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We construct and analyze a microscopic model for insulating rocksalt ordered double perovskites, with the
chemical formula A2BB!O6, where the B! atom has a 4d1 or 5d1 electronic configuration and forms a face-
centered-cubic lattice. The combination of the triply degenerate t2g orbital and strong spin-orbit coupling forms
local quadruplets with an effective spin moment j=3 /2. Moreover, due to strongly orbital-dependent exchange,
the effective spins have substantial biquadratic and bicubic interactions !fourth and sixth order in the spins,
respectively". This leads, at the mean-field level, to three main phases: an unusual antiferromagnet with
dominant octupolar order, a ferromagnetic phase with magnetization along the #110$ direction, and a nonmag-
netic but quadrupolar ordered phase, which is stabilized by thermal fluctuations and intermediate temperatures.
All these phases have a two-sublattice structure described by the ordering wave vector Q=2!!001". We
consider quantum fluctuations and argue that in the regime of dominant antiferromagnetic exchange, a non-
magnetic valence-bond solid or quantum-spin-liquid state may be favored instead. Candidate quantum-spin-
liquid states and their basic properties are described. We also address the effect of single-site anisotropy driven
by lattice distortions. Existing and possible future experiments are discussed in light of these results.
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I. INTRODUCTION

In magnetic Mott insulators with quenched orbital degrees
of freedom, weak spin-orbit coupling !SOC" only leads to a
small correction to the usual spin-exchange Hamiltonian in
the form of single-site anisotropy and Dzyaloshinskii-Moriya
interactions.1,2 In the presence of strong SOC, however, a
completely different physical picture emerges, in which spin
itself is not a good quantum number, and magnetic aniso-
tropy is usually large. Generally, strong SOC is common in
the lanthanides, in which the relevant 4f electrons are very
tightly bound to the nucleus. The tight-binding shields the
electrons from crystal fields, which tend to split the orbital
degeneracies involved in SOC, and moreover reduces ex-
change, which also competes with SOC.

While more rare, strong SOC is becoming an increasing
focus in d-electron systems, in which electrons are more de-
localized than in the lanthanides, and more diverse phenom-
ena can be expected. For instance, strong SOC can be ex-
pected in 5d transition-metal compounds, which have large
intrinsic atomic SOC due to their high atomic weight. In this
category, many Ir-based magnets have been studied
recently.3,4 Lighter transition metals may also exhibit strong
SOC if competing effects such as crystal fields and exchange
are suppressed, e.g., by choosing crystal structures with
high-symmetry and well-separated magnetic ions, respec-
tively. An example of this type is the “spin-orbital liquid”
state observed in the Fe-based spinel FeSc2S4,5–7 which is
believed to be driven by SOC.8–10

In this paper, we consider the case of insulating magnetic
ordered double perovskites. Structurally, ordered double per-
ovskites !with the chemical formula A2BB!O6" are derived
from the usual perovskites ABO3 by selectively replacing
half the B ions with another species, denoted B!. We focus
on the case in which the B ions are nonmagnetic and the B!
ones are magnetic. Because of the difference in the valence
charges and ionic radius between B and B! ions, the mag-
netic B! ions form an face-centered-cubic !fcc" lattice struc-
ture with a lattice constant double of the original cubic one.
Many ordered double perovskites incorporate strong intrinsic
SOC, as B! ions are commonly 4d and 5d transition metals.
Moreover, the large B!-B! separation weakens exchange,
similarly to FeSc2S4. Here, we construct an appropriate mi-
croscopic model for the most quantum of these materials !a
list may be found in Table I", in which the magnetic ion
contains a single unpaired S=1 /2 spin.

The physics is strongly influenced by the combination of
the orbital degeneracy of the t2g multiplet, which acts as an
effective !=1 orbital angular moment. Due to strong SOC,
this combines with the S=1 /2 spin to induce an effective
total angular momentum j=3 /2 description of the system.
Moreover, due to the orbitally dependent exchange, the in-
teraction of these j=3 /2 contains large biquadratic !fourth
order in spin operators" and triquadratic !sixth order in spin
operators" interactions. These support exotic phases not eas-
ily found in systems with dominant bilinear spin exchange.

Analysis of the microscopic model shows that the strong
SOC enhances quantum fluctuations and leads to several in-
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teresting phases: !1" an unconventional antiferromagnet !de-
noted AFM" in which the magnetic octupole and quadrupole
moments rather than the dipole moment are dominant, !2" an
unusual noncollinear ferromagnet 110 !denoted FM110" with
a doubled unit cell and magnetization along the #110$ axis,
!3" a !biaxial" “spin nematic” phase with quadrupolar order
but unbroken time-reversal symmetry and, more specula-
tively, !4" a possible quantum-spin-liquid !QSL" phase.
Phases !1", !2", and !4" are low-temperature phases and per-
sist as ground states, while the spin nematic, phase !3", oc-
curs in a broad intermediate temperature range below the
paramagnetic state but above any magnetic ordering tem-
perature.

States with magnetic multipole order are more often ob-
served in f-electron systems where crystal-field effects are
less important than SOC.19 As a consequence, the atomic
wave functions are total angular momentum eigenstates, in
which the spin and orbital degrees of freedom are highly
entangled. This leads to highly non-Heisenberg exchange be-
tween the local moments, which is described by interaction
of higher magnetic multipole operators. Such interactions
may drive multipolar order, as suggested, for instance, in
URu2Si2.20 Recently this has been suggested to also occur in
d-electron systems with unquenched orbital degeneracy and
sufficient SOC.21 We find a similar mechanism at work in the
AFM phase.

A ferromagnetic state is not in itself unusual, though such
is relatively uncommon in insulators. However, cubic ferro-
magnets with an easy axis oriented along the #110$ direction
is quite uncommon. This can be understood from the Landau
theory for a ferromagnet: the usual fourth-order cubic aniso-
tropy term favors either #100$ or #111$ orientation, depending
upon its sign, but never #110$. To obtain a #110$ easy axis,
one requires sixth-order or higher terms to be substantial,
making this rare indeed. Remarkably, such #110$ anisotropy
has been observed in experiments on Ba2NaOsO6.18

Both the above states, when heated above their magnetic
ordering temperatures, allow on symmetry grounds for an
intermediate phase which is time-reversal symmetric but
with quadrupolar order—the spin nematic. Applying the
mean-field theory !MFT" at T!0, we indeed find such a

phase in a broad range of parameter space. While spin nem-
atic states have been suggested previously in NiGa2S4,22–26 it
has not been established in that material. The mechanism for
quadrupolar order here is much more transparent and robust
than in that case.

The above three phases, while somewhat unconventional,
may be obtained within a mean-field analysis. A QSL state,
however, cannot be described by any mean-field theory, and
is considerably more exotic. The search for a QSL, which is
a state in which quantum fluctuations prevent spins from
ordering even at zero temperature, is a long-standing prob-
lem in fundamental physics.27 Since the possibility of a QSL
was suggested by Anderson in the early 1970s,28 this has
been an active area for theory and experiment. Despite the
current maturity of the theory for QSL,29 the experimental
confirmation of the existence of such an exotic phase is still
elusive. Very commonly geometrical frustration is thought to
be a driving mechanism for QSL formation, and conse-
quently most research !both theoretically and experimen-
tally" has been devoted to systems of this type, such as
triangular,30 kagome,31 hyperkagome,3,32,33 and pyrochlore
lattices.34

Here we suggest a different route, in which quantum fluc-
tuations are enhanced primarily by strong SOC, rather than
geometrical frustration.35 In fact, the magnetic ions in or-
dered double perovskites reside on a fcc sublattice, which
can be viewed as edge-sharing tetrahedra, and is somewhat
geometrically frustrated. Without strong SOC, however, this
frustration is weak, and indeed the classical Heisenberg an-
tiferromagnet on the fcc lattice is known to magnetically
order into a state with the ordering wave vector 2"!001".36

The tendency of the simple fcc antiferromagnet to order may
be partially attributed to its large coordination number !z
=12", which leads to mean-fieldlike behavior. By contrast,
strong SOC induces effective exchange interactions very dif-
ferent from Heisenberg type, with strong directional depen-
dence that may make a QSL more favorable. To make this
suggestion more concrete, we propose a natural wave func-
tion for a QSL in our model, and discuss the physical prop-
erties of such a state.

We now outline the main results of the paper, and how
they are presented in the following sections. In Sec. II, we

TABLE I. A list of ordered double perovskites. Note the discrepancy in Curie-Weiss temperature and #eff may originate from the
experimental fitting of data at different temperature range.

Compound B! config. Crystal structure
$CW
!K"

#eff
!#B" Magnetic transition Frustration para. f Ref

Ba2YMoO6 Mo5+!4d1" Cubic −91 1.34 PM down to 2 K f %45 11
Ba2YMoO6 Mo5+!4d1" Cubic −160 1.40 PM down to 2 K f %80 12
Ba2YMoO6 Mo5+!4d1" Cubic −219 1.72 PM down to 2 K f %100 13
La2LiMoO6 Mo5+!4d1" Monoclinic −45 1.42 Short-range AFM TN%20 K f %2 13
Sr2MgReO6 Re6+!5d1" Tetragonal −426 1.72 Spin glass, TG%50 K f %8 14
Sr2CaReO6 Re6+!5d1" Monoclinic −443 1.659 Spin glass, TG%14 K f %30 15
Ba2CaReO6 Re6+!5d1" Cubic to tetragonal !at T%120 K" −38.8 0.744 AFM TN=15.4 K f %2 16
Ba2LiOsO6 Os7+!5d1" Cubic −40.48 0.733 AFM TN%8 K f %5 17
Ba2NaOsO6 Os7+!5d1" Cubic −32.45 0.677 FM TN%8 K f %4 17
Ba2NaOsO6 Os7+!5d1" Cubic %−10 %0.6 FM TN=6.8 K f %4 18
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of freedom, weak spin-orbit coupling !SOC" only leads to a
small correction to the usual spin-exchange Hamiltonian in
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interactions.1,2 In the presence of strong SOC, however, a
completely different physical picture emerges, in which spin
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the orbital degeneracy of the t2g multiplet, which acts as an
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this combines with the S=1 /2 spin to induce an effective
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order in spin operators" and triquadratic !sixth order in spin
operators" interactions. These support exotic phases not eas-
ily found in systems with dominant bilinear spin exchange.

Analysis of the microscopic model shows that the strong
SOC enhances quantum fluctuations and leads to several in-

PHYSICAL REVIEW B 82, 174440 !2010"

1098-0121/2010/82!17"/174440!25" ©2010 The American Physical Society174440-1

teresting phases: !1" an unconventional antiferromagnet !de-
noted AFM" in which the magnetic octupole and quadrupole
moments rather than the dipole moment are dominant, !2" an
unusual noncollinear ferromagnet 110 !denoted FM110" with
a doubled unit cell and magnetization along the #110$ axis,
!3" a !biaxial" “spin nematic” phase with quadrupolar order
but unbroken time-reversal symmetry and, more specula-
tively, !4" a possible quantum-spin-liquid !QSL" phase.
Phases !1", !2", and !4" are low-temperature phases and per-
sist as ground states, while the spin nematic, phase !3", oc-
curs in a broad intermediate temperature range below the
paramagnetic state but above any magnetic ordering tem-
perature.

States with magnetic multipole order are more often ob-
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wave functions are total angular momentum eigenstates, in
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may drive multipolar order, as suggested, for instance, in
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magnets with an easy axis oriented along the #110$ direction
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tropy term favors either #100$ or #111$ orientation, depending
upon its sign, but never #110$. To obtain a #110$ easy axis,
one requires sixth-order or higher terms to be substantial,
making this rare indeed. Remarkably, such #110$ anisotropy
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with quadrupolar order—the spin nematic. Applying the
mean-field theory !MFT" at T!0, we indeed find such a
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a state in which quantum fluctuations prevent spins from
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=12", which leads to mean-fieldlike behavior. By contrast,
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We report on the unconventional magnetism in the cubic B-site ordered double perovskite Ba2YMoO6,

using ac and dc magnetic susceptibility, heat capacity and muon spin rotation. No magnetic order is

observed down to 2 K while the Weiss temperature is !" 160 K. This is ascribed to the geometric

frustration in the lattice of edge-sharing tetrahedra with orbitally degenerate Mo5þ s ¼ 1=2 spins. Our

experimental results point to a gradual freezing of the spins into a disordered pattern of spin singlets,

quenching the orbital degeneracy while leaving the global cubic symmetry unaffected, and providing a

rare example of a valence bond glass.

