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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 combin-
ing magnetic susceptibility, heat capacity, and neutron scattering measurements, we investigate the
dipolar and quadrupolar correlations in two prototype rhenium-based double perovskite compounds,
BasYReOgs and BazScReOg. A type-I dipolar antiferromagnetic ground state with a propagation
vector g = (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 temper-
atures and softened in the correlated paramagnetic phase, are explained using a minimal model
that considers both the dipolar and quadrupolar interactions. At larger wavevectors, we observe
dominant phonon excitations that are well described by density functional calculations.

I. INTRODUCTION

Electron correlations and spin-orbit coupling (SOC)
are two essential ingredients to achieve exotic states in
condensed matter. In compounds consisting of the 4d
or 5d heavy transition metal ions, the interplay between
these two ingredients may lead to even richer phenom-
ena [1-3]. For instance, in SroIrO4, SOC entangles the
spin and orbital degrees of freedom of the Ir*+ (5d°) ions,
resulting in a Mott insulating ground state formed by
effective angular momentum electron bands [4, 5]. In
a-RuCl3 that is composed of the magnetic Ru®t (4d°)
ions, SOC-driven anisotropic interactions may induce a
Kitaev quantum spin liquid, which holds great promise
for applications in quantum computation [6-9).

The 5d-based double perovskites (DPs), with a chem-
ical formula of As BB'Og, 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 (FCC) lattice as shown in Fig. 1.
Figure 2 describes the typical energy levels of the 5d?
heavy transition metal ions in the DPs. In these com-
pounds, the d electron orbitals with angular momentum
L = 2 are split into a ty, ground state triplet and an
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eg excited state doublet due to a strong crystal elec-
tric field. The ¢, ground state, which can be described
as orbitals of an effective angular momentum [ = 1, is
further coupled to the spin degree of freedom through
SOC. This leads to a ground state manifold that is de-
scribed by an effective total angular moment, Jeg. The
energy splitting for the heavy transition metal ions in
the DPs can be understood in both the LS and jj cou-
pling schemes, even though the actual energy levels of-
ten lie between these two ideal scenarios [11]. In the
5d' systems, only one spin couples with the orbital, so
that both coupling schemes lead to a Jog = 3/2 quartet
with reduced dipolar moment sizes [12-23]. In the 5d°
systems such as Bay;YOsOg and SroScOsOg, an unusu-
ally large spin gap of ~ 18-19 meV has been observed
in experiments [24-27]. This excitation gap cannot be
explained in the LS coupling scheme as it predicts an
isotropic S = 3/2 ground state manifold with gapless ex-
citations. In the jj coupling scheme, an excitation gap
may emerge from the anisotropic exchange interactions
that are enhanced by the SOC-induced Jog = 3/2 ground
state manifold [24-28]. For the 5d compounds, both the
LS and jj coupling schemes lead to a similar ground
state manifold of J.g = 2 as illustrated in Fig. 2. In the
strong SOC limit, the magnetic moment is reduced to
approximately 1.225 pup [29]. Under the residual crystal
field, this Jog = 2 manifold can be further split into a
non-Kramers E, doublet and a Ty, triplet [30-32].

