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Compound B� config. crystal structure θCW µeff(µB) magnetic transition frustration parameter f Ref
Ba2YMoO6 Mo5+(4d1) cubic −91K 1.34 PM down to 2K f � 45 [38]
Ba2YMoO6 Mo5+(4d1) cubic −160K 1.40 PM down to 2K f � 80 [36]
Ba2YMoO6 Mo5+(4d1) cubic −219K 1.72 PM down to 2K f � 100 [37]
La2LiMoO6 Mo5+ (4d1) monoclinic -45K 1.42 PM to 2K f � 20 [37]
Sr2MgReO6 Re6+(5d1) tetragonal −426K 1.72 spin glass, TG ∼ 50K f � 8 [39]
Sr2CaReO6 Re6+(5d1) monoclinic −443K 1.659 spin glass, TG ∼ 14K f � 30 [40]
Ba2CaReO6 Re6+(5d1) cubic to tetragonal (at T ∼ 120K) −38.8K 0.744 AFM Tc = 15.4K f ∼ 2 [41]
Ba2LiOsO6 Os7+(5d1) cubic −40.48K 0.733 AFM Tc ∼ 8K f � 5 [42]
Ba2NaOsO6 Os7+(5d1) cubic −32.45K 0.677 FM Tc ∼ 8K f � 4 [42]
Ba2NaOsO6 Os7+(5d1) cubic ∼ −10K ∼ 0.6 FM Tc = 6.8K f � 4 [14]

TABLE II. A list of double perovskites. Note the discrepance in Curie temperature and µeff may originate from the experimental fitting of data
at different temperature range.

2. La2LiMoO6

La2LiMoO6 is monoclinic, the deviation from cubic sym-
metry arising primarily from rotations of the octahedra. The
local coordination of the Mo sites is nearly perfectly octahe-
dral with a weak tetragonal compression. The nature of crystal
field effects, if significant, is unclear at present. Magnetically,
the susceptibility shows, like Ba2YMoO6, two apparent Curie
regimes, separated by a kink at approximately 150K. How-
ever, opposite to that material, La2LiMoO6 shows a smaller
effective moment at low temperature compared to high tem-
perature. In addition, the high temperature Curie-Weiss tem-
perature is ΘCW ≈ −45K, significantly smaller than the kink
temperature. Irreversibility distinguishing the behavior of the
ZFC/FC susceptibility appears below 25K.

The appearance of two Curie regimes again suggests either
fixed or spontaneous magnetic anisotropy setting in around
150K. However, the reduction of the effective moment below
the kink in χ−1 is puzzling. We did not find this behavior in
the powder susceptibility within our model, with or without
anisotropy modeled by D. As remarked above, however, the
actual nature of the crystal field anisotropy in La2LiMoO6 is
unclear. If it is significant and different in form from the D
term, this might explain the behavior. Single crystal studies
would be helpful in elucidating the situation.

3. Sr2CaReO6 and Sr2MgReO6

Sr2CaReO6 and Sr2MgReO6 have distorted perovskite
structures, with monoclinic and tetragonal symmetry,
respectively.39,40 Experimentally, the materials are notable
for their very high antiferromagnetic Curie-Weiss temper-
ature, −ΘCW � 400K. Susceptibility and specific heat
measurements show anomalies suggestive of freezing and/or
short-range ordering at 14K and 50K, for Sr2CaReO6 and
Sr2MgReO6, respectively. Two possible interpretations of this
behavior are: (1) the Curie-Weiss temperature is dominated by
strong exchange, but fluctuations largely suppress ordering, or
(2) the Curie-Weiss temperature is due largely to single-ion
effects, and the true exchange scale is comparable to the ob-

served anomalies in χ and cv .
In the former scenario, the key question is why these two

materials show so much larger exchange than do the other
compounds in this family. From the point of view of this
work, attributing the Curie-Weiss temperature to exchange
alone would imply J is actually comparable to the SOC, so
that the projection to j = 3/2 may even be suspect. The
Curie-Weiss temperatures are sufficiently large that one may
suspect that the 5d electrons are not so well localized, and the
system is close to a Mott transition. It would be interesting to
measure their optical properties to address this possibility.

The latter explanation seems possible, as both materi-
als show significant deviations from the cubic structure:
Sr2CaReO6 is monoclinic, while Sr2MgReO6 is tetragonal.
The actual distortions of the octahedra are rather small in both
cases, the Re-O distance varying by only about 0.02Å at room
temperature. However, there are significant rotations and tilts
of the octahedra, and crystal field splittings of the j = 3/2
quadruplet are certainly allowed. Examination of the Re-O
bond lengths suggests easy-axis anisotropy. From Eq. (128),
we see that in principle a negative Curie-Weiss temperature
could be attributed to D. However, from the present model we
cannot obtain such a large value, which in these two materials
is comparable or larger than the fitting temperature. Neverthe-
less, we may imagine that some combination of exchange and
single-ion anisotropy may conspire to produce the observed
behavior.

If we assume a large easy-axis anisotropy, we would then
expect, based on the the analysis in Sec. III A 1, to have an
AFM ground state. The anomalies might be related to this
ordering. Experimentally, spin freezing and irreversibility is
observed, but without clear signs of long-range ordering. The
experimentalists caution that, due to the small magnetic mo-
ment of the Re6+ ions, a small ordered component could not
be ruled out in either material.39,40 Indeed, in the AFM state, a
very small moment is expected, due to the primacy of octopo-
lar order.

While this is promising, we note that it is likely that sev-
eral effects not in our model play a role. First, the struc-
ture of the materials is not a simple compression of the cu-
bic structure, and so the crystal fields might have a signifi-
cantly different form from the simple D term. This is espe-

M.A. de Vries et al, PRL 2010, T. Aharen et al PRB 2010
J.P. Carlo et al, PRB 2011
K. E. Stitzer, et al, Solid State Sciences 4, 2002 (311) 
A.S.Erickson, et al PRL 2007
C. Wiebe, et al PRB 2002, 2003
K. Yamamura, et al, Journal Solid State Chemistry 179, 605 (2006).

There also exist d2 and d3 double perovskites
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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
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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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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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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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+ /−3%. This is a considerably greater site mixing than found
in Ba2YRuO6 or Ba2YReO6.6,7 Following the previous
analysis6 the more negatively shifted peak is assigned to
a Y-!O-Mo"6 local environment and the other to
Y-!O-Mo"5!O-Y". Taking into account the coordination num-
ber of 6 at the Y site, an estimate of the mixing level is #3%,
too small to be detected in the neutron-diffraction data.6 Note
that these results imply that a finite concentration of “defect”
clusters of composition $Mo-!O-Mo"6% will exist and this
will likely be reflected in both the bulk and especially the
local susceptibility.

