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The quantum spin liquid is a highly entangled magnetic state characterized by the ab-
sence of long-range magnetic order or any static magnetism in its ground state. Instead
the spins are continuously fluctuating in a highly correlated way down to the lowest tem-
peratures. The spin liquid state is very rare and is confined to a few specific cases where
the interactions between the magnetic ions cannot be simultaneously satisfied (known as
frustration). In particular, lattices with magnetic ions in triangular or tetrahedral arrange-
ments which interact via isotropic antiferromagnetic interactions can generate frustration
because it is impossible to connect all the bonds with magnetic moments that are aligned
antiparallel. This leads to highly degenerate ground states between which the magnetic
moments fluctuate continuously. Three-dimensional isotropic spin liquids have mostly been
sought in materials where the magnetic ions form pyrochlore or hyperkagome lattices. Here
we discover a new type of three-dimensional lattice that enables spin liquid behavior called
the hyper-hyperkagome lattice which manifests in the compound PbCuTe;Og4. Using a
combination of experiment and theory we show that this system satisfies all the require-
ments for a quantum spin liquid including the absence of static magnetism, the presence
of a degenerate manifold of ground states, and the characteristic continuum of spinon ex-
citations. This result is important because, it points to new ways to engineer spin liquid
behavior.

The excitations of a quantum spin liquid are called spinons, which cannot be excited individually by
any experimental technique but are instead created in pairs in contrast to the conventional spin-wave
excitations which are usually created singly [I]. As a consequence, these excitations are observed as a
broad multi-spinon continuum in contrast to spin-waves which appear as sharp modes. Spinons possess
fractional quantum numbers such as those of one-dimensional antiferromagnets formed from half-integer
spin magnetic ions, which have quantum spin number S :% and can only be created in multiple pairs
[2, B, 4]. In two-dimensions, the best known spin liquid model is the kagome lattice which consists
of antiferromagnetically-coupled, corner-sharing triangles, as realized in the mineral Herbertsmithite
(ZnCu3(OH)eCly) [5], while a more complex kagome bilayer Hamiltonian realized by CajoCry;Osg was
also found to support spin liquid behaviour [6l [7]. The excitations of both these compounds were observed
by inelastic neutron scattering to form diffuse dispersionless rings suggestive of multi-spinon continua,
in striking contrast to sharp and dispersive spin-wave modes. Diffuse features were also observed in
the two-dimensional honeycomb magnet a-RuCls which lies close to the Kitaev spin liquid state due to
competition between interactions with mutually perpendicular anisotropies [8] [9].

Frustration can also be achieved by three-dimensional arrangements of triangles or tetrahedra. The

pyrochlore lattice which consists of a three-dimensional network of corner-sharing tetrahedra can support



a number of spin liquid states [10} [IT], 12] 13, M4]. In the case of isotropic interactions, a Heisenberg
spin liquid is predicted, as is realized by LusMosO5Ns [I5], while for magnetic ions with local Ising
anisotropy the spin ice state is expected [16] as realised by Dy, TisO7 and HoyTi2 O [T, [I8]. As for two-
dimensional spin liquids, the excitations are observed as a broad diffuse pattern of multi-particle features
in inelastic neutron scattering. In contrast to the advanced exploration of the pyrochlore spin liquids,
current understanding of three-dimensional networks of corner-sharing triangles as exemplified by the
hyperkagome lattice is much less developed, although this is also expected to support spin liquid behavior
in the presence of antiferromagnetic interactions [19, 20} [2I]. There are two physical realizations of the
hyperkagome, namely, GdsGas;O;5 and NaylrsOg, both of which show proximity to spin liquid states,
although at lowest temperatures NayIr3Og develops a static spin glass ground state [22] while Gd3GasO12
develops long-range magnetic order due to anisotropy and additional terms in the Hamiltonian [23].

In this article, we explore a new three-dimensional magnet consisting of antiferromagnetically coupled
S :% ions which form a three-dimensional network of corner-sharing triangles related to but distinctly
different from the hyperkagome lattice. By performing a combined experimental and theoretical inves-
tigation we develop a consistent picture of its ground state that does not develop any static magnetism,
and its excitations which form diffuse and dispersionless spheres suggesting spinon excitations. Together,
these results point to a quantum spin liquid based on a new type of lattice.

The compound PbCuTe;Og contains Cu?t ions which have spin—% magnetic moments. Synthesis
and measurements of powder samples of this compound have been previously reported [24, 25]. DC
magnetic susceptibility yields a Curie-Weiss temperature of cw = —22 K revealing predominantly
antiferromagnetic exchange interactions [24]. Although heat capacity shows a broad maximum at 1.15 K
and a weak kink at 0.87 K [24], neither feature corresponds to a sharp A-type anomaly and there is no
phase transition to long-range magnetic order. Muon spin resonance measurements confirm the absence
of any static magnetism down to 0.02 K [25]. They do however, reveal enhanced magnetic correlations
at low temperatures (T' < 1 K) implying the presence of persistent spin dynamics in the ground state as
is typical of a quantum spin liquid.