DOI: 10.1103/PhysRevLett.104.177202 PACS numbers: 75.10.Jm, 75.40.Cx, 76.75.+i

Magnetic insulators with lattices in which antiferro-
magnetic (AF) bonds are geometrically frustrated have
been studied widely in the pursuit of exotic quantum
ground states such as spin liquid [1,2]. Such nonclassical
ground states have mainly been sought in low dimen-
sional structures such as the triangular lattice system
!-ðBEDT-TTFÞ2Cu2ðCNÞ3 [3] and the kagome antiferro-
magnet herbertsmithite [4]. Materials with a geometrically
frustrated face centered cubic (fcc) lattice have in this
respect received much less attention. The 12 near-neighbor
magnetic bonds J1 between the [000] and [ 12

1
2 0] spins on

the fcc lattice form a network of edge-sharing tetrahedra
(Fig. 1). When these bonds are AF (J1 > 0) the magnetism
is geometrically frustrated, giving rise to a large (but not
macroscopically large [5] as for the kagome lattice)
ground-state manifold of spin configurations unrelated by
symmetry. Further neighbor interactions (J2) along the 6
[100] vectors lift this degeneracy only partially; J2 < 0
(along the 6 [100] vectors) leads to type I order, weak
AF exchange (0< J2 < 2J1) to type III order and stronger
AF exchange J2 > 2J1 to type II order. Thermal or quan-
tum fluctuations and quenched disorder have been shown
to result in a bias for respectively collinear and anticol-
linear states within these degenerate ground-state mani-
folds [6–8], an entropic selection effect termed ‘‘order
from disorder’’ [9]. This is in agreement with experiments
on well-known compounds of rocksalt structure such as
MnO [10,11], Cd1"xMnxTe [12], and NiO, MnSe [10].
Classical type I, II or III order has also been confirmed
for s ¼ 1=2 [13–15] although less is known about the
physics at the boundaries between the classical phases. In
this Letter we describe the unconventional magnetism in
the compound Ba2YMoO6, providing experimental evi-
dence that an exotic valence bond glass (VBG) [16,17]
state can stabilize at the boundary between the known
classical phases on the fcc lattice. Such a disordered state

has been predicted to be possible even in the absence of
structural disorder, as an example of a nonequilibrium
quantum ground state [16].
The B-site ordered double perovskites are of general

stoichiometry A2BB
0O6 where the A site typically hosts

alkaline-earths and lanthanides and the B sites can host 3d,
4d, and 5d transition metal (TM) ions. Depending on the
combination of B and B0 site ions, electronic phases from
strongly correlated metals via half-metals [18] and semi-
conductors [19,20] to Mott insulating can be realized. Mott
insulating 4d and 5d TM compounds are rare. The occur-
rence of this insulating phase in the double perovskites is
due to the large distance between the TM ions, of the order
of 5 to 6 Å. Examples of Mott insulators are Ba2LaRuO6

and Ca2LaRuO6 [21], respectively, type III and type I
antiferromagnets. Sr2CaReO6 [22] and Sr2MgReO6 [23]
(the Re6þ has s ¼ 1=2) have spin-glass ground states,
consistent with a negligible J2 along the pathway
Re-O-B0-O-Re. There is a large group ofMo5þ compounds
Ba2LnMoO6 with Ln ¼ Nd, Sm, Eu, Gd, Dy, Er, Yb and Y
[24]. TheMo5þ has a singly-occupied 4d t2g level with s ¼
1=2. Because of the strong spin-orbit coupling in 4d TM
ions in a cubic crystal field this is expected to lead to a j ¼
3=2 triplet [25,26]. Only the larger lanthanide compounds

FIG. 1. Four MoO6 octahedra (shaded grey) and Y ions (large
spheres) in the cubic unit cell of Ba2YMoO6 (left). The Mo5þ

ions form a lattice of edge-sharing tetrahedra (right). The cubic
lattice constant is 8.389 Å.
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(Ln ¼ Nd, Sm and Eu) have Néel order (Type I, implying
J2 < 0) coinciding with a weak Jahn-Teller distortion
[24,27,28], while the exchange interaction is of the order
of 100 K [24]. The other compounds were found to be
paramagnetic and with cubic symmetry at all temperatures.
Ba2YMoO6 is the simplest of these compounds because the
Y3þ ion does not carry a magnetic moment. The magnetic
exchange is mainly via the 90# B0-O-O-B0 !$ ! bonds
[21,24], giving rise to 12 near-neighbor AF J1 bonds for
each spin, across the edges of the tetrahedra (Fig. 1).

Polycrystalline Ba2YMoO6 was prepared by the solid
state reaction of stoichiometric oxides of Y2O3,MoO3 and
BaCO3 powders of at least 99.99% purity. These were
ground, die-pressed into a pellet and heated under flowing
5% H2=N2. The final synthesis temperature was
1200–1250 #C with three intermediate regrinding steps to
ensure phase homogeneity. It was found that a first heating
step of %2 hr at 900 #C in air and thorough homogeniza-
tion helps to prevent the formation of BaMoO4 and Y2O3

impurities. Phase purity was confirmed by laboratory x-ray
powder diffraction. In a related paper [29] neutron powder
diffraction results are discussed, which show that the
Y=Mo site disorder is less than 1%. The diamagnetic
analog, Ba2YNbO6, was prepared at 1200 #C in air from
YNbO4 and BaCO3. The sample magnetization was mea-
sured on a Quantum Design magnetic property measure-
ment system (MPMS) in fields up to 5 T. The heat capacity
was measured on a Quantum Design physical property
measurement system (PPMS), using 7.0 mg of a sintered
pellet. The "SR experiment was carried out at MUSR at
ISIS, UK.

The dc magnetic susceptibility measured in a 1 T field is
shown in Fig. 2. A Curie-Weiss fit to the high temperature
susceptibility yields a Weiss temperature of$160 K and a
Curie constant of 0:25 emumol$1 K$1, small compared to
the 0:38 emumol$1 K$1 expected for s ¼ 1=2. This dif-
ference is attributed to strong quantum fluctuations com-
mon in low-spin antiferromagnets and previously observed
in double perovskites [26]. Below 25 K a second linear
regime is observed in #$1, corresponding (for a 1 T field)
to a%10% fraction of all the s ¼ 1=2moments (or%5% if
they have the full j ¼ 3=2 where gJ ¼ 4=3) and a Weiss
temperature of$2:3 K indicating weak AF exchange. This
fraction is too large to be ascribed directly to either struc-
tural disorder or an impurity phase in the sample.
Furthermore, fits to MðHÞ measured at 2.3 and 5 K (inset
of Fig. 2) with Brillouin functions lead to estimates of,
respectively, 2% and 7% of all spins, compared to 10% for
fits to the MðTÞ curve. This suggests that the apparently
quasifree spins are an emergent property of the (disorder
free) system.

The ac susceptibility measured with a field amplitude of
5 Oe and zero dc offset field is shown in Fig. 3. The
dispersive part of the ac susceptibility (#0) is almost fre-
quency independent and is comparable to the diverging
low-temperature dc susceptibility. The dissipative part (#00)
shows a frequency dependent maximum between 26 and

70 K. Remarkably, the maximum gradually gets sharper as
the frequency increases, instead of weaker as expected for
a spin-glass transition. The agreement between the dc
susceptibility and #0 below 20 K is a strong indication
that the Curie term can be ascribed to the weakly-coupled
spins.
The heat capacity associated with the single Mo5þ 4d

electron in Ba2YMoO6 (as shown in Fig. 4) was obtained
from comparison with the heat capacity of the diamagnetic
analogue Ba2YNbO6. The heat capacity from phonons of
Ba2YMoO6 is expected to be lower than for Ba2YNbO6 by
a factor 0.991 due to the mass difference between the Mo
and Nb nuclei. However, this is small compared to the
experimental error in the sample mass which is known with
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FIG. 2 (color online). The dc magnetic susceptibility #
(x, left axis) and #$1 (x, right axis) of Ba2YMoO6 measured
in 1 T. Curie-Weiss fits in the two linear regimes in #$1 are
indicated in grey (red) and the black line gives the difference
between the total susceptibility and the low-temperature Curie
term. The inset shows MðHÞ at 2.3 (þ) and 5 K (() and fits to
the data with Brillouin functions, accounting for 7% of the Mo
s ¼ 1=2 spins at 5 K but only for 2% at 2.3 K.
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lines are guides to the eye.

PRL 104, 177202 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

30 APRIL 2010

177202-2

M(H) at  5 (2.3)K:  fit Brillouin func,  

accounting for 7 (2)% of the Mo s=1/2. 
,

10% accuracy. For this reason the heat capacity was mea-
sured well into the paramagnetic regime and matched to
the heat capacity of Ba2YNbO6 above 200 K (150 K) for
the zero-field (9 T) measurements [30]. The magnetic
entropy is gradually released over a wide range of tem-
peratures with a broad maximum around 50 K. No anoma-
lies corresponding to phase transitions are observed, only a
gradual freezing, quenching all degrees of freedom asso-
ciated with the orbitally degenerate t2g s ¼ 1=2 4d elec-
trons. As shown in the inset of Fig. 4, the total entropy
recovered Stot ¼ 12" 2 JK#1 mol#1, close to the R ln4 ¼
11:5 expected for a j ¼ 3=2 quadruplet (the j ¼ l# s ¼
1=2 doublet lies at much higher energies [25,26]). Below
25 K only $5% of the entropy is released, in agreement
with the Curie fit to the low-temperature susceptibility
which was found to correspond to $5% of the Mo5þ if
these remaining spins have j ¼ 3=2. In a 9 T magnetic field
most of the magnetic entropy shifts to lower temperatures.

To gain a better understanding of the gradual freezing
and the appearance of apparently weakly-coupled spins a
!SR experiment was carried out. The zero-field muon spin
relaxation spectra at 120 K, 5 K and 1.4 K are shown in
Fig. 5. There is no evidence of muon relaxation due to
nuclear spins which confirms that the main muon stopping
site is near the O2# ions. At 120 K there is no muon
relaxation, as expected for a paramagnetic state.
Remarkably, at 5 K a muon relaxation is still only just
detectable. If the maximum in the ac susceptibility is due to
a conventional spin-glass transition a Lorentzian Kubo-
Toyabe muon relaxation is expected below the spin-glass
transition, as observed in the related system Sr2MgReO6

[23]. The very slow muon relaxation observed at 5 K in
Ba2YMoO6 indicates there are no static moments. At the
same time the heat capacity data show that at 5 K most of

the magnetic entropy associated with j ¼ 3=2 is quenched,
implying static order. The majority of spins must therefore
have bound into (nonmagnetic) static spin-singlet ‘‘valence
bonds’’ in which also the orbital degrees of freedom are
quenched. The moderate increase in the muon relaxation
rate below 5 K is then due to slowing-down of a small
fraction of the spins which are left isolated as domain walls
or defects in a (disordered) valence bond crystal (VBC).
The best characterization of this state is probably a valence
bond glass (VBG) as described in Ref. [17].
The magnetic properties of Ba2YMoO6 are very differ-

ent to those of the related compound Sr2MgReO6 [23],
where a first order transition to a conventional spin-glass
state is observed. That the crossover in Ba2YMoO6 is not a
conventional spin-glass transition is also clear from the
unusual frequency dependence of the ac susceptibility. The
gradual freezing and crossover region around 50 K are
consistent with a pseudogap predicted for the VBG [17].
This gap, which corresponds to a spin-singlet dimerization
energy scale, is filled by levels corresponding to emergent
weakly-coupled spins which give rise to a diverging sus-
ceptibility as the temperature is decreased. In close agree-
ment with Ref. [17] the observed low-temperature
susceptibility follows a power law " / ðT # TsÞ## with
# ( 1. As noted earlier, this contribution from effectively
weakly-coupled spins cannot be related one-to-one to any
structural disorder but arises as a cooperative effect, due to
the amorphous arrangement of spin singlets. The heat
capacity does not become zero at the lowest temperature
measured which is consistent with a small residual entropy
and an ungapped spectrum as expected for the VBG.
The classical ground-state energy is highest when J2 (

2J1, at the crossover between type III (J2 < 2J1) and
type II magnetism (the energy per spin is #J1=2þ J2=4
for J2 ) 2J1). One possibility is that around this crossover
a spin-singlet state is energetically favored. A complete
explanation of why spin singlets stabilize will in the
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We report on the unconventional magnetism in the cubic B-site ordered double perovskite Ba2YMoO6,

using ac and dc magnetic susceptibility, heat capacity and muon spin rotation. No magnetic order is

observed down to 2 K while the Weiss temperature is !" 160 K. This is ascribed to the geometric

frustration in the lattice of edge-sharing tetrahedra with orbitally degenerate Mo5þ s ¼ 1=2 spins. Our

experimental results point to a gradual freezing of the spins into a disordered pattern of spin singlets,

quenching the orbital degeneracy while leaving the global cubic symmetry unaffected, and providing a

rare example of a valence bond glass.
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Magnetic insulators with lattices in which antiferro-
magnetic (AF) bonds are geometrically frustrated have
been studied widely in the pursuit of exotic quantum
ground states such as spin liquid [1,2]. Such nonclassical
ground states have mainly been sought in low dimen-
sional structures such as the triangular lattice system
!-ðBEDT-TTFÞ2Cu2ðCNÞ3 [3] and the kagome antiferro-
magnet herbertsmithite [4]. Materials with a geometrically
frustrated face centered cubic (fcc) lattice have in this
respect received much less attention. The 12 near-neighbor
magnetic bonds J1 between the [000] and [ 12

1
2 0] spins on

the fcc lattice form a network of edge-sharing tetrahedra
(Fig. 1). When these bonds are AF (J1 > 0) the magnetism
is geometrically frustrated, giving rise to a large (but not
macroscopically large [5] as for the kagome lattice)
ground-state manifold of spin configurations unrelated by
symmetry. Further neighbor interactions (J2) along the 6
[100] vectors lift this degeneracy only partially; J2 < 0
(along the 6 [100] vectors) leads to type I order, weak
AF exchange (0< J2 < 2J1) to type III order and stronger
AF exchange J2 > 2J1 to type II order. Thermal or quan-
tum fluctuations and quenched disorder have been shown
to result in a bias for respectively collinear and anticol-
linear states within these degenerate ground-state mani-
folds [6–8], an entropic selection effect termed ‘‘order
from disorder’’ [9]. This is in agreement with experiments
on well-known compounds of rocksalt structure such as
MnO [10,11], Cd1"xMnxTe [12], and NiO, MnSe [10].
Classical type I, II or III order has also been confirmed
for s ¼ 1=2 [13–15] although less is known about the
physics at the boundaries between the classical phases. In
this Letter we describe the unconventional magnetism in
the compound Ba2YMoO6, providing experimental evi-
dence that an exotic valence bond glass (VBG) [16,17]
state can stabilize at the boundary between the known
classical phases on the fcc lattice. Such a disordered state

has been predicted to be possible even in the absence of
structural disorder, as an example of a nonequilibrium
quantum ground state [16].
The B-site ordered double perovskites are of general

stoichiometry A2BB
0O6 where the A site typically hosts

alkaline-earths and lanthanides and the B sites can host 3d,
4d, and 5d transition metal (TM) ions. Depending on the
combination of B and B0 site ions, electronic phases from
strongly correlated metals via half-metals [18] and semi-
conductors [19,20] to Mott insulating can be realized. Mott
insulating 4d and 5d TM compounds are rare. The occur-
rence of this insulating phase in the double perovskites is
due to the large distance between the TM ions, of the order
of 5 to 6 Å. Examples of Mott insulators are Ba2LaRuO6

and Ca2LaRuO6 [21], respectively, type III and type I
antiferromagnets. Sr2CaReO6 [22] and Sr2MgReO6 [23]
(the Re6þ has s ¼ 1=2) have spin-glass ground states,
consistent with a negligible J2 along the pathway
Re-O-B0-O-Re. There is a large group ofMo5þ compounds
Ba2LnMoO6 with Ln ¼ Nd, Sm, Eu, Gd, Dy, Er, Yb and Y
[24]. TheMo5þ has a singly-occupied 4d t2g level with s ¼
1=2. Because of the strong spin-orbit coupling in 4d TM
ions in a cubic crystal field this is expected to lead to a j ¼
3=2 triplet [25,26]. Only the larger lanthanide compounds

FIG. 1. Four MoO6 octahedra (shaded grey) and Y ions (large
spheres) in the cubic unit cell of Ba2YMoO6 (left). The Mo5þ

ions form a lattice of edge-sharing tetrahedra (right). The cubic
lattice constant is 8.389 Å.
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(Ln ¼ Nd, Sm and Eu) have Néel order (Type I, implying
J2 < 0) coinciding with a weak Jahn-Teller distortion
[24,27,28], while the exchange interaction is of the order
of 100 K [24]. The other compounds were found to be
paramagnetic and with cubic symmetry at all temperatures.
Ba2YMoO6 is the simplest of these compounds because the
Y3þ ion does not carry a magnetic moment. The magnetic
exchange is mainly via the 90# B0-O-O-B0 !$ ! bonds
[21,24], giving rise to 12 near-neighbor AF J1 bonds for
each spin, across the edges of the tetrahedra (Fig. 1).