2. Magnetic properties

Ba2YMoO6 shows only apparent bulk paramagnetic be-
havior down to 2 K, Fig. 10, which is consistent with the
result previously reported by Cussen et al.8 The result of
Curie-Weiss fitting above 150 K shows !=−219!1" K, and
an effective moment of 1.72!1""B which is essentially the
spin only value for S= 1

2 !1.73"B". These values are some-
what larger than those reported by Cussen et al. The frustra-
tion index, f = &!cw& /TN for this compound is thus #100, in-
dicative of extremely frustrated behavior. In order to verify
any ordering/spin dynamics, we have conducted low-

TABLE II. !a" The results for a Rietveld refinement using FULLPROF !Ref. 13" of neutron powder data for
Ba2YMoO6 in Fm3m at 297.8 and 2.7 K. a=8.3920!6" Å !297.8 K" and a=8.3784!6" Å !2.7 K". Agreement
indices at 297.8 K:Rwp=0.063$0.076%, $2=2.51$2.08%, RB=0.031$0.021% and at 2.7 K:Rwp=0.067$0.054%,
$2=3.00$9.45%, RB=0.035$0.011%. Numbers in $ % are those from refinement of the %=2.37 Å data and the
others from %=1.33 Å data. !b" Selected bond lengths and comparison with the sum of the ionic radii !Ref.
19".

!a" 297.8 K x y z
Uiso
!Å2" U11 U22 U33

Ba 0.25 0.25 0.25 0.0072 0.0020!2" 0.0020!2" 0.0020!2"
Y 0.5 0.5 0.5 0.0043 0.0012!4" 0.0012!4" 0.0012!4"

Mo 0 0 0 0.0044 0.0012!4" 0.0012!4" 0.0012!4"
O 0.2347!2" 0 0 0.0123 0.0017!4" 0.0043!3" 0.0043!3"

2.7 K x y z
Uiso
!Å2" U11 U22 U33

Ba 0.25 0.25 0.25 0.0015 0.0005!3" 0.0005!3" 0.0005!3"
Y 0.5 0.5 0.5 0.0023 0.0006!4" 0.0006!4" 0.0006!4"

Mo 0 0 0 0.0008 0.0002!1" 0.0002!1" 0.0002!1"
O 0.2341!2" 0 0 0.0069 0.0005!4" 0.0026!3" 0.0026!3"

!b" Bond !Å" 297.8 K 2.7 K rB+rO !rB!+rO"

Mo-O x6 1.969!3" 1.963!2" 1.96
Y-O x6 2.227!3" 2.226!2" 2.25

FIG. 9. 89Y magic-angle spinning !MAS" NMR of Ba2YMoO6
at 288 K. The top is a simulation and the bottom are the data. The
relative intensities of the two peaks are 19%/81% with an error of
+ /−3%.

FIG. 10. !Color online" The susceptibility and inverse suscepti-
bility of Ba2YMoO6 at an applied field of 200 Oe.
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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

temperature neutron diffraction, heat capacity, muon-spin re-
laxation, and 89Y NMR investigations.

3. Magnetic neutron diffraction

From the difference powder neutron-diffraction pattern
!2.8–297.8 K", Fig. 11, no magnetic Bragg peaks were de-
tected in the diffraction pattern. As in the case for
La2LiMoO6, while this observation is evidence against long-
range magnetic order in this system, it is not necessarily
conclusive given the small S value and other corroborating
data are needed.

4. Heat capacity

Heat-capacity data for Ba2YMoO6 and Ba2YNbO6, the
lattice match phase, are shown in Fig. 12. Note the absence
of a !-type peak which again is evidence against long-range
order. The magnetic heat capacity shows a very broad peak
around 50 K. The entropy lost in this temperature range
!"50 K" was calculated to be 51.9% of the theoretical value
!R ln 2".

5. !SR

#SR data, collected at various temperatures, are shown in
Fig. 13. One can see that the relaxation functions indicate
dynamic spin behavior down to 2 K with a weak slowing
down at 2 K but no indication of spin freezing or order on
any length scale. The relaxation functions were fitted with
the equation for dynamic behavior, P!t"=A exp!−!t". Over-
all, the spins in this compound show persistent fluctuating
spin behavior within the #SR time window.

6. 89Y NMR

Ba2YMoO6 magnetic properties and spin dynamics were
also studied through 89Y NMR, measuring the linewidth of
resonance peaks and paramagnetic Knight shifts. NMR is an
extremely useful probe to uncover the distinctive tempera-
ture dependences of the local magnetic susceptibility which
is different from the overall bulk average. For example, ear-
lier 35Cl and 17O NMR measurements uncovered the pres-
ence of vanishingly small spin susceptibility in a kagome
antiferromagnet ZuCu3!OH"6Cl2, although the bulk suscepti-
bility data grows monotonically down to 2 K.21,22 In Fig.
14!a", representative 89Y NMR line shapes at 295, 185, and
75 K are presented. A sharp peak with FWHM less than
10 kHz is evident near 295 K with however, a broad hump at
the higher frequency side, and hence the overall line shape is
tapered toward higher frequency. In addition, a small side
peak on the higher frequency side of the main peak is
observed which is most distinctly visible at 185 K near
16.03 MHz. The main sharp peak broadens gradually with
decreasing temperature and masks the presence of this side
peak which is no longer distinguishable at 75 K. The entire
line shape is shifted to the lower frequency side compared
with the expected position of the resonance in 7.7 T,
89fo= 89$nB=16.061 MHz !shown by gray dotted line". For
example, the peak frequency at 295 K, 89f =16.041 MHz, is
shifted from 89fo by %f = 89f − 89fo=−0.020 MHz. This shift
%f is caused by the paramagnetic Knight shift, as defined by

89K = %f/89fo. !1"

89K is represented in terms of percent, by applying a factor of
100, following the common convention in condensed-matter
physics. !Note that 0.01% of the Knight shift corresponds to