The positions of the magnetic Cu?*t ions in PbCuTe;Og are shown in Figure [l where the green and
red bonds represent the 15¢ and 2" nearest neighbour interactions J; and .J,, respectively. On its own
Ji couples the Cu?t moments into isolated triangles, while J, forms a three-dimensional network of
corner-sharing triangles known as the hyperkagome lattice. Further neighbour interactions should also
be considered and as shown in Figure , the 3™ neighbour interaction .J3 forms isolated chains running
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parallel to the crystalline a, b, ¢ axes and the neighbour interaction Jy, is responsible for chains



parallel to the body diagonals. The complete Hamiltonian is

H= > 5SS, (1)
k=1,2,3,4(i<j)
where the interactions have been assumed to be isotropic, thus allowing the spins to point in any direction.
This is justified because, as a light transition metal ion with only one hole in the 3d shell, the orbital
moment of Cu?t is quenched by the strong square-planar crystal field due to the surrounding O2-
ion. DC susceptibility confirms that the interactions are isotropic, since it is almost independent of the
direction of the applied magnetic field [see supplemental material].

In this work we provide strong experimental and theoretical evidence for the quantum spin liquid
state in PbCuTeyOg . We perform neutron diffraction and inelastic neutron scattering measurements and
show that the absence of long-range magnetic order in the ground state of this compound is accompanied
by diffuse spheres of dispersionless inelastic scattering as expected for a continuum of spinon excitations.
We also determine the exchange interactions using density functional theory and establish that a new and
unexplored frustrated motif is responsible for this behaviour. Finally, we reproduce the observed ground
state and dynamics using pseudo-fermion functional renormalization group calculations and discuss the

origins of the spin liquid state in PbCuTesOg .

Results

Absence of magnetic ordering

The heat capacity of PbCuTeyOg reveals an anomaly at the temperature T,,=0.87 K [24]. Although
this is clearly not a sharp A-anomaly and is unlikely to indicate a phase transition, further verification
of the magnetic ground state is necessary. Neutron diffraction directly measures the spatial Fourier
transform of the spin-spin correlation function and would show resolution-limited magnetic Bragg peaks
in the case of long-range magnetic order. Figure 2h shows the neutron powder diffraction patterns of
PbCuTe;O¢ measured above and below T,, at temperatures T= 2 K and 0.1 K, respectively. Both
patterns can be described entirely by considering only the known crystal structure of PbCuTeyOg [26].
The absence of any additional Bragg peaks that could correspond to long-range magnetic order is further
revealed by taking the difference between the diffraction patterns at these two temperatures as shown
by the lower green curve. To establish an upper limit on the maximum size of any possible static
ordered moment, several magnetic structures were simulated and compared to the data. Figure
shows a magnetic Bragg peak compatible with the magnetic structure of the iso-structural compound

SrCuTeyOg. The ordered moment if present must be smaller than ~ 0.05u5/Cu?T which is much less



than the total spin moment of the Cu?*t ion of 1up indicating that static magnetism is suppressed.

Spinon-like excitations

To explore the magnetic excitations of PbCuTe;Og, we performed inelastic neutron scattering. This
technique directly measures the dynamical structure factor S(Q, E), which is the Fourier transform in
space and time of the spin-spin correlation function and allows the magnetic excitation spectrum to be
mapped out as a function of energy E and momentum (or wavevector) transfer Q. Figure shows
the excitation spectrum of a powder sample measured at T= 0.1 K. A dispersionless, broad diffuse
band of magnetic signal is clearly visible around momentum transfer |Q| =~ 0.8 A-1. The magnetic
excitations extend up to 3 meV and are clearly much broader than the instrumental resolution. To
obtain a more detailed picture, inelastic neutron scattering was performed on single crystal samples at
several fixed energy transfers. Figure —d show the excitations in the [h, k, 0]-plane measured at £F=0.75,
1.5 and 2 meV, respectively, while Figure db gives the scattering at £=0.5 meV. For all energy transfers,
the excitations form a diffuse ring at |Q| ~ 0.8 A~!, while additional weaker branches of scattering
extend outwards to higher wavevectors. At low energy transfers (E < 1 meV) the diffuse ring has
double maxima at wavevectors (1.69, ~ £0.3,0) and (~ £0.3,1.69,0), etc (see Figure[dh) while at higher
energies it broadens and becomes weaker. The ring can also be observed in the [k, h,[]-plane where its
intensity also modulates (as shown in Figure for E=0.5 meV), together these results indicate that
the excitations in fact form a diffuse sphere in reciprocal space with a radius of |Q| ~ 0.8 A-1. The
excitations of PbCuTe;Og are clearly very different from the sharp and dispersive spin-wave excitations
expected in conventional magnets with long-range magnetically order ground states or from the gapped
and dispersive magnon excitations of dimer magnets [27, 28]. Diffuse scattering features indicate a multi-
spinon continuum of excitations as have been well-documented in one-dimensional antiferromagnets
formed from half-integer spin magnetic ions [2, [3, [4]. They have also been observed in several two-
dimensional quantum spin liquids where similar diffuse ring-like features have been found [5, 6]. In
three-dimensions, most spin liquid candidates are based on the pyrochlore structure and the spinon

