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The three-dimensional S ¼ 1
2
system Y3Cu2Sb3O14 consists of two inequivalent Cu2þ sites, each

forming an edge shared triangular lattice. Our magnetic susceptibility χðTÞ, specific heat CpðTÞ, 89Y
nuclear magnetic resonance (NMR), muon spin relaxation (μSR), and electron spin resonance (ESR)
measurements on this system confirm the absence of any long-range magnetic ordering and the persistence
of spin dynamics down to 0.077 K. In 89Y NMR, we find an anomaly at about 120 K, which we suggest
arises from a fraction of the spins condensing into a singlet (a valence bond solid, or VBS) state. A plateau
in the muon relaxation rate is observed between 60 K and 10 K (signifying the VBS state from a fraction of
the spins) followed by an increase and another plateau below about 1 K (presumably signifying the
quantum spin liquid state from all the spins). Our density functional theory calculations find a dominant
antiferromagnetic interaction along the body diagonal with inequivalent Cu(1) and Cu(2) ions alternately
occupying the corners of the cube. All other near-neighbor interactions between the Cu ions are also found
to be antiferromagnetic and are thought to drive the frustration.

DOI: 10.1103/2bps-xvl8

Introduction—Quantum spin liquids (QSLs) are an
exciting playground in many fields of physics, chemistry,
theory of quantum computation, and materials science and
engineering for exotic physical phenomena and emergent
many-body quantum states. The starting point has often been
spin-1

2
systems with geometric frustration. This approach has

led to the discovery of many systems such as the kagome
material ZnCu3ðOHÞ6Cl2 (or herbertsmithite), triangular-
lattice organic compounds κ-ðETÞ2Cu2ðCNÞ3 and
EtMe3Sb½PdðdmitÞ2�2, and vesignieite, BaCu3V2O8ðOHÞ2,
which show intriguing signs of QSL behavior [1–3].
A variant of the above is a triangular lattice system,

LiZn2Mo3O8, where, with decreasing temperature, the
triangular magnetic lattice is found to decouple into a
combination of free spins and a honeycomb lattice,
which then condenses into a valence bond solid (VBS)
state [4–6].

While most studies focus on quasi-two-dimensional
systems, there has been some work on three-dimensional
systems such as those with corner shared tetrahedra,
hyperhoneycomb systems. Three-dimensional (3D)
arrangements of spin systems exhibit mostly ordered
behavior in the absence of a special geometry. A QSL
state in an S ¼ 1

2
system with a 3D geometry and strong

frustration has been realized in PbCuTe2O6 [7].
Our attention has been captured by the rhombohedral

pyrochlore family ðREÞ3M2Sb3O14 (RE ¼ Y, La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu). This series of
materials has a rare-earth (RE) 2D kagome lattice separated
by triangular planes of M2þ ions [8–21]. However, the
cubic phase is preferred with the decreasing size of the
lanthanide ion, and the compound Y3Mn2Sb3O14 has a
cubic pyrochlore structure (space group Fd3̄m) [11]. In the
past few years, many exotic states have been reported for
ðREÞ3Mg2Sb3O14 (RE ¼ Nd, Gd, Dy, Er), such as scalar
chiral spin order, dipolar spin order, kagome spin ice, and
Kosterlitz-Thouless transition [8]. We have, on the other
hand, focused on having a nonmagnetic ion at the rare-earth
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site while keeping a magnetic ion (Cu2þ S ¼ 1
2
) on the M

site; i.e., Y3Cu2Sb3O14. The aim is to investigate for any
novel states due to the triangular Cu2þ lattice.
In this Letter, we report a comprehensive study of

Y3Cu2Sb3O14 through bulk and local probe measurements.
While the absence of long-range order down to 0.077 K is
evident, our 89Y nuclear magnetic resonance (NMR) data
point to a fraction of the spins condensing into a VBS state
below about 120 K followed by all the spins going into a
gapless QSL state below about 1 K. A similar result is
obtained from electron spin resonance (ESR) experiments,
where a part of the ESR signal intensity follows the

Bleaney-Bowers dimer variation with temperature, with
a broad maximum around 120 K [see Supplemental
Material (SM) [22] for details]. Muon spin relaxation
measurements infer a muon depolarization rate (λZF) that
increases with decreasing temperature and has plateaus
below about 60 K and again below 1 K. The plateau at the
higher temperature might signify a decoupling of the
frustrated lattice into two components: (i) an emergent
lattice with fewer nearest neighbors for each lattice point,
which condenses into a VBS state, and (ii) additional free
spins. At the lower plateau in the muon relaxation rate, all
the spins condense into a gapless QSL state. We suggest
that ours is perhaps the first example of such a phenomenon
in three dimensions and where the QSL state is reached
through an intermediate VBS state.
Experimental results—Y3Cu2Sb3O14 crystallizes in the