FIG. 11. !Color online" Neutron-diffraction difference pattern,
2.7–297.5 K for Ba2YMoO6. The arrows show the expected posi-
tions of magnetic reflections assuming a type 1 fcc magnetic struc-
ture as found for Ba2YRuO6 !Ref. 6".
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temperature neutron diffraction, heat capacity, muon-spin re-
laxation, and 89Y NMR investigations.
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the equation for dynamic behavior, P!t"=A exp!−!t". Over-
all, the spins in this compound show persistent fluctuating
spin behavior within the #SR time window.
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Ba2YMoO6 magnetic properties and spin dynamics were
also studied through 89Y NMR, measuring the linewidth of
resonance peaks and paramagnetic Knight shifts. NMR is an
extremely useful probe to uncover the distinctive tempera-
ture dependences of the local magnetic susceptibility which
is different from the overall bulk average. For example, ear-
lier 35Cl and 17O NMR measurements uncovered the pres-
ence of vanishingly small spin susceptibility in a kagome
antiferromagnet ZuCu3!OH"6Cl2, although the bulk suscepti-
bility data grows monotonically down to 2 K.21,22 In Fig.
14!a", representative 89Y NMR line shapes at 295, 185, and
75 K are presented. A sharp peak with FWHM less than
10 kHz is evident near 295 K with however, a broad hump at
the higher frequency side, and hence the overall line shape is
tapered toward higher frequency. In addition, a small side
peak on the higher frequency side of the main peak is
observed which is most distinctly visible at 185 K near
16.03 MHz. The main sharp peak broadens gradually with
decreasing temperature and masks the presence of this side
peak which is no longer distinguishable at 75 K. The entire
line shape is shifted to the lower frequency side compared
with the expected position of the resonance in 7.7 T,
89fo= 89$nB=16.061 MHz !shown by gray dotted line". For
example, the peak frequency at 295 K, 89f =16.041 MHz, is
shifted from 89fo by %f = 89f − 89fo=−0.020 MHz. This shift
%f is caused by the paramagnetic Knight shift, as defined by
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89K is represented in terms of percent, by applying a factor of
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100 ppm.! 89K is related to the paramagnetic susceptibility of
Mo magnetic moments ! by

89K = A! + Kchem, "2!

where A is the hyperfine coupling constant, and Kchem is a
small chemical shift "typically, #Kchem#"0.02%, or equiva-
lently, "200 ppm!.

Upon cooling, the overall line shape shifts further to
lower frequency. In view of the observed increase in the bulk
susceptibility data ! at lower temperatures presented earlier
in Fig. 10, we can understand the observed temperature-
dependent shift of the NMR line shapes as the consequence
of a negative hyperfine coupling with magnetic moments,
i.e., A"0. The observed linewidth at 75 K, FWHM
$9 kHz, is typical for a paramagnetic insulator of a large
bulk magnetic susceptibility. However, below $75 K, quali-
tatively different NMR line shapes emerge, as shown in Fig.
14"b! in the form of two distinct peaks, clearly seen at 50 K,
with one shifted to higher frequency. At 50 K the main peak
is narrower than the higher frequency component only by a
factor of $2 and below 50 K the low-frequency component
becomes very broad with decreasing temperature while shift-
ing dramatically to lower frequencies. The proximity be-
tween the two peaks and the asymmetric line shape makes it
difficult to estimate the intensity ratio accurately. Recalling
that the hyperfine coupling constant A"0, the 89Y nuclear
spins represented by the low-frequency peak sense a growing
hyperfine field with decreasing temperature. In contrast the
broader peak at the higher frequency shifts to higher fre-
quency with decreasing temperature reaching a constant
value at $40 K. Thus, the local magnetic susceptibility near
these 89Y nuclear spins decreases with decreasing tempera-
ture.

In Fig. 15"a! the contrasting behavior of local magnetic
susceptibility for the two distinctive 89Y environments in the
sample is demonstrated by plotting the temperature depen-
dence of 89K, plotted as −89K to reflect the fact that A"0,
defined for different components of the NMR line shape.
First, consider −89KCG, defined for the center of gravity of
the whole line shape "open triangles!. In essence, −89KCG is a
bulk average of local magnetic susceptibility at the nuclear
spin of each 89Y site, although the nonlocal nature of the
hyperfine coupling makes the direct comparison somewhat
nontrivial. Nonetheless, notice that the observed temperature
dependence of −89KCG is qualitatively similar to the SQUID
data in Fig. 10. −89KCG, monotonically increases from 295 to
$100 K, levels off, then increases rapidly as T→0. The
Knight shift −89KMain defined for the low-frequency peak
exhibits analogous behavior down to $50 K, where the
sharp feature becomes no longer observable in the NMR line
shape. In contrast, the local magnetic susceptibility at the
location of 89Y nuclear spins involved in the higher fre-
quency peak, as represented by −89KSinglet, begins to decrease
below $100 K down to $40 K. The very small magnitude,
−89K$0.02%, observed at 40 K suggests that the local mag-
netic susceptibility is vanishingly small at these sites. Recall-
ing that the integrated intensity of the higher frequency peak
is roughly half of the overall NMR line shape, we conclude

that about half of the magnetic moments at Mo sites become
vanishingly small.

Further analysis of the −89K data can yield values of the
hyperfine coupling constant, A, and an estimate of the sepa-
rate contributions to the bulk susceptibility, !=!spin+!VV
+!dia, where !VV and !dia are the Van Vleck and diamagnetic
contributions, respectively. In Fig. 16, −89K is plotted as a
function of the bulk-averaged SQUID susceptibility, !, by
choosing temperature as the implicit parameter. Note the lin-
ear relations between −89K and ! above $100 K. From the
slope, one obtains the hyperfine coupling constant
A=−23.4 kOe /#B using the results of −89KCG. The magni-
tude of A is $5% greater "smaller! for −89KMain
"−89KSinglet!. By extrapolating the linear fit to −89KCG=0, we
find that !VV+!dia$2.2$10−4 emu /mol in the temperature
range above $100 K.

Finally, the nuclear spin-lattice relaxation rate 1 /T1 in
Fig. 15"b! provides additional evidence for the presence of a
collective singletlike ground state of Mo magnetic moments.
1 /T1 measures the spectral weight at the NMR frequency 89f
of the fluctuating hyperfine magnetic fields at the location of
nuclear spins and may be written as

1
T1

% T %
q!"1st BZ

#A"q!!#2!!"q! , f!

where !! is the imaginary part of the dynamical suscepti-
bility, q is the wave vector, f"$16 MHz! is the resonance
frequency, A"q! is the hyperfine form factor, and the summa-
tion over q should be taken over the first Brillouin zone.

If 1 /T1 is dominated by fluctuating hyperfine magnetic
fields from localized magnetic moments at temperatures
much greater than the energy scales of interactions between
themselves, we expect 1 /T1$constant.23 On the other hand,
if the magnetic moments develop short-range order, 1 /T1
generally increases with decreasing temperature near a mag-
netic instability. These results for 1 /T1 measured at the main
sharp peak show only a mild increase from 295 K down to
$50 K. The absence of a pronounced peak or divergent be-
havior rules out the presence of any magnetic long-range
order. However, 1 /T1 measured at the singletlike peak begins
to deviate from the behavior of the main sharp peak below
$100 K and rapidly tends toward zero. This implies that the
low-energy excitations of magnetic moments are nearly non-
existent, as expected for a collective singlet ground state. In
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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"
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order to characterize this singletlike spin state, we model the
overall temperature dependence as 1 /T1!C /T exp"−! /
kBT#, where C is a constant. We found that the behaviors of
the singletlike peak below 150 K as well as the main peak
above 150 K can be reproduced well by choosing the gap
size as ! /kB!140 K. Recall, however, that the singletlike
peak accounts for only about a half of all 89Y nuclear spins
in the sample the other half being in the broad tail of the
NMR line shape below !50 K, as shown in Fig. 14"b#. 1 /T1
measured for these 89Y nuclear spins does not show any
suppression below !50 K, as shown by data points repre-
sented by open triangles. In other words, approximately half
of 89Y nuclear spins continue to sense the same level of
fluctuating hyperfine magnetic fields arising from low-energy
excitations of magnetic moments even below 50 K.

