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We present the structural and magnetic properties of a new compound family, Mg2 RE3 Sb3 O14
(RE ¼ Gd; Dy; Er), with a hitherto unstudied frustrating lattice, the “tripod kagome" structure. Susceptibility (ac, dc) and specific heat exhibit features that are understood within a simple Luttinger-Tisza-type
theory. For RE ¼ Gd, we found long-ranged order (LRO) at 1.65 K, which is consistent with a 120°
structure, demonstrating the importance of diople interactions for this 2D Heisenberg system. For
RE ¼ Dy, LRO at 0.37 K is related to the “kagome spin ice” physics for a 2D system. This result shows that
the tripod kagome structure accelerates the transition to LRO predicted for the related pyrochlore systems.
For RE ¼ Er, two transitions, at 80 mK and 2.1 K are observed, suggesting the importance of quantum
fluctuations for this putative XY system.
DOI: 10.1103/PhysRevLett.116.157201

Introduction.—The two-dimensional kagome lattice
magnet (KLM) has been a favorite in the theoretical
condensed matter community since the experimental work
on SCGO [1], due to the strong frustration associated with
its network of corner-shared triangles. Many exotic states
are predicted, such as the quantum spin liquid (QSL) state
[2–4], the spin-orbital liquid state [5], the kagome spin ice
(KSI) state [6], dipolar spin order [7], the KosterlitzThouless (KT) transition [8], quantum order by disorder
[9], nematicity, and supernematicity [10]. The large variety
of exotic states predicted lies in contrast to a paucity of
experimental systems. Early efforts include the exploration
of langasites RE3 Ga5 SiO14 [11–13], which possess distorted kagome lattices. Recent attention has been paid to
vesignieite BaCu3 V2 O8 ðOHÞ2 [14] and herbertsmithite
ZnCu3 ðOHÞ6 Cl2 [15]. The latter one shows intriguing
signs of QSL behavior [15]. From a materials standpoint,
however, these two systems are limited by (i) known defectprone structures [14,16] and (ii) the inability to substitute
facilely on the magnetic site (e.g., with non-Heisenberg
spins) to realize states other than the QSL. Clearly then,
finding new KLM-containing compounds with spin-type
variability is a challenge of the highest order.
Intriguingly, a 2D KLM is naturally contained in the
frustrated 3D pyrochlore structure. In pyrochlores RE2 X2 O7
(RE ¼ rare-earth element, X ¼ transition metal element),
both the RE3þ and X4þ sublattices form alternating kagome
and triangular layers along the [111] axis as a result of
0031-9007=16=116(15)=157201(5)

corner-shared tetrahedrons [Fig. 1(a)] [17]. However, the
strong interlayer interaction enforces three dimensionality.
An exception is found in studies of Dy2 Ti2 O7 in a [111]
magnetic field, which polarizes the triangular layer spins,
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FIG. 1. (a) Alternating kagome and triangular layers in a
pyrochlore lattice. (b) Alternating RE-kagome and Mg-triangular
layers in a TKL. Dashed lines indicate a single unit cell. Local
oxygen environments around RE3þ for (c) pyrochlore and
(e) TKL. (d) A single “tripod.” Dashed lines represent Ising axes.
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effectively decoupling the kagome planes, leading to a KSI
state [17].
Obviously, if one can remove the magnetic moment of
the triangular layers in the pyrochlore lattice, a REkagome-only lattice might be realized, enabling the study
of intrinsic kagome physics. Because of various spin and
spin anisotropies of different RE3þ ions, exotic and rich
magnetic properties should be immediately available via
the complex interplay among the spin-orbital coupling,
dipolar and exchange interactions. In pyrochlores, for
example, this interplay leads to multi-k ordering [18] with
multiple field-induced transitions [19] for Heisenberg spins
in Gd2 Ti2 O7 , spin ice state [20] for Ising spins in Ho2 Ti2 O7
[21] and Dy2 Ti2 O7 [22], and quantum order by disorder
physics in the XY spin system Er2 Ti2 O7 [23]. Then, what
will be the magnetic ground states in the RE-based KLMs?