In contrast to conventional magnets with purely spin
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degrees of freedom, entangled spins and orbitals in the
5d-based DPs may allow for the possibility of multipo-
lar interactions. The study of the multipolar orders,
which are often described as “hidden orders” due to
the difficulty in their direct experimental detection, has
been mainly focused on f-electron systems [33, 34]. Re-
cent theoretical and experimental works suggest the im-
portance of multipolar interactions in the 5d-electron
systems. A notable example is the 5d' compound
BasMgReOg [14, 16, 18, 19, 21]. In this material,
antiferroic Q’;z*y2 quadrupolar order and ferroic Q?’Z2
quadrupolar order have been experimentally identified.
The recent discovery of the dynamic Jahn-Teller effect,
driven by the orbital degree of freedom, also induced fur-
ther interest in this family of compounds [17, 20, 35—
37]. For the 5d' and 5d? systems, a rich phase dia-
gram has been predicted by some mean-field analysis,
including the type-I antiferromagnetic (AFM) dipolar or-
der, quadrupolar order, and a variety of octupolar or-
ders [29, 38, 39]. Recently, ferro-octupolar orders have
been proposed to emerge in the Os-based 5d2 DPs such as
BayMOsOg (M = Ca, Mg, Zn) [30]. This proposal is at-
tributed to the absence of dipolar magnetic order and the
lack of quadrupolar-related structural transitions. Many
theoretical works on the 5d®> DPs have then been estab-
lished under this framework [40-49]. However, AFM or-
ders, albeit with reduced ordered moment sizes, are also
experimentally observed in other 5d* DPs [50-52], which
calls for further experimental and theoretical studies. Es-
pecially, according to the mean-field analysis of the 5d?
DPs [29, 39], quadrupolar orders may emerge at temper-
atures above the magnetic dipolar ordering transition,
although conclusive evidence for their existence is still
missing.

Our study focuses on two archetypal 5d? Re-based
double perovskites, BasYReOg and BasScReOg. These
two compounds share similar lattice geometry and elec-
tronic configurations. Previous experimental studies on
BasYReOg using muon spin rotation (#SR) and neutron
powder diffraction (NPD) yield conflicting conclusions
regarding to the existence of a long-range magnetic or-
der [52-54], while studies on BagScReOg have been lim-
ited to its synthesis and basic structural characteriza-
tions [55, 56].

Here, through magnetic susceptibility, heat capac-
ity, neutron diffraction, and inelastic neutron scatter-
ing (INS) experiments on polycrystalline samples of
Bas YReOg and BasScReOg, we provide experimental ev-
idence for the existence of a type-I dipolar AFM order
in both compounds. Although our INS experiments on
these two compounds reveal dominant phonon excita-
tions as confirmed through the density functional the-
ory (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 (MF-
RPA), 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.

FIG. 1. Crystal structure of the double perovskites
Baz;BReOgs (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 first-neighbor interaction, Ji,
and second-neighbor interaction, Js, 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.
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FIG. 2. Schematic illustration of the energy level splitting of
the 5d* ion in the presence of octahedral crystal field (CF),
SOC, Hund’s coupling and residual crystal field Hrcr. Under
both the LS and jj coupling schemes, the ground state of
the 5d® ion is a dipolar and quadrupolar active triplet Tb,
manifold.

II. METHODS

Polycrystalline samples of BasYReOg and BasScReOg
were prepared by the conventional solid-state reac-
tion [54, 57]. BaO, Y203 (Sc203), 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 cap-
sule 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, then



heated in an evacuated quartz tube at 1150 °C for 50 h.
The obtained pellet had a dark blue color. The poly-
crystalline samples were characterized by X-ray diffrac-
tion (XRD) at ambient temperature in a diffractometer
(SmartLab, Rigaku Corporation) with monochromatic
Cu Ka radiation.

Magnetic susceptibility was measured using a mag-
netic properties measurement system (MPMS3, Quan-
tum Design). A polycrystalline pellet was attached to
a quartz sample holder using varnish (GE7031, Gen-
eral Electric Company). Heat capacity measurements
were conducted using a semi-adiabatic thermal relaxation
method on a physical properties measurement system
(PPMS, Quantum Design). Thermal contact between
the sample and the sapphire sample stage was made us-
ing grease (Apiezon-N, M & I Materials Ltd).

