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Spin liquid ground states are predicted to arise within several distinct scenarios in condensed matter physics. The 16 

observation of these disordered magnetic states is particularly pervasive amongst a class of materials known as 17 

frustrated magnets, in which the competition between various magnetic exchange interactions prevents the system 18 

from adopting long-range magnetic order at low temperatures. Spin liquids continue to be of great interest due to their 19 

exotic nature and the possibility that they may support fractionalised excitations, such as Majorana fermions. Systems 20 

that allow for such phenomena are not only fascinating from a fundamental perspective but may also be practically 21 

significant in future technologies based on quantum computation. Here we show that the underlying antiferromagnetic 22 

sublattice in TbInO3 can undergo a crystal field induced distortion of its buckled triangular arrangement to one based 23 

on a honeycomb. The absence of a conventional magnetic ordering transition at the lowest measurable temperatures 24 

indicates that another critical mechanism must govern in the ground state selection of TbInO3. We suggest that 25 

anisotropic exchange interactions – mediated through strong spin-orbit coupling on the emergent honeycomb lattice 26 

of TbInO3 – gives rise to a highly frustrated spin liquid.  27 

One notable example of a spin liquid1,2 is that of the S = ½ Heisenberg antiferromagnet on a two-dimensional kagome lattice, a 28 

frustrated network of corner-sharing triangles. It is now widely considered that this magnetic system displays a quantum spin 29 

liquid ground state3 and there is recent experimental evidence to suggest that a gapped quantum spin liquid state is likely 30 

realised in the Cu2+-based kagome antiferromagnet, herbertsmithite.4 The two-dimensional honeycomb net, on the other hand, 31 

is a bipartite lattice and, therefore, does not give rise to frustrated ground states in the presence of conventional nearest-32 
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neighbour antiferromagnetic interactions.5 However, anisotropic, bond-dependent Kitaev interactions6 can result in either 33 

gapped or gapless spin liquid ground states on the honeycomb lattice.7 Related states of matter are attracting a wealth of 34 

attention in Seff = ½ honeycomb magnets in 4d and 5d transition metal systems, such as the ruthenate α-RuCl3
8–13 and the 35 

A2IrO3 (A = Li+, Na+) iridates.14–19 36 

In three dimensions, a classical spin liquid state, known as spin ice, arises for ferromagnetically coupled moments with local 37 

Ising anisotropy on the pyrochlore lattice, a three-dimensional network of corner-sharing tetrahedra.20 The low-lying elementary 38 

excitations of spin ice can be considered as diffusive magnetic monopoles.21 Spin liquid states have been predicted in a 39 

quantum analogue of spin ice, known as quantum spin ice,22 with emergent quantum electrodynamics and magnetic and 40 

electric monopoles, as well as gauge photons, as the relevant elementary excitations. It has been proposed that quantum spin 41 

ice ground states may arise in certain rare-earth pyrochlores, such as Yb2Ti2O7,
23 Tb2Ti2O7

22 and Pr2Sn2O7,
24 where strong spin-42 

orbit coupling associated with the rare-earth ions results in an anisotropic exchange between the moments.  This combination 43 

of strong spin-orbit coupling, anisotropic exchange and the underlying pyrochlore structure that these materials possess gives 44 

rise to a spin liquid state. Anisotropic exchange interactions between rare-earth ions are also thought to play a crucial role in 45 

the stabilisation of a spin liquid ground state in the triangular antiferromagnet, YbMgGaO4.
25,26   46 

Here, we present comprehensive high-resolution neutron diffraction, magnetic susceptibility, muon spin relaxation (μSR) and 47 

inelastic neutron scattering data for both polycrystalline and small single crystal samples of the layered hexagonal 48 

antiferromagnet, TbInO3. Its structure, shown in Fig. 1a consists of two-dimensional triangular layers of Tb3+ ions separated by 49 

non-magnetic layers of corner-sharing [InO5]
7– polyhedra. The triangular layers of Tb3+ ions are distorted, with two inequivalent 50 