In this Letter, we have created such a KLM:
Mg2 RE3 Sb3 O14 based on partial ion substitution in the
pyrochlore lattice. Here, the triangular layers in the pyrochlore structure are occupied by nonmagnetic Mg2þ ions,
leaving the RE3þ -kagome layer well isolated from neighboring layers. We studied three representative systems
(RE ¼ Gd; Dy; Er) by dc and ac susceptibility (χ dc , χ ac )
and specific heat [CðTÞ] measurements. We present a spin
Hamiltonian and show the fundamental differences in
collective behavior between the 2D KLMs and their 3D
pyrochlore cousins.
Structure.—Sample synthesis method and measurement
setups are described in the Supplemental Material [24].
Mg2 RE3 Sb3 O14 (RE ¼ Gd; Dy; Er) has a rhombohedral
structure with R-3m space group. Compared with the
pyrochlore lattice, the triangular layers of both RE3þ and
Sb5þ sublattices in the KLM structure are occupied by
Mg2þ (the Mg2þ site can be replaced by Co2þ [28], Mn2þ
[29], Zn2þ [30]). Thus, the chemical formula can also be
written as ðMg0.25 RE0.75 Þ2 ðMg0.25 Sb0.75 Þ2 O7 , which is a
pyrochlore (RE2 X2 O7 ) with 1=4 RE3þ and X4þ ions
substituted in an ordered manner [Fig. 1(b)]. It is noteworthy that for the x-ray diffraction pattern of
Mg2 RE3 Sb3 O14 [24], the strongest peak for pyrochlore
at 2θ ∼ 30° disappears completely and splits into two
peaks, providing evidence for the absence of Mg-RE or
Mg-Sb site disorder [29]. As shown below, the CðTÞ peaks
at their phase transitions are very sharp, further underscoring the high degree of site order in the kagome layers.
This good kagome layer separation is likely due to the large
ion size difference between Mg2þ and RE3þ . In this
structure, the nearest-neighbor distance between the
RE3þ ions within a kagome layer remains similar to that
of its pyrochlore cousin, and the RE3þ -kagome layers are
well isolated from each other by the nonmagnetic Mg2þ ,
Sb5þ layers. Take Mg2 Gd3 Sb3 O14 , for example. The
nearest Gd-Gd distance within a kagome layer (3.678 Å)
is similar to that in Gd2 Ti2 O7 (3.600 Å), and much smaller
than that between different planes (6.162 Å). Since the
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dipolar energy goes as 1=r3 , this leads to interlayer energies
an order of magnitude smaller than intralayer energies.
Thus, the kagome lattice in Mg2 RE3 Sb3 O14 is seemingly
free of structural defects.
In pyrochlore RE2 X2 O7 , one important structural feature
is that each RE3þ ion is surrounded by eight oxygens
[Fig. 1(c)] with two shorter RE-O1 bonds lying along the
local-[111] axis and six longer RE-O2 bonds forming a
puckered ring. This feature defines the crystal electric field
(CEF) and the g factor, which determines the ionic
anisotropy for the RE3þ spins. In Mg2 RE3 Sb3 O14 , this
local oxygen coordination is largely preserved. The RE ion
is still surrounded by eight oxygens with the two shortest
RE-O1 bonds that remain lying along the local-[111] axis
[Fig. 1(e)]. The difference is that the longer six RE-O bonds
are divided into two sets: four longest RE-O2 bonds and
two intermediate RE-O3 bonds [24]. Since the CEF
degeneracy has already been lifted by the pyrochlorelike
anisotropy for an effective spin-1=2 system, the dominant
anisotropy remains the one distinguishing the puckered
ring from the local-[111] oxygens, making this in-plane
anisotropy most likely irrelevant for the ground state
degeneracy.
Given the high degree of site order, the large difference
in separation between intraplane and interplane RE ions, it
is appropriate to consider this a well-formed kagome
structure. In addition, the CEF-driven single ion anisotropy,
which is vestigial from the parent pyrochlore structure,
defines directions for either the Ising spins or the XY-spin
normal vectors that are neither uniaxial nor uniplanar. This
particular situation of three distinct axes with specific
interaxes angles will be important for understanding
ordered spin configurations, as we show below. Given
the uniqueness of this structure and the need to distinguish
it from KLMs with undefined local anisotropy, we call this
the “tripod kagome lattice” (TKL), inspired by a “tripod”
formed by three RE3þ and one Mg2þ ion [Fig. 1(d)].