excitations form a distinctive pinch-point pattern [29].

Magnetic Hamiltonian

Having confirmed that PbCuTesOg exhibits the characteristic features of a quantum spin liquid, we now
investigate the origins of this behaviour by deriving the exchange interactions. For this purpose, we
employ density functional theory (DFT). The resulting values of the interaction strengths are plotted as

a function of the onsite interaction “U” in Figure[Ik for U=5.5 eV to 8 eV as this range spans the usual



values for the Cu?*t onsite correlation strength. We find that all the interactions are antiferromagnetic.
In contrast to previous DFT calculations where the hyperkagome interaction Jo was found to be much
stronger than the other interactions [24], we find that the two frustrated interactions J; and Jo are
of almost equal strength and are significantly stronger than the chain interactions Js and Jy. The
combined effect of J; and Jy is to couple the Cu?* ions into a highly frustrated three-dimensional
network of corner-sharing triangles similar to the hyperkagome lattice (J2 only) but with a higher density
of triangles. In the hyperkagome lattice each magnetic ion participates in two corner-sharing triangles,
while in PbCuTe;Og each Cu?* ion participates in three triangles resulting in a higher connectivity - we
name this lattice the hyper-hyperkagome. As shown in Figure[Ik, the values of the exchange interactions
decrease as the value of U increases. For each value of U the resulting set of interactions strengths
can be used to calculate the Curie-Weiss temperature fcw. Since DC susceptibility measurements yield
Ocw = —22 K [24] 25], we use U=7.5 eV (corresponding to fcw = —23 K) giving interaction sizes
J1=1.13 meV, Jo=1.07 meV, J3=0.59 meV, and J4;=0.12 meV.

Comparison to theory

To gain further insight into the quantum spin liquid behavior of PbCuTesOg, the static susceptibility
expected from this set of interactions was calculated using the theoretical technique of pseudo-fermion
functional renormalization group (PFFRG). In agreement with the experimental observations, the sus-
ceptibility does not show any sign of long-range magnetic order even down to the lowest temperatures
confirming that static magnetism is suppressed by this Hamiltonian. The momentum resolved suscepti-
bility calculated at T=0.2 K is shown in Figure —d for the [h, k,0]- and [h, h, []-planes respectively. It
predicts a diffuse sphere of scattering at the same wave-vectors and with similar intensity modulations as
those observed experimentally (Figure —d and —b)7 and even able to reproduce the weaker features.
The accuracy of the calculations can be further demonstrated by comparing cuts through the data and
simulations. As shown in Figure [fg-h the theory reproduces the double maxima as well as the structure
of the slopes of these peaks to high precision. We emphasize that this level of agreement has hardly
ever been achieved for a material with many competing interactions on a complicated three-dimensional
lattice and in the extreme quantum (spin-1/2) limit. From a more general viewpoint, it demonstrates
that the combination of DFT and PFFRG provides a powerful and flexible numerical framework for the
investigation of real quantum magnetic materials. The PFFRG method was also used to test the robust-
ness of the spin liquid state to variations in the Hamiltonian. We find that the ground state shows no
tendency toward long-range magnetic order when the interactions are varied over 0.975 < J;/J2 < 1.08

(corresponding to —37 K < fcw < —21 K) while the susceptibility changes only slightly [Figure [d-h].



