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The 5d1 ordered double perovskites present an exotic playground for studying novel multipolar physics
due to large spin-orbit coupling. We present Re L3 edge resonant inelastic x-ray scattering (RIXS) results
that reveal the presence of the dynamic Jahn-Teller effect in the A2MgReO6 (A ¼ Ca, Sr, Ba) family of 5d1

double perovskites. The spin-orbit excitations in these materials show a strongly asymmetric line shape and
exhibit substantial temperature dependence, indicating that they are dressed with lattice vibrations. Our
experimental results are explained quantitatively through a RIXS calculation based on a spin-orbit-lattice
entangled electronic ground state with the dynamic Jahn-Teller effect taken into consideration. We find that
the spin-orbit-lattice entangled state is robust against magnetic and structural phase transitions as well as
against significant static Jahn-Teller distortions. Our results illustrate the importance of including vibronic
coupling for a complete description of the ground state physics of 5d1 double perovskites.
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One of the major themes in quantum materials research
in the past decade has been materials with large spin-orbit
coupling (SOC) and its impact on their magnetic properties.
Although particular emphasis has been placed on the 5d5

physics of iridates, other 5d transition metal (TM) ion
systems have been drawing interest in recent years,
including the 5d1 ordered double perovskite (DP) systems
for their proposed hosting of “hidden” multipolar orders
(5d1 ¼ W5þ, Re6þ, or Os7þ) [1–13]. Crucially though, the
typical atomic picture effective in understanding iridate
physics does not satisfactorily explain the physics of the
5d1 DPs. In the 5d1 DPs of formula A2BB0O6 the sole
magnetic 5d1 ion occupies the B0 site and possesses a
fourfold degenerate ground state configuration described
by jeff ¼ 3=2. Configured as such, the net magnetic
moment M ¼ 2s − l vanishes as spin and orbital compo-
nents of the angular momentum cancel each other exactly
[1]. The prediction of a vanishing magnetic moment based
on the atomic picture fails, however, in the case of real
materials which broadly possess finite magnetic moments
[3,8,10]. The presence of a suppressed but nonzero mag-
netic dipole moment is typically attributed to hybridization
between the spatially extended TM-5d orbitals and the

ligand O-2p orbitals [1]. However, coupling to the lattice
degrees of freedom has also been shown theoretically to
have a significant effect on the magnetic moment size in
5d1 systems [1,14,15]. Moreover, vibronic coupling to
Jahn-Teller (JT) active modes (symmetric deformations of
the TMO6 octahedra) can also explain the puzzling
suppression or complete lack of static JT distortions
observed in many 5d1 DPs [11,15–17]. The dynamic JT
effect creates an average JT distortion which splits the
jeff ¼ 3=2 quartet and lowers the ground state energy.
Consequently, if this lowered energy is close to the
potential energy minimum, the formation of static distor-
tions becomes disadvantageous, and cubic structures are
stabilized. Indeed, the dynamic nature of the effect results
in a reconfiguration of the 5d1 electronic ground state with
no associated phase transition, such that the presence of the
effect is not easily detected. Moreover, neither does the
presence of static distortions rule out that of the dynamic JT
effect, which alone may be insufficient to minimize the
ground state energy and may instead occur in conjunction
with static distortions.
The A2MgReO6 (A ¼ Ca, Sr, Ba) systems present a

valuable avenue to study vibronic coupling in 5d1 DPs by
systematically varying the A-site ions. In particular,
Ba2MgReO6 constitutes a compelling candidate for the
formation of a spin-orbit-lattice entangled state, in which

*Contact author: felix.frontini@mail.utoronto.ca
†Contact author: youngjune.kim@utoronto.ca

PHYSICAL REVIEW LETTERS 133, 036501 (2024)