Magnetic properties.—For Mg2 Gd3 Sb3 O14, a CurieWeiss (CW) fit from 50–300 K of 1=χ dc [Fig. 2(a)] yields
a Weiss temperature, θW ¼ −7.35 K, and an effective
magnetic moment, μeff ¼ 7.91 μB . The negative θW is
close to that of Gd2 Ti2 O7 (θW ¼ −11.7 K) [31]. The μB
value is consistent with μeff ¼ 7.94 μB expected for Gd3þ
(8 S7=2 ). With measurement frequencies ranging from 80 to
700 Hz, χ ac shows a sharp and frequency-independent peak
at T N ¼ 1.65 K [Fig. 2(b)], indicating a long-ranged order
(LRO) transition. This transition is further confirmed by a
sharp peak at the same temperature in magnetic specific
heat Cmag ðTÞ [Fig. 2(c)]. The magnetic entropy below 6 K
is 17.16 J=ðmol GdÞ K [24]. This value is close to
R lnð2S þ 1Þ ¼ 17.29 J=mol K for a S ¼ 7=2, indicating
a complete LRO among the Gd3þ spins.
For Mg2 Dy3 Sb3 O14, the CW fit below 10 K yields
θW ¼ −0.18 K and μeff ¼ 10.20 μB [Fig. 2(d)], consistent
with the free ion moment of 10.63 μB for Dy3þ (6 H15=2 ).
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FIG. 2. (a)–(i) Temperature dependence of the inverse χ dc , real part of the χ ac , and magnetic specific heat Cmag for Mg2 RE3 Sb3 O14.
The blue dot in (c) is the Monte Carlo simulation result adopted from Ref. [7] with scaling. (j) The 120° LRO state for Mg2 Gd3 Sb3 O14
and Mg2 Er3 Sb3 O14 . The dashed lines represent a unit cell. (k) The k ¼ 0 LRO state and (l) the k ¼ ð1=3; 2=3Þ spin-density-wave-like
state for Mg2 Dy3 Sb3 O14.

In Dy2 Ti2 O7 [31], the small θW (−0.20 K) is due to
competition between the dipolar interaction and superexchange couplings of Dy ions. Here, the similarity in local
structure translates into similar-size coupling to the pyrochlore case, since the total spin-spin coupling is dominated
by the dipolar interaction. With the ferromagnetic dipolar
interaction, the negative θW again shows the antiferromagnetic nature of the exchange interactions in Mg2 Dy3 Sb3 O14 .
A transition to LRO at T N ¼ 0.37 K is observed in both the
χ ac [Fig. 2(e)] and Cmag ðTÞ [Fig. 2(f)]. The integrated
magnetic entropy below 6 K is 5.38 J=ð mol DyÞ K [24],
which is close to R ln 2 ¼ 5.76 J=ðmol DyÞ K, as expected
for a Kramers doublet. This suggests that the Dy3þ spins
fully order below 0.37 K.
For Mg2 Er3 Sb3 O14, the CW fit above 50 K yields
θW ¼ −14.25 K, and μeff ¼ 9.45 μB [Fig. 2(g)], consistent
with the free ion moment of μ ¼ 9.58 μB for Er3þ (4 I 15=2 ).
The value for θW is close to that of the pyrochlore Er2 Ti2 O7
(θW ¼ −15.93 K [31]). The χ ac was measured down to
30 mK with a broad peak observed around 80 mK
[Fig. 2(h)], which shows weak frequency dependence.
The Cmag ðTÞ was measured down to 120 mK and exhibits
a weak and broad peak around 2 K [Fig. 2(i)]. At this
temperature, no anomaly is observed in χ ac , while an
extremely weak anomaly [2 × 10−8 emu=ðmol ErÞ] was
seen in χ dc at 2.1 K, which is perhaps related to the weak
Cmag ðTÞ peak.