It is of considerable interest to return to the bulk suscep-
tibility at this stage to look for evidence for the singlet state.
In Fig. 17, the bulk data are plotted following the subtraction
of a Curie-Weiss plus TIP tail obtained by fitting the data
below 40 K. The constants for this fit are: C
=0.0338 emu K /mol, "=−1.07 K, and #"TIP#=5.6
$10−4 emu /mol. Note the similarity to the data of either
Fig. 15 and 17, bringing the bulk and local susceptibility
results into at least qualitative agreement. However, the Cu-
rie constant for the tail part of the bulk data,

0.0338 emu K /mol, is much smaller than that found from
fitting the high-temperature bulk data, C=0.36 emu K /mol,
and does not approach 50% as might be expected from the
analysis of the local susceptibility via NMR.

Before continuing, it is important to consider a possible
role for single ion physics in this system, as the Mo5+ ion,
5d1, t2g

1 , has been shown to reside at a site of rigorously
octahedral symmetry. This problem was first addressed by
Kotani24 and a detailed discussion can be found as well from
other sources.25 The basic result is that the perturbation of
spin-orbit coupling on the 2T2 crystal-field term of the t2g

1

configuration results in an unusual “nonmagnetic quartet”
"NMQ# ground state which arises due to an accidental can-
cellation of the spin moment by the unquenched orbital mo-
ment. This is not a singlet state in the sense that this term is
normally used but the result is that the ground-state magnetic
moment is in fact zero. This NMQ state is separated from a
magnetic doublet by an energy gap !=3% /2, where % is the
single ion spin-orbit coupling constant. For Mo5+, %
=1030 cm−1 or 1481 K, thus, a gap of ! /kB!2200 K
would be expected on this basis. Even considering a reduc-
tion in % due to orbital delocalization effects of 20–30 % or
even more, the single ion energy scale is more than one order
of magnitude larger than anything seen in the data presented
above. Thus, while the single ion effects should be consid-

FIG. 14. "Color online# 89Y NMR line shape at various temperatures. "a# Representative line shapes at selected temperatures for
Ba2YMoO6. "b# Evolution of the line shape below 75 K.

(a) (b)

FIG. 15. "Color online# Temperature dependence of the paramagnetic Knight shift, −89K "a# and the relaxation rate, 1 /T1 "b# for the
“main” "lower frequency# peak and the singletlike "higher frequency# peak of Fig. 14"b#. The dotted line is an empirical fit 1 /T1
!C /T exp"−! /kBT# with ! /kB!140 K. Integrated intensities of the two are roughly equal.
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1 ion. 89Y NMR MAS data indicate about a 3% level of Y/Mo site
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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
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order to characterize this singletlike spin state, we model the
overall temperature dependence as 1 /T1!C /T exp"−! /
kBT#, where C is a constant. We found that the behaviors of
the singletlike peak below 150 K as well as the main peak
above 150 K can be reproduced well by choosing the gap
size as ! /kB!140 K. Recall, however, that the singletlike
peak accounts for only about a half of all 89Y nuclear spins
in the sample the other half being in the broad tail of the
NMR line shape below !50 K, as shown in Fig. 14"b#. 1 /T1
measured for these 89Y nuclear spins does not show any
suppression below !50 K, as shown by data points repre-
sented by open triangles. In other words, approximately half
of 89Y nuclear spins continue to sense the same level of
fluctuating hyperfine magnetic fields arising from low-energy
excitations of magnetic moments even below 50 K.

It is of considerable interest to return to the bulk suscep-
tibility at this stage to look for evidence for the singlet state.
In Fig. 17, the bulk data are plotted following the subtraction
of a Curie-Weiss plus TIP tail obtained by fitting the data
below 40 K. The constants for this fit are: C
=0.0338 emu K /mol, "=−1.07 K, and #"TIP#=5.6
$10−4 emu /mol. Note the similarity to the data of either
Fig. 15 and 17, bringing the bulk and local susceptibility
results into at least qualitative agreement. However, the Cu-
rie constant for the tail part of the bulk data,

0.0338 emu K /mol, is much smaller than that found from
fitting the high-temperature bulk data, C=0.36 emu K /mol,
and does not approach 50% as might be expected from the
analysis of the local susceptibility via NMR.

Before continuing, it is important to consider a possible
role for single ion physics in this system, as the Mo5+ ion,
5d1, t2g

1 , has been shown to reside at a site of rigorously
octahedral symmetry. This problem was first addressed by
Kotani24 and a detailed discussion can be found as well from
other sources.25 The basic result is that the perturbation of
spin-orbit coupling on the 2T2 crystal-field term of the t2g

1

configuration results in an unusual “nonmagnetic quartet”
"NMQ# ground state which arises due to an accidental can-
cellation of the spin moment by the unquenched orbital mo-
ment. This is not a singlet state in the sense that this term is
normally used but the result is that the ground-state magnetic
moment is in fact zero. This NMQ state is separated from a
magnetic doublet by an energy gap !=3% /2, where % is the
single ion spin-orbit coupling constant. For Mo5+, %
=1030 cm−1 or 1481 K, thus, a gap of ! /kB!2200 K
would be expected on this basis. Even considering a reduc-
tion in % due to orbital delocalization effects of 20–30 % or
even more, the single ion energy scale is more than one order
of magnitude larger than anything seen in the data presented
above. Thus, while the single ion effects should be consid-

FIG. 14. "Color online# 89Y NMR line shape at various temperatures. "a# Representative line shapes at selected temperatures for
Ba2YMoO6. "b# Evolution of the line shape below 75 K.

(a) (b)

FIG. 15. "Color online# Temperature dependence of the paramagnetic Knight shift, −89K "a# and the relaxation rate, 1 /T1 "b# for the
“main” "lower frequency# peak and the singletlike "higher frequency# peak of Fig. 14"b#. The dotted line is an empirical fit 1 /T1
!C /T exp"−! /kBT# with ! /kB!140 K. Integrated intensities of the two are roughly equal.
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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
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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 ($ε · $Q)2, where $ε 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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by two inelastic distributions at small Q. The strongest of
these is centered on an energy of 28 meV, with a bandwidth of
∼4 meV. The other is a continuum weakly peaked near 17 and
9 meV. It is found that !χ ′′(Q,h̄ω) is strongly depleted
at larger Q and low energies indicating an approximate
conservation of !χ ′′(Q,h̄ω) with temperature, as expected.