0031-9007=24=133(3)=036501(6) 036501-1 © 2024 American Physical Society

https://orcid.org/0000-0002-4179-3428
https://orcid.org/0000-0001-6601-1907
https://orcid.org/0000-0002-0913-2005
https://orcid.org/0000-0002-9929-0487
https://orcid.org/0000-0003-2883-4376
https://orcid.org/0000-0002-1172-8895
https://ror.org/03dbr7087
https://ror.org/01hjzeq58
https://ror.org/04zb59n70
https://ror.org/005bk2339
https://ror.org/04qxsr837
https://ror.org/04chrp450
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.036501&domain=pdf&date_stamp=2024-07-19
https://doi.org/10.1103/PhysRevLett.133.036501
https://doi.org/10.1103/PhysRevLett.133.036501
https://doi.org/10.1103/PhysRevLett.133.036501
https://doi.org/10.1103/PhysRevLett.133.036501


the spin-orbit ground state is strongly modified by coupling
to lattice degrees of freedom. Ba2MgReO6 crystallizes in an
undistorted cubic DP structure at room temperature shown
in Fig. 1(a) before undergoing a subtle structural transition
at Tq ¼ 33 K to a tetragonal structure associated with the
onset of quadrupolar order, marked by the slight co-
operative distortion of ReO6 octahedra [6]. Despite this
deviation from the cubic ideal, the minimal structural
distortion in Ba2MgReO6 stands in stark contrast to the
much larger distortion present in its structural analogs:
tetragonal Sr2MgReO6 and monoclinic Ca2MgReO6, in
which the ReO6 octahedra show significant static distortion
as illustrated in Figs. 1(b) and 1(c) [3,18]. The relative
lack of static JT distortion in Ba2MgReO6, then, seems to
indicate the presence of the dynamic JT effect. Moreover,
recent theoretical studies have shown that vibronic cou-
pling can stabilize quadrupolar order in d1 DPs and,
specifically, may provide the linchpin mechanism in the
formation of the anomalous ferroic component of the
quadrupolar order in Ba2MgReO6 [17]. In addition to
the structural clues, we note that Ba2MgReO6 also fits
the expectation for a vibronically coupled 5d1 DP as a
magnetic material, ordering magnetically at Tm ¼ 18 K
with a reduced but nonzero magnetic moment of ∼0.7μB
[5]. The structural analogs of Sr2MgReO6 and Ca2MgReO6

furthermore present an opportunity to investigate the effect
of static JT distortions on the presence and strength of
vibronic coupling in 5d1 DPs.
In this Letter, we present resonant inelastic x-ray scatter-

ing (RIXS) measurements of the A2MgReO6 (A ¼ Ca, Sr,
Ba) family of 5d1 double perovskites that reveal a spin-orbit-
lattice entangled ground state in all members. The presence
of such a state not only in Ba2MgReO6 but also in
Sr2MgReO6 and Ca2MgReO6 furthermore suggests that
vibronic coupling in 5d1 DPs is remarkably robust against
the presence of static JT distortions. The presence of a spin-
orbit-lattice entangled ground state is indicated by careful
analysis of the RIXS spectra and their temperature depend-
ence. We observe that, common to all three samples, the
jeff ¼ 3=2 → 1=2 spin-orbit excitation displays a signifi-
cant asymmetry indicative of dressing by lattice vibrations.
The excitation is also observed to broaden and shift to higher
energy with temperature, suggesting a thermally activated
effect in keeping with a phonon dressing origin. A micro-
scopic model is constructed to simulate a vibronically
coupled RIXS spectrum and shows good agreement with
our data. Our study thus reveals the presence of the dynamic
JT effect in A2MgReO6 (A ¼ Ca, Sr, Ba) and suggests that
the dynamic JT effect indeed helps to stabilize the hidden
multipolar physics in Ba2MgReO6.
Our experiments were performed with single crystal

samples of Ba2MgReO6 and Sr2MgReO6 as well as
a powder sample of Ca2MgReO6. The growth of
Ba2MgReO6 and Sr2MgReO6 has been previously reported
[5,7]. RIXS measurements were performed at the
Advanced Photon Source at the 27-ID-B beamline. The
experiments were performed at the Re L3 x-ray absorption
edge (2p → 5d, Ei ¼ 10.532 keV). The Ba2MgReO6

experiment utilized the Si(004) reflection while the
Sr2MgReO6 and Ca2MgReO6 experiment utilized the Si
(440) reflection of the high resolution monochromator. The
receiving optics are arranged in the typical Rowland circle
geometry to select final photon energy, with a diced,
spherically bent Si(119) crystal analyzer of bending radius
2 m and a Spectrum Lambda60k detector. In order to
minimize the elastic background from Thomson scattering,
the experiments were conducted in a horizontal geometry
with 2θ close to 90°. The overall resolution was about
100 meV (FWHM) for the Ba2MgReO6 experiment and
about 65 meV for the Sr2MgReO6 and Ca2MgReO6

experiment. Embedded-cluster quantum chemical compu-
tations were carried out using the MOLPRO suite of pro-
grams, employing the EWALD program to generate the
point-charge embeddings [19–21]. The quantum chemical
study was initiated as complete active space self-consistent
field (CASSCF) calculations with an active orbital space
containing the five 5d orbitals of the Re ion [22,23]. Post-
CASSCF correlation computations were performed at the
level of multireference configuration-interaction (MRCI)

