canting angle that is not
determined purely by the symmetry of the structure.

Our analysis of the dependence of the canting angle on
the structural distortions indicates a strong coupling between
the magnetism and the crystal structure in Ba2MgReO6.
Since the charge quadrupoles also couple to the structure,
we anticipate a structurally mediated coupling between mag-
netism and the charge quadrupoles, which we investigate next.

To confirm the experimental proposal of charge quadrupole
ordering and further explore the physics of this ordering we
begin by calculating a quantity that represents the size and
arrangement of charge quadrupoles in Ba2MgReO6. For a
general charge density, ρe, the charge moments, Qkp, are

defined as Qkp =
√

4π
2l+1

∫
dr[rlY ∗

kp(�,	)]ρe(r), in which the

charge density, ρe, is projected onto the spherical harmonics,
Y ∗

kp [35]. Therefore, the charge quadrupoles, and other terms in
the multipole expansion of the charge density, can be extracted
from the electron density matrix generated in a DFT calcu-
lation by constructing the irreducible spherical tensor, wkpr ,
the components of which are proportional to the multipolar
moment expansions of charge and magnetization densities.
wkpr is initially constructed by considering a double tensor,

wkp, where wk and wp are the orbital multipole momentum
and the spin dependence components, respectively. However,
wkp is not irreducible nor does it include the effect of SOC.
These issues are addressed by creating the wkpr using the
index |k − p| < r < |k + p| which couples the orbital and
spin components of the double tensor, hence corresponding
to the total multipole moments. For example, w011 and w101

correspond to the spin and orbital moments, respectively. w202

is of our particular interest as it gives the charge quadrupole
moments [32,36].

First, we calculate the charge quadrupoles on the Re ions in
the ground state 0-K crystal structure with the canted antifer-
romagnetism configuration described above. Our calculations
reproduce the antiferroic ordering of the Qxy component that
had previously been reported experimentally as well as the fer-
roic Qz2 order that had been inferred from the measured lattice
distortions [18]. Our computations reveal an additional ferroic
ordering of the Qx2−y2 component that had not previously been
identified. We find that Qyz and Qxz are zero, as expected by
symmetry. Note that here the charge quadrupole components
are described with reference to the P42/mnm unit cell shown
in Fig. 2, and our Qxy corresponds to the Qx2−y2 of the unit
cell convention used in Refs. [14,18]. We note that the general
model framework for 5d1 double perovskites discussed above
[14] only predicted the Qxy component. Reference [18] sug-
gested that this could be due to their neglecting the effects of
quantum fluctuations or electron-phonon couplings [18]. Our
DFT results demonstrate that neither quantum fluctuation nor
electron-phonon coupling is required to capture the additional
charge quadrupole components.

To understand how the charge quadrupoles and their or-
dering are affected by the orientation of the magnetic dipole
moments, we next calculate the expectation values of the
nonzero components of the charge quadrupoles as a function
of canting angle, Figs. 4(a) and 4(b). Here we see that the
magnitude and sign of the Qx2−y2 quadrupoles are strongly
dependent on the canting angle. In contrast, Qxy and Qz2

show almost negligible change, <0.02 (e), as the canting
angle increases from 0 to 60◦. Note that the Qx2−y2 com-
ponent vanishes when the canting angle is ≈ 50◦ (close to
the experimentally estimated 40◦), emphasizing the signifi-
cance of an accurate determination of the canting angle. Next,
we calculate the dependence of the charge quadrupoles on
the SOC scaling. Interestingly, we find that those quadrupole
components that depend strongly on the canting angle depend
only weakly on the SOC strength and vice versa. As the SOC
scaling is varied (we show the range in which it is reduced
to and increased by one half of the full amount), Qx2−y2 re-
mains almost constant, whereas Qxy and Qz2 vary by >0.1 (e)
[Figs. 4(c) and 4(d)]. Thus, we conclude that Qxy and Qz2

are influenced by the SOC, whereas Qx2−y2 is coupled to the
canting angle. We note that this strong dependence of the size
and even the sign of the charge quadrupoles on the details
of the magnetic structure (which we modify by tuning the
canting angle) and on the coupling of the spins to the lattice
(which we modify by tuning the spin-orbit coupling) illustrate
the sensitivity of the charge quadrupoles to properties other
than just the crystal structure. Consequently, experimental
probes, such as x-ray diffraction, which are sensitive primarily
to the structure, might yield incomplete information regarding
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FIG. 4. Expectation values of the Qxy, Qx2−y2 and Qz2 charge
quadrupole components in units of electron charges for Re1
(a, c) and Re2 (b, d) sites as a function of canting angle (a, b),
and the scaling of SOC (c, d). The vertical dashed and solid lines
in (a) and (b) represent our computationally determined and the
previously experimentally estimated [18] values of the canting angle
for Ba2MgReO6, respectively.

the presence or ordering of quadrupoles. In this context, DFT
studies can play an important role in identifying multipolar
ordering in crystalline materials, and in guiding the choice of
an appropriate probe for experimental verification.