Neutron diffraction experiments on powder samples
of BagYReOg and BasScReOg were performed on the
POWGEN diffractometer [58] at the Spallation Neutron
Source (SNS) of the Oak Ridge National Laboratory
(ORNL) and the VERITAS (HB-1A) triple-axis spec-
trometer at the High Flux Isotope Reactor (HFIR) of the
ORNL. For the experiments on POWGEN, about 8.5 g
powder of BasYReOg and BasScReOg were filled into air-
tight vanadium cans with a diameter of 8 mm in a helium-
filled glovebox. The Powgen Automatic Changer was uti-
lized to reach a base temperature of ~ 18 K. The neutron
frame 2 with center-wavelength of 1.5 A was used to col-
lect the data, covering a wide @ region from 0.48 A~!
to 12.98 A~!. Data reduction was performed using the
Mantid software [59]. 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 glovebox. An incoming neutron wavelength
of A = 2.38 A was selected using a PG(002) monochro-
mator. A PG(002) analyzer was employed to ensure elas-
tic scattering. A closed cycle refrigerator (CCR) cooling
machine was utilized to reach the base temperature of
4 K.

Inelastic neutron scattering (INS) experiments on pow-
der samples of BasYReOg and BasScReOg were per-
formed on the SEQUOIA spectrometer [60] at the SNS.
The same powder samples used for diffraction measure-
ments were sealed in aluminum cans in a helium-filled
glovebox. A CCR cooling machine was utilized to reach a
base temperature of 6 K. Measurements were taken with
incident neutron energies of E; = 60 meV in the high flux
chopper configuration with a Fermi chopper frequency of
120 Hz and F; = 225 meV in the high resolution chopper
configuration 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 [59] and
further data reduction was performed using the Mslice
program in DAVE [61].

To understand the experimental results, we used the
first-principles DFT technique as implemented on the
Vienna ab initio simulation package (VASP) package

with the projector augmented wave (PAW) method [62—
64]. Electronic correlations were considered by using
the generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) potential [65]. Further-
more, the atomic positions were fully relaxed until the
Hellman-Feynman force on each atom was smaller than
0.001 eV/A using the A-type magnetic state obtained
in our neutron experiment, where the lattice constants
were fixed as collected in the diffraction data. In ad-
dition, the on-site interactions were considered by us-
ing the local spin-density approach (LSDA) plus Ueg
(Ut = 2 €V) with the Dudarev’s rotationally invariant
formulation [66]. Then, we calculated the force constants
by using the density functional perturbation theory ap-
proach [67, 68], and analyzed the phonon dispersion re-
lations by the PHONONPY software [69, 70]. Here, the
plane-wave cutoff energy was set as 600 eV and the k-
point mesh was used as 4 x 4 x 4 for the conventional
cell for both BagYReOg and BasScReOg. The calcu-
lated data are convoluted with the instrumental energy
resolution using the OCLIMAX program [71].

To analyze the INS spectra and the temperature evo-
lution of the magnetic susceptibility, we employed the
mean-field random phase approximation (MF-RPA) [72—-
74]. This method allows for the calculation of spin exci-
tations by treating the dipolar and quadrupolar inter-
actions on an equal basis. The magnetic susceptibil-
ity calculations were performed with an energy step of
0.02 meV. For the calculation of the INS cross section,
an energy step of 0.3 meV was used. The powder aver-
age of the calculated INS spectra was obtained by sam-
pling 100 random points at each @) position in steps of
0.02 A=, The resulting spectra were convoluted by the
instrumental energy resolution function.