FIG. 1. (a) Ba2MgReO6 undistorted cubic double perovskite
crystal structure at 300 K (space group Fm3̄m). Schematic
of ReO6 octahedron distortion in (b) Ca2MgReO6 and
(c) Sr2MgReO6. (d) Energy splittings of the 5d levels in
A2MgReO6 due to crystal field, SOC, and static JT distortion
effects. Note that Δ3 ¼ 0 in the absence of static distortion (e.g.,
Ba2MgReO6 above Tq).
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with single and double excitations out of the Re 5d and O
2p orbitals [22,24].
The RIXS spectra below 1 eV for all three samples show

similar features, as shown in Fig. 2. The higher energy
RIXS spectra are shown in the inset of Fig. 2 and also
show similar features across the series. The observed
features do not show any momentum dependence; see
the Supplemental Material [25] (see also Refs. [26–40]
therein). The high energy features “C” and “D,” corre-
sponding to the Δ1 transition and to charge transfer
excitations, respectively, are also discussed at greater length
in the Supplemental Material [25]. A broad feature labeled
“A” in Fig. 2 is visible as a shoulder to the elastic peak
below ∼300 meV in all compounds. Its nature is somewhat
ambiguous beyond the fact that it corresponds to some
intra-t2g excitation. Possible origins of the feature are
discussed at greater length in the Supplemental Material
[25]. A sharp, asymmetric feature labeled “B” in Fig. 2 is
present between 500 and 550 meV in all compounds, with a
systematic energy shift in the peak position to higher
energy as the A2MgReO6 A site is substituted from
Ba → Sr → Ca. This feature is understood as the Δ2

transition between the jeff ¼ 3=2 ground state and the
jeff ¼ 1=2 excited state; see Fig. 1(d). The systematic shift
can be understood by examining the effect of static
distortion of the ReO6 octahedra on the crystal field levels.
Quantum chemistry calculations summarized in Table I
estimate that the ReO6 distortions in Sr2MgReO6

and Ca2MgReO6 split the jeff ¼ 3=2 levels by Δ3 ¼ 50
and 70 meV respectively. This splitting lowers the ground
state energy and correspondingly increases the Δ2 tran-
sition energy by an estimated 30 and 40 meV respectively,
in good agreement with the observed shifts of 35 and
45 meV though the calculated transition energies are
systematically overestimated; see Table I. Further
details of the compound dependence and comparison with

quantum chemistry calculations are discussed in the
Supplemental Material [25].
Temperature dependence of the RIXS spectra below

1 eV is shown in Fig. 3 for Ba2MgReO6 and Ca2MgReO6

[41]. In the case of Ba2MgReO6 there is no temperature
dependence across either Tm ¼ 18 K or Tq ¼ 33 K, and in
Ca2MgReO6 there is no temperature dependence across
Tm ∼ 20 K. On the other hand, temperature dependence is
observed over a larger temperature scale when comparing
measurements at room temperature and low temperature.
The RIXS spectra of both Ba2MgReO6 and Ca2MgReO6

show a broadening and shifting toward higher energy of the
jeff ¼ 1=2 feature at room temperature, as shown in Fig. 3.
This temperature dependence is curious for two reasons.
First, it cannot reflect a change in the noncubic crystal field
splitting of the jeff ¼ 3=2 levels given that no structural
phase transitions are known to occur between the low and
high temperatures. Second, it is implausible that the
shifting reflects a change in SOC based solely on thermal
contraction of the lattice; quantum chemistry calculations
do not show any change in the SOC using the Ba2MgReO6

Δ2 transition energy as a proxy; see Table I.
While the compound dependent shift is well understood,

the asymmetric lineshape of feature B calls for further
scrutiny. We can rule out the asymmetry originating from
splitting of the jeff ¼ 1=2 level, which is a Kramer’s

FIG. 2. Experimental A2MgReO6 (A ¼ Ca, Sr, Ba) RIXS
spectra up to 1 eV overlaid with vibronic RIXS model (solid
lines). Enlarged inset shows the low energy vibronic modes. All
experimental data were obtained at the lowest temperature. Upper
right inset shows the RIXS spectra in the higher energy range up
to 10 eV.