While the structural distortion and the ordering of charge
quadrupoles occur at the same temperature, it is unclear
whether the charge quadrupole ordering is driven by the
structural distortion or vice versa. To address this question,
we next calculate the evolution of the Qxy component of
the Re charge quadrupoles as we evolve the structure from
the Fm3̄m high-temperature experimental structure [18] to the
low-symmetry P42/mnm DFT structure by linearly interpolat-
ing the atomic positions between the two phases. Our results
are shown in Fig. 5 for four different magnetic orderings:
the canted antiferromagnetic configuration, with canting angle
= 40◦ and three ferromagnetic configurations with moments
oriented along [001], [100], and [010], respectively. We see
that the antiferroic ordering of Qxy, which we observed pre-
viously in the P42/mnm canted-AFM phase, is retained as
the distortion is reduced, with only a small decrease in the
values of the local Qxy in the high-symmetry parent phase.
For all of the ferromagnetic cases, however, Qxy goes linearly
to zero as the structural distortion is reduced. Therefore we
conclude that either a structural distortion or a magnetic or-
dering that lowers the symmetry appropriately is required for
the formation of charge quadrupoles. We note, however, that
the charge quadrupole ordering in Ba2MgReO6 occurs at a
higher temperature than the magnetic ordering, indicating that
structural distortion plays a critical role.

Given that the onset of charge quadrupole ordering occurs
in the paramagnetic phase, it is clear that further insight can
only be gained by calculating the behavior of the charge

FIG. 5. Evolution of the Qxy on the Re ions as the Fm3̄m parent
structure is distorted to the low temperature P42/mnm structure for
(a) Re1 and (b) Re2 atoms. Values for four different magnetic or-
derings in canted antiferromagnetic configuration (canting angle =
40◦) and ferromagnetic configurations along [001], [100], and [010]
directions are shown. The unit of Qxy is in electron charges.

quadrupoles in structures that do not have magnetic dipole
ordering. We explore this direction next. As expected, a stan-
dard paramagnetic DFT calculation for the unit cell of Fig. 2
does not appropriately describe a disordered local-moment
system and leads to a metallic state. Instead, we follow a
similar approach to Refs. [21–23], and construct a 160-atom
paramagnetic supercell containing randomly disordered local
spin orientations, as shown in Fig. 6(a), where the red arrows
indicate the magnetic moments on the 16 rhenium atoms (blue
circles). We constrain the sizes of the magnetic moments to
their size in the ordered AFM calculation (0.7 μB) and the
orientations so that the total magnetic moment of the super-
cell is zero. The ReO6 polyhedra are displayed by the light
blue shade while Ba, Mg, and O atoms are eliminated from
the figure for clarity. Since we find that the magnetic (001)
easy plane is significantly favored, by 25 meV per formula
unit, over the [001] axis, we also investigate the behavior of
a phase in which the spins are disordered but lie in plane
[Fig. 6(b)]; we refer to this arrangement as in-plane param-
agnetic in the following. This structure is constructed using
the same constrained-spins method as the fully paramagnetic
structure, but with the spins required to lie within the (001)
crystallographic plane.

Importantly, for both the paramagnetic and the in-plane
paramagnetic cases, the calculated densities of states display
a band gap even with a relatively small Ueff value of 1.8 eV
[Fig. 6(c); the Fermi level, shown by the vertical dashed line,
is set to 0 eV], indicating that this approach captures the
insulating state while being paramagnetic. Figure 6(c) also
compares the density of states of these supercells to the mag-
netically ordered (canted antiferromagnetic, c-AFM) phase.
The densities of states in the paramagnetic (PM) cases are
similar to that of the ordered AFM except for a slight decrease
in the band gap, especially for the fully disordered case, and
a slight shift of the valence band below the band splitting
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FIG. 6. (a) Schematic of the paramagnetic supercell of
Ba2MgReO6, constructed with the structure of the low-symmetry
P42/mnm phase. Magnetic dipole moments are shown by red
arrows. Only ReO6 octahedra are shown. (b) Schematic of the
in-plane paramagnetic supercell of Ba2MgReO6, again constructed
with the structure of the low-symmetry P42/mnm phase. Spins are
shown by red arrows. Only ReO6 octahedra are shown. (c) DOS
(arbitrary units) of the canted antiferromagnetic unit cell (c-AFM),
the paramagnetic supercell (PM), and the in-plane paramagnetic
supercell (in-plane PM), all with Ueff = 1.8 eV. The Fermi level is
indicated by the vertical dashed line at zero. Note the existence of a
band gap in all three cases.

at around −1.5 eV. This shift occurs when we constrain the
sizes of the magnetic moments in the PM and in-plane PM
cases; test PM supercell calculations with relaxed moment
sizes result in band positions similar to the c-AFM case. The
success of the disordered local-moment supercell approach in
describing the Mott-insulating physics of Ba2MgReO6 in its

paramagnetic state enables us to study the charge quadrupoles
in the absence of magnetic order.