Polycrystalline Ba2YMoO6 was prepared by the solid
state reaction of stoichiometric oxides of Y2O3,MoO3 and
BaCO3 powders of at least 99.99% purity. These were
ground, die-pressed into a pellet and heated under flowing
5% H2=N2. The final synthesis temperature was
1200–1250 #C with three intermediate regrinding steps to
ensure phase homogeneity. It was found that a first heating
step of %2 hr at 900 #C in air and thorough homogeniza-
tion helps to prevent the formation of BaMoO4 and Y2O3

impurities. Phase purity was confirmed by laboratory x-ray
powder diffraction. In a related paper [29] neutron powder
diffraction results are discussed, which show that the
Y=Mo site disorder is less than 1%. The diamagnetic
analog, Ba2YNbO6, was prepared at 1200 #C in air from
YNbO4 and BaCO3. The sample magnetization was mea-
sured on a Quantum Design magnetic property measure-
ment system (MPMS) in fields up to 5 T. The heat capacity
was measured on a Quantum Design physical property
measurement system (PPMS), using 7.0 mg of a sintered
pellet. The "SR experiment was carried out at MUSR at
ISIS, UK.

The dc magnetic susceptibility measured in a 1 T field is
shown in Fig. 2. A Curie-Weiss fit to the high temperature
susceptibility yields a Weiss temperature of$160 K and a
Curie constant of 0:25 emumol$1 K$1, small compared to
the 0:38 emumol$1 K$1 expected for s ¼ 1=2. This dif-
ference is attributed to strong quantum fluctuations com-
mon in low-spin antiferromagnets and previously observed
in double perovskites [26]. Below 25 K a second linear
regime is observed in #$1, corresponding (for a 1 T field)
to a%10% fraction of all the s ¼ 1=2moments (or%5% if
they have the full j ¼ 3=2 where gJ ¼ 4=3) and a Weiss
temperature of$2:3 K indicating weak AF exchange. This
fraction is too large to be ascribed directly to either struc-
tural disorder or an impurity phase in the sample.
Furthermore, fits to MðHÞ measured at 2.3 and 5 K (inset
of Fig. 2) with Brillouin functions lead to estimates of,
respectively, 2% and 7% of all spins, compared to 10% for
fits to the MðTÞ curve. This suggests that the apparently
quasifree spins are an emergent property of the (disorder
free) system.

The ac susceptibility measured with a field amplitude of
5 Oe and zero dc offset field is shown in Fig. 3. The
dispersive part of the ac susceptibility (#0) is almost fre-
quency independent and is comparable to the diverging
low-temperature dc susceptibility. The dissipative part (#00)
shows a frequency dependent maximum between 26 and

70 K. Remarkably, the maximum gradually gets sharper as
the frequency increases, instead of weaker as expected for
a spin-glass transition. The agreement between the dc
susceptibility and #0 below 20 K is a strong indication
that the Curie term can be ascribed to the weakly-coupled
spins.
The heat capacity associated with the single Mo5þ 4d

electron in Ba2YMoO6 (as shown in Fig. 4) was obtained
from comparison with the heat capacity of the diamagnetic
analogue Ba2YNbO6. The heat capacity from phonons of
Ba2YMoO6 is expected to be lower than for Ba2YNbO6 by
a factor 0.991 due to the mass difference between the Mo
and Nb nuclei. However, this is small compared to the
experimental error in the sample mass which is known with
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FIG. 2 (color online). The dc magnetic susceptibility #
(x, left axis) and #$1 (x, right axis) of Ba2YMoO6 measured
in 1 T. Curie-Weiss fits in the two linear regimes in #$1 are
indicated in grey (red) and the black line gives the difference
between the total susceptibility and the low-temperature Curie
term. The inset shows MðHÞ at 2.3 (þ) and 5 K (() and fits to
the data with Brillouin functions, accounting for 7% of the Mo
s ¼ 1=2 spins at 5 K but only for 2% at 2.3 K.
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FIG. 3 (color online). The temperature dependence of the
dispersive (left axis, open symbols) and dissipative (right axis,
filled symbols) components of the ac susceptibility. The solid
lines are guides to the eye.
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10% accuracy. For this reason the heat capacity was mea-
sured well into the paramagnetic regime and matched to
the heat capacity of Ba2YNbO6 above 200 K (150 K) for
the zero-field (9 T) measurements [30]. The magnetic
entropy is gradually released over a wide range of tem-
peratures with a broad maximum around 50 K. No anoma-
lies corresponding to phase transitions are observed, only a
gradual freezing, quenching all degrees of freedom asso-
ciated with the orbitally degenerate t2g s ¼ 1=2 4d elec-
trons. As shown in the inset of Fig. 4, the total entropy
recovered Stot ¼ 12" 2 JK#1 mol#1, close to the R ln4 ¼
11:5 expected for a j ¼ 3=2 quadruplet (the j ¼ l# s ¼
1=2 doublet lies at much higher energies [25,26]). Below
25 K only $5% of the entropy is released, in agreement
with the Curie fit to the low-temperature susceptibility
which was found to correspond to $5% of the Mo5þ if
these remaining spins have j ¼ 3=2. In a 9 T magnetic field
most of the magnetic entropy shifts to lower temperatures.

To gain a better understanding of the gradual freezing
and the appearance of apparently weakly-coupled spins a
!SR experiment was carried out. The zero-field muon spin
relaxation spectra at 120 K, 5 K and 1.4 K are shown in
Fig. 5. There is no evidence of muon relaxation due to
nuclear spins which confirms that the main muon stopping
site is near the O2# ions. At 120 K there is no muon
relaxation, as expected for a paramagnetic state.
Remarkably, at 5 K a muon relaxation is still only just
detectable. If the maximum in the ac susceptibility is due to
a conventional spin-glass transition a Lorentzian Kubo-
Toyabe muon relaxation is expected below the spin-glass
transition, as observed in the related system Sr2MgReO6

[23]. The very slow muon relaxation observed at 5 K in
Ba2YMoO6 indicates there are no static moments. At the
same time the heat capacity data show that at 5 K most of

the magnetic entropy associated with j ¼ 3=2 is quenched,
implying static order. The majority of spins must therefore
have bound into (nonmagnetic) static spin-singlet ‘‘valence
bonds’’ in which also the orbital degrees of freedom are
quenched. The moderate increase in the muon relaxation
rate below 5 K is then due to slowing-down of a small
fraction of the spins which are left isolated as domain walls
or defects in a (disordered) valence bond crystal (VBC).
The best characterization of this state is probably a valence
bond glass (VBG) as described in Ref. [17].
The magnetic properties of Ba2YMoO6 are very differ-

ent to those of the related compound Sr2MgReO6 [23],
where a first order transition to a conventional spin-glass
state is observed. That the crossover in Ba2YMoO6 is not a
conventional spin-glass transition is also clear from the
unusual frequency dependence of the ac susceptibility. The
gradual freezing and crossover region around 50 K are
consistent with a pseudogap predicted for the VBG [17].
This gap, which corresponds to a spin-singlet dimerization
energy scale, is filled by levels corresponding to emergent
weakly-coupled spins which give rise to a diverging sus-
ceptibility as the temperature is decreased. In close agree-
ment with Ref. [17] the observed low-temperature
susceptibility follows a power law " / ðT # TsÞ## with
# ( 1. As noted earlier, this contribution from effectively
weakly-coupled spins cannot be related one-to-one to any
structural disorder but arises as a cooperative effect, due to
the amorphous arrangement of spin singlets. The heat
capacity does not become zero at the lowest temperature
measured which is consistent with a small residual entropy
and an ungapped spectrum as expected for the VBG.
The classical ground-state energy is highest when J2 (

2J1, at the crossover between type III (J2 < 2J1) and
type II magnetism (the energy per spin is #J1=2þ J2=4
for J2 ) 2J1). One possibility is that around this crossover
a spin-singlet state is energetically favored. A complete
explanation of why spin singlets stabilize will in the
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FIG. 5 (color online). The muon spin relaxation at 120, 5 and
1.4 K. The relaxation follows an exponential decay (PðtÞ ¼
exp½#t=$+%, solid lines) with % ¼ 1 for all but the 1.4 K data,
where % ¼ 0:7. The temperature dependence of the relaxation
rate $ is shown in the inset.
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Magnetic properties of the geometrically frustrated S= 1
2 antiferromagnets, La2LiMoO6

and Ba2YMoO6, with the B-site ordered double perovskite structure:
Evidence for a collective spin-singlet ground state
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Two B-site ordered double perovskites, La2LiMoO6 and Ba2YMoO6, based on the S= 1
2 ion, Mo5+, have

been investigated in the context of geometric magnetic frustration. Powder neutron diffraction, heat capacity,
susceptibility, muon-spin relaxation !!SR", and 89Y NMR-including magic-angle spinning !MAS" NMR data
have been collected. La2LiMoO6 crystallizes in P21 /n with a=5.59392!19" Å, b=5.69241!16" Å,
c=7.88029!22" Å, and "=90.2601!30"° at 299.7 K, while Ba2YMoO6 is cubic, Fm3m, with
a=8.39199!65" Å at 297.8 K. Ba2YMoO6 shows no distortion from cubic symmetry even at 2.8 K in apparent
violation of the Jahn-Teller theorem for a t2g

1 ion. 89Y NMR MAS data indicate about a 3% level of Y/Mo site
mixing. La2LiMoO6 deviates strongly from simple Curie-Weiss !C-W" paramagnetic behavior below 150 K
and zero-field-cooled/field-cooled !ZFC/FC" irreversibility occurs below 20 K with a weak, broad susceptibil-
ity maximum near 5 K in the ZFC data. A Curie-Weiss fit shows a reduced !eff=1.42!B, !spin only
=1.73!B" and a Weiss temperature, #C, which depends strongly on the temperature range of the fit. Powder
neutron diffraction and heat capacity show no evidence for long-range magnetic order to 2 K. On the other
hand oscillations develop below 20 K in !SR indicating at least short-range magnetic correlations. Suscepti-
bility data for Ba2YMoO6 also deviate strongly from the C-W law below 150 K with a nearly spin only
!eff=1.72!B and #C=−219!1" K. There is no discernible ZFC/FC irreversibility to 2 K. Heat capacity, neutron
powder diffraction, and !SR data show no evidence for long-range order to 2 K but a very broad, weak
maximum appears in the heat capacity. The 89Y NMR paramagnetic Knight shift shows a remarkable local spin
susceptibility behavior below about 70 K with two components from roughly equal sample volumes, one
indicating a singlet state and the other a strongly fluctuating paramagnetic state. Further evidence for a singlet
state comes from the behavior of the relaxation rate, 1 /T1. These results are discussed and compared with those
from other isostructural S= 1

2 materials and those based on S=3 /2 and S=1.

DOI: 10.1103/PhysRevB.81.224409 PACS number!s": 75.50.Lk, 75.50.Ee, 76.60.$k, 61.05.F$

I. INTRODUCTION

Geometric magnetic frustration !GMF" generally origi-
nates if spins, constrained by an antiferromagnetic !AF"
nearest-neighbor exchange coupling, are situated on lattices
with a topology of triangles or tetrahedra. Magnetic proper-
ties of GMF compounds have been studied intensively in
recent years due to their exotic ground states, such as spin
glasses, spin ices, and spin liquids.1 Since the theoretical
proposal by Anderson of one possible model for the spin
liquid for frustrated antiferromagnets with S= 1

2 , researchers
have been inspired to seek experimental evidence for the
existence of spin-liquid states.2 In this model the spins form
a collective singlet ground state and the dynamics of singlets
is normally retained down to low temperature. The pyro-
chlore compound Tb2Ti2O7 !Ref. 3" and the so-called hyper-
kagome compound,4 Na4Ir3O8,5 have been proposed as spin-
liquid compounds or candidates.

B-site ordered double perovskites with chemical formula
A2BB!O6, where magnetic ions reside on the B! site, present
a face-centered-cubic !fcc" symmetry, which is a three-
dimensional lattice based on edge sharing tetrahedra and is,
thus, geometrically frustrated. In previous work, double per-
ovskites with S=3 /2 and S=1 spins and both cubic and
monoclinic lattice symmetries have been studied in detail
from the perspective of geometric frustration.6,7 Unit cells
for the two crystallographic symmetries are shown in Fig. 1.
For the S=3 /2 materials it was found that, while frustration
was clearly important, both Ba2YRuO6 and La2LiRuO6 did
eventually show long-range antiferromagnetic order, even in
the case of the former where a 1% level of Y/Ru site mixing
was detected by 89Y magic-angle spinning !MAS" NMR. In
the case of the S=1 phases, long-range order was clearly
quenched for both symmetries. La2LiReO6 showed a very
unusual singlet ground state, while Ba2YReO6, which retains
cubic symmetry in apparent violation of the Jahn-Teller !J-T"

PHYSICAL REVIEW B 81, 224409 !2010"

1098-0121/2010/81!22"/224409!13" ©2010 The American Physical Society224409-1

ered in any detailed theory for this material, it seems highly
doubtful that the observed singlet state is of single ion origin
and strengthens the case for a collective singlet state.

