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Double perovskites containing heavy transition-metal ions are an important family of compounds for the
study of the interplay between electron correlation and spin-orbit coupling. Here, by combining magnetic
susceptibility, heat capacity, and neutron scattering measurements, we investigate the dipolar and quadrupolar
correlations in two prototypal rhenium-based double perovskite compounds Ba2YReO6 and Ba2ScReO6. A
type-I dipolar antiferromagnetic ground state with a propagation vector q = (0, 0, 1) is observed in both
compounds. At temperatures above the magnetic transitions, a quadrupolar ordered phase is identified. Weak
spin excitations, which are gapped at low temperatures and softened in the correlated paramagnetic phase, are
explained using a minimal model that considers both the dipolar and quadrupolar interactions. At larger wave
vectors, we observe dominant phonon excitations that are well described by density functional calculations.
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I. INTRODUCTION

Electron correlations and spin-orbit coupling (SOC) are
two essential ingredients to achieve exotic states in con-
densed matter. In compounds consisting of the 4d or 5d heavy
transition-metal ions, the interplay between these two ingredi-
ents may lead to even richer phenomena [1–3]. For instance,
in Sr2IrO4, SOC entangles the spin and orbital degrees of
freedom of the Ir4+ (5d5) ions, resulting in a Mott-insulating
ground state formed by effective angular momentum electron
bands [4,5]. In α-RuCl3 that is composed of the magnetic
Ru3+ (4d5) ions, SOC-driven anisotropic interactions may in-
duce a Kitaev quantum spin liquid, which holds great promise
for applications in quantum computation [6–9].

The 5d-based double perovskites (DPs), with a chemical
formula of A2BB′O6, are exemplary platforms for the study of
the interplay between electron correlations and SOC [10]. In
these materials, the B′ sites, being occupied by the 5d heavy
transition-metal ions, form a face-centered-cubic lattice as
shown in Fig. 1. Figure 2 describes the typical energy levels of
the 5d2 heavy transition-metal ions in the DPs. In these com-
pounds, the d electron orbitals with angular momentum L = 2
are split into a t2g ground-state triplet and an eg excited-state
doublet due to a strong crystal electric field. The t2g ground
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state, which can be described as orbitals of an effective angu-
lar momentum l̃ = 1, is further coupled to the spin degree of
freedom through SOC. This leads to a ground-state manifold
that is described by an effective total angular moment Jeff . The
energy splitting for the heavy transition-metal ions in the DPs
can be understood in both the LS- and j j-coupling schemes,
even though the actual energy levels often lie between these
two ideal scenarios due to the comparable energy scales of
the Hund’s coupling and SOC [11–13]. In the 5d1 systems,
only one spin couples with the orbital so that both coupling
schemes lead to a Jeff = 3/2 quartet with reduced dipolar
moment sizes [14–25]. In the 5d3 systems such as Ba2YOsO6

and Sr2ScOsO6, an unusually large spin gap of approximately
18–19 meV has been observed in experiments [26–29]. This
excitation gap cannot be explained in the LS-coupling scheme
as it predicts an isotropic S = 3/2 ground-state manifold with
gapless excitations. In the j j-coupling scheme, an excitation
gap may emerge from the anisotropic exchange interactions
that are enhanced by the SOC-induced Jeff = 3/2 ground-
state manifold [26–30]. For the 5d2 compounds, both the
LS- and j j-coupling schemes lead to a similar ground-state
manifold of Jeff = 2 as illustrated in Fig. 2. In the LS-coupling
scheme, antisymmetrized two-electron states within the t2g

manifold yield an effective total orbital angular momentum
L = 1, which couples with a total spin S = 1 state favored by
strong Hund’s coupling. Moderate SOC then mixes the L = 1
and S = 1 states to produce low-energy multiplets of effective
Jeff = 2, 1, 0. In contrast, in the j j-coupling scheme, each

2469-9950/2025/112(7)/075103(12) 075103-1 ©2025 American Physical Society

https://orcid.org/0009-0007-6119-8064
https://orcid.org/0000-0003-3623-5883
https://orcid.org/0000-0003-0389-7039
https://orcid.org/0000-0001-7735-3187
https://orcid.org/0000-0001-6007-5694
https://orcid.org/0000-0001-9339-6398
https://orcid.org/0000-0002-6959-0454
https://orcid.org/0000-0001-7884-9715
https://orcid.org/0000-0003-3369-5884
https://orcid.org/0000-0003-2883-4376
https://ror.org/04c4dkn09
https://ror.org/020f3ap87
https://ror.org/01qz5mb56
https://ror.org/01qz5mb56
https://ror.org/02v51f717
https://ror.org/03gv2xk61
https://ror.org/04chrp450
https://crossmark.crossref.org/dialog/?doi=10.1103/gwph-w9zm&domain=pdf&date_stamp=2025-08-04
https://doi.org/10.1103/gwph-w9zm


OTKUR OMAR et al. PHYSICAL REVIEW B 112, 075103 (2025)

FIG. 1. Crystal structure of the double perovskites Ba2BReO6

(B = Y, Sc). The Ba, B = Y or Sc, and Re atoms are shown as green,
blue, and red spheres, respectively. The oxygen atoms (not shown)
form octahedra around the Re atoms. Exchange paths for the nearest-
neighbor interaction J1 and next-nearest-neighbor interaction J2 are
indicated by arrows. The type-I dipolar AFM order with q = (0, 0, 1)
is indicated by yellow and pink arrows on each Re ion.

electron first experiences strong SOC so that the t2g levels are
split into the j = 1/2 and j = 3/2 states. The two-electron
configuration favors j1 = j2 = 3/2, leading to allowed total
states of Jeff = 2, 0, among which the Jeff = 2 manifold is
energetically favored due to Hund’s coupling. In the strong-
SOC limit, the magnetic moment is reduced to approximately
1.225 µB [31]. For both coupling schemes, the Jeff = 2 man-
ifold can be further split by a residual crystal field into a
non-Kramers Eg doublet and a T2g triplet [32–34].

