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We report the magnetic susceptibility, specific heat, and muon spin relaxation results of the 5d*
double perovskite Bao YWOg. The dc magnetic susceptibility shows two distinct Curie-Weiss regimes
and a sub-Curie-Weiss increase T~ " with n = 0.75(1) for 7' = 3 — 100 K, alluding to the presence
of random magnetism. The ac magnetic susceptibility reveals a spin freezing at 7t ~ 0.3 K with the
activation energy of A/kp = 27.6 K. The specific heat data exhibit the pseudogap behavior at 25 K
and the subsequent power-law dependence with decreasing temperature, indicating the gradual spin
freezing with the quenching of orbital fluctuations. On the other hand, the muon spin relaxation
data display only a weak muon spin depolarization with lacking long-range magnetic ordering down
to 26 mK. Taken together, our results suggest that BaaYWOg is the proximate realization of a

random spin-orbit dimer state.

I. INTRODUCTION

A double perovskite (DP) A;BB’Og family has gath-
ered considerable attention due to its potential to host
diverse exotic states of matter [1]. The magnetic phases
can be controlled by the combination of magnetic or non-
magnetic cations on A, B, and B’ sites in DPs [2]. In
general, the A site is occupied by nonmagnetic cations,
while the B and B’ sites are possessed by transition-metal
ions. The B and B’ ions form octahedra with surrounding
oxygens, constituting two interpenetrating face-centered
cubic (FCCQC) lattices [see Fig. 1(a)]. When magnetic ions
reside in only one of the B or B’ sites, then a magnetic
sublattice becomes a simple magnetic FCC lattice, which
corresponds to an edge-sharing tetrahedral network [see
Fig. 1(b)]. This structural motif underlies geometrical
frustration in three dimensions.

In DPs with d' electronic configuration, a plethora of
magnetic ground states and the unique interplay between
spin and orbital and lattice have been predicted theoret-
ically [3-5]. In the presence of strong spin-orbit coupling
and Coulomb correlation, the 5d' electron systems form
a je = 3/2 Mott insulator. A conspicuous feature of
the pure jog = 3/2 state is a vanishing net magnetiza-
tion due to the cancellation of the spin moment by the
orbital moment. As such, pseudodipolar moments entail-
ing charge quadrupoles and magnetic octupolar moments
as well as strong spin-orbital entanglement provide key
notions that underpin the physics of the jog = 3/2 Mott
insulator [3]. The cubic DPs made of the Os”*, Ref™,
Mo®*, and W57 ions can realize such a jeg = 3/2 state. A
range of experimentally reported magnetic ground states
include a collective gapped singlet state in A3 YMoOg
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(A=Ba, Sr), a spin freezing in the absence of long-range
order in BagYy/3ReOg, a ferromagnetic Mott-insulating
state in BagNaOsOg and BasBReOg (B=Mg, Zn), and
an antiferromagnetically ordered state in BasLiOsOg [6—
14].

One of the d' DPs, Bay YMoOg is known to have puz-
zling magnetic properties. The dc magnetic susceptibil-
ity and muon spin relaxation (4SR) results show no evi-
dence of a magnetic transition down to 50 mK [7, 8, 10].
However, subsequent ac magnetic susceptibility mea-
surements revealed the spin-freezing-like transition at
0.6 K [10]. The magnetic entropy reaches RIn4 at high
T, suggesting the presence of an orbital degree of free-
dom along with the spin [7]. Based on these observations,
a valence bond glass state has been proposed, which is
supported by the singlet-triplet excitation about 28 meV
with in-gap magnetic states [9].

The valence bond glass is characterized by an amor-
phous arrangement of dimers and the absence of mag-
netic ordering [15]. In contrast to a simple spin-singlet
state, there is no electronic and magnetic gap but pseu-
dogap is created by the additional orbital degree of free-
dom. Furthermore, the average spin value is zero on each
lattice site as the spin rotational symmetry is preserved,
as opposed to a spin glass state. The underlying mecha-
nism of the valence bond glass in the d' DPs lies in the
fact that pseudospins jeg = 3/2 form spin-orbit dimers
with inflated planar orbitals by spin-orbit coupling [4].
Remarkably, the spin-orbit dimer phase captures the ex-
perimental characteristics of the valence bond glass state,
including no long-range order or symmetry breaking as
well as pseudogap excitation allowed by magnetic dipole
transition.