IV. SUMMARY AND COMPARISON WITH OTHER S=3 Õ2,
S=1, AND S= 1

2 SYSTEMS

This is the third part of a systematic study of the ground
states of geometrically frustrated B-site ordered double per-
ovskites. Beginning with the monoclinic phases, the S=3 /2
compound, La2LiRuO6 shows antiferromagnetic long-range
ordering,6 while the S=1 compound, La2LiReO6, finds a col-
lective singlet ground state with a finite concentration of de-
fects which can be polarized in applied fields, indicating a
role for the reduced spin quantum number in ground-state
determination.7 Remarkably, the S= 1

2 analog, La2LiMoO6, is

nearly long-range ordered, showing at least short-range order
in both the heat capacity and !SR behavior. This is some-
what surprising as, normally, one expects unconventional be-
havior for S= 1

2 due to the enhanced importance of quantum
fluctuations. This observation is especially puzzling when
compared to the isostructural, isospin material, Sr2CaReO6,
which has a spin-frozen ground state.10

A possible explanation of this apparent paradox is pro-
vided by consideration of the role of the local environment
of the S= 1

2 magnetic ion in the two compounds. As already
mentioned, the Mo-O coordination is octahedral with a weak
tetragonal compression. In contrast the Re-O octahedron
shows a weak tetragonal elongation.10 Thus, in La2LiMoO6
one expects an isolated dxy ground state with nearly degen-
erate dxz and dyz at higher energies. Just the opposite level
ordering will occur in Sr2CaReO6. This should give rise to a
significant difference in the relative magnitudes of the vari-
ous exchange pathways in the two materials. To test this
hypothesis a spin dimer analysis was undertaken.26,27 There
are four such exchange pathways J1 to J4 as shown in Fig.
18. Calculations were carried out assuming occupation of
only the dxy orbital for La2LiMoO6 and equal occupation of
dxz and dyz for Sr2CaReO6 and the results are displayed in
Table III. Note that for La2LiMoO6 the J4 pathway exceeds
the other three by at least an order of magnitude, while for

FIG. 16. !Color online" Scaling of the paramagnetic Knight shift
!−89K" with the bulk susceptibility for Ba2YMoO6. The derived
hyperfine coupling constant, A=−23.4 kOe /!B. The intercept gives
the sum of the Van Vleck and diamagnetic susceptibility
components.
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FIG. 17. The Curie-tail subtracted bulk susceptibility of
Ba2YMoO6.

FIG. 18. Mo5+!Re6+" sites in La2LiMoO6 !Sr2CaReO6" showing
two edge-sharing tetrahedra within the monoclinic unit cell. The
four exchange pathways calculated in Table III are indicated.

TABLE III. Comparison of relative exchange pathway !Fig. 18"
strengths in La2LiMoO6 and Sr2CaReO6.

Pathway La2LiMoO6 !dxy" Sr2CaReO6 !dxz, dyz"

J1 0.14 1.0
J2 0.014 0.16
J3 4.3"10−4 0.25
J4 1.0 0.87
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The geometrically frustrated double perovskite Ba2YMoO6 is characterized by quantum s = 1/2 spins at the
Mo5+ sites of an undistorted fcc lattice. Previous low-temperature characterization revealed an absence of static
long-range magnetic order and suggested a nonmagnetic spin-singlet ground state. We report unique time-of-flight
and triple-axis neutron spectroscopy of Ba2YMoO6 that shows a 28 meV spin excitation with a bandwidth of
∼4 meV, which vanishes above ∼125 K. We identify this as the singlet-triplet excitation that arises out of a
singlet ground state, and further identify a weaker continuum of magnetic states within the gap, reminiscent of
spin-polaron states arising due to weak disorder.

DOI: 10.1103/PhysRevB.84.100404 PACS number(s): 75.10.Jm, 75.10.Kt, 75.50.−y

Geometrically frustrated magnetic materials1,2 are of topi-
cal interest due to the complex interplay between competing
interactions resulting in rich phase diagrams, including spin-
glass, spin-ice, and spin-liquid ground states. Triangular
and tetrahedral architectures are most often associated with
geometric frustration, although the phenomenon occurs in
diverse systems with various lattices, magnetic interactions,
and anisotropies. In two dimensions (2D), networks of edge-
and corner-sharing triangles give rise to the triangular and
kagome lattices, respectively, while in three dimensions (3D),
tetrahedral networks form the fcc and pyrochlore lattices.

Frustrated lattices of antiferromagnetically (AF) coupled
moments have been studied in a variety of materials. Well-
studied 2D systems, consisting of loosely coupled stacks of
planes, include the triangular magnets NaCrO2 (Ref. 3) and
VCl2,4 kagome magnets such as herbertsmithite,5 and several
jarosite AFs.6 Other quasi-2D magnetic materials and models
which possess competing interactions exist, with resulting
physics very similar to that originating from geometrical
frustration, including the so-called J1-J2 systems,7 square
planar lattices decorated by magnetic moments with oppos-
ing nearest-neighbor and next-nearest-neighbor interactions.
One such system of topical interest is SrCu2(BO3)2,8,9 an
experimental realization of the Shastry-Sutherland s = 1/2
Heisenberg model,10 with moments on a planar lattice of
orthogonally oriented dimers. Each dimer, composed of two
s = 1/2 Cu2+ moments, exhibits a singlet ground state with
an s = 1 triplet excitation above a ! ∼ 3 meV gap. In 3D,
well-studied frustrated systems include rare-earth titanates,
in which magnetic moments reside on essentially perfect
pyrochlore lattices11 and exhibit a wide variety of ground
states including spin ice,12,13 long-range order (LRO),14,15

field-induced order,16 and spin liquid.17,18 Both classical and
quantum spins decorating these lattices have been, and are,
of interest. But the quantum versions can give rise to exotic,
disordered spin-liquid states, as may be relevant to resonating
valence-bond states.19

While experimental and theoretical works on classical and
quantum quasi-2D triangular and kagome magnets and 3D
pyrochlore magnets abound, there are very few studies of
quantum fcc frustrated systems. In rocksalt ordered double
perovskites20 [Fig. 1(a)] the magnetic moments comprise an
edge-sharing tetrahedral network [Fig. 1(c)]. While most are
not perfect s = 1/2 fcc systems,21,22 experimental studies have
revealed a wealth of ground states. The s = 3/2 systems
La2LiRuO6 and Ba2YRuO6 exhibit AF LRO.23 Analogous
s = 1 systems show spin freezing without LRO in Ba2YReO6,
and a collective singlet state in La2LiReO6.24 The ex-
treme quantum s = 1/2 case is realized in Sr2CaReO6,25

La2LiMoO6, and Ba2YMoO6.26 While the first two ex-
hibit short-range magnetic correlations without LRO, only
Ba2YMoO6 maintains cubic symmetry to 2 K and shows no
signs of magnetic order in NMR, muon spin relaxation, neutron
diffraction, or susceptibility measurements,26–28 making it an
excellent realization of a quantum fcc antiferromagnet.

Ba2YMoO6 was characterized in depth by Aharen et al.26

Y and Mo ions lie on alternate B sites in an NaCl-like
arrangement with only ∼3% B-site disorder, so that the
magnetic Mo5+ ions form a lattice of edge-sharing tetrahedra.
Bulk susceptibility measurements show high-temperature AF
Curie-Weiss (C-W) behavior with "W = −219 K, and some
deviation from C-W at lower temperatures. However, suscep-
tibility, heat capacity, and muon spin relaxation measurements
found no evidence for a magnetic phase transition above
2 K. 89Y NMR 1/T1 measurements find two characteristic
environments, one corresponding to a paramagnetic-like state
at all temperatures, and another indicative of a collective
singlet ground state with an effective gap !/kB ∼ 140 K.

These results indicate that Ba2YMoO6 exhibits both geo-
metric frustration and strong quantum effects, with a singlet
or singlet-like ground state caused by pairing of adjacent
s = 1/2 Mo5+ moments coexisting with a disordered state
to 2 K. Theoretically, Chen et al.29 have considered the
ground states of s = 1/2 fcc systems with strong spin-orbit

100404-11098-0121/2011/84(10)/100404(4) ©2011 American Physical Society
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FIG. 1. (Color online) (a) Unit cell of Ba2YMoO6, with Y and
Mo occupying alternate B sites. (b) Schematic diagram depicting
frustration of AF-coupled moments on a tetrahedron, and possible
formation of orthogonal singlet dimers. (c) Mo5+ ions in the lattice
in (a), forming a network of edge-sharing tetrahedra.

coupling, as may be expected for 4d1 Mo5+ ions. The spins
can combine with the threefold degeneracy of the t2g orbitals
to give an effective j = 3/2 system, allowing a rich variety
of exotic ground states, such as a quadrupolar-ordered state
with spontaneous anisotropy. But in the case of strong AF
interactions pseudo-singlets can arise and lead to nonmagnetic
valence-bond-solid and quantum-spin-liquid ground states.

In this Rapid Communication, we report inelastic neutron
scattering results on polycrystalline Ba2YMoO6. We find
scattering at low Q and E ∼ 28 meV for which intensity
decreases with increasing temperature and disappears above
∼125 K, as well as a continuum of low-Q scattering within this
28 meV gap. This continuum is weakly peaked in energy and
resembles so-called spin polarons, scattering from impurity-
induced paramagnetic regions embedded in a sea of singlets.30

The ∼4 meV bandwidth of the 28 meV spin excitation is
consistent with weakly dispersive triplet excitations from a
singlet ground state formed from orthogonal dimers on the
s = 1/2 Mo5+ tetrahedra.

Two 6–7 g powder samples of Ba2YMoO6 were prepared
using a conventional solid-state reaction as in Ref. 26. A
stoichiometric mixture of BaCO3, Y2O3, and MoO3 was fired
at 950 ◦C for 12 h, then reground and fired at 1250–1300 ◦C
in a reducing 5% H2/Ar mixture. Phase purity and the Mo
oxidation state were verified through x-ray diffraction and
thermogravimetric analysis, respectively.

Measurements were performed on one sample at the
SEQUOIA fine resolution Fermi chopper spectrometer at
the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory,31,32 and on the other at the C5 triple-axis spec-
trometer at the Canadian Neutron Beam Centre (CNBC),
Chalk River. Each specimen was contained in an Al sample
can in a closed-cycle refrigerator with He exchange gas,
with measurements made on identical empty sample cans for
background subtraction.

Time-of-flight measurements at SEQUOIA were performed
between 6 and 290 K, employing an incident beam energy
Ei = 60 meV chosen by Fermi chopper No. 1 (Ref. 32)
spinning at 240 Hz (!E/E ∼5%). The background from the
prompt pulse was removed by the T0 chopper at 60 Hz.
The beam was masked to match the sample size, and a
white-beam vanadium normalization run was used to correct
for the detector efficiencies.

Triple-axis measurements at C5 employed pyrolitic
graphite (PG) as both the monochromator and the analyzer,
in a constant Ef mode using Ef = 30.5 meV, at temperatures
from 3.1 to 300 K. Harmonic contamination in the scattered
beam was suppressed using a PG filter. Collimations along the
beam path were [33′-47′-51′-144′], with an energy resolution
of 4 meV at the elastic channel.

The neutron scattering cross section due to phonons scales
as (ϵ⃗ · Q⃗)2, where ϵ⃗ is the phonon eigenvector,33 while that
from magnetism scales with the form factor of the appropriate
magnetic electrons and generally falls off with increasing Q.
To isolate the magnetic scattering, we follow an approach
similar to that of Clancy et al.,34 wherein the total scattering
intensity is treated as a sum of three factors: a temperature-
independent background, a phonon contribution for which
temperature dependence is described well by the thermal
occupancy factor [n(ω) + 1], and the magnetic contribution
of present interest. The temperature-independent background
is removed by subtracting the empty sample-can run from each
data set. This gives S(Q,h̄ω), which is normalized by the ther-
mal occupancy factor to yield χ ′′(Q,h̄ω). Finally, we subtract
χ ′′(Q,h̄ω) at 175 K from that at 6 K and the other data sets of
interest to remove the phonon contribution and approximately
isolate the magnetic contribution, resulting in the !χ ′′(Q,h̄ω)
maps shown in Fig. 2. Figures 2(a), 2(c), and 2(d) show
!χ ′′(Q,h̄ω) maps for T = 6, 70, and 125 K, with T = 175 K
subtracted on a full-intensity scale, while Fig. 2(b) shows the
T = 6 − 175 K subtraction for positive values only, to high-
light where χ ′′(Q,h̄ω) at T = 6 K exceeds that at T = 175 K.
Magnetic scattering identified in this way is clearly seen at low
Q < 2.5 Å−1. Figures 2(a), 2(c), and 2(d) show !χ ′′(Q,h̄ω)
to evolve from a flat Q-h̄ω distribution to one characterized

FIG. 2. (Color online) (a), (c), (d) Dynamic susceptibility
!χ ′′(Q,h̄ω) at T = 6, 70, and 125 K, where χ ′′(Q,h̄ω) at T = 175 K
has been subtracted from each to isolate the magnetic scattering,
as described in the text. (b) shows !χ ′′(Q,h̄ω) at T = 6 K with
T = 175 K subtracted, but with the plotted intensity scale range
restricted to >0 only, thus highlighting where χ ′′(Q,h̄ω) at 6 K
exceeds that at 175 K. The lower intensity scale refers to (a), (c),
and (d), and the upper refers to (b).
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Superexchange Spin-Orbital Model

2

orbital character, resulting in a Hamiltonian with Potts-
like orbital degrees of freedom.
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The classical ground state of Eq. 3 on the fcc lattice
is built of decoupled antiferromagnetic layers as shown
in Fig. 1(b). Due to the orbital properties of our model,
however, the ground state is degenerate. For Néel–order
the expectation value hS

i

· S
j

i becomes � 1
4 setting the

first term in Eq. 3 to zero. The ground state energy then
is a constant independently of the orbital configuration.
Thus our model 3 is significantly di↵erent from the one
proposed previously for Ba2YMoO6

12.
For completenes we include the spin–orbit coupling

which has the following form in the projected t2g mani-
fold:
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The full Hamiltonian reads

H = Hex +HSO . (5)

Let us now examine the case of an isolated bond. For
simplicity we select a bond in the xy-plane. The exact
dimer ground state of Eq. 5 can be written as linear a
combination of two kind of spin–orbital singlets for all
values of �/J
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where the variational parameter � depends on the ratio
�/J . The other singlet contributing to the ground state
is

| i
ij

=
1p
2
(|1, #i

i

|�1, "i
j

� |�1, "i
i

|1, #i
j

) . (9)

" vanishes in the limiting cases � = 0 and � ! 1 and
it remains small for any �/J . Thus, the ground state is
approximately a pure singlet |GSi = | i everywhere.
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FIG. 2. Overlap between the exact dimer ground state and
the singlet | i. For arbitrary value of � the contribution
of | i to |GSi remains very small.