III. EXPERIMENTAL RESULTS
A. DMagnetization

Figures 3(a) and 3(b) summarize the temperature
dependence of the magnetic susceptibility, x(T'), for
BasYReOg and BasScReOg measured in a field of 7 T.
For BasYReOg, a sudden drop in x(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 Ty ~ 37 K, an addi-
tional transition can be identified as the maximum of the
x(T') value. Similarly, in BagScReOg, two transitions are
observed at Ty = 35 K and T, = 50 K. In the interme-
diate temperature range between Ty and T, a plateau
is observed, which is more pronounced in BasScReOg.
According to mean-field calculations, the two successive
transitions at T and 7y may correspond to the mag-
netic dipolar and quadrupolar long-range order transi-
tions, respectively [29, 39]. Figures 3(c) and 3(d) present
the inverse magnetic susceptibility data for BasYReOgq
and BasScReOg. 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 peg = 2.16 pp, and Weiss
temperature Ow = —584(1) K for BapYReOg, and pier =
1.98 up and Ow = —570(1) K for BasScReOg. At T ~
60 K for Bas YReOg and T' ~ 100 K for BasScReOg, a de-
viation from the Curie-Weiss behavior is observed, which
suggests the development of short-range fluctuations. A
similar phenomenon has also been observed in the previ-
ous report for BasYReOg with fitted peg = 1.93 pup and
Ow = —616(7) K [54]. The reduced effective moment
size, which is lower than the spin-only value of 2.83 ug,
indicates a significant compensation from the orbital mo-
ment. It is noteworthy that the Weiss temperatures for
Bas YReOg and BasScReOg are approximately four times
higher than that of BayCaOsQg, a closely related 5d?
compound that does not exhibit magnetic dipolar order
at low temperatures [30].
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FIG. 3. Temperature evolution of the magnetic susceptibil-
ity, x(T'), for (a) BasYReOg and (b) BazScReOg measured
in a 7 T field. Inset is an enlarged view of the low tem-
perature regime. Inverse magnetic susceptibility, x~*(T'), for
(c) BazYReOs and (d) BazScReOg. The red solid line is the
Curie-Weiss fit for the magnetic susceptibility in the high tem-
perature regime of 150 - 300 K.

B. Heat Capacity

Figure 4 presents the temperature evolution of the
normalized heat capacity, C(T)/T, for BasYReOg and
BasScReOg. The transition temperature for both com-
pounds is consistent with the magnetization measure-
ments. For BagYReOg, C(T)/T exhibits a sharp A-
shaped peak at Ty = 31 K, which is not observed in
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FIG. 4. Temperature evolution of the normalized heat ca-

pacity, C(T)/T, for (a) Ba2YReOg and (b) BazScReOg. A
zoomed-in view of the data in the low temperature regime is
shown in (c) BaaYReOg and (d) BazScReOg.

the previous report [54, 57]. This difference may arise
from the improved quality of our synthesized sample: In
our experiments, we observe that a higher sintering tem-
perature improves the crystallization and leads to a more
pronounced transition in C'(T'). An additional transition
at ~ 35 K is observed for BagYReOg in Fig. 4(c), which
is close to the transition at T, = 37 K in x(T'). For
BayScReOg, a relatively weak peak is observed at 33.5 K,
which is close to the AFM transition at Ty = 35 K in
X(T) shown in Fig. 3(b). Further attempts to improve
the crystallization of the BasScReOg sample through in-
creased sintering temperature were not successful.

C. Neutron diffraction

Neutron diffraction data for powder samples of
Bas YReOg and BayScReOg were collected on POWGEN
at T = 18, 32, and 300 K. The refinement results for
neutron diffraction data at T = 18 K are presented in
Fig. 5. For the data collected at T = 300 K (not shown)
and T' = 18 K, the refined parameters are summarized in
Table I and Table II for BasYReOg and BasScReOg, re-
spectively. In our investigated temperature regime, both
BasYReOg and BagScReOg stay in the cubic space group
Fm3m as consistent with the previous report [54, 55]. In
our refinements, introducing off-stoichiometry occupancy
does not improve the goodness-of-fit for BasYReOg. For
BasScReOg, the R-factor decreases from 9.41 % to 9.03 %
when the occupancy of the Sc site is reduced to 0.92(1).

As shown in Fig. 5, at T = 18 K, magnetic Bragg
peaks belonging to the propagation vector q = (0,0, 1),
Q ~ 0.75 A~ are observed. For both samples, the mag-
netic structures are refined to be a type-I dipolar AFM
order as described in Fig. 1. Refinements of the neutron
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FIG. 5. Refinement results of the neutron diffraction data for (a, b) BazYReOg and (c, d) Ba2ScReOs collected on POWGEN
at T = 18 K. Red crosses represent the observed data points, solid line corresponds to the calculated pattern, and blue line
shows the difference between the observed and calculated patterns. The upper and lower rows of green ticks indicate the
positions of nuclear and magnetic Bragg reflections, respectively. The plots in panels (b) and (d) highlight the magnetic Bragg

peaks at (0,0,1) and (1, 1,0).
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FIG. 6. Temperature dependence of the neutron diffraction
data for BazYReOg 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.

diffraction data collected on HB-1A (not shown) suggest
the same magnetic dipolar order. Elastic scattering data
that provides further evidence for the existence of a dipo-
lar long-range order in both compounds will be presented
in the next section with improved counting statistics.