Figure 3 shows the Q and E dependence of χ ′′(Q,h̄ω),
with emphasis on the magnetic signal at 28 meV. Figure 3(a)
shows the Q dependence of χ ′′(Q,h̄ω) integrated over 26 to
31 meV as a function of temperature, while Fig. 3(b) shows
the energy dependence of χ ′′(Q,h̄ω) integrated in Q from
1.5 to 1.8 Å−1. As Fig. 3(b) shows, χ ′′(Q,h̄ω), rather than
the !χ ′′(Q,h̄ω) shown in Fig. 2, peaks appear at energies
corresponding to high optic and acoustic phonon density of
states, near 17 and 11 meV. Taken together, Figs. 3(a) and 3(b)
clearly show the 28 meV feature to be localized to low Q
< 2.5 Å−1, and vanishing at temperatures above ∼125 K. It
is therefore magnetic in origin, and consistent with a weakly
dispersive spin-triplet excitation that arises out of a singlet
ground state.

The detailed temperature dependence of the low-Q scat-
tering is shown in Fig. 4. This data, taken with the
C5 triple-axis spectrometer at CNBC, Chalk River, shows
background-subtracted scattering intensity at Q = 1.7 Å−1

at three energy transfer values. In Fig. 4(a) we show the

FIG. 3. (Color online) (a) χ ′′(Q,h̄ω) plotted versus Q for
six temperatures, integrated in energy between 26 and 31 meV.
(b) χ ′′(Q,h̄ω) plotted versus energy for six temperatures, integrated
in Q over the range 1.5 Å−1 < Q < 1.8 Å−1. The scattering centered
on ∼28 meV exists only at low Q < 2.5 Å−1 and at low T < 125 K,
and is therefore magnetic in origin and consistent with a weakly
dispersive spin-triplet excitation.

detailed temperature dependence of the magnetic scattering
at 27.5 and 30.5 meV (summed together). Consistent with
the SEQUOIA data, shown for comparison, this scattering
falls off with increasing temperature, evolving to a slowly
increasing, phononlike background above ∼125 K. We have
modeled the high-temperature (T > 200 K) data with the
Bose thermal occupancy factor [n(ω) + 1], which is plotted
as solid lines on top of all three data sets in both figure
panels. Figure 4(b) shows the temperature dependence of
scattering at 7 and 16.75 meV; although scattering in this
region is significantly affected by phonons, particularly the
bands near 11 and 17 meV evident in Fig. 3(b), the temperature
dependence of scattering at 7 and 16.75 meV does not fit
to a purely Bose distribution, with a low-temperature excess
consistent with magnetic scattering in the in-gap regime. Taken
together with the SEQUOIA data in Figs. 2 and 3, we have
a clear and robust signature for two distributions of magnetic
scattering at small Q: triplet excitations out of an exotic singlet
ground state in Ba2YMoO6 with an energy gap of 28 meV, and
paramagnetic-like scattering within this gap. A paramagnetic
state is recovered for T > 125 K, with no obvious signs of a
phase transition.

FIG. 4. (Color online) (a) Temperature dependence of the
background-subtracted scattering intensity at Q = 1.7 Å−1 at the
average of 27.5 and 30.5 meV, collected with the C5 triple-axis
spectrometer, showing a characteristic fall-off of the triplet intensity
toward zero at ∼125 K; normalized SEQUOIA (SNS) data at
26–31 meV is included for reference. (b) Temperature dependence
of the background-subtracted intensity at 7 meV and a 16.5–17 meV
energy transfer. The solid lines represent fits of the T > 200 K data
to the thermal occupancy factor. Excess low-temperature scattering
is attributed to either (a) the triplet excitation, or (b) magnetic states
within the gap.
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by two inelastic distributions at small Q. The strongest of
these is centered on an energy of 28 meV, with a bandwidth of
∼4 meV. The other is a continuum weakly peaked near 17 and
9 meV. It is found that !χ ′′(Q,h̄ω) is strongly depleted
at larger Q and low energies indicating an approximate
conservation of !χ ′′(Q,h̄ω) with temperature, as expected.

Figure 3 shows the Q and E dependence of χ ′′(Q,h̄ω),
with emphasis on the magnetic signal at 28 meV. Figure 3(a)
shows the Q dependence of χ ′′(Q,h̄ω) integrated over 26 to
31 meV as a function of temperature, while Fig. 3(b) shows
the energy dependence of χ ′′(Q,h̄ω) integrated in Q from
1.5 to 1.8 Å−1. As Fig. 3(b) shows, χ ′′(Q,h̄ω), rather than
the !χ ′′(Q,h̄ω) shown in Fig. 2, peaks appear at energies
corresponding to high optic and acoustic phonon density of
states, near 17 and 11 meV. Taken together, Figs. 3(a) and 3(b)
clearly show the 28 meV feature to be localized to low Q
< 2.5 Å−1, and vanishing at temperatures above ∼125 K. It
is therefore magnetic in origin, and consistent with a weakly
dispersive spin-triplet excitation that arises out of a singlet
ground state.

The detailed temperature dependence of the low-Q scat-
tering is shown in Fig. 4. This data, taken with the
C5 triple-axis spectrometer at CNBC, Chalk River, shows
background-subtracted scattering intensity at Q = 1.7 Å−1

at three energy transfer values. In Fig. 4(a) we show the

FIG. 3. (Color online) (a) χ ′′(Q,h̄ω) plotted versus Q for
six temperatures, integrated in energy between 26 and 31 meV.
(b) χ ′′(Q,h̄ω) plotted versus energy for six temperatures, integrated
in Q over the range 1.5 Å−1 < Q < 1.8 Å−1. The scattering centered
on ∼28 meV exists only at low Q < 2.5 Å−1 and at low T < 125 K,
and is therefore magnetic in origin and consistent with a weakly
dispersive spin-triplet excitation.

detailed temperature dependence of the magnetic scattering
at 27.5 and 30.5 meV (summed together). Consistent with
the SEQUOIA data, shown for comparison, this scattering
falls off with increasing temperature, evolving to a slowly
increasing, phononlike background above ∼125 K. We have
modeled the high-temperature (T > 200 K) data with the
Bose thermal occupancy factor [n(ω) + 1], which is plotted
as solid lines on top of all three data sets in both figure
panels. Figure 4(b) shows the temperature dependence of
scattering at 7 and 16.75 meV; although scattering in this
region is significantly affected by phonons, particularly the
bands near 11 and 17 meV evident in Fig. 3(b), the temperature
dependence of scattering at 7 and 16.75 meV does not fit
to a purely Bose distribution, with a low-temperature excess
consistent with magnetic scattering in the in-gap regime. Taken
together with the SEQUOIA data in Figs. 2 and 3, we have
a clear and robust signature for two distributions of magnetic
scattering at small Q: triplet excitations out of an exotic singlet
ground state in Ba2YMoO6 with an energy gap of 28 meV, and
paramagnetic-like scattering within this gap. A paramagnetic
state is recovered for T > 125 K, with no obvious signs of a
phase transition.