Discussion

The PFFRG calculations confirm that the Hamiltonian of PbCuTesOg supports a quantum spin liquid
ground state, however, the question arises as to why this complex Hamiltonian generates such a phase.
According to common understanding, a quantum spin liquid can be stabilized when the corresponding
classical model exhibits an infinitely large ground-state degeneracy. Even if the classical ground state
degeneracy is not extensive to support a spin liquid, quantum fluctuations can often access a larger Hilbert
space of energetically nearby states which may prevent the formation of static long-range order. This
is the case for PbCuTe;Og where PFFRG simulations for the full J; —J,—J3—J4 model show spin liquid
behaviour in the quantum limit, while in the classical limit the system develops conventional magnetic
order. An interesting explanation for the spin-liquid formation is revealed when only the triangle J; and
hyperkagome Js interactions are considered. In this case, our classical simulations now predict an infinite
ground state degeneracy as indicated by the streaks of scattering parallel to the [1, 1, 1] directions shown in
Figure[dp. Furthermore, this pattern approximately resembles the PFFRG calculation for quantum spins
in the [h, h,[]-plane (Figure [4) although in the quantum case the features are considerably broadened.
The discrepancy in the [k, k, 0]-plane (compare Figure 4f and d) may be attributed to the fact that the
interaction J3 which creates chains parallel to cubic axes, is strong enough to influence the susceptibility
contribution in this plane. The general agreement implies that the relevant fluctuation mechanism that
stabilizes the spin liquid phase in PbCuTe;Og¢ can be explained by the J; and Js interactions alone, while
the weaker J3 and J; interactions simply modify this phase. The lattice resulting from J; and J; is a
network of corner sharing triangles. In the case of antiferromagnetic interactions, all classical ground
states must obey the local constraint that for each triangle, the vector sum of the spins is zero. The large
ground-state degeneracy then follows from the fact that there are infinitely many states which fulfill all
constraints. This is similar to the spin ice materials, where a local ice rule also gives rise to macroscopic
degeneracy. In our case, however, the spin liquid occurs due to a new type of ‘ice rule’ on a previously
unexplored lattice and in the presence of strong quantum fluctuations.

In conclusion, we show using a combination of theory and experiment that PbCuTesOg exhibits all the
features expected of a quantum spin liquid including the absence of static magnetism and the presence of
diffuse dispersionless spinon-like excitations. Although PbCuTe;Og has a complex Hamiltonian it is clear
that the frustration arises from the network of corner-sharing triangles due to the dominant J; and Js
interactions. While this has been explored in the hyperkagome lattice where each spin participates in two
corner-sharing triangles [19] 20, 21], there has until now been no experimental or theoretical exploration
of this more highly connected hyper-hyperkagome lattice where each spin participates in three corner-

sharing triangles. Three-dimensional spin liquids are very rare and current examples are confined mostly



to the pyrochlore and hyperkagome lattices, thus our results are highly important because they reveal a

new type of three-dimensional lattice capable of supporting spin liquid behaviour.

Methods

Neutron scattering measurements

Powder neutron diffraction was performed on the time-of-flight diffractometer WISH at the ISIS Facility,
Didcot, U.K. The sample (weight 13 g) was placed into a copper can and the diffraction patterns were
collected at T=2 K and 0.1 K. The powder inelastic neutron scattering data was obtained at the time-
of-flight spectrometer LET also located at the ISIS facility. For these measurements the same powder
sample (weight 13 g) was placed between two coaxial copper cans to achieve a cylindrical sample shape,
and Helium exchange gas was used for better temperature stability. The measurements were performed
at T=0.1 K with incident energies: F;=18.2 meV, 5.64 meV, 2.72 meV, 1.59 meV, 1.04 meV. Single
crystal inelastic neutron measurements in the [h, k, 0]-plane were obtained at the ThALES triple-axis
spectrometer using the flatcone detector at the ILL, Grenoble, France, and also at the MACS triple-
axis spectrometer at NIST, Gaithursburg, USA. Wavevector maps at constant energy were measured on
ThALES at T'=0.05 K while rotating the crystal in 0.5 deg steps with a fixed final energy of E;=4.06 meV
giving an energy resolution 0.097 meV. The wavevector resolution in the plots is 0.05 r.l.u x0.05 r.lL.u.
At MACS, the initial energy was set to F;=4 meV for energy transfer of E=0.75 meV (giving energy
resolution of 0.24 meV) and E;=5 meV for E=1.5 meV and 2 meV (energy resolution 0.35 meV). The
wavevector maps were obtained by rotating the crystal with a step size of 1 deg and the data were
plotted by rebinning to 0.04 r.l.ux0.04 r.l.u pixels. The maps in [h,h,!] plane were obtained at the
LET spectrometer in ISIS at T=0.03 K with incident energies of F;=26.24 meV, 5.46 meV, 2.29 meV,

1.25 meV, and 0.79 meV. For E;=5.46 meV this gives an energy resolution of 0.18 meV.