Now that we established the ground state of an iso-
lated bond, we assume, that the ground state of the fcc
lattice is a spin–orbital singlet covering, and calculate the
ground state energy including the inter–dimer bonds on a
mean–field level. Taking bigger clusters of spins one can
show that the ground state energy is minimal when the
hard–core exclusion is satisfied, i.e. neighboring dimer
singlets cannot lie in the same plane .3,7 Although, this
seems like a strong constraint regarding the degeneracy
of the ground state, we will see that the possible dimer
configurations remain extensive.
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FIG. 3. (color online) Types of di↵erent inter-dimer bonds.
Spin-orbital singlets are represented with and are colored
according to their orbital character. Bonds b1 and b2 couple
singlets with orbitals perpendicular to the bonds. Bond b3

connects one dimer singlet with perpendicular orbital charac-
ter and one that is in the plane of b3. The third possibility,
i.e. a bond connecting two singlets with orbitals lying in the
plane of the bond is forbidden due to hard–core exclusion.

Fig. 3 shows the di↵erent types of inter–dimer bonds.
Such bond can connect two dimer singlets with orbital
characters both perpendicular to the connecting bond.
Then either the connected singlet are perpendicular to
each other (b1), or they are of the same plane (b2). The
other possibility is that one of the singlets is in the same
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Double Perovskites

CLASSICAL GROUND STATE MANIFOLD

The classical site-factorized ground state of our model Hamiltonian introduced in Eq. 1 in the main text has
extensive degeneracy due to orbital degrees of freedom. In order to see this let us take a look at second-order hopping
processes that are illustrated in Fig. S1 (a). A bond in ↵�-plane gains energy in two cases. First, when both of its
electrons are occupying ↵� orbitals, resulting in a spin–dependent antiferromagnetic exchange. Second, when one of
the electrons occupy the ↵�-orbital, and the other one a di↵erent orbital leading to a spin–independent interaction.
When both orbitals are perpendicular to the bond between them there is no exchange. The second order hoppings
do not change the orbital character, resulting in a Hamiltonian with Potts-like orbital degrees of freedom.
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FIG. S1. (color online) (a) Bonds in the ↵�-plane have zero energy unless one of the electrons occupies ↵� orbital. The energy
gain is maximal when both orbitals correspond to the plane of the bond. (b) The classical ground state is orbitally ordered
antiferromagnetic state of decoupled layers (left). Flipping one of the orbitals does not cost energy. Although, the bond energies
in xy-plane are halved, there are new exchange paths to the lower and upper layers (right).

In case of zero Hund’s coupling the Hamiltonian Eq. 1 can be brought to the simple form of

H
ex

=
X

↵�

J

✓
Si · Sj� 1

4

◆
ni↵�nj↵� + const. (S1)

The classical ground state of S1 on the fcc lattice is built of decoupled antiferromagnetic layers as shown in Fig. S1(b).
Due to the orbital properties of our model, however, the ground state is degenerate. For Néel–order the expectation
value hSi · Sji becomes � 1

4

setting the first term in Eq. S1 to zero. The ground state energy then is a constant and
independent of orbital configuration giving rise to macroscopic degeneracy.

EXACT SOLUTION OF A TWO-SITE PROBLEM

To investigate the dimer-factorized solution we begin with the case of an isolated bond. For simplicity we select a
bond layingin the xy-plane. Based on our numerical diagonalization, the exact dimer ground state of the Hamiltonian
Eq. 1 can be written as linear a combination of two kinds of spin–orbital singlet for any values of SO interaction �.
The dominant singlet in this linear combination is | i of Eq. 4 with pseudo-spins introduced in Eq. 5 in the main
text. Contribution from the other singlet vanishes in the limiting cases � = 0 and � ! 1 and it remains quite small
for any value of �. Thus, the ground state is approximately a pure singlet described by Eq. 4. To see how close this
trial singlet state is to the exact dimer ground state we plot the overlap between them in Fig. S2.
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The classical ground state of Eq. 3 on the fcc lattice
is built of decoupled antiferromagnetic layers as shown
in Fig. 1(b). Due to the orbital properties of our model,
however, the ground state is degenerate. For Néel–order
the expectation value hS

i

· S
j

i becomes � 1
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first term in Eq. 3 to zero. The ground state energy then
is a constant independently of the orbital configuration.
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12.
For completenes we include the spin–orbit coupling
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Fig. 3 shows the di↵erent types of inter–dimer bonds.
Such bond can connect two dimer singlets with orbital
characters both perpendicular to the connecting bond.
Then either the connected singlet are perpendicular to
each other (b1), or they are of the same plane (b2). The
other possibility is that one of the singlets is in the same



Extensive orientational degeneracy: 
infinitely many ways of covering 

4

In the following we compare the dimer–gas energy
E

dimer
0 with two magnetically ordered Néel phases, AF1
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FIG. 5. (color online) (a) and (b) illustrates two neighboring
[111]-planes of the face centered cubic (fcc) lattice indicated
with black and white sites. (c) Covering with xz (red) and xy

(blue) ‘orthogonal’ dimers. The two layers depicted here are
denoted with black and white sites. The solid and dashed lines
correspond to intra and inter layer interactions, respectively.
(d) Switching the dimers on four neighboring sites in a given
layer does not violate the hard–core exclusion and does not
e↵ect the ground state energy.

In the following we show that in spite of the hard–core
exclusion rule, there is infinite number of dimer coverings
of which the system chooses upon freezing into a glassy
disordered phase.
We consider the [111]-planes of the fcc lattice which

naturally contains all three kinds of bonds (xy, yz and
zx) as shown in Fig. 5. The fcc lattice can be thought
about as stacked layers of triangular lattice, where these
layers are the [111] planes and the three sides of the tri-
angles correspond to the three kinds of bonds. A possible
dimer–product state is to cover a layer with stripes of two
kinds of dimers and repeat the pattern in the neighbor-
ing layers so that the di↵erent dimers alternate on top of
each other. Two neighboring layers of such a dimer cover-
ing is illustrated in Fig. 5(c), for convenience we denoted
the top layer with bright, and the bottom layer with dim
colors. It is easy to see that changing the dimer state
of four neighboring sites within a layer will not violate
the hard–core exclusion and does not change the ground
state energy. Such a flip is illustrated in Fig. 5(d). As
we can flip anywhere, even successively at more than one
plaquette of four sites, there are an extensive number of
possible dimer coverings.
[We probably should write more here...]

In conclusion, we constructed a suitable microscopic
model and studied the ground state properties of the dou-
ble perovskite insulating magnet Ba2YMoO6. We have
shown that a random hard–core covering of entangled
dimers wins against the antiferromagnetic Néel states at
any value of spin–orbit coupling. Our result supports
the experimental observations, that the magnetic low-
temperature state of Ba2YMoO6 is a disordered valence
bond phase with no broken symmetries where the 4d elec-
trons randomly form dimers with one of their 12 neigh-
bors. [More here too...]

We thank ... for useful discussions. This work was
supported by ... .
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exclusion rule, there is infinite number of dimer coverings
of which the system chooses upon freezing into a glassy
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zx) as shown in Fig. 5. The fcc lattice can be thought
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layers are the [111] planes and the three sides of the tri-
angles correspond to the three kinds of bonds. A possible
dimer–product state is to cover a layer with stripes of two
kinds of dimers and repeat the pattern in the neighbor-
ing layers so that the di↵erent dimers alternate on top of
each other. Two neighboring layers of such a dimer cover-
ing is illustrated in Fig. 5(c), for convenience we denoted
the top layer with bright, and the bottom layer with dim
colors. It is easy to see that changing the dimer state
of four neighboring sites within a layer will not violate
the hard–core exclusion and does not change the ground
state energy. Such a flip is illustrated in Fig. 5(d). As
we can flip anywhere, even successively at more than one
plaquette of four sites, there are an extensive number of
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dimers wins against the antiferromagnetic Néel states at
any value of spin–orbit coupling. Our result supports
the experimental observations, that the magnetic low-
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FIG. 5. (color online) (a) and (b) illustrates two neighboring
[111]-planes of the face centered cubic (fcc) lattice indicated
with black and white sites. (c) Covering with xz (red) and xy

(blue) ‘orthogonal’ dimers. The two layers depicted here are
denoted with black and white sites. The solid and dashed lines
correspond to intra and inter layer interactions, respectively.
(d) Switching the dimers on four neighboring sites in a given
layer does not violate the hard–core exclusion and does not
e↵ect the ground state energy.

In the following we show that in spite of the hard–core
exclusion rule, there is infinite number of dimer coverings
of which the system chooses upon freezing into a glassy
disordered phase.
We consider the [111]-planes of the fcc lattice which

naturally contains all three kinds of bonds (xy, yz and
zx) as shown in Fig. 5. The fcc lattice can be thought
about as stacked layers of triangular lattice, where these
layers are the [111] planes and the three sides of the tri-
angles correspond to the three kinds of bonds. A possible
dimer–product state is to cover a layer with stripes of two
kinds of dimers and repeat the pattern in the neighbor-
ing layers so that the di↵erent dimers alternate on top of
each other. Two neighboring layers of such a dimer cover-
ing is illustrated in Fig. 5(c), for convenience we denoted
the top layer with bright, and the bottom layer with dim
colors. It is easy to see that changing the dimer state
of four neighboring sites within a layer will not violate
the hard–core exclusion and does not change the ground
state energy. Such a flip is illustrated in Fig. 5(d). As
we can flip anywhere, even successively at more than one
plaquette of four sites, there are an extensive number of
possible dimer coverings.
[We probably should write more here...]

In conclusion, we constructed a suitable microscopic
model and studied the ground state properties of the dou-
ble perovskite insulating magnet Ba2YMoO6. We have
shown that a random hard–core covering of entangled
dimers wins against the antiferromagnetic Néel states at
any value of spin–orbit coupling. Our result supports
the experimental observations, that the magnetic low-
temperature state of Ba2YMoO6 is a disordered valence
bond phase with no broken symmetries where the 4d elec-
trons randomly form dimers with one of their 12 neigh-
bors. [More here too...]
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To gain insight to the intermediate regime, we solved
exactly the two-site problem of 1 and found that the
ground state is a singlet for each � values

| i = |*+i � |+*ip
2

, (4)

where the pseudo spin forming the singlet depends on
the strength of �. On a dimer lying in the xy-plane for
example

|*i = cos# |0, "i+ sin# |1, #i , (5a)

|+i = cos# |0, #i+ sin# |�1, "i . (5b)

In the limiting cases � = 0 and � � J , the vari-

ational parameter ✓ becomes 0 and arccos
q

2

3

, respec-

tively. Thus, the e↵ect of spin-orbit coupling inflates the
planar |0,�i so that at large � it becomes

��j=3
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, jz=±1

2

↵

extending in the perpendicular direction. A finite SO
coupling, therefore, generates interaction between the
singlet dimer. However, this coupling doesn’t condense
dimers in an ordered manner. Most likely in real materi-
als, miss-sites and other types of disorder select a given
random dimer-covering with no long range superstruc-
ture and renders the system to freeze in a glassy manner.

Fig. 3 shows the di↵erent types of inter–dimer bonds.
Such bond can connect two dimer singlets with orbital
characters both perpendicular to the connecting bond.
Then either the connected singlet are perpendicular to
each other (b

1

), or they are of the same plane (b
2

). The
other possibility is that one of the singlets is in the same
plane as the connecting bond and the other is perpen-
dicular to them(b

3

). Due to the hard–core exclusion, it
cannot happen that an inter–dimer bond is connecting
two orbital singlets lying in the bond’s plane. Conse-
quently, each dimer–singlet has exactly six neighboring
b
3

bonds, regardless of the dimer configuration. A simple
explanation is that both sites of the � orbital–singlet has
three neighbors in the �-plane, each corresponding to a
b
3

bond. The number of b
3

bonds for any dimer–singlet
covering of the fcc lattice is therefore 3N , when N is the
number of sites. Let us note that bonds b

1

and b
2

have, in
fact, same energy. They both connect dimer singlets with
orbital character orthogonal to the bond itself. There are
N
2

dimer–singlets, therefore, the total number of b
1

(b
2

)
bonds is 5N

2

. The ground state energy of the hard–core
dimer singlet covering of the fcc lattice can be written as

EDS =
N

2
E

d

+
5N

2
Eb1 + 3NEb3 . (6)

E
d

is the energy of the singlets, and Ebi is the mean–field
energy of the inter–dimer bond of type bi. Note that the
form of Eq. 6 is independent of the value of � spin–orbit
coupling. We calculate EDS numerically.