R3̄m space group at room temperature where Cu2þ triangu-
lar layers are stacked by alternating Yand Sb kagome layers.
Its crystal structure is illustrated in Fig. 1(a). There are two
different crystallographic sites for Cu atoms, corresponding
to Cu(1) at the 3a or (0, 0, 0) and to Cu(2) at the 3b or (0, 0,
1=2) positions [see Ref. [22] for details]. There is a threefold
rotation symmetry around the c-axis at both the sites, as
dictated by the crystal symmetry [see Figs. 1(b) and 1(c)].
The 89Y NMR line splits below about 120 K (see

Ref. [22] for details) and the fractional line shift of the
component, which continues to increase at lower T and
varies in a Curie-Weiss (CW) manner with an antiferro-
magnetic (AF) θCW ¼ −23ð1Þ K [open symbols in
Fig. 2(a)]. The other component [solid symbols in Fig. 2(a)]
has a shift 89KðTÞ, which drops sharply at about 120 K and
remains small at lower temperatures, consistent with
condensation into a singlet state. Further, we have mea-
sured the 89Y NMR spin-lattice relaxation rate T−1

1 [see
Fig. 2(b)] at each of the peaks to investigate the low-energy

FIG. 1. (a) Crystal structure of Y3Cu2Sb3O14 in one unit cell
consisting of Cuð1ÞO6 octahedra and Cuð2ÞO8 hexagonal bipyr-
amids. The atoms are shown in different colors. (b) Arrangement
of the magnetic Cu2þ forming 3D frustrated linkages. (c) Cu(1)-Y
and Cu(2)-Sb layers composed of Cu(1) and Cu(2) networks.

FIG. 2. (a) Variation of NMR shift, 89K with temperature. Inset: ðK-K0Þ−1 vs T and solid red line represent Curie-Weiss fitting. Here,
K is the NMR shift of the more shifted line (open triangles in the main figure). (b) Spin-lattice relaxation rate (1=T1) as a function of
temperature. The inset shows the stretching exponent β as a function of temperature.
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spin dynamics in Y3Cu2Sb3O14. The nuclear magnetization
recovery is well fitted with a stretched exponential
fMðtÞ ¼ M0½1 − Ae−ðt=T1Þβ �g. At high temperature, T−1

1

gradually increases as the temperature decreases. A sharp
change is observed around 120 K, below which T−1

1 is
different at the two peak positions. T−1

1 corresponding to
the more shifted peak continues to increase with decreasing
temperature (together with a Curie-like increase of its shift,
K) and finally decreases below 10 K. The T−1

1 correspond-
ing to the less shifted peak falls sharply (consistent with a
line position that is nearly at the diamagnetic reference
position) below 120 K, then increases slightly and exhibits
a plateau from 20 K to 10 K, and drops thereafter. A broad
maximum in T−1

1 has been observed in numerous organic
spin liquid candidates [40–42], where it is attributed to the
relaxation of impurity spins, and this might be the case here
as well. The decrease of the effective moment below about
120 K is demonstrated by having a fraction of the spins
dropping out from the CW behavior and becoming a part of
the VBS phase. It is reasonable to say that the slower
component arises from the fraction that has condensed into
a VBS state, while the faster component is from the fraction
that remains paramagnetic below 120 K but eventually also
condenses into a QSL state below about 10 K. In Lab-based
XRD, we did not observe any change in the structure
around 120 K as one might expect from a symmetry
breaking. However, it is possible that there is only a subtle
structural change (a small change in bond lengths and bond
angles) associated with the symmetry breaking VBS
transition. This partial VBS formation could also be due
to chemical disorder. This scenario is akin to that in
LiZn2Mo3O8, where the triangular lattice decouples into
a honeycomb lattice (which condenses into a VBS state)
plus free spins at the center of the honeycombs [4–6]. In the
present case, given the three-dimensional geometry, it is not
obvious what the decoupled lattice might be, though it is
primarily thought to be made of body-diagonals of the
distorted cubes in the structure [see Fig. 1(b)].
We next examine the low-energy excitations and spin