Density functional theory calculations

We determined the parameters of the Heisenberg Hamiltonian in Eq. [T] for PbCuTe;Og using density
functional theory (DFT) calculations with the all electron full potential local orbital (FPLO) basis [30].
We based our calculations on the structure determined via powder X-ray diffraction by Koteswararao
et al. [24]. The exchange couplings were extracted by mapping the total energies of many different spin
configurations onto the classical energies of the Heisenberg Hamiltonian [3I]. Note that this approach is
different from the second order perturbation theory estimates using J :% for the exchange interactions

reported in Ref. [24] which includes only the antiferromagnetic super-exchange contribution based on one



virtual process. In order to increase the number of inequivalent Cu?t ions from one to six and thus to
allow for different spin configurations, we lowered the symmetry of the crystal from P 4,32 to P2;. We
converged the total energies with 6x6x6 k-meshes and accounted for the strong electronic correlations
using a GGA+U exchange correlation functional [32]. The value of the Hund’s rule coupling was fixed
at the typical value Jy=1 eV, and the onsite correlation strength U was varied between 5.5 eV and 8 eV.
We determined the most relevant U by using the constraint that the exchange couplings reproduce the
experimentally determined Curie-Weiss temperature of 0cw = —22 K [24] [25]. This led to a DFT result
for the first four exchange couplings of PbCuTe;Og of J; = 1.13 meV, Jo = 1.07 meV, J3 = 0.59 meV,

and J; = 0.12 meV. The full results are given in the Supplementary Information.

Pseudofermion functional renormalization group calculations

The microscopic spin model proposed by DFT calculations is treated within the PFFRG approach [33]
34], which first reformulates the original spin operators in terms of Abrikosov fermions. The resulting
fermionic model is then explored within the well-developed FRG framework [35] 36]. Effectively, the
PFFRG method amounts to generating and summing up a large number of fermionic Feynman diagrams,
each representing a spin-spin interaction process that contributes to the magnetic susceptibility. In
terms of the original spin degrees of freedom, this summation corresponds to a simultaneous expansion
in 1/S and 1/N, where S is the spin magnitude and N generalizes symmetry group of the spins from
SU(2) to SU(N). The exactness of the PFFRG in the limits 1/S — 0 and 1/N — 0 ensures that
magnetically ordered states (typically obtained at large S) and non-magnetic spin liquids (favoured
at large N) can both be faithfully described within the same numerical framework. In principle, the
PFFRG treats an infinitely large lattice, however, spin-spin correlations are only taken into account up
to a certain distance while longer correlations are put to zero. The computation times of the PFFRG
scale quadratically with the correlated volume, which in our calculations comprises 2139 lattice sites (this
corresponds to correlations up to a distance of =10 nearest-neighbor distances). Likewise, continuous
frequency variables (such as the dynamics of the magnetic susceptibility) are approximated by a finite
and discrete frequency grid, which leads to a quartic scaling of the computational effort in the number
of grid points. In our calculations we use 64 discrete frequencies. The central outcome of the PFFRG
approach is the static and momentum-resolved magnetic susceptibility which can be directly related to the
experimental neutron scattering cross section through the Kramers-Kronig relation. If a magnetic system
develops magnetic order, this manifests in a breakdown of the renormalization group flow, accompanied
by distinct peaks in the magnetic susceptibility. An important advantage of the PFFRG is that even in

strongly fluctuating non-magnetic phases, short-range spin correlations and their momentum profiles can



be accurately calculated and compared to neutron scattering results. For consistency, the PFFRG spin

susceptibility is corrected for the magnetic form factor of the Cu?* ion in the dipole approximation [37].

Classical simulations

For the numerical treatment of spin systems in the classical limit S — oo we have employed a spin-
S generalization of the PFFRG approach. On a technical level, this requires the introduction of 45
fermionic degrees of freedom per lattice site as discussed in Ref. [38]. In the classical limit, the PFFRG
equations can be solved analytically to obtain the momentum resolved magnetic susceptibility. It can
be shown that the classical wave vector at which the susceptibility is strongly peaked is identical to the
one predicted within the Luttinger-Tisza method [39]. The final susceptibility is corrected for the Cu?*

magnetic form factor in the dipole approximation.