A related issue is on the relationship between quenched
disorders and quantum-spin-liquid-like behaviors in frus-
trated magnets. There is accumulating theoretical and
experimental evidence that disorders and exchange ran-



domness often engender gapless quantum spin liquid-like
states called a valence bond glass or a random-singlet
state [16]. The random singlets or valence bond glass
are characterized by a mixture of orphanlike spins and
valence bonds (spin singlets) that own a broad distribu-
tion of their bond strength and number. In BasYMoOg,
the valence bond glass state remains stable against the
isovalent substitution of Sr?* for Ba?* [17]. The ensuing
question is whether the valence bond glass is still retained
in BagYWOg, which is the 5d* counterpart of the 4d' DP
BaQYMoOG.

In this paper, we present the dc and ac magnetic
susceptibility, thermodynamic, and SR measurements
of BaaYWOg. The dc and ac magnetic susceptibili-
ties signal the development of a random magnetic state,
which eventually undergoes a spin-freezing transition at
Tt ~ 0.3 K. The specific heat data support the presence
of significant orbital contributions to a total entropy and
persistent orbital fluctuations. Furthermore, our uSR re-
sults exhibit a weak muon spin depolarization dictated
by strongly quenched spin moments and the absence of
long-range magnetic ordering down to 26 mK. These find-
ings demonstrate that the valence-bond-glass state ob-
served in BasYMoOg remains robust in BaosYWOg de-
spite the variation of a spin-orbit strength and a stronger
hybridization between W-5d and O-2p states.

FIG. 1. (a) Crystal structure of BaaYWQOg. The W>T ions
are surrounded by six oxygens, forming WOg octahedra. The
YOs octahedra are omitted for clarity. (b) The edge-sharing
tetrahedral network consists of the coupled W spins via the
super-superexchange interaction J (blue solid lines).

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Bas YWOQOg were synthesized
by a solid-state reaction using a stoichiometric amount
of the starting materials BaCO3, WO3, and Y203 (fine
powder predried at 950 °C overnight). The starting ma-
terials were mixed in agate mortars, pressed into pellets,
and annealed in 10% Hy/90% Ar gas at 1300 °C for 20
hours. The quality of the samples was confirmed using
X-ray diffraction measurements (space group F'm3m and
a = 8.3848 A), which are well consistent with Ref. [18].

The dc magnetic susceptibility was measured using a
SQUID (Quantum Design MPMS). The ac susceptibility
was measured with the conventional mutual inductance
technique with a homemade setup at the National High
Magnetic Field Laboratory [19]. Specific heat was mea-
sured by the thermal-relaxation method in the PPMS
with a 3He insert, allowing for measurements down to
0.3 K.

1SR experiments were performed over the temperature
range 26 mK< 7" <100 K on the 7M3 beamline at the
Paul Scherrer Institute (Villigen PSI, Switzerland) using
the GPS spectrometer and on the M15 beamline at TRI-
UMF (Vancouver, Canada) using the dilution refrigera-
tor. The polycrystalline samples Bas Y WOg were ground
and packaged with a silver foil and attached to the sample
holder in PSI and TRIUMF. All obtained pSR data were
analyzed using the software package MUSRFIT [20].

III. EXPERIMENTAL RESULTS

A. DMagnetic susceptibility
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FIG. 2. Log-log plot of the dc magnetic susceptibility of
BasYWOg measured at 3 T. The black dashed line denotes
the power-law behavior of xac(T) ~ T™" with n = 0.75(1).
The inset shows the inverse magnetic susceptibility 1/x4c with
the Curie-Weiss fits for two different temperature regions.

Figure 2 exhibits the temperature dependence of the
de magnetic susceptibility xqc(7T) of BaaYWOg on a log-
log scale. An external magnetic field of 3 T is applied
for our dc magnetic susceptibility measurements. With
decreasing temperature, xqc(7') increases gradually and
then shows a sub-Curie behavior below 100 K and, finally,
tends to level off below 3 K.