Theoretical investigation and discussion.—The three
systems discussed here, Gd, Dy, Er, are likely

representatives of the three different spin types,
Heisenberg, Ising, and XY, respectively, evidenced by
similar low temperature magnetization curves compared
with their pyrochlore cousins [24]. In the pyrochlore
systems discussed above, each spin type yields significantly different behavior. To uncover the possible
differences among the spin types in the TKLs, we have
used a Luttinger-Tisza-type theory [32,33] and studied the
eigenvalues and eigenfunctions of the interaction matrix in
wave vector space. We construct a 2D kagome lattice with
A1 and A2 as basis vectors of the triangular Bravais lattice
where there are three basis sites in a unit cell, labeled as
blue, red, and green [Fig. 2(j)]. Thus, the general
Hamiltonian for the TKL can be written as [24]
H¼

1 X α;a
S ðkÞSβ;b ð−kÞV αβ
ab ðkÞ;
2 k;α;β;a;b

ð1Þ

where V is the sum of a dipolar part, exchange part, and a
single ion anisotropy part dictated by the CEF effects. Here,
α and β are the Cartesian indices of the spins and a, b run
over the three basis sites in unit cell. The spin vector is the
Fourier component of the real space object, and k runs over
the Brillouin zone of the triangular lattice. Thus, for a given
value of k, V is a 9 × 9 matrix that can be easily diagonalized. The dipolar part (Dnn ) is fixed exactly by the effective
moment of spin and RE-RE distances, while the exchange
(J ex ) and single ion terms are found from the θW and the CEF
splitting of the RE3þ in the given environment [24].
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The Mg2 Gd3 Sb3 O14 has Heisenberg spins (J ¼ 7=2,
L ¼ 0) and therefore no single ion term. The θW of
−7.35 K leads to an estimate of the exchange constant
Jex ∼ 6.10 K, while the dipolar energy scale of nearestneighbor spins Dnn ∼ 0.79 K [24]. We found that the
minimum eigenvalue of V is at the Brillouin zone (BZ)
center with k ¼ 0, and the corresponding eigenvector
represents a 120° state where the three spins in the unit
cell lie in the plane pointing along three axes at angles 2π=3
to each other [Fig. 2(j)]. Here, the large dipolar term breaks
the rotation invariance, lifts the frustration of a kagome
lattice, and helps defeat the Mermin-Wagner theorem for a
2D Heisenberg lattice. It is known that higher values of spin
than 1=2 releases the frustration somewhat like soft spins
would [34], and the case here has S ¼ 7=2. This seems to
enable a 2D-Ising-like transition with a logarithmic heat
capacity in the style of Onsager. Actually, similar spin
structure was predicted by Maksymenko et al. by considering classical dipoles on a kagome lattice [7]. Their
calculated specific heat agrees well with our experiment
in the critical region by proper scaling [Fig. 2(c)]. Thus, we
conclude Mg2 Gd3 Sb3 O14 to be a rare example of dipolar
interaction mandated spin ordering on a kagome lattice.
The Dy3þ ion is an effective spin-1=2 Kramers ion with
Ising anisotropy in an eight-oxygen-surrounding environment. Similar to the spin ice system, the Ising axis in the
Mg2 Dy3 Sb3 O14 variant is along the lines joining each Dy
to O1 [dashed lines in Fig. 1(d)]. For the three sites in our
pﬃﬃﬃ
Bravais lattice, the Ising directions are η~blue ¼ p1ﬃﬃ5 f 3;1;1g,
pﬃﬃﬃ
η~red ¼ p1ﬃﬃ5 f− 3; 1; 1g, η~green ¼ p1ﬃﬃ5 f0; −2; 1g in the global
Cartesian frame. The small θW of −0.18 K corresponds to
Jex ∼ 1.12 K, while the dipolar energy scale Dnn ∼ 1.31 K
[24]. It is known that ferromagnetic spins with tripodlike
anisotropy on a kagome lattice are highly frustrated, which
will lead to the KSI state [6]. Similar to that of the pyrochlore
spin ice [20,22], the ice rule (spins with either two-in–oneout or one-in–two-out with respect to the center of each
triangle) of KSI will also result in a large number of ground
state degeneracy and zero-point entropy [6].
With the TKL and strong dipolar interaction, it is tempting
to view Mg2 Dy3 Sb3 O14 as a realization of a dipolar
ferromagnet where the KSI physics could be realized.