FIG. 4. (Color online) (a) Temperature dependence of the
background-subtracted scattering intensity at Q = 1.7 Å−1 at the
average of 27.5 and 30.5 meV, collected with the C5 triple-axis
spectrometer, showing a characteristic fall-off of the triplet intensity
toward zero at ∼125 K; normalized SEQUOIA (SNS) data at
26–31 meV is included for reference. (b) Temperature dependence
of the background-subtracted intensity at 7 meV and a 16.5–17 meV
energy transfer. The solid lines represent fits of the T > 200 K data
to the thermal occupancy factor. Excess low-temperature scattering
is attributed to either (a) the triplet excitation, or (b) magnetic states
within the gap.
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Exchange interaction and singlets

4

to introduce the interactions for the local moments and write
down the projected expression of the interactions.

The first interaction to write down is the nearest-neighbor
antiferromagnetic exchange interaction. The exchange comes
from the virtual transfer of electrons through different sites.
For example, in XY planes, only electrons residing on dxy

orbitals can virtually hop to different sites via px and py or-
bitals of the intermediate oxygen sites. The exchange path
and relevant orbitals are depicted in Fig. 1. Alternatively, one
can interpret this process as kinetic exchange between molec-
ular Dxy orbitals. As a consequence, the antiferromagnetic
exchange interaction (for XY planes) is

HXY
ex-1 = J

�

�ij�

�
Si,xy · Sj,xy −

1
4

ni,xynj,xy

�
, (13)

where �ij� represents nearest neighbor sites in an XY plane,
and the operators Si,xy and ni,xy denote the spin residing on
xy orbital and orbital occupation number at site i, respec-
tively. In terms of spin and orbital angular momentum op-
erators acting on site i,

Sxy = S[1− (lz)2], (14)
nxy = 1− (lz)2, (15)

Throughout this paper, we use the subindices (i, xy) to de-
note the site and orbitals, superindex (µ = x, y, z) to denote
the spin component, and capital letters (XY,XZ,YZ) to denote
the planes. The same type of exchange interaction in XZ and
YZ planes can be readily generated by a cubic permutation.
Recall that in the Mott insulator phase we have the single oc-
cupancy condition at each site

ni,xy + ni,xz + ni,yz = 1. (16)

x

y

O

O

B

B�

B�

dxy

dxz

pz
px

xy

z

FIG. 1: (Color online) Upper graph: The NN AFM exchange path
(B’-O-O-B’); lower graph: The NN FM exchange path with inter-
mediate orthogonal p orbitals at O sites. Figure up to modification

The second interaction is the nearest-neighbor ferromag-
netic exchange interaction. This interaction is due to the or-
thogonal orbitals at the intermediate oxygen sites in the ex-
change path as shown in Fig. ??. In the XY plane, this ferro-
magnetic exchange is written as

HXY
ex-2 = −J �

�

�ij�

[Si,xy · (Sj,yz + Sj,xz)

−3
4

ni,xy(nj,yz + nj,xz) + �i ↔ j�
�

, (17)

where the xy orbital only interacts with yz and xz orbitals
at neighboring sites. Microscopically, J �/J ∼ O(JH/Up)
where JH and Up are the Hund’s coupling and Hubbard
Coulomb interaction at the oxygen site, respectively. If the
polarizability of the heavy ions on B� sites is large, the effec-
tive Up can be significantly screened and the ratio J �/J may
be fairly large.

The third interaction is the electric quadrupole-quadrupole
interaction. The 4d or 5d electron carries electric quadrupole
moments, and the interaction between these moments may
not be negligible because of the long spatial extension of the
molecular orbitals. Calculating the direct electrostatic energy
between all possible orbital configurations for two electrons
residing in neighboring sites in an XY plane, we write the
quadrupole-quadrupole interaction

HXY
quad,ij

= V ni,xynj,xy

−V

2
[ni,xy(nj,yz + ni,xz) + (i ↔ j)]

−13V

12
(ni,yznj,yz + ni,xznj,xz)

+
19V

12
(ni,yznj,xz + ni,xznj,yz). (18)

Here V > 0 is defined as the Coulomb repulsion between two
nearest-neighbor xy orbitals on XY planes. If Q is the magni-
tude of the electric quadrupole and a is the lattice constant of
the fcc lattice, we have V = 9

√
2Q2/a5. In general, the main

contribution to Q comes from the charge at the oxygen sites,
hence the larger the hybridization, the larger the value of Q.
Using the single-occupancy constraint in Eq. (16) and sum-
ming over sites, the quadrupole-quadrupole interaction sim-
plifies to

HXY
quad =

�

�ij�

�
−4V

3
(ni,xz − ni,yz)(nj,xz − nj,yz)

+
9V

4
ni,xynj,xy

�
+ const. (19)

The minimal Hamiltonian we write down contains all three
interactions,

H = Hex-1 +Hex-2 +Hquad . (20)

Since we are interested in the limit of strong spin-orbit in-
teraction, we need to project H onto the j = 3/2 quadruplets
at every site. As an example, we write down the projection for
Si,xy and ni,xy ,






S̃x

i,xy
= j

x
i
4 −

j
z
i j

x
i j

z
i

3

S̃y

i,xy
= j

y
i
4 −

j
z
i j

y
i j

z
i

3

S̃z

i,xy
= 3j

z
i

4 − j
z
i j

z
i j

z
i

3

ñi,xy = 3
4 −

(jz
i )2

3

, (21)

in which, Õ ≡ P 3
2
O P 3

2
. Spin and occupation number op-

erators for other orbitals can be readily generated by a cubic
permutation.

dxy

dxy

py

px

HXY = J

�
Si,xy · Sj,xy − γ ni,xynj,xy

�

−λ li · Si − λ lj · Sj

J � λ

Singlets

J � λ

Si,xy ≡ Si ni,xy

1√
2

�
|Sz

i =
1

2
, xy�|Sz

j = −1

2
, xy� − |Sz

i = −1

2
, xy�|Sz

j =
1

2
, xy�

�

1√
2

�
|jz =

1

2
�i|jz = −1

2
�j − |jz = −1

2
�i|jz =

1

2
�j
�

5

Si,xy and ni,xy ,





S̃x
i,xy = jxi

4 − jzi j
x
i j

z
i

3

S̃y
i,xy =

jyi
4 − jzi j

y
i j

z
i

3

S̃z
i,xy = 3jzi

4 − jzi j
z
i j

z
i

3

ñi,xy = 3
4 − (jzi )

2

3

, (21)

in which, Õ ≡ P 3
2
O P 3

2
. Spin and occupation number op-

erators for other orbitals can be readily generated by a cubic
permutation.