We note that the inverse dc magnetic susceptibility
1/xac(T) shows two distinct Curie-Weiss regimes above
260 K and below 150 K, as displayed in the inset of



Fig. 2. The Curie-Weiss analysis for high T yields Ocw =
178.8(7) K, C = 0.00518(3) emu-mol~1-K~.Oe~!, and
teg = 0.2035 pp. The effective magnetic moment is
much smaller than the expected value pog = 1.73 up for
S = 1/2, being consistent with the suppressed spin mo-
ments for the degenerate jog=3/2 quartet. On the other
hand, below 150 K, the Curie-Weiss fit provides Ocw =
—7.8(1) K, C = 0.02538(4) emu-mol 1-K~1.0e~!, and
et = 0.4505 pp. The low-T Curie constant indi-
cates a 6.765 % fraction of the S = 1/2 moments (or
~3.04 % when the W5T ions have jog = 3/2 where
g; = 4/3), which is comparable to the isostructural
4d* DP BagYMoOg [7, 8]. Furthermore, the presence
of the low-T linear regime in 1/xq4c(T") resembles that of
BasYMoOg. However, the positive Ocw of BasYWOg
for high temperatures is in sharp contrast to the negative
value of BaaYMoOg [7, 8]. The T-varying Curie-Weiss
parameters imply that the magnetic moments alone is
insufficient to account for a magnetic behavior.

In the temperature range between T' = 3 — 100 K,
Xde(T') displays a non-Curie-Weiss increase. yq4c(T) fol-
lows a power law xqc(T) ~ T~™ with n = 0.75(1). The
sub-Curie-Weiss behavior is regarded as a hallmark of
random magnetism. For the random magnetism, the
exponent emulates a distribution of exchange coupling
constants. However, there is no clear evidence of chemi-
cal disorders in this system. As such, other mechanisms
should be evoked to explain the 7" varying magnetic ex-
change interactions or magnetic moment along with the
sub-Curie-Weiss behavior. Noteworthy is that a recent
theoretical study proposed the mechanism for the strong
temperature dependence of the effective magnetic mo-
ment for the d' DPs [5]. To be specific, for BagYMoOg,
the pseudo-Jahn-Teller coupling enhances the mixing be-
tween the ground state and the excited spin-orbit mul-
tiplet states, giving rise to the reduction of the effec-
tive magnetic moment with decreasing temperature. In
principle, a thermal variation of the pseudo-Jahn-Teller
coupling can lead to an alteration of magnetic exchange
interactions by modifying the orbital overlaps mediating
exchange paths. Unlike Bas YMoOg, however, the effec-
tive magnetic moments of BaaYWOg are enhanced at
low temperatures. Thus, a future investigation is called
for to ascertain whether a similar mechanism holds for
BagYWOG.

The temperature dependence of the ac magnetic sus-
ceptibility x%..(T) in various frequencies and magnetic
fields are presented in Figs. 3(a) and 3(b). As the
temperature is lowered, the broad maximum appears at
Tt ~ 0.3 K. The observed cusp at T} shifts to higher
temperatures with increasing the frequency, while this
is quickly suppressed by the application of the magnetic
field. The frequency and field dependences of x/,.(T') sug-
gest the glassy nature of spin dynamics at low 7". In order
to estimate the activation energy, we plot the frequency
dependence of 1/T¢in a semilog plot as shown in Fig. 3(c).
Ti(T,v) is well described with v = v(0)exp[—A/kpTi,
yielding the activation energy of A/kg = 27.6 K. The
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FIG. 3. Real part of the ac magnetic susceptibility xa. for
BaYWOs as a function of temperature at (a) different fre-
quencies and (b) various dc magnetic fields. (c) Arrhenius
plot for the activated frequency dependence of T;. The blue
solid line represents the Arrhenius fit to the data.

evaluated activation energy is comparable to that of
BasYMoOg (A/ks = 39(2) K) [10].

B. Specific heat

Figure 4 shows the specific heat of BasYWOg, con-
veying information about low-energy excitations. To ob-
tain the non-phononic specific heat Cy,(T'), we subtract
the lattice contribution from the total specific heat using
the nonmagnetic counterpart BasYTaOg. Since both the
compounds have similar molar mass, the phonon contri-
bution to the specific heat is expected to be nearly iden-
tical. As displayed in Fig. 4(a), Cp(T)/T of BaaYWOgq
matches well with that of BasYTaOg above 175 K. There-
fore, Cnp(T") should be ascribed to the singly-occupied
5d tog level. With decreasing temperature, Cyp(T) /T ex-
hibits a broad maximum at around 25 K and an upturn
below 6 K. The broad maximum temperature is compara-
ble with the estimated activation energy A/kp = 27.6 K
from x..(T,v), suggesting the onset of partial moment
freezing. The low-T' increment of Cy,(7")/T can not be
reproduced by T3, thus, we rule out the possibility for
nuclear Schottky contributions. Rather, the low-T up-
turning feature should be related to the density of low-
energy magnetic excitations.