Tb3+ sites. Fig. 1b shows the Rietveld refinement of the hexagonal P63cm structural model against the high-resolution powder 51 

neutron diffraction data of TbInO3 collected at 300 K on the HRPD instrument at the ISIS Facility (see Methods). The P63cm 52 

structural model is appropriate to describe the data over the measured temperature range 0.46 – 300 K with a gradual and 53 

isotropic increase of the hexagonal lattice constants observed with temperature, see Supplementary Information. The inset to 54 

Fig. 1b shows the difference curve for the data collected on the low-angle detector bank upon cooling, where any magnetic 55 

scattering will be dominant. This difference curve demonstrates the lack of magnetic Bragg scattering from the sample, which 56 

indicates the absence of long-range magnetic order in TbInO3 to at least 0.46 K. 57 

Fig. 1c shows the temperature dependence of the powder averaged and single crystal magnetic and inverse susceptibilities 58 

measured over the range 0.45 – 300 K. The powder data can be very well modelled by the Curie-Weiss law above 10 K to yield 59 

a Weiss constant θCW = –17.19(3) K, confirming dominant antiferromagnetism, and a Curie constant C = 11.682(3) emu mol–1 60 

K, which corresponds to an effective magnetic moment of 9.67(1) μB per Tb3+ ion. The inverse susceptibility data are almost 61 

linear in temperature over the entire measured temperature range, but begin to deviate from linearity below T* ~ 7.5 K. Fig. 1d 62 

shows that below 1 K, a second, low-temperature Curie-Weiss regime develops within the susceptibility of the polycrystalline 63 

sample. Applying a linear fit to the data in this region reveals that the correlations at low-temperature are still weakly 64 

antiferromagnetic, θCW = –1.17(3) K, and that there is a significantly reduced effective magnetic moment of 3.56(6) μB per Tb3+ 65 

ion. The susceptibility data measured on a small single crystal of TbInO3 reveal the XY-like nature of the Tb3+ ion moments, 66 

with a substantially larger susceptibility observed in the ab-plane (χab) than along the c-axis (χc). The temperature dependence 67 

of this spin anisotropy is shown in Fig. 1e, while the inset to Fig. 1e shows χc below 100 K, with its rapid growth below T* ~ 7.5 68 

K indicated.  We note that while the overall magnetic anisotropy of the system is XY-like at all measured temperatures, it 69 
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becomes drastically less so at temperatures below T*, where χab/χc quickly decreases. Importantly, the magnetic susceptibility 70 

data for both polycrystalline and single crystal samples show no evidence of a magnetic ordering transition down to at least 71 

0.45 K. Furthermore, there is no splitting of the zero-field-cooled and field-cooled susceptibilities, which rules out the presence 72 

of a glassy spin freezing transition.27 73 

The main panel of Fig. 2a shows the muon decay asymmetry measured in polycrystalline TbInO3 on the MuSR spectrometer at 74 

the ISIS Facility in a zero field. The time dependence of the muon decay asymmetry was modelled at all temperatures 75 

according to:28 76 

ሻݐሺܣ                    = ଵ݁ିఒ௧ܣ	  ஻݁ିఒಳ௧.                     (1) 77ܣ	+

Here, the first term reflects the contribution of the muons that stop within the sample and the second of those that stop within 78 

the sample holder. Fig. 2b shows the temperature dependence of the sample relaxation rate, λ, which was obtained from fitting 79 

the data collected on both MuSR and EMu spectrometers. While there is clearly a deviation from single exponential behaviour 80 

observed in the data around 50 K, as seen in Fig. 2a, the average confidence parameter χ2 = 1.44 for all fits reflects that this 81 

simple model describes the data well over a very wide range of temperatures.  82 

The key conclusion that can be drawn from the data shown in Fig. 2a is that there is no transition to long-range magnetic order 83 

in TbInO3 upon cooling to at least 0.1 K. Under favourable conditions, such a transition would be manifest by an oscillating 84 

component in the zero-field muon decay asymmetry, with a frequency reflective of the magnitude of the internally ordered 85 

moment.29 The absence of any such oscillatory features in the μSR data is, therefore, in good agreement with the neutron 86 

diffraction and magnetic susceptibility data discussed above. However, a magnetic ordering transition is not always indicated by 87 

oscillations in the zero longitudinal field signal but can be manifest in changes in the form of the asymmetry line-shape. This is 88 

not observed in Fig. 2a either since the μSR data at all temperatures are well described by (1). 89 