TABLE I. Re6þ 5d1 splittings in A2MgReO6 (A ¼ Ca, Sr, Ba)
at select temperatures, relative energies in eV. Calculated values
are obtained from MRCIþ SOC.

Δexp
2 Δcalc

3 Δcalc
2

Ca2MgReO6 300 K 0.555(5) 0.07 0.61
11 K 0.545(5) � � � � � �
Sr2MgReO6 300 K � � � 0.05 0.60
11 K 0.535(5) � � � � � �
Ba2MgReO6 300 K 0.52(2) 0 0.57
93 K � � � 0 0.57
6 K 0.50(1) � � � � � �

FIG. 3. (a) Ba2MgReO6 and (b) Ca2MgReO6 jeff ¼ 1=2 feature
temperature evolution between base temperature and 300 K
overlaid with vibronic RIXS model results (solid lines).
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doublet. With splitting of the jeff ¼ 1=2 level ruled out, we
next turn to the asymmetry of the feature being owed to the
creation of collective magnetic or quadrupolar excitations
within the respective ordered phases, i.e., to magnon or
quadruplon sidebands. This is also unlikely given the fact
that the asymmetry persists well above all phase transitions.
In contrast, dressing of the spin-orbit excitation with
phonon modes and their thermal activation could provide
a reasonable explanation for our observations. Thus, the
most likely origin of the jeff ¼ 1=2 feature asymmetry and
temperature dependence is vibronic coupling to JT active
modes, which is supported by our model calculations
described below.
The model Hamiltonian for a single Re site in an

octahedral crystal field consists of SO and dynamic JT
terms:

Ĥ ¼ ĤSO þ ĤJT; ð1Þ
ĤSO ¼ λl̂ · ŝ; ð2Þ

ĤJT ¼
X

γ¼u;v

ℏω
2

ðp̂2
γ þ q̂2γÞ þ ℏωg

��
−
1

2
q̂u þ

ffiffiffi
3

p

2
q̂v

�
P̂yz

þ
�
−
1

2
q̂u −

ffiffiffi
3

p

2
q̂v

�
P̂zx þ q̂vP̂xy

�
: ð3Þ

Here, l̂ is the leff ¼ 1 orbital angular momentum operator
for the t2g orbitals [42], ŝ the spin angular momentum
operator, λ the SOC parameter, q̂γ the dimensionless
normal coordinates for the JT active Eg modes
½γ ¼ uð3z2 − r2Þ; vðx2 − y2Þ�, p̂γ the conjugate momenta,
P̂γ (γ ¼ yz; zx; xy) the projection operator into the t2g γ
orbital, g the dimensionless vibronic coupling parameter,
and ω the frequency for the JT active mode. The zero
temperature frequency of the Eg modes is chosen as ω0 ¼
0.067 eV with a linear temperature profile ωðTÞ ¼ ω0 þ
cT based on the Raman scattering spectra for Ba2MgWO6

[26]. g and λ are chosen to replicate the experimental data at
low temperature; g varies as 1=

ffiffiffiffiffiffi
ω3

p
with temperature while

λ is constant based on our MRCIþ SOC calculations for
Ba2MgReO6; see Table I. We calculated the cross section of
the Re L3-edge RIXS process based on the present
theoretical model using the Kramers-Heisenberg formula
within the fast collision approximation [43–45]. To repro-
duce the shape of RIXS spectrum the RIXS cross section
was convoluted with a Gaussian function matching
the resolution of the elastic line. The vibronic RIXS
model is discussed in greater detail in the Supplemental
Material [25].
The results of model calculations at low temperature are

shown in Fig. 2 alongside the experimental data, with both
normalized by the jeff ¼ 1=2 peak intensity. The jeff ¼ 1=2
feature is well reproduced by values g ¼ 1.325, 1.275, 1.25
and λ ¼ 0.311, 0.337, 0.347 eV for A ¼ Ba, Sr, Ca