When � = 0 the ground state of a bond is reached
when both of its electrons occupy the same orbital and
their spins form a singlet with the energy E

d

= �J
2

.
Inter–dimer energies Ebi are zero in this limit and the

non-interacting hard–core dimer covering of the fcc lat-
tice has the energy EDS

�=0

= �JN
4

.
In the large � limit, the dimer energy of the��j=3

2

, jz=±1

2

↵
singlet is E

d

= ��� 2J
9

and the full ground
state energy can be estimated as

EDS

�!1 = �NJ

96
� N�

2
. (7)

Excitations.– In amorphous dimer–singlet covering of
the fcc lattice momentum is not a well defined quantum
number, but the energy of local excitations is. The two
types of excitations allowed by magnetic dipole transi-
tions are illustrated in Fig. 3. One corresponds to flip-
ping the local spin or pseudo spin in small and large �
limit, respectively, and is at the energy ⇠ J . Similarly,
the other is an orbital or pseudo orbital excitation de-
pending on the strength of spin-orbit coupling, and costs
half the energy (⇠ J/2) of a spin-like excitation. Based
on our numerical calculations, spin-like excitations have
stronger while orbital-like weaker intensities (see supple-
menting materials).

FIG. 3. Excitations of a spin-orbital dimer-singlet state in
the large � limit. Flipping, for example, the j = �1/2 com-
ponent to j = 1/2 or to j = �3/2 corresponds to flipping the
pseudo spin (top) or pseudo orbital (bottom) degree of free-
dom, respectively. Local excitations for small SO coupling
correspond to changing the real spins or orbitals.

There are, in addition, other thermally accessible non-
local excitations at lower energies. For example anti-
ferromagnetically coupled spin clusters may emerge as a
result of orbital reorientation. An important di↵erence
between the well studied spin-only quantum dimer sys-
tems and our model is the lack of a hard-gap. Here, on
the account of orbital degrees of freedom, the spectrum
cannot be characterized by a single energy scale.
Phase digram.– To cover the full parameter space of

Eq. 1 we need to include the e↵ect of Hund’s coupling.
When ⌘ = 0, the ground state is a random arrangement
of spin-orbital dimer-singlets for every value of spin-orbit
coupling and only the nature of pseudo-spins forming the
singlet dimers is a↵ected by �. Taking Hund’s coupling
into account we find additional, ordered phases. To ex-
plore the phase diagram we perform site-factorized varia-

~J
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The geometrically frustrated double perovskite Ba2YMoO6 is characterized by quantum s = 1/2 spins at the
Mo5+ sites of an undistorted fcc lattice. Previous low-temperature characterization revealed an absence of static
long-range magnetic order and suggested a nonmagnetic spin-singlet ground state. We report unique time-of-flight
and triple-axis neutron spectroscopy of Ba2YMoO6 that shows a 28 meV spin excitation with a bandwidth of
∼4 meV, which vanishes above ∼125 K. We identify this as the singlet-triplet excitation that arises out of a
singlet ground state, and further identify a weaker continuum of magnetic states within the gap, reminiscent of
spin-polaron states arising due to weak disorder.
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Geometrically frustrated magnetic materials1,2 are of topi-
cal interest due to the complex interplay between competing
interactions resulting in rich phase diagrams, including spin-
glass, spin-ice, and spin-liquid ground states. Triangular
and tetrahedral architectures are most often associated with
geometric frustration, although the phenomenon occurs in
diverse systems with various lattices, magnetic interactions,
and anisotropies. In two dimensions (2D), networks of edge-
and corner-sharing triangles give rise to the triangular and
kagome lattices, respectively, while in three dimensions (3D),
tetrahedral networks form the fcc and pyrochlore lattices.

Frustrated lattices of antiferromagnetically (AF) coupled
moments have been studied in a variety of materials. Well-
studied 2D systems, consisting of loosely coupled stacks of
planes, include the triangular magnets NaCrO2 (Ref. 3) and
VCl2,4 kagome magnets such as herbertsmithite,5 and several
jarosite AFs.6 Other quasi-2D magnetic materials and models
which possess competing interactions exist, with resulting
physics very similar to that originating from geometrical
frustration, including the so-called J1-J2 systems,7 square
planar lattices decorated by magnetic moments with oppos-
ing nearest-neighbor and next-nearest-neighbor interactions.
One such system of topical interest is SrCu2(BO3)2,8,9 an
experimental realization of the Shastry-Sutherland s = 1/2
Heisenberg model,10 with moments on a planar lattice of
orthogonally oriented dimers. Each dimer, composed of two
s = 1/2 Cu2+ moments, exhibits a singlet ground state with
an s = 1 triplet excitation above a ! ∼ 3 meV gap. In 3D,
well-studied frustrated systems include rare-earth titanates,
in which magnetic moments reside on essentially perfect
pyrochlore lattices11 and exhibit a wide variety of ground
states including spin ice,12,13 long-range order (LRO),14,15

field-induced order,16 and spin liquid.17,18 Both classical and
quantum spins decorating these lattices have been, and are,
of interest. But the quantum versions can give rise to exotic,
disordered spin-liquid states, as may be relevant to resonating
valence-bond states.19

While experimental and theoretical works on classical and
quantum quasi-2D triangular and kagome magnets and 3D
pyrochlore magnets abound, there are very few studies of
quantum fcc frustrated systems. In rocksalt ordered double
perovskites20 [Fig. 1(a)] the magnetic moments comprise an
edge-sharing tetrahedral network [Fig. 1(c)]. While most are
not perfect s = 1/2 fcc systems,21,22 experimental studies have
revealed a wealth of ground states. The s = 3/2 systems
La2LiRuO6 and Ba2YRuO6 exhibit AF LRO.23 Analogous
s = 1 systems show spin freezing without LRO in Ba2YReO6,
and a collective singlet state in La2LiReO6.24 The ex-
treme quantum s = 1/2 case is realized in Sr2CaReO6,25

La2LiMoO6, and Ba2YMoO6.26 While the first two ex-
hibit short-range magnetic correlations without LRO, only
Ba2YMoO6 maintains cubic symmetry to 2 K and shows no
signs of magnetic order in NMR, muon spin relaxation, neutron
diffraction, or susceptibility measurements,26–28 making it an
excellent realization of a quantum fcc antiferromagnet.

Ba2YMoO6 was characterized in depth by Aharen et al.26

Y and Mo ions lie on alternate B sites in an NaCl-like
arrangement with only ∼3% B-site disorder, so that the
magnetic Mo5+ ions form a lattice of edge-sharing tetrahedra.
Bulk susceptibility measurements show high-temperature AF
Curie-Weiss (C-W) behavior with "W = −219 K, and some
deviation from C-W at lower temperatures. However, suscep-
tibility, heat capacity, and muon spin relaxation measurements
found no evidence for a magnetic phase transition above
2 K. 89Y NMR 1/T1 measurements find two characteristic
environments, one corresponding to a paramagnetic-like state
at all temperatures, and another indicative of a collective
singlet ground state with an effective gap !/kB ∼ 140 K.

These results indicate that Ba2YMoO6 exhibits both geo-
metric frustration and strong quantum effects, with a singlet
or singlet-like ground state caused by pairing of adjacent
s = 1/2 Mo5+ moments coexisting with a disordered state
to 2 K. Theoretically, Chen et al.29 have considered the
ground states of s = 1/2 fcc systems with strong spin-orbit
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FIG. 1. (Color online) (a) Unit cell of Ba2YMoO6, with Y and
Mo occupying alternate B sites. (b) Schematic diagram depicting
frustration of AF-coupled moments on a tetrahedron, and possible
formation of orthogonal singlet dimers. (c) Mo5+ ions in the lattice
in (a), forming a network of edge-sharing tetrahedra.

coupling, as may be expected for 4d1 Mo5+ ions. The spins
can combine with the threefold degeneracy of the t2g orbitals
to give an effective j = 3/2 system, allowing a rich variety
of exotic ground states, such as a quadrupolar-ordered state
with spontaneous anisotropy. But in the case of strong AF
interactions pseudo-singlets can arise and lead to nonmagnetic
valence-bond-solid and quantum-spin-liquid ground states.

In this Rapid Communication, we report inelastic neutron
scattering results on polycrystalline Ba2YMoO6. We find
scattering at low Q and E ∼ 28 meV for which intensity
decreases with increasing temperature and disappears above
∼125 K, as well as a continuum of low-Q scattering within this
28 meV gap. This continuum is weakly peaked in energy and
resembles so-called spin polarons, scattering from impurity-
induced paramagnetic regions embedded in a sea of singlets.30

The ∼4 meV bandwidth of the 28 meV spin excitation is
consistent with weakly dispersive triplet excitations from a
singlet ground state formed from orthogonal dimers on the
s = 1/2 Mo5+ tetrahedra.

Two 6–7 g powder samples of Ba2YMoO6 were prepared
using a conventional solid-state reaction as in Ref. 26. A
stoichiometric mixture of BaCO3, Y2O3, and MoO3 was fired
at 950 ◦C for 12 h, then reground and fired at 1250–1300 ◦C
in a reducing 5% H2/Ar mixture. Phase purity and the Mo
oxidation state were verified through x-ray diffraction and
thermogravimetric analysis, respectively.

Measurements were performed on one sample at the
SEQUOIA fine resolution Fermi chopper spectrometer at
the Spallation Neutron Source (SNS), Oak Ridge National
Laboratory,31,32 and on the other at the C5 triple-axis spec-
trometer at the Canadian Neutron Beam Centre (CNBC),
Chalk River. Each specimen was contained in an Al sample
can in a closed-cycle refrigerator with He exchange gas,
with measurements made on identical empty sample cans for
background subtraction.

Time-of-flight measurements at SEQUOIA were performed
between 6 and 290 K, employing an incident beam energy
Ei = 60 meV chosen by Fermi chopper No. 1 (Ref. 32)
spinning at 240 Hz (!E/E ∼5%). The background from the
prompt pulse was removed by the T0 chopper at 60 Hz.
The beam was masked to match the sample size, and a
white-beam vanadium normalization run was used to correct
for the detector efficiencies.

Triple-axis measurements at C5 employed pyrolitic
graphite (PG) as both the monochromator and the analyzer,
in a constant Ef mode using Ef = 30.5 meV, at temperatures
from 3.1 to 300 K. Harmonic contamination in the scattered
beam was suppressed using a PG filter. Collimations along the
beam path were [33′-47′-51′-144′], with an energy resolution
of 4 meV at the elastic channel.

The neutron scattering cross section due to phonons scales
as (ϵ⃗ · Q⃗)2, where ϵ⃗ is the phonon eigenvector,33 while that
from magnetism scales with the form factor of the appropriate
magnetic electrons and generally falls off with increasing Q.
To isolate the magnetic scattering, we follow an approach
similar to that of Clancy et al.,34 wherein the total scattering
intensity is treated as a sum of three factors: a temperature-
independent background, a phonon contribution for which
temperature dependence is described well by the thermal
occupancy factor [n(ω) + 1], and the magnetic contribution
of present interest. The temperature-independent background
is removed by subtracting the empty sample-can run from each
data set. This gives S(Q,h̄ω), which is normalized by the ther-
mal occupancy factor to yield χ ′′(Q,h̄ω). Finally, we subtract
χ ′′(Q,h̄ω) at 175 K from that at 6 K and the other data sets of
interest to remove the phonon contribution and approximately
isolate the magnetic contribution, resulting in the !χ ′′(Q,h̄ω)
maps shown in Fig. 2. Figures 2(a), 2(c), and 2(d) show
!χ ′′(Q,h̄ω) maps for T = 6, 70, and 125 K, with T = 175 K
subtracted on a full-intensity scale, while Fig. 2(b) shows the
T = 6 − 175 K subtraction for positive values only, to high-
light where χ ′′(Q,h̄ω) at T = 6 K exceeds that at T = 175 K.
Magnetic scattering identified in this way is clearly seen at low
Q < 2.5 Å−1. Figures 2(a), 2(c), and 2(d) show !χ ′′(Q,h̄ω)
to evolve from a flat Q-h̄ω distribution to one characterized

FIG. 2. (Color online) (a), (c), (d) Dynamic susceptibility
!χ ′′(Q,h̄ω) at T = 6, 70, and 125 K, where χ ′′(Q,h̄ω) at T = 175 K
has been subtracted from each to isolate the magnetic scattering,
as described in the text. (b) shows !χ ′′(Q,h̄ω) at T = 6 K with
T = 175 K subtracted, but with the plotted intensity scale range
restricted to >0 only, thus highlighting where χ ′′(Q,h̄ω) at 6 K
exceeds that at 175 K. The lower intensity scale refers to (a), (c),
and (d), and the upper refers to (b).
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To gain insight to the intermediate regime, we solved
exactly the two-site problem of 1 and found that the
ground state is a singlet for each � values

| i = |*+i � |+*ip
2

, (4)

where the pseudo spin forming the singlet depends on
the strength of �. On a dimer lying in the xy-plane for
example

|*i = cos# |0, "i+ sin# |1, #i , (5a)

|+i = cos# |0, #i+ sin# |�1, "i . (5b)

In the limiting cases � = 0 and � � J , the vari-

ational parameter ✓ becomes 0 and arccos
q

2

3

, respec-

tively. Thus, the e↵ect of spin-orbit coupling inflates the
planar |0,�i so that at large � it becomes

��j=3

2

, jz=±1

2

↵

extending in the perpendicular direction. A finite SO
coupling, therefore, generates interaction between the
singlet dimer. However, this coupling doesn’t condense
dimers in an ordered manner. Most likely in real materi-
als, miss-sites and other types of disorder select a given
random dimer-covering with no long range superstruc-
ture and renders the system to freeze in a glassy manner.

Fig. 3 shows the di↵erent types of inter–dimer bonds.
Such bond can connect two dimer singlets with orbital
characters both perpendicular to the connecting bond.
Then either the connected singlet are perpendicular to
each other (b

1

), or they are of the same plane (b
2

). The
other possibility is that one of the singlets is in the same
plane as the connecting bond and the other is perpen-
dicular to them(b

3

). Due to the hard–core exclusion, it
cannot happen that an inter–dimer bond is connecting
two orbital singlets lying in the bond’s plane. Conse-
quently, each dimer–singlet has exactly six neighboring
b
3

bonds, regardless of the dimer configuration. A simple
explanation is that both sites of the � orbital–singlet has
three neighbors in the �-plane, each corresponding to a
b
3

bond. The number of b
3

bonds for any dimer–singlet
covering of the fcc lattice is therefore 3N , when N is the
number of sites. Let us note that bonds b

1

and b
2

have, in
fact, same energy. They both connect dimer singlets with
orbital character orthogonal to the bond itself. There are
N
2

dimer–singlets, therefore, the total number of b
1

(b
2

)
bonds is 5N

2

. The ground state energy of the hard–core
dimer singlet covering of the fcc lattice can be written as

EDS =
N

2
E

d

+
5N

2
Eb1 + 3NEb3 . (6)

E
d

is the energy of the singlets, and Ebi is the mean–field
energy of the inter–dimer bond of type bi. Note that the
form of Eq. 6 is independent of the value of � spin–orbit
coupling. We calculate EDS numerically.