In contrast to conventional magnets with purely spin de-
grees of freedom, entangled spins and orbitals in the 5d-based
DPs may allow for the possibility of multipolar interactions.
The study of the multipolar orders, which are often described
as “hidden orders” due to the difficulty in their direct ex-
perimental detection, has been mainly focused on f -electron
systems [35,36]. Recent theoretical and experimental works
suggest the importance of multipolar interactions in the 5d-
electron systems. A notable example is the 5d1 compound

FIG. 2. Schematic illustration of the energy-level splitting of the
5d2 ion in the presence of an octahedral crystal field (CF), SOC,
Hund’s coupling, and a residual crystal field (RCF). Under both the
LS- and j j-coupling schemes, the ground state of the 5d2 ion is a
dipolar and quadrupolar active triplet T2g manifold.

Ba2MgReO6 [16,18,20,21,23]. In this material, antiferroic
Qx2−y2

quadrupolar order and ferroic Q3z2
quadrupolar order

have been experimentally identified. The recent discovery
of the dynamic Jahn-Teller effect, driven by the orbital de-
gree of freedom, also induced further interest in this family
of compounds [19,22,37–39]. For the 5d1 and 5d2 systems,
a rich phase diagram has been predicted by some mean-
field analysis, including the type-I antiferromagnetic (AFM)
dipolar order, quadrupolar order, and a variety of octupo-
lar orders [31,40,41]. Recently, ferro-octupolar orders have
been proposed to emerge in the Os-based 5d2 DPs such
as Ba2MOsO6 (M = Ca, Mg, Zn) [32]. This proposal is at-
tributed to the absence of dipolar magnetic order and the lack
of quadrupolar-related structural transitions. Many theoreti-
cal works on the 5d2 DPs have then been established under
this framework [33,34,42–49]. However, AFM orders, albeit
with reduced ordered moment sizes, are also experimentally
observed in other 5d2 DPs [50–52], which calls for further
experimental and theoretical studies. In particular, according
to the mean-field analysis of the 5d2 DPs [31,41], quadrupolar
orders may emerge at temperatures above the magnetic dipo-
lar ordering transition, although conclusive evidence for their
existence is still missing.

Our study focuses on two archetypal 5d2 Re-based dou-
ble perovskites Ba2YReO6 and Ba2ScReO6. These two
compounds share similar lattice geometry and electronic
configurations. Previous experimental studies on Ba2YReO6

using muon spin rotation and neutron powder diffraction
(NPD) yield conflicting conclusions regarding the existence
of a long-range magnetic order [52–54], while studies on
Ba2ScReO6 have been limited to its synthesis and basic struc-
tural characterizations [55].

Here, through magnetic susceptibility, heat capacity, neu-
tron diffraction, and inelastic neutron scattering (INS) ex-
periments on polycrystalline samples of Ba2YReO6 and
Ba2ScReO6, we provide experimental evidence for the ex-
istence of a type-I dipolar AFM order in both compounds.
Although our INS experiments on these two compounds re-
veal dominant phonon excitations as confirmed through the
density functional theory (DFT) calculations, weak magnetic
excitations can be identified, which are gapped in the dipolar
ordered phase and softened in the correlated paramagnetic
phase. Under the mean-field random phase approximation
(MFRPA), a minimal model that incorporates both the dipo-
lar and quadrupolar interactions is proposed to describe the
temperature dependence of the spin dynamics, which supports
the existence of a ferro-quadrupolar (FQ) order in these two
compounds.

II. METHODS

Polycrystalline samples of Ba2YReO6 and Ba2ScReO6

were prepared by the conventional solid-state reaction
[54,56]. BaO, Y2O3 (Sc2O3), and ReO3 powders were mixed
in a 4:1:2 ratio in an argon-filled glove box. The mixture was
pelletized and placed in a platinum capsule in an evacuated
quartz tube. The tube was heated at 1000 ◦C for 50 h and
then furnace cooled. The sintered pellet was crushed and
re-pelletized in a glove box and then heated in an evacu-
ated quartz tube at 1150 ◦C for 50 h. The obtained pellet
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had a dark blue color. The polycrystalline samples were
characterized by x-ray diffraction (XRD) at ambient tempera-
ture in a diffractometer (SmartLab, Rigaku Corporation) with
monochromatic Cu Kα radiation.