To determine the nature of low-lying excitations, we
plot the temperature dependence of the non-phononic
specific heat in a log-log scale as exhibited in Fig. 4(b).
As the temperature is lowered, Cy,,(T") exhibits a broad
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FIG. 4. (a) Temperature dependence of the specific heat di-
vided by temperature Cp/T for BaaYWOQs (circles) and its
non-magnetic counterpart BapYTaOg (squares) under zero
field. The triangle symbols represent the non-phononic con-
tribution Chp/T. (b) Non-phononic specific heat as a function
of temperature in a log-log scale. The colored solid lines de-
note the fits to the power-law behavior. (¢) Temperature de-
pendence of the spin-orbital entropy obtained by integrating
Chup/T.

hump at 75 K, which concurs with the power-law incre-
ment of ygc(7T). This implies the gradual spin-orbital
freezing by quenching a degree of freedom for the or-
bitally degenerate 5d ty, electrons. Upon cooling to-
ward 0.3 K, Cyp(T) exhibits two consecutive power-
law behaviors T™ in the respective temperature range.
The exponent changes from n = 2.53(4) to 0.367(3)
through T* = 6 K. Notably, the power-law dependence of
Cop(T) ~ T%534) is reminiscent of a spin-orbital liquid
state, in which both spin and orbital are strongly corre-
lated without long-range magnetic order [21-23]. How-
ever, Bas YWOg manifests the spin freezing at 7%, as ev-
ident from the broad hump of x/.(T'). Therefore, we in-
fer that thermally-activated 5d orbital fluctuations may
give rise to the disordered spin-orbital liquid state in the
intermediate temperature range T = 6 — 18 K. With
decreasing temperature, the orbital fluctuations persist
but diminish with the gradual moment freezing down to
T*. On the other hand, the weak power-law behavior
below T suggests a small density of magnetic states at
low energies. This can be interpreted as that while a
majority of the magnetic moments are nullified by form-
ing random singlets, a small fraction of the spins behave
as free spins, supported by the activation behavior with
A/kg =27.6 K.

The temperature dependence of the spin-orbital en-
tropy AS(T') is shown in Fig. 4(c), which was calculated
by integrating Cy,p(T)/T. AS(T) shows the saturation
to 11.82 J-mol~'-K~!, close to the Rln4 = 11.52 ex-
pected for a jer = 3/2 quadruplet. As the jeog = 1/2
doublet lies at much higher energy, a single electron on
5d tag orbital should occupy the low-lying jegx = 3/2

quadruplet [24, 25]. Given the small magnetic moment
of ~ 0.45 up, a majority of the AS is of electronic origin.
In the whole measured temperature range, we observe
no discernible anomaly, ruling out the occurrence of ap-
parent phase transitions. As such, our compound has
no hint of an electric-quadrupolar ordering. With de-
creasing the temperature below T*, only 2.4 % of AS is
released, in agreement with the ~ 3.04 % of the W°T
having jeg = 3/2 obtained from the Curie-Weiss fit to
the low-T" xac(T).

C. Muon spin relaxation
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FIG. 5. Raw wTF-uSR spectra of Ba; YWOg measured at (a)
TleOKandHTF:5O G, (b)T:2KandHTF:20 G,
and (c) T'= 26 mK and Hrr = 20 G, respectively. The solid

curves represent the fits to the data.

In order to rule out the possibility of long-range
magnetic ordering, we carried out the weak transverse
field (wTF) uSR experiments at various temperatures
as shown in Fig.5. In the wTF measurements, the long-
range ordering would generally give rise to a loss of initial
asymmetry (¢t = 0) or a rapidly relaxing component with-
out muon precession signal due to the strongly developed
static local fields, prevailing over the applied wTF. How-
ever, we observe no loss of initial asymmetry down to
26 mK and no rapidly damping component in the wTF-
1SR data. Therefore, we rule out the establishment of
local magnetic fields by the long-range ordering.

