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Geometric frustration inhibits magnetic systems from ordering, opening a window to unconven-
tional phases of matter. The paradigmatic frustrated lattice in three dimensions to host a spin
liquid is the pyrochlore, although there remain few experimental compounds thought to realize such
a state. Here we go beyond the pyrochlore via molecular design in the metal-azolate framework
[Mn(II)(ta)s2], which realizes a closely related centred pyrochlore lattice of Mn-spins with S = 5/2.
Despite a Curie-Weiss temperature of —21 K indicating the energy scale of magnetic interactions,
[Mn(IT)(ta)2] orders at only 430 mK, putting it firmly in the category of highly frustrated mag-
nets. Comparing magnetization and specific heat measurements to numerical results for a minimal
Heisenberg model, we predict that this material displays distinct features of a classical spin liquid

with a structure factor reflecting Coulomb physics in the presence of charges.

Over the last few decades, the theoretical study of
magnetism on geometrically frustrated lattices has
proven highly successful in identifying exotic states
of matter, ranging from classical spin ice [1, 2]
to quantum spin liquids [3-5]. In 3 dimensions,
the most well-studied frustrated lattice is arguably
the pyrochlore lattice of corner-sharing tetrahedra.
For the classical nearest neighbor Ising and Heisen-
berg models on the pyrochlore lattice, the spin lig-
uid ground states have an elegant description in
terms of an emergent U(1) gauge field which leads
to their characterization as Coulomb spin liquids
[6, 7], with excitations interacting via an effective
Coulomb potential and characteristic pinch point
singularities in the spin structure factor. The clear-
est experimental realization is found in the spin
ice compounds Dy;Ti2O7 and HoeTizO7 [8], where
the local orientations of the spins and dipolar in-
teractions introduce additional energetic (rather
than purely entropic) Coulomb interactions, which
in turn leads to a description of excitations in
terms of magnetic monopoles [9]. In the Heisen-
berg case, recent experiments on the transition
metal pyrochlore fluoride, NaCaNisF7, find that
it is well described by an S = 1 pyrochlore Heisen-
berg antiferromagnet (PHAF) and thought to real-
ize a Coulomb-like phase [10]. Unfortunately, it is a
recurrent theme for Heisenberg materials that fur-
ther neighbor interactions, anisotropic exchanges
or disorder perturbs the spin-liquid physics at low
temperatures [2, 11-14].

Recently, metal-organic frameworks have emerged
as a class of materials for realizing strongly mag-

netically frustrated systems [15], offering a new av-
enue to realizing both familiar and novel geometri-
cally frustrated lattices in the lab. Here, our focus
is on the metal-azolate frameworks [M(II)(ta)s],
where M(II) is a divalent metal ion and H-ta
= 1H-1,2,3-triazole, which exhibit a diamond net
with vertices made of M-centred (MMy,) tetrahedra
[Fig. 1], offering the exciting possibility to engineer
novel magnetic structures by inserting additional,
magnetically active ions into the pyrochlore lattice.
However, so far only a handful of works have ad-
dressed their magnetic properties [16-21].

In this Letter, we explore the potential of metal-
azolate frameworks in the context of frustrated
magnetism by studying [Mn(ta)s], which realizes
a centred pyrochlore lattice. Using a combination
of specific-heat and magnetic measurements, ab-
initio calculations, Monte Carlo simulations, exact
diagonalization and analytical insights, we predict
the existence of a finite temperature regime around
T ~ 2 K where we expect to find the hallmarks of
an underlying classical spin liquid in the minimal
model. The correlations in this spin liquid can be
understood in the Coulomb framework as a dense
fluid of charges created by the center spins, remi-
niscent of the monopole fluid studied in the context
of spin ice [22, 23].

Minimal model — Adapting the synthesis pro-
cedure of Ref. [24], [Mn(ta)s] was prepared as a
white powder sample. Rietveld refinements of X-
ray diffraction data find that [Mn(ta)s] has the
cubic symmetry of the Fd3m space group [17]
which we confirm through high-resolution X-ray



FIG. 1.