Furthermore, it is evident that the spins associated with the Tb3+ ions in TbInO3 remain in a dynamically fluctuating state to very 90 

low temperatures, at least 0.1 K, and several experimental signatures point to this conclusion. For instance, the zero-field muon 91 

decay asymmetry data relax to the same baseline value at all temperatures. This is significant: if the system were to undergo a 92 

spin freezing transition at low temperatures, one would expect to observe a one-third tail in the baseline asymmetry below the 93 

transition due to the presence of disordered, static, local fields at the muon stopping site.30 Also, the longitudinal field 94 

dependence of the μSR spectra at the very lowest temperatures of our experiment, shown in the inset to Fig. 2a is consistent 95 

with a dynamically fluctuating state. If the internal magnetic fields experienced by the implanted muons at 0.1 K are static, one 96 

should observe a significant decoupling of the muon spin relaxation upon the application of a magnetic field approximately one 97 

order of magnitude larger than the internal field itself.28 However, the relaxation of the muon decay asymmetry in TbInO3 at this 98 

temperature is barely decoupled even by the maximum available field of 0.4 T. In addition, we note that while the muon spin 99 

relaxation rate, λ, extends beyond the typical frequency limit afforded by a pulsed muon source due to the large internal 100 

magnetic field generated by Tb3+, it is interesting that this particular fit parameter from (1) saturates at low temperatures. 101 

Phenomenologically, this is consistent with spin liquid behaviour31 whereas a sharp peak in the relaxation rate would signify a 102 

spin freezing transition.32 So although one must apply caution to the temperature dependence of the relaxation rate extracted 103 

from the simple model shown in (1), it is interesting to observe that we can parameterise the onset of the plateau according to: 104 
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ሻݐሺߣ                     = 	 ଴/൫1ߣ +  ൯,         (2) 105∗்/்ି݁ܣ

where A is a constant and T* = 8(1) K may set an important energy scale for the system, consistent with our susceptibility data. 106 

Such an expression has previously been used to describe systems with a thermally activated spin gap, for which T* gives the 107 

value of the gap.33 108 

Fig. 3 shows the time-of-flight neutron scattering spectra collected for polycrystalline TbInO3 on the SEQUOIA spectrometer at 109 

the Spallation Neutron Source, Oak Ridge National Laboratory, with an incident neutron energy Ei = 11 meV and measured 110 

over a temperature range that spans the Weiss constant for the system. To isolate the scattering signal from the sample, the 111 

background contribution of the empty aluminium sample can measured at 1.9 K has been subtracted from the data. The 112 

neutron scattering spectrum of TbInO3 contains several essential features. First, a broad peak centred on Q ~ 1.1 Å–1 appears 113 

in the elastic channel. As can be seen upon inspection of the data in Fig. 3, this particular feature broadens in Q and fades in 114 

intensity above T ~ 15 K. The strong temperature dependence of this feature and its correlation with the Weiss temperature of 115 

TbInO3 indicates its magnetic origin.  Second, the broad, low-energy, inelastic scattering features up to ~ 2 meV are relatively 116 

dispersionless and can be attributed to scattering from low-lying crystalline electric field (CEF) excitations of the Tb3+ ions in 117 

TbInO3. The weak Q-dependence of the dispersion of the ~ 2 meV excitation at low temperatures indicates that exchange 118 

coupling between the Tb3+ ions is influencing these low-energy CEF excitations, in much the same way as occurs in the 119 

pyrochlore antiferromagnet Tb2Ti2O7.
32,34 120 

To gain quantitative insight into the origin and nature of the broad peak centred on Q ~ 1.1 Å–1, individual cuts of the data 121 

across the elastic and low-energy inelastic channels were taken at various temperatures, as shown in Fig. 4a and 4b, 122 

respectively. Again, the marked increase in the intensity of this feature below T ~ |θCW| suggests that it is magnetic in origin and 123 

the absence of any scattering centred at Q = 0 Å–1 confirms that the spin correlations in TbInO3 are antiferromagnetic. The 124 

broad, diffuse character of this peak in Q also indicates that the antiferromagnetic correlations that give rise to it are short-125 

ranged, reflecting the same absence of long-range magnetic order observed in all of our measurements at low temperatures. 126 