The magnetic form factor of the Re®t ions as reported in
Ref. [75] is employed for our refinements. For BagYReOg
and BayScReQOg, the ordered dipolar moment sizes are re-
fined to be 0.41(4) up and 0.3(2) g, respectively. These
refined moment sizes are consistent with the refined value
in the previous polarized NPD experiment for Bas YReOg
[52], and are also close to the predicted values in the DFT
calculations [76, 77]. The reduced ordered moment size in
BasYReOg and BasScReOg may result from a competi-
tion between the dipolar and quadrupolar orders [52, 78],
which is also discussed in the following MF-RPA analysis
section. The zoomed-in plots of the POWGEN data at
T = 18 K shown in Figs. 5(c) and 5(d) emphasize the
magnetic Bragg peaks at (0,0,1) and (1,1,0). Similar
magnetic diffraction patterns have also been observed in
other 5d DPs [50, 51]. Meanwhile, at elevated tempera-
tures of 32 and 300 K, as shown in Fig. 6, the magnetic
Bragg peaks disappear, which indicates the transition at
35 K in the specific heat data is not of a dipolar origin.

D. Inelastic neutron scattering

Figures 7(a-d) present the INS data for Bas YReOg and
BasScReOg collected on SEQUOIA at T = 6 K with in-

cident energies F; = 60 meV and 225 meV. As can be
inferred from the wavevector dependence, the phonon



TABLE I. The refined cell parameters and atomic positions of BazYReOg using the diffraction data collected on POWGEN at

T = 300 and 18 K.

300 K 18 K
Atom x y  z Uso (A?) T y 2z Uso (A?)
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
0 0.23427(9) 0 0 0.0087(2) 0.23427(6) 0 0 0.0036(1)
a 8.37091(2) 8.36033(2)

R, 7.67% 8.52%

Rup 10.50% 11.72%

TABLE II. The refined cell parameters and atomic positions of BasScReOg using the diffraction data collected on POWGEN

at T'= 300 and 18 K.

300 K 18 K
Atom T y 2z Uiso (AQ) T y 2z Usso (Ag)
Ba 0.25 0.25 0.25 0.0043(2) 0.25  0.25 0.25 0.0006(2)
Sc 0.5 0.5 0.5 0.0037(3) 0.5 0.5 0.5 0.0005(3)
Re 0 0 0 0 0 0 0
0 0.2424(2) 0 0 0.0066(2) 0.2427(2) 0 0 0.0038(2)
Occ. (Sc) 0.92(1) -
a 8.16139(3) 8.15032(3)
R, 9.03% 11.28%
Rup 12.77% 16.01%

density of states dominate the spectra, overshadowing
other possible contributions like magnetic excitations.
Figures 7(e-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 reso-
lution function. The calculated spectra reproduce the
main features of the experimental results. However, in
the low wavevector transfer regime (Q < 2 A~1), be-
tween 10 meV and 20 meV, weak scattering is observed
in experiments, which is not captured by the calculations.
These features may originate from magnetic excitations.
Figure 8 presents the INS spectra for BasYReOg and
BasScReOg collected at elevated temperatures of T =
60, 120, and 180 K. Softened magnetic excitations can
be observed at @ ~ 0.75 A~1, the same position for the
magnetic Bragg peak at (0,0, 1), for energy transfers be-
low 10 meV, a behavior that has been observed in other
5d-based DPs [25-27, 30, 50]. Therefore, we conclude
that at the base temperature of T = 6 K, the magnetic
scattering in the dipolar ordered phase is either out of
the detectable area or overshadowed by the phonon ex-
citations. Figures 8(d) and 8(h) illustrate the tempera-
ture evolution of the scattering intensity integrated in the
range of [5.5, 8.5] meV as a function of the wavevector
transfer. At temperatures of 60, 120, and 180 K, the in-
tensity at Q ~ 0.75 A~ becomes significantly enhanced,
which strongly evidences the existence of softened mag-

netic excitations at temperatures above the dipolar long-
range ordering transition.