a, Combined ball-and-stick and polyhedra
model of cubic [Mn(II)(ta)2] highlighting the positions
of divalent octahedrally coordinated Mn ions arranged
in a diamond-type lattice (CSD code: HEJQEV). The
metal centres differ with respect to their special crys-
tallographic positions and coordination environments:
Mn(1) is located on Wyckoff position 8b (site sym-
metry 43m), coordinated exclusively by the N2 donor
atoms of the ps-bridging triazolate linker; Mn(2) is
found at Wyckoff position 16d (site symmetry 3m),
coordinated exclusively by N1 or N3 donor atoms.
b, Schematic representation of the centred pyrochlore
lattice with magnetic exchange paths for first (Ji,
Mn(1)—Mn(2), 3.929A), second (Jo, Mn(2)—Mn(2),
6.416A) and third (Js, Mn(1)—Mn(1), 7.858A) neigh-
bors. Mn(1) and Mn(2) are respectively labeled centre
(orange) and corner (yellow) spins.

powder diffraction at 5 K. Since the 3d valence
band of high-spin Mn(II) ions is half filled, we ex-
pect its magnetic moment to be isotropic. Previ-
ous conductivity measurements together with pe-
riodic DFT band structure calculations [25] clas-
sified this compound as a wide-bandgap semicon-
ductor with a bandgap A = 3.1 eV = 36000 K.
We therefore consider [Mn(ta)e] an insulator at
temperatures T" < A. To assess the relevance of
different exchange pathways [Fig. 1], we performed
DFT calculations assuming isotropic exchanges for
high-spin 3d® Mn(II) ions between first (J), sec-
ond (J2) and third (J3) neighbors [see Fig. 1.b
and Supplementary Information [26] |. We obtain
that JPFT ~ 2 — 4 K and APFT = JPFT /JDFT ~
1.3 — 1.65. The fact that JP¥T and JPFT are of
the same order of magnitude is likely due to the
similar exchange pathways, traversing either two
or three nitrogen ions respectively along the tria-
zolate ligand. On the other hand, no such path-
way is available beyond second neighbors, hence
|JPFT| < 0.01 K < JP¥T JPFT. Thanks to this
separation of scales, it suffices to define a minimal
model (CPy) on the centred pyrochlore lattice with
only first and second neighbor isotropic couplings,

H=J1Y SiSj+J2 > 8i8;—uH-Y_Si. (1)
(i) (i) i

Confirming that [Mn(ta)s] is described by Hamil-
tonian (1), requires the appropriate theoretical
tools. Fortunately, owing to the large magnetic
moment S = 5/2 we can resort to classical Monte

Carlo simulations, which have proven to be pow-
erful techniques to describe magnetic properties
of pyrochlore materials capable of capturing long-
range order as well as unconventional correlations
of spin liquids [2, 27-31]. Continuous-spin mod-
els cannot, however, reproduce specific heat at
very low temperatures because entropy is ill de-
fined. There, one needs to consider the discrete
nature of quantum spins via e.g. exact diagonal-
ization (ED). Since ED for S = 5/2 is particu-
larly costly in computer time and memory, we will
restrict calculations to a single tetrahdral unit of
five spins, fitted to high-temperature experimental
data. Such an approximation shall provide an in-
dependent estimate of the energy scales, to be com-
pared with parameters obtained from DFT and
Monte Carlo simulations. In the rest of this pa-
per, S; will denote a 3-component classical spin of
length |S;| = 5/2, except when analyzing specific-
heat data where S; is a quantum S = 5/2 spin.
Comparison between experiment and the-
ory — To explore the magnetism of [Mn(ta)s],
we measured magnetic susceptibility over three
decades in temperature. Fitting the high-
temperature regime (T' > 200 K) of the suscepti-
bility x with a Curie-Weiss law [Fig. 2.a], we obtain
an effective magnetic moment peg = 6.05 up per
Mn ion and a Curie-Weiss temperature Ocy =
—21 K. These values agree with a previous re-
port [17] (5.8 pp and —21.9 K respectively) and
with the expected size of the magnetic moment
gs/S(S+1) = 5.9 up which is a stable value
for a Mn(II) ion with high-spin 3d® electronic con-
figuration. ©¢cw indicates sizeable antiferromag-
netic interactions. However, our specific heat mea-
surements do not find a transition until a low
T. = 0.43 K [Fig. 2.c]. For comparison, the de-
gree of frustration f = @;7“" = 49 is of the same
order as the one of the celebrated Kitaev materi-
als [13, 32] and substantially larger than the one
of most rare-earth pyrochlore oxides [2, 11, 12]. Tt
means that not only does [Mn(ta)s] offer an unex-
plored geometry, but one can also expect a sizeable
temperature range above T, where frustration is
important.
Our main result is the agreement between exper-
iments and Monte Carlo simulations for the (i)
magnetic susceptibility in Fig. 2.a, and (ii) magne-
tization curves in Fig. 2.b, using coupling parame-
ters that confirm the DFT estimates, JM¢ = 2.0 K
and YMC¢ = 1.51 + 0.15. Further support for
this claim is seen in the fit of the specific heat
[Fig. 2.c]: The bump at ~ 4 K is also consistent
with finite-temperature exact diagonalization for
JEP = 1.95 K and 7FP ~ 1.75 [Fig. 2.c]. While
the value of y*P should only be considered as a
qualitative estimate, the ED results indicate that
the bump at 4 K corresponds to a growth of the
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FIG. 2. Comparison between experiment and theory for [Mn(ta)z]. a. Curie-Weiss fit (blue, for