Data availability

Raw powder neutron diffraction data were measured on the time-of-flight diffractometer WISH at the
ISIS facility, Didcot, UK. Raw powder and single crystal inelastic neutron scattering data were measured
on the time-of-flight spectrometer LET also at the ISIS facility. Single-crystal inelastic neutron scattering
data were also collected on the triple-axis spectrometers ThALES with the flat cone option at the Institut
Laue-Langevin, Grenoble, France, and MACS II at the NIST Center for Neutron Research, Gaithersburg,
USA. All other raw and derived data used to support the findings of this study are available from the

authors on request.
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Figure:1
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Figure 1: The magnetic interactions and Hamiltonian of PbCuTe:Os. a Structure of
PbCuTe;Og showing only the magnetic S=4 Cu?* ions and the 15 and 2@ nearest-neighbor inter-
actions J; and J, respectively. J; forms isolated equilateral triangles whereas J, leads to a three-
dimensional network of corner-sharing triangles also known as the hyperkagome lattice. The 3¢ and
4'h neighbour couplings J3 and .J,, respectively, are also included in b and couple the Cu?* ions into
chains. The chains formed by J; run parallel to the cubic a, b, ¢ axes while the chains due to J,
follow the body diagonals. PbCuTe;Og crystallizes in cubic symmetry with space group P 4,32 and the
Cu?* ions occupy a single Wyckoff site [26]. The graph in ¢ shows the strengths of the four nearest
neighbour interactions as a function of Cu?* onsite interaction U calculated by density functional the-
ory (coloured symbols, left hand axis). These calculations were performed with the full potential local
orbital basis (FPLO) set [30], and the generalized gradient approximation functional [40]; the coupling
constants were then determined by fitting to the Hamiltonian in Eq. [T} The error bars indicate statisti-
cal errors of the fit. The Curie-Weiss temperature was calculated for each set of exchange constants

using few=— 255 S0, zi.J (for single-counting of bonds) where 2 is the coordination number of

the Ji! interaction (black stars, right hand axis). All the interactions are antiferromagnetic. .J; and .J
are approximately equal, and much stronger than J; and J,. Together, J; and J; result in the hyper-
hyperkagome lattice where each magnetic ion participates in three corner-sharing triangles (compared
to two triangles in the hyperkagome latice). These results differ significantly from the ratio of couplings,
J1:J2:J3=0.54:1:0.77 estimated previously by second-order perturbation theory (J:%, t = hopping pa-
rameter) that calculates the couplings based on a selected virtual process unlike DFT which includes
ferromagnetic and antiferromagnetic contributions to the exchange interactions. [24]. Those results sug-
gested that J, was the strongest interaction, being twice the strength of J;, while J3; was also large, and
J4 was not considered.
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Figure 2: Powder neutron diffraction patterns of PbCuTe,Oq. a Measured at 0.1 K and 2 K using
the WISH high-flux diffractometer and plotted as a function of d-spacing. Both patterns are refined
in the established cubic space group, P 4,32 [26] where the lattice constant at 0.1 K is 12.4454(3) A.
The difference between the patterns at these two temperatures is plotted below in green and clearly
shows that no magnetic Bragg peaks appear at the base temperature. b Assuming a magnetic structure
compatible with the long range magnetic order found in SrCuTe;Og, a magnetic Bragg peak is estimated
at the (1,0,0) reflection (12.4454 A in d-spacing). The expected Bragg peak amplitude is shown for
different values of ordered moment per Cu?* ion by the curves. Clearly, if present, the maximum
ordered moment can be no greater than 0.05 p .

16



250 6
a b [ 01K 5
i E=0.75meV : @40
200 4 g
N REY
(0] i
é 150 =
> = 1
2 =) 120
@ 100 :
c ]
L :
50 10
-,
0 6
Cc d !
i KU
K
S) S
X.\ x“ i
S =) S 120
N K
il
6

Figure 3: Magnetic inelastic neutron scattering data of PbCuTe,O; measured at temperatures of
T < 0.1 K. a Powder spectrum obtained using the time-of-flight spectrometer LET, with an incident
energy of 5.76 meV. This plot clearly shows the presence of a diffuse, dispersionless continuum of
magnetic excitations extending up to £ ~ 3 meV. b-d Single crystal spectra measured in the MACS
spectrometer in the [h, k, 0]-plane at constant energy transfers of E= 0.75 meV, 1.5 meV, and 2 meV
respectively. Non-magnetic features such as phonons and Bragg peak tails have been removed from
the spectrum. The color map at 0.75 meV reveals a broad, diffuse ring-like feature at |Q| ~ 0.8 A—!
whose intensity modulates with maxima at (1.69, £0.3,0), and equivalent positions. Similar features are
present at higher energies with reduced intensity. The uncertainties in figures b-d correspond to one
standard deviation.
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Figure 4: The low energy magnetic excitation spectrum of PbCuTe,O; compared to theory. The
color maps in a and b show the excitations measured at energy transfer E=0.5 meV and temperature
T < 0.1 Kin the [k, h,l]- and [k, k,0]-planes respectively. The [k, h,l]-map was measured using the
LET spectrometer with an incident energy of E; = 5.46 meV. The data has been integrated over energy
transfer 0.4 < E < 0.6 meV, and out-of-plane wave-vector transfer —0.1 < [k, —h,0] < 0.1 r.l.u. The
[h, k, 0] spectrum was measured on the ThALES spectrometer with an energy resolution of 0.097 meV.
¢ and d Static (real valued) spin susceptibility calculated using the pseudo-fermion functional renormal-
ization group (PFFRG) method in the quantum limit (S=1/2) for J;=1.13 meV, J>=1.07 meV, J3=0.59
meV, and J,=0.12 meV (corresponding to a Curie-Weiss temperature 6cw= — 23 K). The dashed black
lines indicate the positions of strong scattering in the classical J; —J>-only model [see e and f]. e and
f Corresponding classical PFFRG results obtained in the limit of large spin magnitude for a model with
only J; and J, couplings of equal strength. g and h The experimental and theoretical magnetic intensity
as a function of wave-vector transfer along [k, h, —1.69] and [h, —1.69, 0] respectively. The data points
(blue circles) were measured at an energy transfer E=0.5 meV and temperature 7'<0.1 K and were ob-
tained by integrating the data shown in a and b over the respective shaded regions. The solid lines show
the theoretical intensity obtained by performing the same integration through the theoretical simulations.
The theoretical intensity distribution is also shown for another set of exchange interactions represented
by their corresponding Curie-Weiss temperature 6cw = —37 K (see Figure. [Tk). The calculations in ¢
to h are corrected for the Cu?* form factor and the error bars in g and h represent statistical errors.
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Supplementary Information: A quantum spin liquid based on a
new three-dimensional lattice