As further evidence for the existence of a dipo-
lar long-range order at low temperatures, Figs. 9(a)
and 9(b) present the elastic signals obtained by integrat-
ing the SEQUOIA 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 observed for both samples. Magnetic
structural refinements were performed for the data col-
lected at T' = 6 K with the data collected at T = 180 K
being subtracted as the background. The refinement re-
sults are summarized in Figs. 9(c) and 9(d). The refined
ordered moment sizes are 0.47(1) pup and 0.52(2) up for
BasYReOg and BasScReOg, respectively. The difference
in the ordered moment size compared to the values re-
fined from the POWGEN data is likely due to their dif-

ferent measuring temperatures.

IV. MF-RPA ANALYSIS

Using the MF-RPA method, we propose a minimal
model to describe the dipolar and quadrupolar correla-
tions in BasYReOg and BasScReOg. In our model, we
start from the single ion electronic configuration of the
Re®t ions. The couplings among the Re®t ions include
dominant AFM J; over the first neighbors, relatively
weak ferromagnetic (FM) J, over the second neighbors,
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and quadrupolar interactions K over the first neighbors.
The exchange paths for the first- and second-neighbor
couplings are indicated in Fig. 1.

The Hamiltonian of our minimal model is expressed as

H=> Hs+H, (1)

where ’Hél represents the single ion Hamiltonian at site ¢
and Hp describes the inter-ion interactions.

A. Single ion Hamiltonian

As discussed in the introduction section, the effective
ground state of a Re®t ion in a strong octahedral crystal

field is a SOC-induced Jeg = 2 manifold. Within this
manifold, the single ion Hamiltonian on site ¢ is expressed
as

Hey = Hror + Hw. (2)
In this expression, Hrcr represents the residual crystal
field that splits the Jeg = 2 manifold into the 15, triplet
and the E, doublet as shown in Fig. 2. As discussed in
Refs. [30-32], this term arises from the higher-order per-
turbations and the nonspherical Coulomb interactions,
which can be described as:

A
Hrer = _EO(OS +503), (3)
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FIG. 9. (a, b) Temperature dependence of the elastic signals
obtained by integrating the F; = 60 meV SEQUOIA data in
an energy transfer range of [—1.5,1.5] meV at T' = 6, 60, 120,
180 K. For BazYReOs, data are offset by 0, 0.1, 0.2, and 0.3
at 6, 60, 120, and 180 K, respectively. For BaxScReOg data
are offset by 0, 0.05, 0.1, and 0.2 at 6, 60, 120, and 180 K,
respectively. Magnetic peaks of (0,0,1) and (1,1,0) are ob-
served for both samples. (c, d) Rietveld refinements were
performed on the difference data obtained by subtracting the
180 K data from the 6 K data for both DPs. The red points
represent the observed data, the black solid line corresponds
to the calculated pattern, and the blue line below shows the
difference between the observed and calculated patterns. The
vertical green ticks indicate the positions of magnetic peaks.

where the Steven operators are defined as:

Of = 35J% — [30J(J + 1) — 25]J% 4+ 3J%(J +1)*
—6J(J +1), @)

1
ot = §(Jj‘; +J4).