Magnetic susceptibility was measured using a magnetic
property measurement system (MPMS3, Quantum Design). A
polycrystalline pellet was attached to a quartz sample holder
using varnish (GE7031, General Electric Company). Heat ca-
pacity measurements were conducted using a semiadiabatic
thermal relaxation method on a physical property measure-
ment system (PPMS, Quantum Design). Thermal contact
between the sample and the sapphire sample stage was made
using grease (Apiezon-N, M&I Materials Ltd).

Neutron diffraction experiments on powder samples of
Ba2YReO6 and Ba2ScReO6 were performed on the POW-
GEN diffractometer [57] at the Spallation Neutron Source
(SNS) of the Oak Ridge National Laboratory (ORNL) and
the VERITAS (HB-1A) triple-axis spectrometer at the High
Flux Isotope Reactor of the ORNL. For the experiments
on POWGEN, about 8.5 g of powder of Ba2YReO6 and
Ba2ScReO6 were filled into air-tight vanadium cans with a
diameter of 8 mm in a helium-filled glove box. The POWGEN
Automatic Changer was utilized to reach a base tempera-
ture of approximately 18 K. The neutron frame 2 with a
center wavelength of 1.5 Å was used to collect the data,
covering a wide Q region from 0.48 to 12.98 Å−1. Data
reduction was performed using the MANTID software [58].
For the experiments on the HB-1A instrument, the same
powder samples were filled in vanadium sample cans with a
diameter of 17 mm in a helium-filled glove box. An incom-
ing neutron wavelength of λ = 2.38 Å was selected using
a pyrolytic graphite (PG)(002) monochromator. A PG(002)
analyzer was employed to ensure elastic scattering, leading
to an energy resolution of 1 meV. A closed cycle refriger-
ator (CCR) cooling machine was utilized to reach the base
temperature of 4 K.

INS experiments on powder samples of Ba2YReO6 and
Ba2ScReO6 were performed on the SEQUOIA spectrometer
[59] at the SNS. The same powder samples used for diffraction
measurements were sealed in aluminum cans in a helium-
filled glove box. A CCR cooling machine was utilized to reach
a base temperature of 6 K. Measurements were taken with in-
cident neutron energies of Ei = 60 meV in the high-flux chop-
per configuration with a Fermi chopper frequency of 120 Hz
and Ei = 225 meV in the high-resolution chopper configu-
ration with a Fermi chopper frequency of 600 Hz. For both
measuring conditions, data were also collected using an empty
can and subtracted as background. Data were histogrammed
using the MANTID software [58] and further data reduction was
performed using the MSLICE program in DAVE [60].

To understand the experimental results, we used the first-
principles DFT technique as implemented on the Vienna
ab initio simulation package with the projector augmented
wave method [61–63]. Electronic correlations were consid-
ered by using the generalized gradient approximation with
the Perdew-Burke-Ernzerhof potential [64]. Furthermore, the
atomic positions were fully relaxed until the Hellmann-
Feynman force on each atom was smaller than 0.001 eV/Å
using the A-type magnetic state obtained in our neutron ex-
periment, where the lattice constants were fixed as collected

in the diffraction data. In addition, the on-site interactions
were considered by using the local spin-density approach
plus Ueff (Ueff = 2 eV) with the Dudarev rotationally invari-
ant formulation [65]. Then we calculated the force constants
by using the density functional perturbation theory approach
[66,67] and analyzed the phonon dispersion relations by the
PHONONPY software [68,69]. Here the plane-wave cutoff en-
ergy was set as 600 eV and the k-point mesh was used
as 4 × 4 × 4 for the conventional cell for both Ba2YReO6

and Ba2ScReO6. The calculated data were convoluted
with the instrumental energy resolution using the OCLIMAX

program [70].
To analyze the INS spectra and the temperature evolu-

tion of the magnetic susceptibility, we employed the MFRPA
[71–73]. This method allows for the calculation of spin exci-
tations by treating the dipolar and quadrupolar interactions on
an equal basis. The magnetic susceptibility calculations were
performed with an energy step of 0.02 meV. For the calcula-
tion of the INS cross section, an energy step of 0.3 meV was
used. The powder average of the calculated INS spectra was
obtained by sampling 100 random points at each Q position in
steps of 0.02 Å−1. The resulting spectra were convoluted by
the instrumental energy resolution function.

III. EXPERIMENTAL RESULTS

A. Crystal structure

Figure 3 presents the Rietveld refinement results of the
XRD patterns collected at room temperature, along with
the neutron diffraction patterns collected on POWGEN at
T = 300 K. Tables I and II summarize the refined param-
eters of the neutron diffraction pattern for Ba2YReO6 and
Ba2ScReO6, respectively. A tiny amount of Sc2+xO3+y im-
purity phase with an estimated mass fraction of less than
approximately 0.02 wt. % was identified in Ba2ScReO6, while
no impurity phase was detectable in Ba2YReO6. Throughout
the entire temperature regime investigated, both Ba2YReO6

and Ba2ScReO6 stay in the cubic space group Fm3̄m, as
consistent with the previous report [54,55]. For the re-
finement of the neutron diffraction patterns, introducing
off-stoichiometric occupancy does not improve the goodness
of fit for Ba2YReO6, while for Ba2ScReO6, the R factor
decreases from 5.99% to 5.57% when the occupancy of the
Sc and Re sites is fitted to 0.902(8) and 1.05(1). This defect
in Ba2ScReO6 can be attributed to closer radii of the Sc3+

and Re5+ ions, which puts Ba2ScReO6 close to the stability
boundary of the ordered double perovskites [10,74].