dynamics through specific heat and muon spin relaxation
(μSR) measurements. The magnetic specific heat CmagðTÞ
(see Fig. 3) was obtained by subtracting the lattice con-
tribution obtained from the data of the nonmagnetic
structural analog Lu3Zn2Sb3O14 (see Ref. [22] for details).
CmagðTÞ exhibits a broad hump at 10 K followed by a
plateau around 1 K. The low-T plateau is suppressed in
fields greater than 30 kOe. The entropy change calculated
by integrating the CmagðTÞ=T vs T data is shown in Fig. 3
(inset). Close to 40% of the entropy (compared to R ln 2) is
recovered by about 20 K. In our suggested scenario, a
fraction of the spins condense into a VBS below about
120 K, while all the spins condense to a gapless QSL state
below about 10 K. So, a part of the entropy release would
happen at about 120 K, while the remaining would be
around 10 K. We observe the lower temperature plateau

around 20 K, while the higher temperature plateau is
difficult to obtain reliably due to the uncertainty in inferring
the magnetic contribution by subtracting the lattice
contribution, which is large and dominant already beyond
20 K.
We next detail our μSR data and analysis, which show

signatures of two plateaus with decreasing temperature.
The time-dependent zero-field (ZF) asymmetry spectra for
Y3Cu2Sb3O14 displayed in Fig. 4 confirm the absence of
any coherent oscillations or any initial asymmetry drop in
the spectra down to 0.077 K. Furthermore, there is no
indication of a 1=3 recovery of the muon polarization at
long times, which precludes the occurrence of any long-
range static magnetic order. The ZF μSR spectra are well
fitted by a Gaussian Kubo-Toyabe (KT) function, GKT

ZF ,
multiplied by an exponential function, and a temperature-
independent background, PBG, arising from the silver
sample holder or the cryostat:

PðtÞ ¼ P0 expð−λZFtÞGKT
ZF ðΔ; tÞ þ PBG; ð1Þ

where P0 is the initial asymmetry and λZF represents the ZF
relaxation rate caused by the electronic Cu spins (see
Ref. [22] for details).
The obtained λZF is plotted against temperature in

Fig. 4 (inset). With decreasing temperature, λZF increases,
and then, holds a plateau in the temperature range
65 K≳ T ≳ 10 K. With further cooling below 10 K, λZF
increases gradually, and then, saturates at about T ≈ 1 K
and remains constant down to the lowest measured temper-
ature, 0.077 K. Our longitudinal field data (see Ref. [22] for
details) show that the muon spin is not decoupled from the
internal moments, even in fields of 3200 Oe. This result

FIG. 3. The temperature dependence of the magnetic specific
heat in several magnetic fields. The inset depicts the temperature
dependence of associated magnetic entropy change ΔS, normal-
ized to R lnð2Þ per mol Cu.
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shows that Y3Cu2Sb3O14 enters a low-T regime where the
spin dynamics are persistent and temperature independent.
Such behavior has been observed in numerous other
proposed QSL candidates [23,43]. Finally, the bulk mag-
netic susceptibility χðTÞ (see Ref. [22] for details) varies in
a Curie-Weiss manner (high-temperature Curie-Weiss tem-
perature θCW ≃ −23ð1Þ K and an effective moment
μeff ¼ 1.57μB), with the absence of any anomalies sug-
gesting the absence of any long-range order down to
0.40 K. Furthermore, no apparent difference is seen
between the zero field cooled and field cooled susceptibil-
ity χðTÞ data taken in an applied magnetic field
H ≈ 100 Oe, which excludes the occurrence of spin freez-
ing. Also, from a plot of the inverse susceptibility with
temperature (see Ref. [22] for details), we find a change of
slope around 60 K, below which the Curie term shows a
small decrease. The ESR data allow us to identify the
fraction of copper spins forming dimers below 120 K as
about 20% of all copper spins. Its intensity can be well
described by the characteristic Bleaney-Bowers law for the
magnetic susceptibility of spin dimers see Ref. [22] for
details. The remaining 80% are ESR silent, probably due to
strong spin-phonon interaction, like in the high-Tc cup-
rates. Only a small fraction of these unpaired spins shows
up in the ESR spectra at low temperature, revealing a very
large linewidth, which strongly increases with increasing
temperature, so that the signal becomes undetectable above
25 K. This supports the assumption of randomly distributed
antiferromagnetic couplings between the residual spins
after dimerization of the 20% fraction.
Electronic structure calculation—To check the viability

of a quantum spin liquid, we carried out first principles
electronic structure calculations based on density func-
tional theory (DFT) for the experimentally determined

rhombohedral pyrochlore structure of Y3Cu2Sb3O14. All
the electronic structure calculations were carried out using
DFT in the pseudopotential plane-wave basis within the
generalized gradient approximation [44] supplemented with
Hubbard U [45] as encoded in the Vienna ab initio
simulation package [46,47] with projector augmented wave
potentials [48,49]. The calculations were donewith standard
values of Ueff ≡ Ud − JH ¼ 6.5 eV [45] chosen for Cu.
The non-spin-polarized total, Cu-d andO-p partial density of
states for Y3Cu2Sb3O14 (see Ref. [22] for details), reveal that
the Fermi level is dominated by half-filled Cu(1) eg and
Cu(2) a1g states, and the O-p states are fully occupied, while
the Sb-s, Sb-p, Y-s, and Y-d states are completely empty,
consistent with the nominal ionic formula of this compound,
Y3