Here we choose negative A so that the energy of the
triplet is lower than that of the doublet in the reversed
level scheme as suggested for BagYReOg [32]. For our
semi-quantitative analysis, A is set to —50 meV based on
the experimental Curie Weiss temperature. This choice
is justified as the high Curie-Weiss temperature behav-
ior is strongly impacted by the single ion physics [32].
Adjustment of the exact value of A in a broad range of
[-100, —35] meV does not impact the conclusion of our
analysis. We have also considered the case of A > 0, but
no satisfactory results were obtained. The second term in
Hsr represents a weak Weiss field, Hyw, which accounts
for the symmetry-broken term of the quadrupolar order.
It is defined as

Hyw = AQ** = A(BJ2—J(J+1)/V3,  (5)

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

B. Inter-ion interactions

The exchange interactions among the Re®* ions are
described by the inter-ion Hamiltonian H;

Hi=> Y Jup(AR;)ILT
i o,
=N (13 LA EQF Q) 1 0y Y 335
(i) ((i:3))
(6)

where (4,7} and ((i,j)) denote the first-neighbor
(NN) and second-neighbor (NNN) interactions, respec-
tively. Z: are the multipolar tensor operators 7 =
(Jx,Jy,JZ,Q?’ZQ,Q”z_yQ) as defined in Refs. [33, 3§]
within the Jeg = 2 manifold. J,3(AR, ;) is the inter-
action matrix element between the a and [ operators
where AR,; ; = R; — R, is the vector connecting sites ¢
and j. In the matrix form, the couplings over the first
and second neighbors can be expressed as

Jg 0 0 00

0 Jp 0 00
INn=10 0 J 00}, (7)

0 0 0 KO0

0 0 0 0O

Jo 0 0 00

0 J, 000
INNN=]0 0 Jy 00 (8)

0 0 00O

0 0 00O

C. Mean-field analysis of the ground state

The interactions on a single ion can be approximated
using the mean-field method. Following our experimen-
tal observation of a type-I dipolar AFM ground state,
the mean-field Hamiltonian Hy;p can be defined on two
sublattices as:

,HIS\/IF = Z H;I;Sw (9)
a=1
Hy =" Jas(ARs 0 )(T5), (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 ordering behavior of both the dipolar and quadrupo-
lar moments.



D. Generalized susceptibility

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

0.5y = N (YilZa — (Za)|V5)(V5[Ts — (Te)[ Vi)
Xog(w) =" p— (pi — pj),
(11)

where |U;) and ¢; are the eigenstates and eigenvalues of
the single ion Hamiltonian at site s, respectively. p; =

% is the thermal population factor with kg

ij

denotlng the Boltzmann’s constant.

The generalized susceptibility can be calculated using
the RPA method [72-74]. This method is widely used
in the analysis of spin dynamics and has proven to be
particularly successful in the study of multipolar interac-
tions in the rare-earth systems [72, 73, 79-81]. Recently,
it has also been applied to the study of the 5d heavy
transition metal compounds [28, 44]. Under the RPA,
the total generalized susceptibility is determined as,

SHCEIEE

s,s’

-1
Xap(Quw @I (@)

(12)
where §*¢ is the Kronecker tensor, and jofg/(Q) is the
Fourier transform of the exchange interaction matrix el-
ement J,3(Rs — Ry/).

The real (X' (Q,w)) and imaginary (x”(Q,w)) parts
of the generalized susceptibility can be calculated sep-
arately following Eq. (12). They are related by the
Kramers-Kronig transformation [74] as,

Qo=1 [ Xy

The magnetic susceptibility as probed in our experiments
can be calculated from the real part [74] as,

v,
xm = —x'(0,0). (14)
Ho

The INS cross section can be calculated from the imag-
inary part according to the fluctuation-dissipation theo-
rem,

S(Qw)oc Y (bap — QaQp)

«,$=1,2,3
(15)

< |2 @

FﬁlJf Q)XZ,;L’ (Q7 w)

where p, p’ sum over the components of the multipolar
tensor operators. F(Q) is the form factor of the multi-
polar tensor operator. In our case, this form factor can
be simplified to a dipolar form factor F?(Q) since the

quadrupolar interaction does not contribute to the form-
factor [44],
S(Qw)oc Y (bap — QaQp)
a,3=1,2,3
(16)

xF*(Q) | Y xas(Q,w)
aB

E. Applications to Ba; YReOs and BaxScReOg

Figure 10 presents the calculated temperature
dependence of the inverse magnetic susceptibility
x(300K)/x(T) and the order parameters using the MF-
RPA method. The order parameters are defined as,