When � = 0 the ground state of a bond is reached
when both of its electrons occupy the same orbital and
their spins form a singlet with the energy E

d

= �J
2

.
Inter–dimer energies Ebi are zero in this limit and the

non-interacting hard–core dimer covering of the fcc lat-
tice has the energy EDS

�=0

= �JN
4

.
In the large � limit, the dimer energy of the��j=3

2

, jz=±1

2

↵
singlet is E

d

= ��� 2J
9

and the full ground
state energy can be estimated as

EDS

�!1 = �NJ

96
� N�

2
. (7)

Excitations.– In amorphous dimer–singlet covering of
the fcc lattice momentum is not a well defined quantum
number, but the energy of local excitations is. The two
types of excitations allowed by magnetic dipole transi-
tions are illustrated in Fig. 3. One corresponds to flip-
ping the local spin or pseudo spin in small and large �
limit, respectively, and is at the energy ⇠ J . Similarly,
the other is an orbital or pseudo orbital excitation de-
pending on the strength of spin-orbit coupling, and costs
half the energy (⇠ J/2) of a spin-like excitation. Based
on our numerical calculations, spin-like excitations have
stronger while orbital-like weaker intensities (see supple-
menting materials).

FIG. 3. Excitations of a spin-orbital dimer-singlet state in
the large � limit. Flipping, for example, the j = �1/2 com-
ponent to j = 1/2 or to j = �3/2 corresponds to flipping the
pseudo spin (top) or pseudo orbital (bottom) degree of free-
dom, respectively. Local excitations for small SO coupling
correspond to changing the real spins or orbitals.

There are, in addition, other thermally accessible non-
local excitations at lower energies. For example anti-
ferromagnetically coupled spin clusters may emerge as a
result of orbital reorientation. An important di↵erence
between the well studied spin-only quantum dimer sys-
tems and our model is the lack of a hard-gap. Here, on
the account of orbital degrees of freedom, the spectrum
cannot be characterized by a single energy scale.
Phase digram.– To cover the full parameter space of

Eq. 1 we need to include the e↵ect of Hund’s coupling.
When ⌘ = 0, the ground state is a random arrangement
of spin-orbital dimer-singlets for every value of spin-orbit
coupling and only the nature of pseudo-spins forming the
singlet dimers is a↵ected by �. Taking Hund’s coupling
into account we find additional, ordered phases. To ex-
plore the phase diagram we perform site-factorized varia-
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tional approach and compare the energies with the dimer-
singlet ground state energy Eq. 6. Let us note that in
our site-factorized approach the magnetic and crystallo-
graphic unit cells are the same, and we do not discuss
possible further phases with larger magnetic units or in-
commensurate patterns. For large enough Hund’s cou-
pling we find two non-collinear but coplanar phases, one
with finite and one with zero net moment. as shown in
Fig. 4 The easy axis corresponds to [110] and equivalent
directions in both phases.
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FIG. 4. Phase diagram of the model E. 1 as the function of
Hund’s coupling ⌘ and spin-orbit interaction �.

Experimental implications.– The dimer-singlet phase
characteristic for small Hund’s coupling captures avail-
able experimental properties of the molybdenum com-
pounds. In agreement with experiments, there is no
long-range ordering, nor formation of super-structure or
structured phases. Susceptibility, [11] heat capacity and
µSR [27] experiments suggest pseudo-gapped excitations
and formation of glassy valence bond state that does not
break any symmetries down to 50 mK, consistent with
amorphous spin-orbital dimer singlet phase presented
here. Neutron scattering experiments [28] reveal excita-
tions that are in line with our conjecture for the dimer-
singlet spectrum. A stronger mode has been observed
at about 28 meV corresponding to singlet-to-triplet ex-
citations together with a weaker mode at half the energy
which most like corresponds to the orbital-type of ex-
citation discussed above. Additional lower lying excita-
tions have been observed inside the pseudo gap by NMR
studies. [10] Infrared transmission spectra indicates local
distortion of MoO

6

octahedra below 130 K [29], at which
temperature the susceptibility peaks and spin singlets are
formed to open a (pseudo) gap [10, 28]. These local dis-
tortions correspond to the directional character of the
dimer-singlets with orbitals directed along the occupied
dimer bonds.

The two-sublattice ordered states in the phase dia-
gram 4 may provide description for the iso-structural os-

mium compounds, the antiferromagnetic Ba
2

LiOsO
6

and
ferromagnetic Ba

2

NaOsO
6

, characterized by very small
net magnetic moment and [110] easy axis anisotropy.
We numerically calculated the magnetic moment ~M =
2~S � ~l which varies by an order of magnitude in the
coplanar ferro phase being ⇠ 1µb for small and ⇠ 0.1µB

for large �. These findings are consistent with mea-
sured magnetic moments, which are unusually small;
µ = 0.733µB and µ = 0.677µB for the osmium com-
pounds containing Li and Na, respectively.[14]

Summary.– Using a suitable spin-orbital model 1,
we investigated the magnetic properties of dou-
ble perovskites Ba

2

BMoO
6

(B=Y,Lu) and Ba
2

BOsO
6

(B=Na,Li). Based on analytical and variational ap-
proaches we found that a massively degenerate hard–
core dimer–singlet ground state emerges when the Hund’s
coupling is small. The real spins forming the singlet state
develop into the ±1/2 component of an e↵ective j = 3/2
quadruplet upon increasing spin-orbit interaction. This
amorphous spin-orbital dimer–singlet state captures ex-
perimentally observed properties of molybdenum dou-
ble perovskite Ba

2

BMoO
6

(B=Y,Lu). For larger Hund’s
coupling antiferro and ferro type of non-collinear order
emerges with easy axis anisotropy along the NN dimers of
the fcc lattice. The osmium compounds Ba

2

LiOsO
6

and
Ba

2

NaOsO
6

may serves as physical ralization of these
phases.
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tional approach and compare the energies with the dimer-
singlet ground state energy Eq. 6. Let us note that in
our site-factorized approach the magnetic and crystallo-
graphic unit cells are the same, and we do not discuss
possible further phases with larger magnetic units or in-
commensurate patterns. For large enough Hund’s cou-
pling we find two non-collinear but coplanar phases, one
with finite and one with zero net moment. as shown in
Fig. 4 The easy axis corresponds to [110] and equivalent
directions in both phases.
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Experimental implications.– The dimer-singlet phase
characteristic for small Hund’s coupling captures avail-
able experimental properties of the molybdenum com-
pounds. In agreement with experiments, there is no
long-range ordering, nor formation of super-structure or
structured phases. Susceptibility, [11] heat capacity and
µSR [27] experiments suggest pseudo-gapped excitations
and formation of glassy valence bond state that does not
break any symmetries down to 50 mK, consistent with
amorphous spin-orbital dimer singlet phase presented
here. Neutron scattering experiments [28] reveal excita-
tions that are in line with our conjecture for the dimer-
singlet spectrum. A stronger mode has been observed
at about 28 meV corresponding to singlet-to-triplet ex-
citations together with a weaker mode at half the energy
which most like corresponds to the orbital-type of ex-
citation discussed above. Additional lower lying excita-
tions have been observed inside the pseudo gap by NMR
studies. [10] Infrared transmission spectra indicates local
distortion of MoO

6

octahedra below 130 K [29], at which
temperature the susceptibility peaks and spin singlets are
formed to open a (pseudo) gap [10, 28]. These local dis-
tortions correspond to the directional character of the
dimer-singlets with orbitals directed along the occupied
dimer bonds.

The two-sublattice ordered states in the phase dia-
gram 4 may provide description for the iso-structural os-

mium compounds, the antiferromagnetic Ba
2

LiOsO
6

and
ferromagnetic Ba

2

NaOsO
6

, characterized by very small
net magnetic moment and [110] easy axis anisotropy.
We numerically calculated the magnetic moment ~M =
2~S � ~l which varies by an order of magnitude in the
coplanar ferro phase being ⇠ 1µb for small and ⇠ 0.1µB

for large �. These findings are consistent with mea-
sured magnetic moments, which are unusually small;
µ = 0.733µB and µ = 0.677µB for the osmium com-
pounds containing Li and Na, respectively.[14]

Summary.– Using a suitable spin-orbital model 1,
we investigated the magnetic properties of dou-
ble perovskites Ba

2

BMoO
6

(B=Y,Lu) and Ba
2

BOsO
6

(B=Na,Li). Based on analytical and variational ap-
proaches we found that a massively degenerate hard–
core dimer–singlet ground state emerges when the Hund’s
coupling is small. The real spins forming the singlet state
develop into the ±1/2 component of an e↵ective j = 3/2
quadruplet upon increasing spin-orbit interaction. This
amorphous spin-orbital dimer–singlet state captures ex-
perimentally observed properties of molybdenum dou-
ble perovskite Ba

2

BMoO
6

(B=Y,Lu). For larger Hund’s
coupling antiferro and ferro type of non-collinear order
emerges with easy axis anisotropy along the NN dimers of
the fcc lattice. The osmium compounds Ba

2

LiOsO
6

and
Ba

2

NaOsO
6

may serves as physical ralization of these
phases.
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tional approach and compare the energies with the dimer-
singlet ground state energy Eq. 6. Let us note that in
our site-factorized approach the magnetic and crystallo-
graphic unit cells are the same, and we do not discuss
possible further phases with larger magnetic units or in-
commensurate patterns. For large enough Hund’s cou-
pling we find two non-collinear but coplanar phases, one
with finite and one with zero net moment. as shown in
Fig. 4 The easy axis corresponds to [110] and equivalent
directions in both phases.
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Experimental implications.– The dimer-singlet phase
characteristic for small Hund’s coupling captures avail-
able experimental properties of the molybdenum com-
pounds. In agreement with experiments, there is no
long-range ordering, nor formation of super-structure or
structured phases. Susceptibility, [11] heat capacity and
µSR [27] experiments suggest pseudo-gapped excitations
and formation of glassy valence bond state that does not
break any symmetries down to 50 mK, consistent with
amorphous spin-orbital dimer singlet phase presented
here. Neutron scattering experiments [28] reveal excita-
tions that are in line with our conjecture for the dimer-
singlet spectrum. A stronger mode has been observed
at about 28 meV corresponding to singlet-to-triplet ex-
citations together with a weaker mode at half the energy
which most like corresponds to the orbital-type of ex-
citation discussed above. Additional lower lying excita-
tions have been observed inside the pseudo gap by NMR
studies. [10] Infrared transmission spectra indicates local
distortion of MoO

6

octahedra below 130 K [29], at which
temperature the susceptibility peaks and spin singlets are
formed to open a (pseudo) gap [10, 28]. These local dis-
tortions correspond to the directional character of the
dimer-singlets with orbitals directed along the occupied
dimer bonds.

The two-sublattice ordered states in the phase dia-
gram 4 may provide description for the iso-structural os-

mium compounds, the antiferromagnetic Ba
2

LiOsO
6

and
ferromagnetic Ba

2

NaOsO
6

, characterized by very small
net magnetic moment and [110] easy axis anisotropy.
We numerically calculated the magnetic moment ~M =
2~S � ~l which varies by an order of magnitude in the
coplanar ferro phase being ⇠ 1µb for small and ⇠ 0.1µB

for large �. These findings are consistent with mea-
sured magnetic moments, which are unusually small;
µ = 0.733µB and µ = 0.677µB for the osmium com-
pounds containing Li and Na, respectively.[14]

Summary.– Using a suitable spin-orbital model 1,
we investigated the magnetic properties of dou-
ble perovskites Ba

2

BMoO
6

(B=Y,Lu) and Ba
2

BOsO
6

(B=Na,Li). Based on analytical and variational ap-
proaches we found that a massively degenerate hard–
core dimer–singlet ground state emerges when the Hund’s
coupling is small. The real spins forming the singlet state
develop into the ±1/2 component of an e↵ective j = 3/2
quadruplet upon increasing spin-orbit interaction. This
amorphous spin-orbital dimer–singlet state captures ex-
perimentally observed properties of molybdenum dou-
ble perovskite Ba

2

BMoO
6

(B=Y,Lu). For larger Hund’s
coupling antiferro and ferro type of non-collinear order
emerges with easy axis anisotropy along the NN dimers of
the fcc lattice. The osmium compounds Ba

2

LiOsO
6

and
Ba

2

NaOsO
6

may serves as physical ralization of these
phases.
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singlet ground state energy Eq. 6. Let us note that in
our site-factorized approach the magnetic and crystallo-
graphic unit cells are the same, and we do not discuss
possible further phases with larger magnetic units or in-
commensurate patterns. For large enough Hund’s cou-
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with finite and one with zero net moment. as shown in
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Experimental implications.– The dimer-singlet phase
characteristic for small Hund’s coupling captures avail-
able experimental properties of the molybdenum com-
pounds. In agreement with experiments, there is no
long-range ordering, nor formation of super-structure or
structured phases. Susceptibility, [11] heat capacity and
µSR [27] experiments suggest pseudo-gapped excitations
and formation of glassy valence bond state that does not
break any symmetries down to 50 mK, consistent with
amorphous spin-orbital dimer singlet phase presented
here. Neutron scattering experiments [28] reveal excita-
tions that are in line with our conjecture for the dimer-
singlet spectrum. A stronger mode has been observed
at about 28 meV corresponding to singlet-to-triplet ex-
citations together with a weaker mode at half the energy
which most like corresponds to the orbital-type of ex-
citation discussed above. Additional lower lying excita-
tions have been observed inside the pseudo gap by NMR
studies. [10] Infrared transmission spectra indicates local
distortion of MoO

6

octahedra below 130 K [29], at which
temperature the susceptibility peaks and spin singlets are
formed to open a (pseudo) gap [10, 28]. These local dis-
tortions correspond to the directional character of the
dimer-singlets with orbitals directed along the occupied
dimer bonds.