DC susceptibility
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Figure. S 1: The static magnetic susceptibility measured on a single crystal of PbCuTe,O¢ . With
magnetic field applied parallel to the three inequivalent directions of the cubic system, [1,0,0], [1,1,0]
and [1,1,1]. The sample is cooled in zero field and the susceptibility is measured as a function of
temperature in a constant field of H= 1T. The plot reveals that the susceptibility is nearly the same for
all the directions indicating that the system can be considered magnetically isotropic.

In order to verify the isotropic nature of the Cu?* moments in PbCuTe;Og , static (DC) suscepti-
bility measurements on single crystal samples have been compared for three inequivalent magnetic field
directions within the cubic system. For this purpose, the zero-field cooled moment was measured under
a H= 1T field applied parallel to the [1,0,0], [1,1,0] and [1, 1, 1] crystallographic directions for tempera-
tures in the range T=2 K to 350 K. Figure S|[l|shows that the susceptibility displays no indication of any
phase transitions down to 2 K. Furthermore the susceptibility is almost completely independent of the
field direction. Therefore, we can conclude that the Cu?* spin—% moments in PbCuTesOg are isotropic

in nature making this compound a Heisenberg spin liquid.

Further inelastic neutron scattering measurements

The powder inelastic neutron scattering measurements of PbCuTesOg reveal broad continuua of mag-
netic excitations. These form a dispersionless band centered around the wavevector |Q| ~ 0.8A4~" and

extending up to 3 meV (see Figure 3a of the main article). The presence of diffuse scattering is also
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Figure. S 2: Single crystal excitation spectrum of PbCuTe,O; single crystal. a Measured at
temperature T = 0.1 K on the LET spectrometer at the ISIS facility and plotted as a function of energy
and wavevector along the [0.3,0.3,[] direction. The intensity is obtained by integrating the scattering
over0 < h < 0.6 and 0 < k < 0.6 to include the peak maxima on the diffuse scattering sphere as seen
in Figure 3b-d and Figure 4a-b of the main article. b displays the same data integrated over the energy
transfers 0.6 meV<E<3 meV. This plot clearly shows the maxima at [0.3,0.3, ~ £1.69] (r.l.u).

confirmed by the single crystal neutron data as shown in Figure 3b-d and Figure 4a-b of the main ar-
ticle. These constant energy transfer maps reveal a diffuse sphere of intensity with double maxima at
[0.3,0.3,£1.69] and equivalent positions. The plot in Figure S shows the continuua of excitations
along the [0.3,0.3,] direction. Strong scattering intensity is observed at [0.3,0.3, £1.69] and weak con-
tinuua are also present at the higher wavevector [0.3,0.3, £3.8]. These continuua appear as small peaks

when the data is integrated over energy transfers of 0.8 < E < 3 meV as shown in Figure S [2b.