Furthermore, the quasi-elastic nature of this magnetic scattering suggests that TbInO3 is gapless, at least within the energy 127 

resolution of the SEQUOIA experiment. The asymmetric shape of the diffuse scattering is highly reminiscent of the Warren line-128 

shape function35 that characterises short-range correlations within a two-dimensional plane (see Supplementary Information), 129 

and the fit of this function to the diffuse scattering data is shown in Figs. 4a,b. 130 

It is particularly interesting to observe the temperature evolution of the two-dimensional spin-spin correlation lengths, ξ, 131 

extracted from the Warren line-shape fitting as is shown in Fig. 4c. The growth of the magnetic diffuse scattering peak indicates 132 

that elastic magnetic correlations develop strongly below T ~ |θCW|, more than tripling between 30 K and the base temperature 133 

of 1.7 K, where ξ ~ 15 Å.  Elastic correlations display upwards curvature at all temperatures.  In contrast, the inelastic two-134 

dimensional spin correlations grow more gradually, by less than a factor of two over the same temperature range, and these 135 

peak near T* ~ 7.5 K.   136 

We now turn our attention to the broad, relatively dispersionless, inelastic features that arise due to scattering from the CEF 137 

excitations of the Tb3+ ions in TbInO3, which can be seen in Fig. 3 at and below E ~ 3.5 meV. Data collected with an incident 138 

energy Ei = 60 meV on the SEQUOIA spectrometer reveal that there are at least two additional CEF transitions at 16 and 23 139 

meV and our measurements at Ei = 120 meV confirmed that there are no further CEF levels above 30 meV (see 140 
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Supplementary Information). The electronic configuration of Tb3+ is 4f8 which, according to Hund's rules, has a total ground 141 

state angular momentum of J = 6 with a 2J + 1 = 13-fold degeneracy. The CEF of the neighbouring oxide ions at each of the 142 

Tb3+ ion sites, which possess different local symmetries, may lift the degeneracy of each Tb3+ ion site distinctly. This – coupled 143 

with the fact that Tb3+ is a non-Kramers ion, such that its degeneracy may be totally lifted through its interaction with the 144 

surrounding CEF – means that unravelling the CEF spectrum for TbInO3 is not a trivial task. 145 

Our best determination for the set of energy eigenvalues and their corresponding degeneracies (see SI for full details) are given 146 

in Table 1. A key outcome of this CEF analysis is the distinct ground state degeneracies of the Tb3+ ions at the Tb1 and Tb2 147 

sites in TbInO3. The results presented in Table 1 show that in the absence of exchange, the Tb3+ ions at the Tb1 site have a 148 

singlet ground state with a gap, ∆, to the first excited doublet state of 0.65 meV ~ 7.5 K. The Tb3+ ions at the Tb2 site, on the 149 

other hand, possess a doublet ground state with Ising anisotropy (g|| = 8.95, g⊥	= 0). The components of the pseudo-spin-½ 150 

operators that make up such a non-Kramers doublet transform under time reversal such that Sz is antisymmetric, and functions 151 

as a magnetic dipole, while Sx and Sy are symmetric, and do not.36,37 Consequently, again without exchange, the Tb3+ ions at 152 

the Tb2 site have only Ising symmetry, while the Tb1 site is non-magnetic below T* ~ 7.5 K.  However, the strength of the 153 

exchange interactions may bestow some XY character to the Tb2 spins, and a magnetic ground state for the Tb1 spin.  This 154 

implies that the anisotropy of the magnetic susceptibility should change below T*, as the first excited state of the Tb1 ion 155 

depopulates, with the magnetic anisotropy tending to Ising-like, i.e. χab/χc  < 1 at low temperatures, qualitatively consistent with 156 

the measurements shown in Fig. 1e. Comparing the CEF eigenvalues and their thermally allowed transitions against the data 157 