T > 200 K) of the inverse susceptibility x*

obtained from magnetization measurements y = M/H (black) and

MC simulations of over 41000 spins (red). Inset, the inverse susceptibilities at low temperatures. The Curie-
Weiss fit yields a Landé factor of ¢ = 2.05. b. Magnetization in an external field over a broad temperature
range. MC simulations compare well to experimental magnetization measurements at T > 1 K for JMC = 2.0 K,
AMC = 1.5140.15. c. The specific heat of [Mn(ta)s] displays a broad bump at ~ 4 K and a sharp peak at 0.43 K.
The former is qualitatively reproduced by full diagonalization for JFP = 1.95 K and v*P ~ 1.75 up to a rescaling
by a factor of 0.8 along the y—axis. In order to show the v dependence of Hamiltonian (1), simulation curves in
a. and c. are supplemented by dotted and dashed lines corresponding to +10% variations of +.

correlation length beyond a single frustrated unit.
The region 0.43 < T' < 4 K thus appears appropri-
ate to support a potentially exotic magnetic struc-
ture, where frustrated correlations exist, but have
not yet been destroyed by long-range order. We
study the nature of this regime in the following.

The Centred Pyrochlore Spin Liquid — To
show how the CPy model can host a spin liquid, it
is convenient to rewrite Hamiltonian (1) as a sum
over (centred) tetrahedra, with index a,

Ja 2
H= o) za: |Lo|” + const, (2)
4
with La = ')/Sa,c + Z Soz,m; (3)
m=1

where ¢ labels the centre spin while the sum over
m runs over the four corner spins. The ground
state manifold is therefore defined by minimizing
L, = |L,| on all units. For v > 4, this yields a
long-range ordered ferrimagnet with 1/3 saturated
magnetization where S, ;=14 = —Sas.. On the
other hand, for v < 4, the ground state is defined
by the local constraint

L, =0, Vo. (4)

Such an energetic constraint, familiar from the
kagome and pyrochlore lattices, is often used to de-
fine a classical spin liquid, provided order by disor-
der does not select an ordered state. A Maxwellian
counting argument [33] gives the degrees of free-
dom D, of these spin liquids. For the kagome,
D3 = 0 (which is famously marginally disordered),
whereas Dy = N, for the pyrochlore [33], where
N, is the number of units making up the lattice.

In the CPy model, we find D5 = 3N, for v ~ 1.
Similarly, these spin liquids manifest themselves
via a number of flat bands F}, as the ground state
of their excitation spectrum [34]: F3 = 1 out of 3
bands for kagome, Fy = 2 out of 4 for pyrochlore,
whereas F; = 4 flat bands out of 6 for v < 4 in
the CPy model. Therefore, the CPy model hints
at a notably strong spin liquid, even more disor-
dered than the extensively studied ones on kagome
and pyrochlore. This is supported by our Monte
Carlo simulations [35] showing that CPy lies in the
middle of a disordered ground state (found for any
~v < 3) which indicates that the ordering mech-
anism in [Mn(ta)s] lies beyond our minimal CPy
model. This is often the case in frustrated mag-
netism [2, 11-13], where perturbations ultimately
lift the ground-state degeneracy in materials. In
this case, the largest perturbation is likely dipolar
interactions with a nearest neighbour strength of
270 mK. Adding these to the CPy model, we find
ordering at 250mK in MC simulations, where the
ordered state is an unsaturated ferrimagnet and
corner spins realizing a planar antiferromagnet on
each tetrahedron with the remaining spin weight.
Further details are provided in the supplementary
information. Our simulations show that the addi-
tion of dipolar interactions does not significantly
modify the properties of the model in the regime
1 < T < 4K, where we expect the spin liquid to
persist.