Comment on previous Density functional theory calculations in Ref. [S1]

The energy mapping method applied in our density functional theory calculations employs fully charge
self-consistent solutions for different spin configurations, therefore it includes at the density functional
theory level the exchange contributions to arbitrary order. It is clear that this approach yields different
and usually more reliable estimates than the second-order perturbation theory formula J = % used
previously [S1] which expresses only the antiferromagnetic superexchange contribution based on one vir-
tual process. The latter approximation leaves out a large number of other exchange processes both from
higher orders of perturbation theory as well as ferromagnetic contributions. The results from our DFT
calculations yield interactions up to 4*" nearest neighbour with a ratio of Jy:J9:J35:J,=1.06:1:0.55:0.11
for the Curie-Weiss temperature of 0oy = —23 K. In contrast, the previous method finds only the first
three neighbours to be relevant and the ratio of couplings is Jy:J5:J3=0.54:1:0.77. The difference between
the two methods is evident in the spin susceptibility maps calculated using the PFFRG method based

on the Hamiltonian from these two sets of couplings as shown in Figure S[3] Although the static spin
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Figure. S 3: The static spin susceptibility profiles calculated using the PFFRG method. From the
Hamiltonian produced by: a-b second-order perturbation theory that expresses only the antiferromag-
netic superexchange contribution based on one virtual process (Ref. [S1]): and c-d the current work
that employs the full potential local orbital basis set and the generalized gradient approximation
functional [S3]. The former results produce a sharper diffuse ring in [k, h, ] plane with maxima at (1,1,1)
and a diamond shaped profile in the [h, k, 0] plane which do not agree with the experimental data. The
latter results however show striking similarity with our neutron scattering maps. e-f Comparison be-
tween cuts through the experimental data and the expected magnetic intensity calculated for the two
Hamiltonians using PFFRG. The data points were obtained by integrating the experimental data shown
in figure 4 a and b of the main paper, over the respective shaded regions indicated in those figures.
The same integration was performed over the calculations (see shaded region in a and b). As is clearly
evident, our Hamiltonian gives much better agreement with the data than the previous Hamiltonian.



susceptibility based on the Hamiltonian from the perturbation theory method [SI] also produces a ring
at ~0.8 A~!, as shown in Figure S 7 the maxima on the ring appear at (1,1, 1) and equivalent positions
in the [h, h, []-plane. This is clearly different from the experimental results where the diffuse ring is broad
and the maxima are at positions such as (0.3,0.3,£1.69) as nicely reproduced by the Hamiltonian from
our DFT calculations (see Figure S ) The discrepancy of the previous Hamiltonian is even clearer
in the [k, k,0] plane (compare Figure S & d) where the double peak at (£1.69,+0.3,0) is missing.
Figure [3p & f show cuts through the data and the calculated spin susceptibility of the two Hamiltonians.
The agreement between our Hamiltonian and the data is clearly much better than that of the previous

Hamiltonian [S1].

Ground state properties of classical Heisenberg models on the hyperkagome

lattice

As discussed in the main text, the origin of the spin fluctuations in PbCuTe;Og can be explained within
a classical Heisenberg model that includes only the triangular J; and hyperkagome J, interactions even
though this material also features additional Js and J4 couplings. In particular, the streaks in the
momentum resolved classical susceptibility of the J;-J3 model resemble the PFFRG quantum calculation
of the full model, as shown for the [h, h,l] plane in Figure 4e. The susceptibility in the [k, k, 0] plane
(Figure 4f) shows points of strong intensity since this plane cuts through the streaks.

This correlation profile can be compared with a classical Heisenberg model with J, hyperkagome
interactions only, as it has previously been studied in Ref. [S4]. The ground state of this model is
macroscopically degenerate, i.e. for a system consisting of L x L x L unit cells, the dimension of
the degenerate manifold scales exponentially as V=L3. As a consequence, the spin structure factor
shows extended regions of strong intensity which fill a volume in momentum space, see Figure 2 in
Ref. [S4]. Furthermore, in close similarity to classical pyrochlore systems, where an “ce rule” for each
tetrahedron/triangle imposes a constraint on the local spin orientation, the structure factor exhibits
pinch points.

When triangle J; interactions are added, further constraints are imposed on the possible ground
states, which reduce the dimensionality of the degenerate ground state manifold. Particularly, it can
be shown that the number of degenerate states becomes subextensive, i.e. it scales exponentially in the
linear system size L [S5]. As a consequence, the regions of strong intensity in the structure factor shrink
down to lines parallel to the [1,1,1] (and symmetry related) directions. Interestingly, the susceptibility
in Fig. 4e still shows remainders of the pinch points such as the point [0, 0, 2] where streaks of high

intensity cross.



It is important to emphasize that even though the classical J;-Jo Heisenberg model only exhibits a
subextensive ground state degeneracy, there is still a macroscopic number of low-energy states through
which the system can fluctuate when quantum fluctuations are considered [S5]. This still remains true
when the weaker J3 and Jy interactions are added. While this further reduces the degeneracy to a finite
number of states, the full manifold of the classical Ji-J; Heisenberg model still remains energetically

nearby.
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