collected at 30 K, above T ~ |θCW| and therefore with weak exchange correlations,  in Fig. 3 confirms that the model describes 158 

all the features in the inelastic scattering data very well. Moreover, the magnetic susceptibility calculated from the CEF model 159 

also captures the temperature dependence of the experimental data taken for the polycrystalline sample, as shown in Fig. S4 of 160 

the Supplementary Information. 161 

It should be stressed that despite the high quality of the fit to the experimental data (see SI), this particular solution to the 162 

analysis of the CEF spectrum is not unique. However, the magnetic susceptibility, μSR and magnetic diffuse scattering data all 163 

actively support the argument that T* ~ ∆ is a relevant energy scale within the system that signifies the onset of a new magnetic 164 

regime. T* marks the point of deviation from the high-temperature Curie-Weiss behaviour in the magnetic susceptibility and the 165 

onset of a pronounced Ising-like susceptibility, the peak in the temperature dependence of the inelastic spin-spin correlation 166 

length, and, possibly, the beginning of the plateau in the muon spin relaxation rate. It is highly probable that the presence of the 167 

gap in the CEF spectrum of the Tb1 site at ∆ ~ 7.5 K lies at the heart of all of these experimental features that occur on the 168 

same energy scale.   169 

An intriguing consequence of this CEF analysis is that for temperatures below the gap energy, the Tb3+ ions at the Tb1 site are 170 

in different magnetic states as compared to higher temperatures, with smaller moments - without exchange, they would be non-171 

magnetic. This dilutes the distorted triangular magnetic sublattice within TbInO3 such that it transforms into one based on two 172 

dimensional honeycomb lattice networks of non-Kramers doublet Tb3+ ions at the Tb2 site, as shown in Fig. 5. The shaded 173 

circle in the left panel of Fig. 5 indicates the extent of static two-dimensional spin correlations in TbInO3 at T = 1.7 K, ξ ~ 15 Å, 174 

superposed on the resulting Tb2 honeycomb sublattice. It has been shown that for a two-dimensional magnetic system, there is 175 

no conventional ordering transition since thermal fluctuations destroy the tendency towards long-range magnetic order.38 In 176 

practise, however, most experimental realisations of two-dimensional magnets on a honeycomb lattice, such as those based on 177 
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layered structures of edge-sharing Ni2+ octahedra e.g. Ba2Ni2P2O8, Ba2Ni2As2O8 and Ba2Ni2V2O8,
39,40 undergo a transition to 178 

conventionally ordered  Néel states at low temperatures due to a small but finite interlayer coupling that raises the 179 

dimensionality of the magnetic sublattice. However, despite the fact that the interlayer separation between the honeycomb 180 

layers is far less pronounced in TbInO3 than in the honeycomb nickelates, and that the simple stacking of the terbium-based 181 

honeycomb layers in the hexagonal TbInO3 structure should not induce any frustration in the interlayer coupling, no long-range 182 

order prevails to at least 0.1 K. This absence of static, long-range magnetic order at energy scales well below that set by |θCW| 183 

implies that the true nature of the magnetic ground state of TbInO3 may be altogether far more exotic. 184 

Other honeycomb magnets, such as α-RuCl3
8–13 and A2IrO3 (A = Na+, Li+)14–19, have recently garnered much attention due to 185 

their potential to realise the Kitaev quantum spin liquid. Kitaev's exactly solvable model41 of Seff = ½ species on a honeycomb 186 

lattice describes a system in which the interactions between nearest neighbour spins are highly anisotropic. This bond 187 

anisotropy leads to strong frustration on the honeycomb lattice, such that its ground state adopts a spin liquid state celebrated 188 

for harbouring the elusive Majorana fermion as gapless excitations.7 Given that the bond-dependent exchange interactions in 189 

the widely explored Ru3+ and Ir4+ systems prevail as a direct consequence of strong spin-orbit coupling, searching beyond 190 

heavy 4d and 5d ion systems to even heavier rare-earth magnets will likely prove a fruitful approach to realising the Kitaev 191 

quantum spin liquid.41 Moreover, the highly localised nature of rare-earth ions means that non-Kitaev interactions, such as 192 

direct exchange or further near-neighbour couplings, that drive the selection of an ordered ground state7 in 4d and 5d transition 193 

metal systems will, in comparison, be minimal. Indeed, we know that anisotropic exchange interactions generated by strong 194 

spin-orbit coupling are relevant in other insulating rare-earth magnets, such as Yb2Ti2O7,
23 Er2Ti2O7