B. Magnetization

Figures 4(a) and 4(b) summarize the temperature depen-
dence of the magnetic susceptibility χ (T ) for Ba2YReO6 and
Ba2ScReO6 measured in a field of 7 T. For Ba2YReO6, a sud-
den drop in χ (T ) is observed at TN = 31 K, which suggests
the existence of an AFM long-range-ordering transition at this
temperature. At a slightly higher temperature of Tq ∼ 37 K,
an additional transition can be identified as the maximum of
the χ (T ) value. Similarly, in Ba2ScReO6, two transitions are
observed at TN = 35 K and Tq ∼ 50 K. In the intermediate-
temperature range between TN and Tq, a plateau is observed,
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TABLE I. Refined cell parameters and atomic positions of Ba2YReO6 using the diffraction data collected on POWGEN at T = 300 and
18 K.

300 K 18 K

Atom x y z Uiso (Å2) x y z Uiso (Å2)

Ba 0.25 0.25 0.25 0.0060(2) 0.25 0.25 0.25 0.0007(1)
Y 0.5 0.5 0.5 0.0053(3) 0.5 0.5 0.5 0.0006(2)
Re 0 0 0 0 0 0 0 0
O 0.23427(9) 0 0 0.0087(2) 0.23427(6) 0 0 0.0036(1)

a 8.37091(2) 8.36033(2)
Rp 7.67% 8.52%
Rwp 10.50% 11.72%

which is more pronounced in Ba2ScReO6. To better elucidate
the magnetic transition and compare with the heat capacity
data in the next section, we plot the d(χT )/dT , i.e., the Fisher
relation [75], in the insets of Figs. 4(a) and 4(b). It reveals
a clear maximum for Ba2YReO6 at TN = 31 K, while for
Ba2ScReO6, a broader peak with a maximum at TN = 32.5 K
is observed. According to mean-field calculations, the two
successive transitions at TN and Tq may correspond to the mag-
netic dipolar and quadrupolar long-range-order transitions,
respectively [31,41]. Figures 4(c) and 4(d) present the inverse
magnetic susceptibility data for Ba2YReO6 and Ba2ScReO6.
The red solid line is the Curie-Weiss fit of the magnetic
susceptibility in the high-temperature regime of 150–300 K.
At temperatures above 150 K, both DPs display well-defined
Curie-Weiss behavior, yielding an effective magnetic moment
μeff = 2.16 µB and Weiss temperature �W = −584(1) K for
Ba2YReO6, and μeff = 1.98 µB and �W = −570(1) K for
Ba2ScReO6. At T ∼ 60 K for Ba2YReO6 and T ∼ 100 K
for Ba2ScReO6, a deviation from the Curie-Weiss behavior
is observed, which suggests the development of short-range
fluctuations. A similar phenomenon has also been observed in
the previous report for Ba2YReO6 with fitted μeff = 1.93 µB
and �W = −616(7) K [54]. The reduced effective moment
size, which is lower than the spin-only value of 2.83 µB,
indicates a significant compensation from the orbital moment.
It is noteworthy that the Weiss temperatures for Ba2YReO6

and Ba2ScReO6 are approximately four times higher than that
of Ba2CaOsO6, a closely related 5d2 compound that does not
exhibit magnetic dipolar order at low temperatures [32].

C. Heat capacity

Figure 5 presents the temperature evolution of the normal-
ized heat capacity C(T )/T for Ba2YReO6 and Ba2ScReO6.
The transition temperature for both compounds is consis-
tent with the magnetization measurements. For Ba2YReO6,
C(T )/T exhibits a sharp λ-shaped peak at TN = 31 K, which
was not observed in the previous report [54,56]. This differ-
ence may arise from the improved quality of our synthesized
sample: In our experiments, we observe that a higher sintering
temperature improves the crystallization and leads to a more
pronounced transition in C(T ). An additional transition at
approximately 35 K is observed for Ba2YReO6 in Fig. 5(c),
which is close to the transition at Tq = 37 K in χ (T ). For
Ba2ScReO6, a relatively weak peak is observed at 33.5 K,
which is close to the AFM transition at TN = 35 K in χ (T )
shown in Fig. 4(b). Further attempts to improve the crystal-
lization of the Ba2ScReO6 sample through increased sintering
temperature were not successful. As discussed in Sec. III A,
Ba2ScReO6 lies near the stability boundary of the rocksalt
ordered phase, making it challenging to obtain high-quality
samples.

D. Magnetic order

Neutron diffraction data for powder samples of Ba2YReO6

and Ba2ScReO6 were collected on POWGEN at T = 18, 32,
and 300 K. As shown in Figs. 6(a) and 6(b), at T = 18 K,
magnetic Bragg peaks belonging to the propagation vector
q = (0, 0, 1) are observed. For both samples, the magnetic
structures are refined to be a type-I dipolar AFM order as

TABLE II. Refined cell parameters and atomic positions of Ba2ScReO6 using the diffraction data collected on POWGEN at T = 300 and
18 K.