An emergent charge fluid — To better under-
stand the nature of this spin liquid and its rela-
tion to known pyrochlore physics we look at the
magnetic correlations, best visualised through the
structure factor in reciprocal space, S(q), which
we obtained from our MC simulations [Figs. 3.a,b].
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FIG. 3. Spin structure factor from large-scale MC simulations at 7' = 1.5 K, = 1.5 in the [hhl] plane including
all spins (a.) and only sites residing at the corners of tetrahedra (b.). Finite width bow ties at q = (+4m, £47,0)
are found in both and the structure factor in (b.). is within 1% of that found at 7" = 0.07 K. c¢. The width of
the bow ties in the structure factor of the effective field parametrized by k, see Eq. 6, for different values of the
coupling ratio v at 7' = 0.07 K. A linear fit was performed to the data up to v = 1.25 (black line).

We find that, in the regime 0 < v < 2, §(q) is char-
acterized by finite width bow ties, which are found
to arise from the correlations between spins resid-
ing at the vertices of the tetrahedra. The magnetic
structure evolves continuously in this regime, with
the width of the bow ties increasing with . This
suggests that these correlations can be understood
in the framework of the Coulomb phase on the py-
rochlore lattice. Rewriting the constraint, Eq. (4),
for each of the spin components a € {z,y, z} as

4
Z Sg,m = _’Ysg,c = pgz (5)
m=1

we interpret p% as a pseudoscalar (“magnetic”)
charge, with a strength parameterized by ~.
Hence, the Coulomb description is that of an effec-
tive field coupled to charges on the diamond lat-
tice that break the zero-divergence constraint. For
small v, the charge concentration is low, so Debye-
Hueckel theory [36, 37] can be used to understand
the spin correlations. In this regime, there will be
entropic screening of the effective field, resulting in
a Lorentzian form for its structure factor

1

—0) ox ———
) Q2+ k2’

Bga (Qaa qp = 07 qc (6)
where a,b,¢c € {x,y,z} and Debye-Hueckel the-
ory predicts that x o 7. At some value of =,
the charge concentration becomes large and we
will need to account for additional corrections.
Remarkably, we find that the prediction from
Debye-Hueckel theory holds in MC simulations
up to v = 1.25, see Figs. 3.c. Thus, the correct
description for the regime relevant to [Mn(ta)s],

M€ ~ 1.5, is that of a moderately dense charge

fluid, which is the Heisenberg model variant
of a monopole fluid in spin ice. Whilst such a
description accounts for the entropic selection of
specific spin configurations, it does not account
for energetic considerations necessary for a full
effective description of the structure factor, such
as which charge distributions enter the ground
state.

Outlook — The CPy model, established as a
minimal model for [Mn(ta)s], displays a number of
attractive features such as large, isotropic Heisen-
berg interactions, an unusually large number of
magnetically disordered degrees of freedom (in
fact, higher than for most known spin liquids), a
reasonably large Ramirez frustration ratio, and a
structure factor reflecting Coulomb physics in the
presence of charges controlled through . Exper-
imentally, external pressure may be a viable tool
for controlling ~y, similar to spin-1/2 frustrated
magnets [38, 39]. The consequences of this picture
for the inelastic spectrum and the nature of ex-
citations are interesting open questions. Inspired
by routes taken for the pyrochlores [12, 28, 40],
ways to build a multitude of exotic phases by
taking a selection of degrees of freedom out of
the ground state, e.g., via chemical substitution
or with magnetic field, can be thought of. Even
more broadly, [Mn(ta)s] belongs to a family of
metal-azolate frameworks, whose potential for
low energy physics remained till recently to a
large extent uncharted. These frameworks pro-
vide a versatile platform to engineer (quantum)
frustrated magnetism on the centred pyrochlore
lattice and beyond, such as [Fe(ta)s(BF4),] with
a degree of frustration f =~ 27 [19], [Cu(ta)s]
with Cu(II) dimers at low temperature [18], and



[Cr(II/III)(ta)2 (CF3503)0.33] with large exchange
couplings [21]. While ligand substitution in similar
1,2,3-triazolate-based Mn(II) networks is known
to influence their magnetic properties [41], guest
molecule loading in the framework pores should
further potentiate the adjustment possibilities
in such materials. Thus, they offer us a near
infinite playground for design and experimental
characterization.
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