respectively. We note that the values of λ are unequal to
compensate for the increase in the jeff ¼ 1=2 feature energy
due to ReO6 distortion not included in the pure octahedral
symmetry of the model. In order to estimate the energy
scale of vibronic coupling we examine the modeled
contributions to the jeff ¼ 3=2 → 1=2 transition energy.
As previously discussed, the dynamic JT effect lowers the
ground state energy and, consequently, increases Δ2 from
the usual 3λ=2 by an amount that grows monotonically with
the vibronic coupling strength. To best estimate the con-
tribution from vibronic coupling, then, we inspect the
nearly undistorted case of Ba2MgReO6 where Δ3 ∼ 0
and Δ2 ∼ 3λ=2 in the absence of the dynamic JT effect.
In this case, the model value of λ gives 3λ=2 ¼ 0.467 eV
which, when compared to the experimental jeff ¼ 3=2 →
1=2 transition energy of 0.5 eV, indicates that the transition
energy increases by ∼0.033 eV due to the dynamic JT
effect. Ignoring static distortions, this same subtraction
gives similar dynamic JT effect contributions of ∼0.03 eV
in Sr2MgReO6 and Ca2MgReO6. Thus, we conclude that
the energy scale of vibronic coupling is 1 order of
magnitude smaller than that of spin-orbit coupling in
A2MgReO6 (A ¼ Ca, Sr, Ba). With regard to the increase
in g from Ca → Sr → Ba, one possibility is that this reflects
the corresponding decrease in static JT distortion across the
series by virtue of the fact that large vibronic coupling
strengths can suppress static distortions in 5d1 DPs.
The relationship between vibronic coupling strength and
static distortions is discussed at greater length in the
Supplemental Material [25]. Another possibility is that it
reflects differences in the energy of the JT active phonon
modes between compounds. This viewpoint is supported
by a comparison of the room temperature JT active phonon
energies of Ba2MgWO6 and Ca2MgWO6, the latter of
which is ∼7% more energetic (0.072 eV compared to
0.067 eV) [46]. Such an increase in the phonon energy
would correspond to a decrease of ∼10% in g, more than
sufficient to effectuate the observed decrease of ∼6%. It is
important to note, however, that the worse resolution of the
Ba2MgReO6 experiment as well as the fact that our model
does not account for the impact of static JT distortions may
also have impacts on the estimated g parameters.
The temperature evolution of the vibronic RIXS model is

shown in Fig. 3, from which we see that our model can
qualitatively capture a shift to higher energy and broad-
ening of the high energy tail but quantitatively under-
estimates both aspects. The peak shift and broadening can
be matched by arbitrarily increasing g at high temperature;
however, the physical mechanism for such an increase is
not understood and as such is not done. Of the possible
mechanisms that may affect g, we can rule out the effect of
phase transitions in Ba2MgReO6 and Ca2MgReO6 given
the temperature independence of the RIXS spectra across
these. On the other hand, because g ∝ 1=

ffiffiffiffiffiffi
ω3

p
, it is

plausible that the missing enhancement of g comes from
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underestimation of the A2MgReO6 phonon energy temper-
ature dependence due to anharmonic effects [47]. Future
efforts to characterize the temperature dependence of the JT
active phonon energies in the A2MgReO6 (A ¼ Ca, Sr, Ba)
compounds would help to resolve this question and point to
the nature of the changes in g between them.
In summary, we have studied the family of A2MgReO6

(A ¼ Ca, Sr, Ba) compounds using Re L3-edge RIXS. Our
results show a splitting of the Re t2g levels into the expected
jeff ¼ 3=2 and jeff ¼ 1=2 levels. The splitting is found to
be in the range of 0.50–0.55 eV for the A2MgReO6 family,
with a systematic shift upward from Ba → Sr → Ca
indicative of the distortion of the ReO6 octahedra in the
respective compounds. The jeff ¼ 1=2 feature is observed
to be distinctly asymmetric and broadens and shifts to
higher energy at high temperature. These properties are
well explained by dressing of the jeff ¼ 1=2 feature with
lattice vibrations, implying the existence of significant
vibronic coupling in the A2MgReO6 compounds and
furthermore indicating a spin-orbit-lattice entangled ground
state. This takeaway is reinforced by the construction of a
vibronically coupled RIXS model which is shown to be in
good agreement with both the line shape and temperature
evolution of the observed spectra. One distinct conse-
quence of a spin-orbit-lattice entangled ground state is
that the SOC strength λ cannot directly be extracted,
necessitating the inclusion of vibronic coupling to the
typical crystal fieldþ SOC picture when attempting to
untangle the 5d level splittings.
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