300 K 18 K

Atom x y z Uiso (Å2) x y z Uiso (Å2)

Ba 0.25 0.25 0.25 0.0053(2) 0.25 0.25 0.25 0.0033(1)
Sc 0.5 0.5 0.5 0.0039(4) 0.5 0.5 0.5 0.0061(2)
Re 0 0 0 0.0047(5) 0 0 0 0
O 0.2429(2) 0 0 0.0083(1) 0.2425(1) 0 0 0.0069(1)

Occupancy (Sc) 0.902(8) 0.902
Occupancy (Re) 1.05(1) 1.05
a 8.16177(2) 8.15103(2)
Rp 5.72% 7.04%
Rwp 7.97% 8.04%
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FIG. 3. Refinement results of the x-ray diffraction data for
(a) Ba2YReO6 and (b) Ba2ScReO6 at T = 300 K and refinement
results of the neutron diffraction data for (c) Ba2YReO6 and
(d) Ba2ScReO6 at room temperature. Red pluses represent the ob-
served data points, the black solid line corresponds to the calculated
pattern, and the blue solid line shows the difference between the ob-
served and calculated patterns. The green ticks indicate the positions
of nuclear Bragg reflections. For Ba2ScReO6, the lower row of green
ticks in (d) indicates the presence of tiny Sc2+xO3+y impurity, for
which the diffraction intensity was calculated by the Le Bail method.

described in Fig. 1. The magnetic form factor of the Re5+

ions as reported in Ref. [76] is employed for our refine-
ments. For Ba2YReO6 and Ba2ScReO6, the ordered dipolar
moment sizes are refined to be 0.41(4) µB and 0.3(2) µB,
respectively. These refined moment sizes are consistent with
the refined value in the previous polarized NPD experiment
for Ba2YReO6 [52] and are also close to the predicted values
in the DFT calculations [77,78]. The reduced ordered moment
size in Ba2YReO6 and Ba2ScReO6 may result from a com-
petition between the dipolar and quadrupolar orders [52,79],
which is also discussed in the following section on MFRPA
analysis. Neutron diffraction data were also collected on
HB-1A at T = 4, 60, and 80 K as shown in Figs. 6(c) and 6(d),
which reveal the same magnetic Bragg peaks from the POW-
GEN experiments. As further evidence of the existence of a
dipolar long-range order at low temperatures, Figs. 6(e) and
6(f) present the elastic signals obtained by integrating the SE-

FIG. 4. Temperature evolution of the magnetic susceptibility
χ (T ) for (a) Ba2YReO6 and (b) Ba2ScReO6 measured in a 7 T
field. The inset is an enlarged view of the low-temperature regime
with the red solid line corresponding to the Fisher heat capacity
d(χT )/dT . The inverse magnetic susceptibility χ−1(T ) is plotted for
(c) Ba2YReO6 and (d) Ba2ScReO6. The red solid line is the Curie-
Weiss fit for the magnetic susceptibility in the high-temperature
regime of 150–300 K.

QUOIA data in the energy transfer range of [−1.5, 1.5] meV.
At T = 6 K, magnetic peaks of (0, 0, 1) and (1, 1, 0) are ob-
served for both samples. Magnetic structural refinements were
performed for the data collected at T = 6 K with the data col-
lected at T = 180 K being subtracted as the background. The
refinement results are summarized in Figs. 6(g) and 6(h). The
refined ordered moment sizes are 0.47(1) µB and 0.52(2) µB

FIG. 5. Temperature evolution of the normalized heat capacity
C(T )/T for (a) Ba2YReO6 and (b) Ba2ScReO6. A zoomed-in view
of the data in the low-temperature regime is shown for (c) Ba2YReO6

and (d) Ba2ScReO6.
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FIG. 6. Refinement results of the NPD data collected on POW-
GEN at T = 18 K for (a) Ba2YReO6 and (b) Ba2ScReO6. Symbols
in the figure are the same in Fig. 3. Green ticks highlight the mag-
netic Bragg peaks at (0, 0, 1) and (1, 1, 0). The NPD data were
collected on HB-1A at T = 4, 60, and 80 K for (c) Ba2YReO6

and (d) Ba2ScReO6, respectively. (e) and (f) Temperature depen-
dence of the elastic signals obtained by integrating the Ei = 60 meV
SEQUOIA data in an energy transfer range of [−1.5, 1.5] meV at
T = 6, 60, 120, and 180 K. For Ba2YReO6, data are offset by 0, 0.1,
0.2, and 0.3 at 6, 60, 120, and 180 K, respectively. For Ba2ScReO6,
data are offset by 0, 0.05, 0.1, and 0.2 at 6, 60, 120, and 180 K,
respectively. (g) and (h) Rietveld refinements were performed on
the difference data obtained by subtracting the 180 K data from
the 6 K data on SEQUOIA for both DPs. The red points represent
the observed data, the black solid line corresponds to the calculated
pattern, and the blue solid line below shows the difference between
the observed and calculated patterns. The vertical green ticks indicate
the positions of magnetic peaks.

for Ba2YReO6 and Ba2ScReO6, respectively. The difference
in the ordered moment size compared to the values refined
from the POWGEN data is likely due to their different measur-
ing temperatures. Similar magnetic diffraction patterns have
also been observed in other 5d2 DPs [50,51]. Meanwhile, at
elevated temperatures of 32 and 300 K, as shown in Fig. 7, the
magnetic Bragg peaks disappear, which indicates the transi-
tion at 35 K in the specific-heat data is not of a dipolar origin.