The two-sublattice ordered states in the phase dia-
gram 4 may provide description for the iso-structural os-

mium compounds, the antiferromagnetic Ba
2

LiOsO
6

and
ferromagnetic Ba

2

NaOsO
6

, characterized by very small
net magnetic moment and [110] easy axis anisotropy.
We numerically calculated the magnetic moment ~M =
2~S � ~l which varies by an order of magnitude in the
coplanar ferro phase being ⇠ 1µb for small and ⇠ 0.1µB

for large �. These findings are consistent with mea-
sured magnetic moments, which are unusually small;
µ = 0.733µB and µ = 0.677µB for the osmium com-
pounds containing Li and Na, respectively.[14]

Summary.– Using a suitable spin-orbital model 1,
we investigated the magnetic properties of dou-
ble perovskites Ba

2

BMoO
6

(B=Y,Lu) and Ba
2

BOsO
6

(B=Na,Li). Based on analytical and variational ap-
proaches we found that a massively degenerate hard–
core dimer–singlet ground state emerges when the Hund’s
coupling is small. The real spins forming the singlet state
develop into the ±1/2 component of an e↵ective j = 3/2
quadruplet upon increasing spin-orbit interaction. This
amorphous spin-orbital dimer–singlet state captures ex-
perimentally observed properties of molybdenum dou-
ble perovskite Ba

2

BMoO
6

(B=Y,Lu). For larger Hund’s
coupling antiferro and ferro type of non-collinear order
emerges with easy axis anisotropy along the NN dimers of
the fcc lattice. The osmium compounds Ba
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and
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may serves as physical ralization of these
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FIG. 1. Geometric structure of honeycomb ↵-ZrCl3. Cyan
and light green spheres represent Zr and Cl, respectively. The
crystallographic axes are shown and labelled as the 1- and 2-
directions, as used in SM [16].

site forms the fundamental representation of SU(4), and
Pij is the operator which swaps the states at sites i and j.
This is a natural generalization of the antiferromagnetic
SU(2) Heisenberg model to SU(4) as discussed in Sec. A
of Supplemental Material (SM) [16].

The ground state of the SU(2) spin-1/2 antiferromag-
net on the honeycomb lattice is simply Néel-ordered [17,
18], reflecting the unfrustrated nature of the lattice. On
the other hand, the SU(N) generalization of the Néel
state by putting di↵erent colors on neighboring sites gives
a macroscopic number of classical ground states when
N > 2 [19–21]. This implies an instability of the Néel
state. In fact, it was argued that the SU(4) antiferro-
magnet on the honeycomb lattice has a QSOL ground
state without any long-range order [5, 6].

Candidate materials. — As we mentioned in the Intro-
duction, we propose ↵-ZrCl3 with a honeycomb geome-
try as the first candidate for the d1 system, as shown in
Fig. 1. More generally, we consider the class of materials
↵-MX3, with M = Ti, Zr, Hf, etc., X = F, Cl, Br, etc.
Their crystal structure is almost the same as the one in
↵-RuCl3, which is known to be an approximate realiza-
tion of the Kitaev honeycomb model [22, 23]. However,
the electronic structure of ↵-MX3 is di↵erent from ↵-
RuCl3: here, M is in the 3+ state with a d1 electronic
configuration in the octahedral ligand field. Our strat-
egy for the realization of SU(4) spin models starts with a
low-energy quartet of electronic states with the e↵ective
angular momentum Je↵ = 3/2 on each M .

For this description to be valid, the SOC has to be
strong enough. As the atomic number increases from
Ti to Hf, SOC gets stronger and the description by the
e↵ective angular momentum becomes exact. The cases
with M = Ti, Zr and related A2VO3 (A = Na, Li) com-

FIG. 2. (a) Superexchange pathways between two Zr ions
connected by a (blue) c-bond in ↵-ZrCl3. White and grey
spheres represent Zr and Cl atoms, respectively. (b) Three
di↵erent types of bonds in ↵-ZrCl3. Red, light green, and
blue bonds represent a-, b-, and c-bonds on the yz-, zx-, and
xy-planes, respectively.

pounds already exist with limited available experimental
data, especially on the compounds with Zr, the heavi-
est element among listed. For ↵-TiCl3, with weak SOC,
a structural transition and opening of the spin gap at
T = 217 K have been reported [24]. This implies a small
SOC, as it is consistent with a massively degenerate man-
ifold of spin-singlets proposed for such systems in the
limit of vanishing SOC [25]. In compounds with heavier
elements, the strong SOC can convert this extensively
degenerate manifold of product states into a resonating
quantum state. Thus, we expect realization of the SU(4)
QSOL due to strong SOC with metal ions heavier than
Ti. In the following, we pick up ↵-ZrCl3 as an example,
although the same analysis should apply to ↵-HfCl3, and
A2M

0O3 with M 0 = Nb, Ta, as well.
E↵ective Hamiltonian. — In the strong ligand field,

the description with one electron in the threefold degen-
erate t2g-shell for ↵-ZrCl3 becomes exact. We denote
these dyz, dzx, and dxy-orbitals by a, b, c, respectively.
Let aj�, bj� and cj� represent annihilation operators
on these orbitals on the j-th site of Zr3+ with spin-�,
and n⇠�j with ⇠ 2 {a, b, c} be the corresponding num-
ber operators. If we introduce an infinite onsite SOC to
Zr3+, these operators can be written by the ground state
Je↵ = 3/2 quartet  j⌧� as follows.

a†j� =
�p
6
( †

j"�̄ �
p
3 †

j#�), (2)

b†j� =
ip
6
( †

j"�̄ +
p
3 †

j#�), (3)

c†j� =

r
2

3
 †
j"�, (4)

where the index ⌧ of  j⌧� labels the pseudoorbital index
of the Je↵ = 3/2, and the last index � = ±1 = ", # repre-
sents the pseudospin to distinguish between the Kramers
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dral ligand field, combined with the strong SOC implies
that the ground state of the electron is described by a
Je↵ = 3/2 quartet. In fact, the resulting e↵ective Hamil-
tonian appears to be anisotropic in the quartet space.
Nevertheless, we show that the model is gauge-equivalent
to an SU(4)-symmetric Hubbard model. In the strong re-
pulsion limit, its low-energy e↵ective Hamiltonian is the
Kugel-Khomskii model [20] on the honeycomb lattice, ex-
actly at the SU(4) symmetric point:

He↵ = J
X

hiji

⇣
S
i

· S
j

+
1

4

⌘⇣
T
i

· T
j

+
1

4

⌘
, (1)

where J > 0, and S
j

and T
j

are pseudospin-1/2 operators
defined for each site j. The SU(4) symmetry can be made
manifest by rewriting the Hamiltonian, up to a constant
shift, as

He↵ =
J

4

X

hiji

P
ij

, (2)

where the spin state at each site form the fundamental
representation of SU(4), and P

ij

is the operator which
swaps the states at sites i and j. This is a natural general-
ization of the antiferromagnetic SU(2) Heisenberg model
to SU(N) [21].

The ground state of the SU(2) spin-1/2 antiferromag-
net on the honeycomb lattice is simply Néel-ordered [22],
reflecting the unfrustrated nature of the lattice. On
the other hand, the SU(N) generalization of the Néel
state by putting di↵erent colors on neighboring sites gives
a macroscopic number of classical ground states when
N > 2 [23–25]. This implies instability of the Néel state.
In fact, it was argued that the SU(4) antiferromagnet on
the honeycomb lattice has a QSOL ground state without
any long-range order [6, 7]. The generalized Lieb-Schultz-
Mattis (LSM) theorem [26], or the Lieb-Schultz-Mattis-
A✏eck (LSMA) theorem [27] implies that the purported
QSOL should be nontrivial, either with gapless excita-
tions or topological degeneracy. Thus, we expect that
honeycomb ↵-ZrCl3, with its strong SOC, is a promising
candidate to realize a nontrivial SU(4) QSOL.

In addition to inorganic candidates for QSOLs dis-
cussed above, in metal-organic frameworks (MOFs),
where metal ions are surrounded by organic ligands, or-
bital physics is relevant [28]. However, a honeycomb
MOF [(C3H7)3NH]2[Cu2(C2O4)3](H2O)2.2 [29] also has
Cu2+ ions in the octahedral environment like BCSO, but
it shows a Jahn-Teller distortion, which means that or-
bital degrees of freedom are frozen at room temperature.
To suppress it, we propose the same mechanism as ↵-
ZrCl3 to realize SU(4) QSOLs in MOFs, and discuss
a possibility of generalizing this result to general three-
dimensinal (3D) lattices.

E↵ective Hamiltonian. — As we mentioned in the
Introduction, we propose a honeycomb geometry of ↵-
ZrCl3 as the first candidate for the d1 honeycomb model,

FIG. 1. Geometric structure of honeycomb ↵-ZrCl3. Cyan
and light green spheres represent Zr and Cl, respectively.

as shown in Fig. 1. More generally, we consider the class
of materials ↵-MX3, with M = Ti, Zr, Hf, etc., X =
F, Cl, Br, etc. Their crystal structure is completely the
same as ↵-RuCl3, which is known to be an approximate
realization of the Kitaev honeycomb model [4, 30]. How-
ever, the electronic structure of ↵-MX3 we consider is dif-
ferent from ↵-RuCl3: here, M is in the 3+ state with the
d1 electronic coordination in the octahedral ligand field.
Our strategy for the realization of SU(4) spin model
starts with a low-energy quartet of electronic states with
the e↵ective angular momentum Je↵ = 3/2 at each M .
For this description to be valid, the SOC has to be

strong enough. As the atomic number increases from Ti
to Hf, SOC gets stronger and the description by the e↵ec-
tive angular momentum becomes exact. The cases with
M = Ti, Zr and related A2VO3 (A = Na, Li) compounds
already exist, but ↵-TiCl3 shows a structural transition
with a spin gap at T = 217 K probably due to the weak
SOC [31]. MO: logic needs to be clarified here? Thus, we
expect the Je↵ = 3/2 description only in heavier metal
ions than Ti. In the following, we pick up ↵-ZrCl3 as
an example, although the same analysis should apply to
↵-HfCl3, and A2M

0O3 with M 0 = Nb, Ta, as well.
In the strong ligand field, the description with one elec-
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FIG. 1. Geometric structure of honeycomb ↵-ZrCl3. Cyan
and light green spheres represent Zr and Cl, respectively. The
crystallographic axes are shown and labelled as the 1- and 2-
directions, as used in SM [16].

site forms the fundamental representation of SU(4), and
Pij is the operator which swaps the states at sites i and j.
This is a natural generalization of the antiferromagnetic
SU(2) Heisenberg model to SU(4) as discussed in Sec. A
of Supplemental Material (SM) [16].

The ground state of the SU(2) spin-1/2 antiferromag-
net on the honeycomb lattice is simply Néel-ordered [17,
18], reflecting the unfrustrated nature of the lattice. On
the other hand, the SU(N) generalization of the Néel
state by putting di↵erent colors on neighboring sites gives
a macroscopic number of classical ground states when
N > 2 [19–21]. This implies an instability of the Néel
state. In fact, it was argued that the SU(4) antiferro-
magnet on the honeycomb lattice has a QSOL ground
state without any long-range order [5, 6].

Candidate materials. — As we mentioned in the Intro-
duction, we propose ↵-ZrCl3 with a honeycomb geome-
try as the first candidate for the d1 system, as shown in
Fig. 1. More generally, we consider the class of materials
↵-MX3, with M = Ti, Zr, Hf, etc., X = F, Cl, Br, etc.
Their crystal structure is almost the same as the one in
↵-RuCl3, which is known to be an approximate realiza-
tion of the Kitaev honeycomb model [22, 23]. However,
the electronic structure of ↵-MX3 is di↵erent from ↵-
RuCl3: here, M is in the 3+ state with a d1 electronic
configuration in the octahedral ligand field. Our strat-
egy for the realization of SU(4) spin models starts with a
low-energy quartet of electronic states with the e↵ective
angular momentum Je↵ = 3/2 on each M .

For this description to be valid, the SOC has to be
strong enough. As the atomic number increases from
Ti to Hf, SOC gets stronger and the description by the
e↵ective angular momentum becomes exact. The cases
with M = Ti, Zr and related A2VO3 (A = Na, Li) com-

FIG. 2. (a) Superexchange pathways between two Zr ions
connected by a (blue) c-bond in ↵-ZrCl3. White and grey
spheres represent Zr and Cl atoms, respectively. (b) Three
di↵erent types of bonds in ↵-ZrCl3. Red, light green, and
blue bonds represent a-, b-, and c-bonds on the yz-, zx-, and
xy-planes, respectively.

pounds already exist with limited available experimental
data, especially on the compounds with Zr, the heavi-
est element among listed. For ↵-TiCl3, with weak SOC,
a structural transition and opening of the spin gap at
T = 217 K have been reported [24]. This implies a small
SOC, as it is consistent with a massively degenerate man-
ifold of spin-singlets proposed for such systems in the
limit of vanishing SOC [25]. In compounds with heavier
elements, the strong SOC can convert this extensively
degenerate manifold of product states into a resonating
quantum state. Thus, we expect realization of the SU(4)
QSOL due to strong SOC with metal ions heavier than
Ti. In the following, we pick up ↵-ZrCl3 as an example,
although the same analysis should apply to ↵-HfCl3, and
A2M

0O3 with M 0 = Nb, Ta, as well.
E↵ective Hamiltonian. — In the strong ligand field,

the description with one electron in the threefold degen-
erate t2g-shell for ↵-ZrCl3 becomes exact. We denote
these dyz, dzx, and dxy-orbitals by a, b, c, respectively.
Let aj�, bj� and cj� represent annihilation operators
on these orbitals on the j-th site of Zr3+ with spin-�,
and n⇠�j with ⇠ 2 {a, b, c} be the corresponding num-
ber operators. If we introduce an infinite onsite SOC to
Zr3+, these operators can be written by the ground state
Je↵ = 3/2 quartet  j⌧� as follows.
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of the Je↵ = 3/2, and the last index � = ±1 = ", # repre-
sents the pseudospin to distinguish between the Kramers
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