3þCu22þSb35þO14
2− (see Ref. [22] for details). Spin-

polarized calculations with ferromagnetic arrangement of
Cu spins yields a total moment of 2.0 μB per formula unit,
which further supports the S ¼ 1

2
moment of the Cu atom and

is consistent with the experimentally determined effective
moment (μeff ¼ 1.57μB). However, the calculated magnetic
moment per Cu site is 0.80 μB [0.80 μB for Cu(1) and 0.76 μB
for Cu(2)], where the rest of the moment is shared with
the ligand atoms due to substantial hybridization of the Cu
atoms with ligands.
The crystal structure is such that the nearest-neighbor

arrangement between Cu(1) and Cu(2) forms a slightly
distorted cubic structure with unequal body diagonals, as
shown in Fig. 5, where each Cu(2) is a nearest neighbor to a
Cu(1). The exchange path between two inequivalent Cu
atoms forming the body diagonal is shown in Fig. 5(a) with
violet shades. In addition, we have shown the exchange
path along the face diagonals either between Cu(1) and
Cu(1) or Cu(2) and Cu(2) in Fig. 5(b), forming a triangular
network.
We have calculated these exchange interactions by

employing the “four state” method [50–52]. This is based

FIG. 4. The time evolution of the ZF-μSR asymmetry spectra at
selected temperatures, where solid lines are the fits to Eq. (1).
Inset shows the temperature dependence of the muon spin
relaxation rate, λZF, extracted from fits to the data.

FIG. 5. (a) A schematic of the slightly distorted cubic structure
formed by the nearest-neighbor Cu-Cu network in Y3Cu2Sb3O14.
The brown dots represent Cu(1) atoms, and blue dots represent
Cu(2) atoms. The different exchange paths are also shown.
(b) The different in-plane triangular networks formed by the
Cu atoms are shown by the dotted lines.
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on a computation of the total energy of the system with
collinear spin alignment, where the spin configurations on
the two chosen sites are modified while restricting the rest
of the spins to a ferromagnetic configuration. The calcu-
lated exchange parameters along body diagonals are
presented in Table I. The exchange parameters along the
face diagonal, where each of the Cu(1) and Cu(2) ions form
a triangular network, are shown in Table II. Calculations
reveal that the dominant exchange interactions are along the
body diagonals of the cube, forming dimers where the
interdimer exchange interaction (JAB) is negligible com-
pared to the intradimer exchange interactions. The differ-
ence between the intradimer and interdimer interactions
may be attributed to the geometry of the super-super
exchange path mediated by oxygens, which is nearly linear
for the intradimer exchange and substantially distorted for
the interdimer exchange path. As a consequence, in spite of
the short interdimer distance, the intradimer exchange
interaction dominates [53]. This opens up the possibility
for the formation of VBS within our system. The anti-
ferromagnetic interaction along the face diagonal of the
cube forming a triangular network for Cu(1) and Cu(2)
introduces frustration and prohibits long-range ordering.
Our first principles DFT results corroborate well with the
experimental results and lend credence to the scenario of
spin liquid behavior in this three-dimensional system
induced by frustration.
Conclusion—Our comprehensive measurements on

Y3Cu2Sb3O14 have established that in spite of a sizable
exchange interaction corresponding to an AF θCW ¼
−23 K, the compound does not order down to 0.077 K.
More importantly, unlike other candidate QSLs, the present
compound shows two crossovers with decreasing temper-
ature. The signatures of the higher temperature condensation

(bifurcation at 120 K in NMR, a plateau below about 60 K
in μSR λZF, and a dimer fit of the ESR intensity) are apparent
in our data, while those of the low-T one are distinctly seen
in our μSR and ESR data, though hints are also present in
NMR and specific heat.
Backed by the evidence we have presented, we suggest

that the higher temperature plateau corresponds to the
condensation of a fraction of the spins into a VBS state,
while all the spins condense into a QSL state below 1 K.
This novel result in a three-dimensional frustrated magnet
should spark intense activity to examine magnetic excita-
tions through neutron scattering in this compound.
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