FIG. 7. Temperature dependence of the neutron diffraction data
for Ba2YReO6 collected on POWGEN at T = 18, 32, and 300 K.
Error bars are shown but are smaller than symbol sizes for most data
in the figure.

E. Phonon and magnon excitations

Figures 8(a)–8(d) present the INS data for Ba2YReO6

and Ba2ScReO6 collected on SEQUOIA at T = 6 K with
incident energies Ei = 60 and 225 meV. As can be inferred
from the wave-vector dependence, the phonon density of
states dominates the spectra, overshadowing other possible
contributions such as magnetic excitations. Figures 8(e)–8(h)
present the theoretical phonon excitations calculated by the
DFT, based on the lattice parameters as refined from the
neutron diffraction data. The spectra have been convoluted by
the instrumental energy resolution function. The calculated
spectra reproduce the main features of the experimental re-
sults. However, in the low-wave-vector transfer regime (Q <

2 Å−1), between 10 and 20 meV, weak scattering is observed
in experiments, which is not captured by the DFT calculations.
These features may originate from magnetic excitations. Fig-
ures 9(a)–9(d) present the zoomed-in view of the INS spectra
for Ba2YReO6 and Ba2ScReO6 collected at temperatures of
T = 6 and 60 K. Compared to the 6 K data, softened magnetic
excitations at T = 60 K can be observed at Q ∼ 0.75 Å−1,
the same position for the magnetic Bragg peak at (0, 0, 1),
for energy transfers below 10 meV, a behavior that has been
observed in other 5d-based DPs [27–29,32,50]. Therefore, we
conclude that at the base temperature of T = 6 K, the mag-
netic scattering in the dipolar ordered phase is either out of the
detectable area or overshadowed by the phonon excitations.
Figures 9(e) and 9(f) illustrate the temperature evolution of the
scattering intensity integrated in the range of [5.5, 8.5] meV as
a function of the wave-vector transfer. At temperatures of 60,
120, and 180 K, the intensity at Q ∼ 0.75 Å−1 becomes sig-
nificantly enhanced, which strongly evidences the existence
of softened magnetic excitations at temperatures above the
dipolar long-range-ordering transition.

IV. MFRPA ANALYSIS

Using the MFRPA method, we propose a minimal model
to describe the dipolar and quadrupolar correlations in
Ba2YReO6 and Ba2ScReO6. In our model, we start from
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FIG. 8. (a)–(d) INS data collected on SEQUOIA at T = 6 K for Ba2YReO6 and Ba2ScReO6 with incident energies Ei = 60 meV and
225 meV. (e)–(h) Calculated phonon spectra convolved by the corresponding instrumental energy resolution functions.

the single-ion electronic configuration of the Re5+ ions. The
couplings among the Re5+ ions include dominant AFM J1

over the nearest neighbors, relatively weak ferromagnetic J2

over the next-nearest neighbors, and quadrupolar interactions
K over the nearest neighbors. The exchange paths for the
nearest- and next-nearest-neighbor couplings are indicated in
Fig. 1.

The Hamiltonian of our minimal model is expressed as

H =
∑

i

Hi
SI + HI, (1)

where Hi
SI represents the single-ion Hamiltonian at site i and

HI describes the inter-ion interactions.

A. Single-ion Hamiltonian

As discussed in the Introduction, the effective ground state
of a Re5+ ion in a strong octahedral crystal field is a SOC-
induced Jeff = 2 manifold. Within this manifold, the single-
ion Hamiltonian on site i is expressed as

Hi
SI = HRCF + HW. (2)

In this expression, HRCF represents the residual crystal field
that splits the Jeff = 2 manifold into the T2g triplet and the Eg

doublet as shown in Fig. 2. As discussed in Refs. [32–34],
this term arises from the higher-order perturbations and
the nonspherical Coulomb interactions, which can be
described as

HRCF = − �

120

(
O0

4 + 5O4
4

)
, (3)

FIG. 9. (a)–(d) INS spectra collected at T = 6 and 60 K for Ba2YReO6 and Ba2ScReO6 with incident energy Ei = 60 meV. (e) and (f)
Temperature evolution of the integrated intensity in the energy range of [5.5, 8.5] meV as a function of the wave-vector transfer. (g) and (h)
Simulated INS spectra using the MFRPA method for the minimal model at T = 6 and 74 K. At low temperatures, the excitation is gapped
by approximately 10 meV. At T = 74 K, in the FQ phase, magnetic excitations are observed at Q ∼ 0.75 Å−1, which is consistent with the
experimental observations at elevated temperatures.
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where the Steven operators are defined as

O0
4 = 35J4

z − [30J (J + 1) − 25]J2
z + 3J2(J + 1)2

− 6J (J + 1),

O4
4 = 1

2 (J4
+ + J4

−). (4)

Here we choose negative � so that the energy of the triplet is
lower than that of the doublet in the reversed level scheme
as suggested for Ba2YReO6 [34]. For our semiquantitative
analysis, � is set to −50 meV based on the experimental
Curie-Weiss temperature. This choice is justified as the high-
Curie-Weiss-temperature behavior is strongly impacted by the
single-ion physics [34]. Adjustment of the exact value of � in
a broad range of [−100,−35] meV does not impact the con-
clusion of our analysis. We have also considered the case of
� > 0, but no satisfactory results were obtained. The second
term in HSI represents a weak Weiss field HW, which accounts
for the symmetry-broken term of the quadrupolar order. It is
defined as

HW = λQ3z2 = λ
[
3J2

z − J (J + 1)
]
/
√

3, (5)

where λ is a small constant that describes the strength of the
Weiss field.