Our Luttinger-Tisza method yields a metastable state at
the BZ center, which is an ordered KSI state. The corresponding spin structure [Fig. 2(k)] can be viewed as a threesublattices ferromagnetic order with k ¼ 0. This spin
structure also resembles the theoretically predicted LRO
state [35–37] for the 3D pyrochlore spin ice observed in
Tb2 Sn2 O7 [38]. However, this k ¼ 0 state is not a global
ground state. The lowest eigenvalue of the exchange matrix
is found to be at the six K points of BZ corners, whose energy
is somewhat lower than that of the zone center. Such an
eigenvalue corresponds to a LRO state with a 3 × 3 tripled
magnetic unit cell. In addition, the magnitude of the moment
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differs in space, as prescribed by a commensurate spin
density wave state. Unlike the k ¼ 0 state where the KSI ice
rule is preserved for every Mg-Dy tetrahedron [gray triangle
in Fig. 2(k)], here, one out of six tetrahedrons violates the
local ice rule. Note that the Luttinger-Tisza method used
here is more akin to the mean-field theory when applied
away from the zone center or the M point of the BZ. This is a
nontrivial and complex problem (see, e.g., Refs. [39,40])
and requires further theoretical investigation. Regardless of
the exact nature of ordering, our TKL system then appears to
enable the spin dynamics to be much more efficient, as
compared to the 3D Dy2 Ti2 O7 compound. This interesting
contrast therefore provides a strong impetus to the study of
the underlying dynamics. Along with the observed LRO at
0.37 K, the Dy-Ising TKL provides a rare example exhibiting a LRO state that breaks the KSI degeneracy.
The Er3þ ion in Mg2 Er3 Sb3 O14 has a large angular
momentum J ¼ 15=2. At low temperatures, it reduces to an
effective spin-1=2 as a result of the Kramers doublet. The
high temperature θW ∼ −14.52 K implies a large exchange
energy Jex ∼ 11.0 K, while the dipolar energy scale is
Dnn ∼ 0.11 K by assuming a moment of 3 μB [24] (similar
to that in the Er pyrochlore). This implies that below ∼10 K
the spins are locked up into the state preferred by the
exchange. The CEF in this case gives rise to a local XY
model, where the Er3þ are energetically favorable to lie in
the local XY plane perpendicular to the Ising axis discussed
above. In the Er pyrochlore, such an XY model will give
rise to a U(1) degeneracy in the spin Hamiltonian at the
mean-field level that allows the Er3þ spins to rotate
continuously in the XY plane [23]. In Er TKL, similar
XY degeneracy is preserved for the exchange part of the
Hamiltonian. However, an arbitrarily small long-range
dipolar interaction will break the degeneracy. By diagonalizing the interacting matrix, a lowest energy eigenvalue is
found at the BZ center whose eigenvector, by a curious
coincidence, corresponds to the coplanar model exactly the
same as that of the Gd compound [Fig. 2(j)].
Regarding the experimental observations for the Er TKL,
since the 2.1 K anomaly in CðTÞ is extremely weak in terms
of the entropy under the peak, and χ dc shows a similarly
weak anomaly, the order parameter might be one that still
allows significant fluctuations below its T C , reminiscent of a
KT transition [41] where spin vortices form and bind. Then
the 80 mK transition shown on χ ac is likely related to the
predicted 120° coplanar antiferromagnetic ordering. If so,
such a low ordering temperature (frustration index
f ¼ ðθW =T N Þ ∼ 180) suggests the importance of quantum
spin fluctuations in terms of suppressing the ordering
temperature and selecting the ordered state. The weak
frequency dependence on χ ac around the peak might indicate
an increasing spin lattice relaxation time as temperature is
decreased. The importance of thermal coupling between a
coherent spin system and the lattice needs to be understood
for both identifying and potentially using quantum materials
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[42]. Future experiments including neutron scattering and
muon spin spectroscopy will be useful to identify the nature
of the two transitions at 80 mK and 2.1 K.
Summary.—We discovered a new 2D rare-earth TKL
Mg2 RE3 Sb3 O14 by partially substituting the ions in the
cubic pyrochlore lattice. Our studies on three samples with
RE ¼ Gd; Dy; Er have already related their magnetism to
various exotic states including the dipolar spin order, the
KSI, and the KT transition. Because of the large variability
of the spin sets in the rare-earth family and the possibility of
tuning the lattice parameters via chemical pressures, other
exotic physics might also be realized. Future exploration of
the whole TKL family members is expected to open a new
field in condensed matter physics and materials science
studies for coming years, such as the pyrochlore did during
the past two decades.
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