As one may notice, the Hamiltonian contains 4-spin and
6-spin terms in addition to the usual quadratic 2-spin terms
if it is expressed in terms of the effective spin moment ji.
One can view these multiple spin terms as the interaction be-
tween magnetic multipoles (quadrupole and octupole) at dif-
ferent sites. It is rather difficult to extract the properties and
obtain the ground state of this Hamiltonian. Simply replacing
the j’s by classical vectors is bound to throw away the physics
of the quantum model. In the next subsection, we are going
to discuss the symmetry properties of this Hamiltonian. In the
remaining parts of the paper, when we write down a Hamilto-
nian or interaction, we implicitly mean that it is the projected
Hamiltonian or interaction just for notational convenience.

C. Symmetry properties of the Hamiltonian

Before we move on to discuss the ground state of the
Hamiltonian in Eq. (20), we need to have some understand-
ing about its symmetry properties. We start from the NN
AFM exchange interaction Hex-1. The latter has an apparent
cubic space group symmetry. The total angular momentum
J =

�
i ji is not conserved, [Hex-1,J ] �= 0. Nonetheless,

Hex-1 surprisingly has a hidden “SU(2)” symmetry. The three
generators of this global continuous symmetry are defined as
follows,

Gµ =
�

i

Gµ
i =

�

i

�
7

6
jµi − 2

3
(jµi )

3

�
, (22)

with µ = x, y, z. One can readily check that these generators
commute with Hex-1,

[Gµ,Hex-1] = 0, (23)

and satisfy the SU(2) algebra,

[Gµ, Gν ] = i�µνλG
λ . (24)

In addition, the Casimir operator G2 also commutes with
Hex-1. The physical meaning of these generators is easy to

see if one expresses Gx,y,z in matrix form. For a single site,

Gx
i = −1

2





1
1

1
1



 =
1

2
(−σx)14 ⊕ (−σx)23 (25)

Gy
i =

1

2





−i
i

−i
i



 =
1

2
(σy)14 ⊕ (−σy)23 (26)

Gz
i =

1

2





−1
1

−1
1



 =
1

2
(−σz)14 ⊕ (σz)23, (27)

in which the empty matrix entries are zero and we have ex-
pressed these generators as the direct sum of two Pauli matri-
ces, one (σ14) for the subspace of jzi = ±3/2 states and the
other (σ23) for the subspace of jzi = ±1/2 states. One in-
tuitive way to think about these SU(2) generators is that they
transform the spin components in the jzi = ±3/2 subspace
coherently with jzi = ±1/2 subspace and this is a global sym-
metry of Hex-1.

Now we consider the other two interactions, Hex−2 and
Hquad. We find that the quadrupole-quadrupole interaction
Hquad also commutes with G. On the other hand, the ferro-
magnetic exchange interaction Hex-2 breaks this SU(2) sym-
metry; thus

[H,G] ∝ J �. (28)

For J � � J, V , we have an approximate continuous symme-
try, which can have important consequences for the excitation
spectrum of our model.

It is important to notice that because of the complication
of the Hamiltonian there might be other hidden symmetries
that we haven’t discovered. In the following sections, we are
going to explore the ground state of this Hamiltonian with the
help of the symmetry properties.

III. THE “HIDDEN ORDER” GROUND STATE

In the last section, we defined our model Hamiltonian and
analyzed its symmetry properties. In this section, we propose
a candidate ground state for this Hamiltonian. This ground
state does not have magnetic/dipolar order, but higher mag-
netic multipolar order (octupolar order). Therefore we shall
name it “hidden order” ground state. In the following we are
going to explore the properties of this candidate ground state
with the multipolar order parameters and the finite temper-
ature transition in which the multipolar orders are involved.
We will start our analysis from the more accessible case with
a strong easy-axis anisotropy along z direction, then move to
the cubic case, and finally discuss the low-lying excitation and
the finite temperature phase transition.

J � λ Projecting to j=3/2 basis

G. Chen, et al, PRB 2010
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FIG. 11. (Color online) Inverse susceptibility at the normal to AFM
transition for J � = V = 0.1J . Blue (upper) curve: 1/χxx, red
(lower) curve: 1/χzz .
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FIG. 12. (Color online) Inverse susceptibility for for J � = 0.2, V =
0.3. Blue (lower) curve: 1/χxx, red (upper) curve: 1/χzz , yellow
(middle) curve: 1/χpowder. For these parameters the quadrupolar
transition is at T/J ≈ 0.75, and the ferromagnetic transition is at
T/J ≈ 0.23.

strong SOC, and should be expected in all parameter regimes
of this model.

Next consider region II. Here, one observes a cusp at the
normal to quadrupolar transition. This cusp is, however, rather
different from the one just mentioned. Specifically, it is not a
minimum of 1/χ, and instead separates two distinct “Curie-
Weiss” regimes in which 1/χ is linear but with different, pos-
itive, slopes (i.e. different effective magnetic moments). The
presence of a lower temperature Curie-Weiss regime is a sig-
nature of quadrupolar order. This is because the quadrupo-
lar mean field splits only the point group degeneracy of the
spins, but preserves a local Kramer’s doublet. This doublet
gives rise to a Curie law. An example is plotted in Fig. 12.
As the quadrupolar order lowers the symmetry of the system
to tetragonal, we see actually two different effective moments
in susceptibility parallel to the wavevector Q (χzz) and per-
pendicular to it (χxx = χyy). We observe that the effective
magnetic moment seen in χxx is typically enhanced in the
quadrupolar phase, while it is supressed in χzz , both rela-
tive to the isotropic effective magnetic moment in the normal
phase.

At still lower temperature, one encounters the ferromag-
netic phases. Here of course the susceptibility for the easy

directions diverges. Focusing on the dominant FM110 phase,
one sees that since the easy direction is in the (001) plane se-
lected by the quadrupolar order, χzz does not diverge, but χxx

and χyy do.

V. BEYOND MEAN-FIELD: SPIN WAVES AND

NON-MAGNETIC GROUND STATES

In Sec. V A, we obtained the mean field phase diagram.
Here we consider quantum effects beyond mean field. We
first consider spin wave fluctuations, and obtain the collec-
tive mode spectrum in linear spin wave theory. From this,
we obtain the quantum correction to the order parameter, and,
in the ideal case of J � = V = 0, we will see that this is
very large and invalidates the mean field theory in the vicin-
ity of this parameter regime. This suggests the possibility of
very different states dominated by quantum fluctuations. We
then explore this possibility, considering some candidate non-
magnetic ground states of our model.