B. Inter-ion interactions

The exchange interactions among the Re5+ ions are de-
scribed by the inter-ion Hamiltonian HI,

HI =
∑

i j

∑
α,β

Jαβ (�Ri, j )I i
αI

j
β

=
∑
〈i, j〉

(
J1Ji · J j + KQ3z2,i · Q3z2, j

) + J2

∑
〈〈i, j〉〉

Ji · J j, (6)

where 〈i, j〉 and 〈〈i, j〉〉 denote the nearest-neighbor
(NN) and next-nearest-neighbor (NNN) interactions,
respectively, Is

α are the multipolar tensor operators
I = (Jx, Jy, Jz, Q3z2

, Qx2−y2
) as defined in Refs. [35,40]

within the Jeff = 2 manifold, and Jαβ (�Ri, j ) is the
interaction matrix element between the α and β operators,
with �Ri, j = Ri − R j the vector connecting sites i and
j. In the matrix form, the couplings over the nearest and
next-nearest neighbors can be expressed as

JNN =

⎛
⎜⎜⎜⎜⎜⎝

J1 0 0 0 0
0 J1 0 0 0
0 0 J1 0 0
0 0 0 K 0
0 0 0 0 0

⎞
⎟⎟⎟⎟⎟⎠

, (7)

JNNN =

⎛
⎜⎜⎜⎜⎝

J2 0 0 0 0
0 J2 0 0 0
0 0 J2 0 0
0 0 0 0 0
0 0 0 0 0

⎞
⎟⎟⎟⎟⎠. (8)

C. Mean-field analysis of the ground state

The interactions on a single ion can be approximated using
the mean-field method. Following our experimental observa-
tion of a type-I dipolar AFM ground state, the mean-field

Hamiltonian Hs
MF can be defined on two sublattices as

Hs
MF = −

m∑
α=1

Hs
αIs

α, (9)

Hs
α =

∑
s′,α

Jαβ (�Rs,s′ )
〈
Is′

β

〉
, (10)

where s represents different sublattices and the summa-
tion includes all NN and NNN interactions. This mean-field
Hamiltonian can be solved self-consistently to obtain the or-
dering behavior of both the dipolar and quadrupolar moments.

D. Generalized susceptibility

From the self-consistently determined mean-field ground
state, one can calculate the single-ion susceptibility for each
sublattice s. According to the linear response theory,

χ0,s
αβ (ω)=

∑
i j

〈	i|Iα−〈Iα〉|	 j〉〈	 j |Iβ − 〈Iβ〉|	i〉
ε j −εi − h̄ω

(pi − p j ),

(11)

where |	i〉 and εi are the eigenstates and eigenvalues of
the single-ion Hamiltonian at site s, respectively, and pi =

exp(−εi/kBT )∑
j exp(−ε j/kBT ) is the thermal population factor, with kB denot-

ing the Boltzmann constant.
The generalized susceptibility can be calculated using the

RPA method [71–73]. This method is widely used in the
analysis of spin dynamics and has proven to be particu-
larly successful in the study of multipolar interactions in
the rare-earth systems [71,72,80–82]. Recently, it has also
been applied to the study of the 5d heavy transition-metal
compounds [30,44]. Under the RPA, the total generalized
susceptibility is determined as

χαβ (Q, ω) =
∑
s,s′

χ0,s
αβ (ω)

[
δss′ − χ0,s

αβ (ω)J ss′
αβ (Q)

]−1
, (12)

where δss′
is the Kronecker tensor and J ss′

αβ (Q) is the
Fourier transform of the exchange interaction matrix element
Jαβ (Rs − Rs′ ).

The real [χ ′(Q, ω)] and imaginary [χ ′′(Q, ω)] parts of
the generalized susceptibility can be calculated separately
following Eq. (12). They are related by the Kramers-Kronig
transformation [73] as

χ ′(Q, 0) = 1

π

∫ ∞

−∞

χ ′′(Q, ω)

ω
dω. (13)

The magnetic susceptibility as probed in our experiments can
be calculated from the real part [73] as

χM = V

μ0
χ ′(0, 0). (14)

The INS cross section can be calculated from the imaginary
part according to the fluctuation-dissipation theorem,

S(Q, ω) ∝
∑

α,β=1,2,3

(δαβ − Q̂αQ̂β )

×
⎛
⎝∑

μ,μ′
Fαμ(Q)Fβμ′ (Q)χ ′′

μμ′ (Q, ω)