Next, we calculate the Qxy, Qx2−y2 , and Qz2 charge
quadrupole components in the fully and the in-plane disor-
dered paramagnetic states. Our results are plotted in Fig. 7
with the values shown for all 16 Re sites. The first eight Re
sites in Fig. 7 correspond to the Re1 site, shown by unfilled
data points, while the next eight Re sites, indicated by the
filled data points, correspond to the Re2 site. A ferroic or
an antiferroic ordering occurs when all the unfilled and filled
data points are nonzero and have either the same or opposite
sign to each other, respectively. Data points in Fig. 7 represent
an average of five supercells with different random configu-
rations of spins. For both the paramagnetic and the in-plane
paramagnetic cases the atomic positions are constrained to
those obtained in the fully relaxed canted-AFM calculation
with the P42/mnm space group.

As can be seen from Fig. 7(a), even in the case of disor-
dered local magnetic dipole moments, the Qxy components
order antiferroically similar to those of the magnetically or-
dered unit cells, shown in Fig. 4. Qz2 also shows a tendency to
partial ferroic order. Conspicuously, the Qx2−y2 components,
while nonzero, do not order in the absence of spin ordering. It
can therefore be inferred that, while the Qx2−y2 components
become nonzero at the structural phase transition, they do
not order until lower temperatures when the magnetic dipole
ordering occurs. This is consistent with our earlier observation
that Qx2−y2 , in contrast to Qxy and Qz2 , depends strongly on
the canting angle. For the hypothetical in-plane paramagnetic
phase, interestingly, we find [Fig. 7(b)] full anti-ferroic order-
ing of the Qxy component. The Qx2−y2 and Qz2 components are
almost zero and can be considered negligible despite the fact
that they order in the magnetically ordered unit cell.

IV. CONCLUDING REMARKS

In summary, our PBE + U DFT calculations repro-
duced the experimentally reported low-temperature crystal

FIG. 7. (a) Qxy, Qx2−y2 , and Qz2 components of the charge quadrupoles in the unit of electron charges for (a) fully paramagnetic and
(b) in-plane paramagnetic cases. The unfilled data points refer to the Re1 site and the filled points refer to the Re2 site.
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(P42/mnm) and magnetic (in-plane canted-AFM) structure of
Ba2MgReO6, as well as the previously proposed antiferroic
and ferroic ordering of the Qxy and Qz2 quadrupoles on the
Re ions. In addition, we found a previously unreported ferroic
ordering of the Re Qx2−y2 quadrupoles. We showed that the
Re quadrupoles can be nonzero if either a structural distortion
of the local coordination octahedra or the orientation of the
magnetic dipole moment lowers the local symmetry from that
found in the parent Fm3̄m structure and that their sizes are
sensitive to the canting angle of the magnetic dipoles and/or
the strength of the spin-orbit coupling. Since the structural
distortion and quadrupolar ordering occur experimentally at
a higher temperature than the magnetic dipolar ordering, we
applied the DFT supercell approach that was recently devel-
oped to describe local-moment paramagnetic insulators and
found that it successfully captures the SOC-driven insulat-
ing behavior even in the absence of magnetic ordering. We
used the supercell approach to study the quadrupoles in the
low-symmetry structure, both with the local magnetic mo-
ments fully disordered and also with them constrained to
lie in the easy plane but with random orientation within the
plane. In both cases, we found that the ferroic ordering of the
Qxy quadrupoles was largely unaffected by the magnetic mo-
ment disorder, while the other quadrupolar orders, although
still nonzero, were suppressed. The question of whether the
structural distortion or the quadrupole formation provides
the primary order parameter at TQ, or indeed if they can
be distinguished, remains open since our calculations with
both magnetic moment disorder and local structural disorder,

which could shed light on this question, did not yield the
experimentally relevant insulating state.

Our results suggest that a study using magnetic resonant
elastic x-ray scattering to study the buildup of the in-plane
magnetic fluctuations between Tm and TQ, which would man-
ifest as diffuse magnetic peaks, would be fruitful. In addition,
measurement of the full spin-wave spectrum of the Re mag-
netic moments in the magnetically ordered phase below Tm

using inelastic neutron scattering would provide valuable in-
sight into the influence of the local magnetic anisotropy and
the strength of the magnetic exchange interactions. Finally,
we note that the methodology presented here, in which the
complex interactions between spin, orbital, and structural de-
grees of freedom are isolated by separately simulating phases
with different types of orderings, provides a general platform
for understanding hidden orders and their relationships to the
crystal structure and magnetism of materials.
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