() = 5% — (32 (1)
@) = 5@ + @) (15)
@) = S [T+ )

where the last index in the superscript represents the
sublattices 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(a) exhibit two transitions, con-
sistent with our experimental observations for Bas YReOg
and BasScReOg. In contrast, models with quadrupolar
interaction K = 0 in Fig. 10(b) shows only one transi-
tion that corresponds to the dipolar order. Compared to
the experiments, the transition temperatures are over-
estimated, possibly due to the limitation of the mean-
field approximations. At 100 K, the quadrupolar mo-
ment Q?’Z2 starts to develop a ferroic order as shown in
Fig. 10(c), causing the magnetic susceptibility to deviate
from the Curie-Weiss behavior. Between 53 and 75 K,
X(300K)/x(T') form a plateau, similar to the experimen-
tal results in Fig. 3. This intermediate phase is associated
with the FQ order as evidenced by the finite quadrupo-
lar moment Q3 in Fig. 10(c), which is triggered by the
quadrupolar interactions. This phase does not appear in
the K = 0 case as illustrated in Fig. 10(d). 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, parameters from Table III, are shown in Fig. 11.
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 sim-
ilar to the experimental INS spectra as shown in Fig. 8.



At higher temperatures, the experimental INS spectra
are determined by short-range correlations that are not
captured in our mean-field analysis.
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FIG. 10. (a-b) Temperature dependence of the normalized in-
verse magnetic susceptibility, x(300K)/x(T"), where x(300K)
is the calculated susceptibility at 7' = 300 K. In panel (a),
the minimal model including quadrupolar interaction K re-
produces the experimentally observed plateau. In panel (b),
a model with K = 0 shows only dipolar AFM transition.
Temperature dependence of the order parameters for (c) the
minimal model, and for (d) the model with K = 0.

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

Jo =0.2J;
-0.23

Parameter A J1
Value —50 1.15

K =-0.07J; A
—0.0805 —0.015

It is noteworthy that the actual interactions in
BasYReOg and BasScReOg can be more complicated
than those considered in our minimal model. For in-
stance, in systems with strong SOC, anisotropic interac-
tions between the multipolar moments may play a signifi-
cant role [28, 44, 81]. Refinement of a complete set of the
parameters described in our Hamiltonian is beyond the
quality of the data. The phonon contribution to the scat-
tering and the powder averaged spectrum 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 starting
point for further studies on the multipolar correlations in
the 5d? double perovskites.

V. CONCLUSION

We have performed magnetic susceptibility, heat ca-
pacity, and neutron scattering experiments on the
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FIG. 11. Simulated INS spectra using the MF-RPA method
for the minimal model at T =6 K (a) and 74 K (b). At low
temperatures, the excitation is gapped by ~ 10 and 15 meV.
At T = 74 K, in the FQ phase, magnetic excitations are
observed at Q ~ 0.75 A™!, which is consistent with the ex-
perimental observations at elevated temperatures.

5d%> rhenium-based DP compounds BasYReOg and
BasScReOg to study their dipolar and quadrupolar cor-
relations. Both compounds exhibit a type-I dipolar AFM
ground state with a propagation vector q = (0,0,1),
where the ordered moment size is significantly reduced
due to SOC and quadrupolar correlations. Our INS ex-
periments reveal dominant phonon excitations, which are
well described by the DFT calculations. Weak magnetic
excitations with an excitation gap are observed at low
temperatures, which become softened at elevated tem-
peratures. Using the MF-RPA method, a minimal model
that considers both the dipolar and quadrupolar interac-
tions is proposed to explain the susceptibility data and
INS spectra, which evidences the existence of a FQ order
in both the paramagnetic phase and the AFM ordered
ground state.
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