⎞
⎠, (15)
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FIG. 10. (a) and (b) Temperature dependence of the normalized
inverse magnetic susceptibility χ (300 K)/χ (T ), where χ (300 K) is
the susceptibility at T = 300 K. The red solid line represents the
calculation. Green pluses and black dots reproduce the experimental
results for Ba2YReO6 and Ba2ScReO6 as shown in Fig. 4. In (a),
a model with K = 0 shows only dipolar AFM transition. In (b),
the minimal model including quadrupolar interaction K reproduces
the experimentally observed plateau. Also shown is the temperature
dependence of the order parameters for (c) the model with K = 0 and
(d) the minimal model.

where μ and μ′ sum over the components of the multipolar
tensor operators and F (Q) is the form factor of the multipolar
tensor operator. In our case, this form factor can be simplified
to a dipolar form factor F 2(Q) since the quadrupolar interac-
tion does not contribute to the form factor [44],

S(Q, ω) ∝
∑

α,β=1,2,3

(δαβ − Q̂αQ̂β )F 2(Q)

⎛
⎝∑

αβ

χ ′′
αβ (Q, ω)

⎞
⎠.

(16)

E. Applications to Ba2YReO6 and Ba2ScReO6

Figure 10 presents the calculated temperature dependence
of the inverse magnetic susceptibility χ (300 K)/χ (T ) and
the order parameters using the MFRPA method. The order
parameters are defined as

〈J〉 = 1
2 |〈J1〉 − 〈J2〉|, (17)

〈
Q3z2 〉 = 1

2

∣∣〈Q3z2,1
〉 + 〈

Q3z2,2
〉∣∣, (18)

〈
Qx2−y2 〉 = 1

2

∣∣〈Qx2−y2,1
〉 + 〈

Qx2−y2,2
〉∣∣, (19)

where the last index in the superscript represents the sublat-
tices 1 and 2. The parameters for the calculations, including
the coupling strengths, are listed in Table III. The magnetic
susceptibility and order parameters for the minimal model
in Fig. 10(b) exhibit two transitions, consistent with our
experimental observations for Ba2YReO6 and Ba2ScReO6.
In contrast, models with quadrupolar interaction K = 0 in
Fig. 10(a) show only one transition that corresponds to the

TABLE III. Main parameters for the minimal model. All param-
eters are shown in units of meV.

Parameter Value

� −50
J1 1.15
J2 = −0.2J1 −0.23
K = −0.07J1 −0.0805
λ −0.015

dipolar order. Compared to the experiments, the transition
temperatures are overestimated, possibly due to the limitation
of the mean-field approximations. At 100 K, the quadrupo-
lar moment Q3z2

starts to develop a ferroic order as shown
in Fig. 10(d), causing the magnetic susceptibility to devi-
ate from the Curie-Weiss behavior. Between 53 and 75 K,
χ (300 K)/χ (T ) forms a plateau, similar to the experimental
results in Fig. 4. This intermediate phase is associated with
the FQ order as evidenced by the finite quadrupolar moment
Q3z2

in Fig. 10(d), which is triggered by the quadrupolar
interactions. This phase does not appear in the K = 0 case as
illustrated in Fig. 10(c). At 53 K, the system transitions into a
type-I dipolar AFM state as indicated by the evolution of the
order parameter 〈J〉. The quadrupolar moment remains ferroic
ordered even in the AFM phase at low temperatures in our
minimal model, although its ordered moment size becomes
greatly reduced due to the competition with the dipolar order.

The calculated INS spectra for the same minimal model,
with the parameters from Table III, are shown in Figs. 9(g)
and 9(h). At T = 6 K, the magnetic excitations are gapped,
which is consistent with the experiments. In the FQ state
at T = 74 K, the excitation band shifts towards the elastic
line, leading to low-energy excitations that are very similar
to the experimental INS spectra as shown in Figs. 9(c) and
9(d). At higher temperatures, the experimental INS spectra are
determined by short-range correlations that are not captured in
our mean-field analysis.

It is noteworthy that the actual interactions in Ba2YReO6

and Ba2ScReO6 can be more complicated than those con-
sidered in our minimal model. For instance, in systems with
strong SOC, anisotropic interactions between the multipolar
moments may play a significant role [30,44,82]. Refine-
ment of a complete set of the parameters described in our
Hamiltonian is beyond the quality of the data. The phonon
contribution to the scattering and the powder averaged spec-
trum only allow for a qualitative comparison of these terms.
However, our minimal model is able to reproduce the main
features of the experimental results and provides a good start-
ing point for further studies on the multipolar correlations in
the 5d2 double perovskites.

V. CONCLUSION

We have performed magnetic susceptibility, heat capacity,
and neutron scattering experiments on the 5d2 rhenium-
based DP compounds Ba2YReO6 and Ba2ScReO6 to study
their dipolar and quadrupolar correlations. Both compounds
exhibit a type-I dipolar AFM ground state with a propaga-
tion vector q = (0, 0, 1), where the ordered moment size is
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significantly reduced due to SOC and quadrupolar cor-
relations. Our INS experiments reveal dominant phonon
excitations, which are well described by the DFT calcula-
tions. Weak magnetic excitations with an excitation gap are
observed at low temperatures, which become softened at el-
evated temperatures. Using the MFRPA method, a minimal
model that considers both the dipolar and quadrupolar inter-
actions is proposed to explain the susceptibility data and INS
spectra, which evidence the existence of a FQ order in both
the paramagnetic phase and the AFM ordered ground state.
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