The observed wTF data are well reproduced by a co-
sine function multiplied by a simple exponential function,
A.(t) = A(0)cos(2mfut + ¢)exp(—Arrt). Here, A(0) is
the initial asymmetry, f, is the muon Larmor precession
frequency corresponding to the applied wTF, ¢ is the ini-
tial phase of the oscillatory signal, and Arg is the muon
spin relaxation rate. With decreasing temperature, the
muon spin relaxation increases and seems to saturate be-

low 2 K.



We note that the raw wTF data show the initial asym-
metry value of ~ 0.27, suggesting that the observed slow
relaxation in our pSR results is not a 1/3 tail of the
muon depolarization but the total muon spin relaxation
in the time window of continuous muon beam (see be-
low). Hereafter, we plot the uSR data as polarization vs.
time after subtracting the time-independent background
contribution (2-5 % of the total asymmetry depending
on the spectrometers). By this means, we match the ini-
tial muon spin polarization obtained from two different
spectrometers.
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FIG. 6. (a) Representative ZF-uSR spectra at selected tem-
peratures. The solid curves represent the fits to the data. The
inset shows the temperature dependence of the muon spin re-
laxation rate A(T') on a semi-log scale. The shaded region is a
guide to the eye. (b) LF dependence of uSR spectra measured
at T'= 26 mK.

We performed zero-field (ZF) and longitudinal-field
(LF) uSR measurements to investigate the thermal and
field evolution of spin-spin correlations. Figure 6(a) dis-
plays the ZF-uSR results of BaaYWOQOg. We detect no
evidence of the muon spin relaxation caused by nuclear
depolarization, which suggests most muons stop near the
02~ ions. In the paramagnetic state, the muon spin de-
polarization is considerably slow, indicating the domi-
nant muon spin relaxation by fast fluctuating moments
at high temperatures. Furthermore, the ZF-uSR spectra
show no signatures of static magnetism down to 26 mK,
such as a coherent muon oscillating signal and 1/3 recov-
ery of the muon polarization at long times. This seems
to be at odds with the spin freezing at Tt ~ 0.3 K, which
will be discussed below.

For a quantitative analysis, the obtained ZF- and LF-
1SR spectra of BaaYWOg are fitted with a single expo-
nential function, P,(t) = P,(0)exp[—At]. Here, P,(0) is
the initial muon spin polarization at ¢ = 0 and A is the
muon spin relaxation rate. The temperature dependence
of the muon spin relaxation rate A(7") is shown in the
inset of Fig. 6(a). As the temperature decreases, \(T)
increases slightly and then exhibits the steep increase be-
low 6 K. This suggests the slowing down of spin fluctua-
tions by the development of spin correlations. Upon fur-

ther cooling toward 26 mK, \(T") flattens out below 1 K,
which signifies the entrance into the regime of persistent
spin dynamics. Such a leveling-off behavior of the muon
spin relaxation is observed in a range of frustrated mag-
nets, including quantum spin liquid, spin freezing, spin
glass, and weak magnetic order [26-28]. The persistent
spin dynamics has been regarded as an indication of low-
lying unconventional magnetic excitations whose origin is
still under debate [28, 29]. Therefore, the temperature-
independent behavior of A(T") at low T" suggests the pres-
ence of unconventional spin excitations in the jog = 3/2
FCC BagYWOG.

In order to diagnose the dynamic nature of the ground
state, we further carried out the LF-uSR experiments at
26 mK as shown in Fig. 6(b). The muon spin depolar-
ization is recovered substantially by the applied weak LF
of 10 G, approximately 15 % at long times. This points
to extremely weak fields generated by short-range cor-
relations between the W spins at the muon interstitial
sites. On further increasing the LF, the uSR spectra are
nearly saturated, yet they still show the slow relaxation
even in 10 kG. The persisting muon spin depolarization
under 10 kG reflects the absence of static field distribu-
tion at the muon sites and the presence of dynamically
fluctuating weak local fields in the ground state.

When the system has a conventional spin glass
ground state, the uSR spectra are expected to be de-
scribed by a Lorentzian Kubo-Toyabe-type function as
in SroMgReOg [30]. Otherwise, the uSR spectra can
be generically fitted with the combined relaxation func-
tions with the stretched exponential term exp[—(\t)?]
and then the stretching exponent  is close to 1/3 below
the spin freezing temperature [31-33]. However, neither
case can be applied to our data within the time window
of continuous muon beams, in which a simple exponential
function well describes the uSR spectra. Instead, consid-
ering the low-T" magnetic contributions to the magnetic
and thermodynamic properties, the implanted muons re-
lax predominantly by nearly freely propagating spins or
spin singlets.