First, we consider the quantum ground states of pairs of
sites, unveiling a pseudo-singlet structure, analogous to the
S = 0 singlet ground states for pairs of antiferromagnetically
interacting spins with SU(2) symmetry. This leads naturally
to the possibility of “valence bond” states built from these
pseudo-singlets. We consider both a static, Valence Bond
Solid (VBS) state, and states in which the valence bonds are
fluctuating, in which case we obtain a Quantum Spin Liquid
(QSL) state.

Very little theoretical work has been done on QSL states in
systems with strong spin orbit coupling, i.e. with strongly bro-
ken SU(2) symmetry. As such, the structure of possible QSL
states in the present model requires particular investigation.
Guided by the pseudo-singlet structure, and the hidden SU(2)
symmetry of the model, we construct candidate QSL states for
the full Hamiltonian, H̃ex-1, by a slave-particle technique.

A. Spin waves

In the previous two sections, we have discussed the state
phase diagram based on mean-field theory. Here, we perform
a linear spin wave analysis, which perturbatively describes the
effect of quantum fluctuations on the various phases obtained
so far, and also predicts the structure of collective modes,
which might, e.g., be observed in inelastic neutron scattering.
Finally, because we have not explored the full space of mean-
field states, the calculation also provides an important check
that the phases we have found are at least metastable.

The conventional Holstein-Primakoff (HP) transformation
for spin-S operators cannot be directly applied for the three
variational ground states because none of the three states is
a fully polarized state for any projection of the spin angu-
lar momentum operator j. This is especially severe for the
AFM state, for which the spin expectation value simply van-
ishes. Instead, we formulate an “SU(4) spin wave theory”, by
rewriting the Hamiltonian, (27), in a bilinear form in terms

Two Curie regimes!

Large quantum fluctuation

quadrupolar/nematic 
transition

18

FIG. 16. Columnar dimer state within an XY plane. The gray square

indicates the face of a conventional cubic unit cell, while the black

lines connect the FCC nearest neighbors within the plane, which

form a 45
◦

rotated square lattice.

are improved. We will not investigate this in any detail, and

just consider the simplest VBS state in which the dimers form

a “columnar” arrangement within a single (001) plane. See

Fig. 16.

The variational energy of such a state (actually any state

with a planar arrangement of dimers has the same energy) is

readily evaluated. We obtain the energy per site EV BS/N =
�V BS|H̃ex−1|V BS� = −5/12J = −0.42J . This is slightly

higher than the mean-field ground state energy of the AFM

state, E
MF
AFM/N = −J/2. However, the large quantum fluc-

tuations are expected to destabilize the latter state, and per-

haps might stabilize the VBS one. So such a VBS state seems

competitive, and may be considered as a possibility for future

exploration.

D. QSLs and Fermionic mean field theory

The most general approach that has been applied to de-

scribe QSL states is the slave particle method, in which aux-

iliary fermions are introduced, and the ground state for the

spin system is described by some projection of a nominally

simple fermionic state into the physical spin Hilbert space.

This results, in the usual SU(2)-invariant case, in wavefunc-

tions which are composed of superpositions of products of

SU(2) singlets. Here, the appearance of two-site pseudo-

singlet ground states points to the possibility of applying a

similar fermionic mean field theory. In this section, we imple-

ment this technique for the full antiferromagnetic exchange

interaction.

We first introduce the auxiliary fermionic creation opera-

tors, whose quanta we call “spinons”
32

|α�i = f
†
iα|vacuum�, α = 1, ...4, (103)

where for convenience we have relabeled the states j
z =

3
2 ,

1
2 ,−

1
2 ,−

3
2 by α = 1, 2, 3, 4, respectively. The physical

Hilbert space is constructed from states with one fermion at

each site, which imposes the constraint

4�

α=1

f
†
iαfiα = 1. (104)

In this notation, the spin and number operators become

S̃i,xy ⇒ F
†
i S̃i,xyFi , (105)

ñi,xy ⇒ F
†
i ñi,xyFi , (106)

where on the right-hand side it is to be understood that the

matrices in Eqs. (98) and (99) act on the vector of spinon op-

erators

Fi = (fi1, fi2, fi3, fi4)
T
. (107)

Similar expressions can readily be written for operators in XZ

and YZ planes. Thus the Hamiltonian in terms of spinons

reads

H̃
XY

ex-1
(ij) = J [(F †

i S̃i,xyFi) · (F
†
j S̃j,xyFj)

−1

4
(F †

i ñi,xyFi) · (F
†
j ñj,xyFj)]

=
2J

9

�

α,β=2,3

�
−f

†
i,αfj,αf

†
j,βfi,β

+f
†
i,αfj,βf

†
j,βfi,α − f

†
i,αfi,βδαβ

�
, (108)

in which, σαβ ·σα�β� = 2δαβ�δα�β − δαβδα�β� has been used.

Similar spinon Hamiltonians can also be written down for XZ

and YZ planes. When we write down the full antiferromag-

netic exchange Hamiltonian and sum over XY, YZ and XZ

planes, we find that the single-site terms, which are quadratic

in spinon operators, sum up to a constant once we impose the

single occupancy constraint. We are then left with the terms

that are quartic in spinon operators.

We now follow the standard procedure of slave particle

mean field theory to decouple the quartic terms in the spinon

Hamiltonian and write down a mean field ansatz. We start

with the exchange Hamiltonian in the XY plane, H̃XY

ex-1
.

We require a mean field ansatz for the fermionic bond ex-

pectation values, �f†
iαfjβ�. Noting the structure of the two

site pseudo-singlet in this plane, we choose an ansatz which

reproduces a quantum ground state of this type. Specifically,

χij;αβ ≡ �f†
iαfjβ� = χij(Ixy)βα, �ij� ∈ XY (109)

with

Ixy =




0

I2

0



 . (110)

Note that, by construction, this expectation value is invariant

under the hidden SU(2) symmetry. The χij on the XZ and YZ

planes are determined by symmetry

χij;αβ ≡ �f†
iαfjβ� = χij(Ixz)βα, �ij� ∈ XZ ,

χij;αβ ≡ �f†
iαfjβ� = χij(Iyz)βα, �ij� ∈ YZ ,

(111)

GS can also be some irregular VBS so that
 the distortion due to dimers is reduced.

This may also occur in LiZn2Mo3O8 
Coupling between the layers lifts the

degeneracy of the VBS states.

If one restricts to dimer configuration,
the hamiltonian can be mapped to a quantum-dimer 

model on an FCC lattice.
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