IV. DISCUSSION AND CONCLUSION

We discuss the ground state of BaaYWOQOg. The dc
and ac magnetic susceptibility measurements suggest the
gradual formation of gapped singlets with decreasing
temperature and subsequent spin freezing below Ty ~
0.3 K. On the other hand, the spin freezing is largely
hidden to the puSR and specific heat data showing the
absence of static magnetism down to 26 mK. Taken to-
gether, the ground state is approximated as randomly
distributed spin-orbit dimers with dynamically fluctuat-
ing spin moments, a so-called valence bond glass. We
stress that the essentially same state is observed in the
isostructural DP BagYMoOg [7, 8, 10]. The valence
bond glass is expected to show the broad maximum in
Chp(T) /T, which is related to the energy scale of a spin-



singlet formation [15]. As the temperature is lowered,
the pseudogap is closed by the energy levels of emergent
weakly-coupled residual spins, evidenced by the gradual
decrease of Cp,(T')/T below 25 K. C,,(T") does not be-
come zero down to 0.4 K, indicating the non-zero density
of low-lying magnetic states. Furthermore, the power-law
behavior of xqc(T) ~ T~™ with n = 0.75(1) is smaller
than the theoretically predicted exponent n = 1 [15],
yet it is compatible with random singlets [16]. As such,
we expect a distribution of valence bonds in their size
and strength. The observed magnetic and thermody-
namic properties support the valence bond glass state
in BagYWOG.

A recent theoretical investigation has revealed that the
magnetic phases in the d' cubic DPs can be tuned by the
interplay of Hund’s coupling and spin-orbit coupling [4].
Depending on both parameters, the magnetic phases are
classified into a noncollinear antiferromagnetic or ferro-
magnetic phase, and a spin-orbit dimer phase. Despite
the enhanced spin-orbit coupling by chemical substitu-
tion, BagYWOg retains the valence bond glass state.
This observation is consistent with the existence of a
wide spin-orbital dimer regime in the phase diagram [4].
Therefore, we purport that the valence bond glass is sta-
ble toward the enhanced spin-orbit coupling as well as
the isovalent chemical substitution of the A site [17].

We turn to the uncompensated weak magnetic mo-
ments, which govern the low-T magnetism. As evidenced
by the activation behavior of x/. (T, v), most spins form
the singlet state. Meanwhile, the orphanlike spins remain
dynamically fluctuating, supported by the slow muon
spin relaxation down at 26 mK. In addition, the nega-
tive Ocw = —7.8(1) K below 150 K suggests weak ex-
change interactions between them at low temperatures.
The orphanlike spins are non-trivial entities, which prop-
agate through rearrangements of singlets. Based on
these observations, we infer that the suppressed spin mo-
ments by orbital fluctuations are randomly distributed
over the W sites with weak antiferromagnetic coupling
at a longer distance. The occurrence of disparate mag-
netism can be understood in terms of time scales. At

the macroscopic level, the majority of the spins gradu-
ally form the random spin-orbit singlets with decreas-
ing temperature on the slow time scale, which is de-
tectable in the bulk magnetic susceptibility. However, on
the microscopic scale, the spins are subject to quantum
fluctuations. Such quantum fluctuations are incompe-
tent for stabilizing the system into thermodynamically or
quantum-mechanically ordered state [34-36], but this can
be achieved at microscopic (fast) time scale (~ns) [37].

In summary, our observations provide experimental ev-
idence of a valence bond glass in the 5d* DP BasYWOs.
The low-T Curie-Weiss regime in xqc(7T') suggests that
tiny fractions of spins contribute to the low-T magnetism,
in agreement with a valence bond glass at low temper-
atures. The pseudogap behavior and the subsequent
change of the power-law exponent in Cp,(T') indicate a
gradual formation of a valence bond glass with consid-
erable orbital fluctuations. The uSR experiments deter-
mine that the quenched spin moments are weakly corre-
lated in the background of the singlet states. Our results
showcase that the 4/5d* double perovskites are apt to
host a valence bond glass, which can be regarded as a
random version of the spin-orbit dimer state predicted in
a three-dimensional FCC lattice.
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