43 and Tb2Ti2O7.
44,45,46 195 

Antiferromagnetic Kitaev-type exchange interaction have also recently been proposed for a related family of rare-earth 196 

honeycomb magnets47 and so the evidence presented here for a highly frustrated spin liquid-like state in TbInO3, with a 197 

frustration index f = |θCW|/TN of at least 170, suggests that anisotropic exchange interactions also operate within this system and 198 

induce a novel spin liquid akin to the Kitaev state. 199 

In conclusion, we have presented high-resolution powder neutron diffraction, magnetic susceptibility, μSR and inelastic neutron 200 

scattering data for the layered hexagonal antiferromagnetic, TbInO3. We have confirmed that TbInO3 adopts the hexagonal 201 

P63cm structure down to the lowest temperatures, which contains distorted, two-dimensional triangular layers of Tb3+ ions with 202 

two inequivalent terbium sites. The powder neutron diffraction, magnetic susceptibility and μSR data demonstrate an absence 203 

of long-range magnetic order and spin freezing in TbInO3 down to temperatures as low as 0.1 K, despite its Weiss constant of 204 

θCW = –17.2 K. Inelastic neutron scattering data reveal the development of short-range antiferromagnetic correlations below T ~ 205 

|θCW| characteristic of a two-dimensional magnet and a rich spectrum of CEF excitations. Our analysis of the CEF spectrum for 206 

TbInO3 suggests that the Tb3+ ions located at the Tb1 site are very different at temperatures above and below ~ 7.5 K, the 207 

energy characteristic of their lowest energy CEF excited states. The lack of long-range magnetic order between the 208 

antiferromagnetically-coupled Ising spins of Tb2 site ions on the ensuing honeycomb lattice is rather remarkable, even in the 209 

presence of weak coupling to Tb1 moments on its triangular lattice. However, we propose that strong spin-orbit coupling acts to 210 

generate anisotropy in the exchange interactions between the Tb3+ ions of the Tb2 site. Such anisotropic exchange is known to 211 

be sufficient to create substantial spin frustration on the honeycomb lattice and, therefore, may promote the spin liquid state 212 

that is observed in TbInO3 at low temperatures. As such, this study provides a strong impetus to extend the search for Kitaev 213 

quantum states of matter beyond heavy transition metal systems. Ultimately, one would hope to resolve the microscopic spin 214 
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Hamiltonian for TbInO3 to confirm the anisotropic nature of the exchange interactions between moments of the Tb3+ ions, as 215 

has been achieved for certain rare-earth pyrochlore systems from single crystal inelastic neutron scattering.23 216 

Methods 217 

A polycrystalline sample of TbInO3 was prepared via a high-temperature ceramic method.48 Stoichiometric amounts of Tb2O3 218 

and In2O3 were ground and intimately mixed, pressed into a pellet and sealed into a platinum tube. The sample was gradually 219 

heated in a furnace with four dwell segments: 1200 ºC for 10 hours, 1300 ºC for 15 hours, 1350 ºC for 5 hours and 1400 ºC for 220 

200 hours, followed by furnace cooling. A bright yellow polycrystalline sample was recovered. All subsequent powder 221 

measurements reported herein were performed on samples of TbInO3 taken from the same ~10 g batch. A single crystal of 222 

TbInO3 was grown using a laser diode floating zone furnace under a high-pressure air atmosphere with a growth speed of 10 223 

mm/hour. The feed rod used for the single crystal growth was prepared in the same manner as the polycrystalline sample. The 224 

resultant crystal boule was 50 mm long and 7 mm in diameter, and transparent yellow-brown in colour. X-ray diffraction 225 

confirmed that the sample is single phase over the whole length of the boule. 226 

Time-of-flight powder neutron diffraction data were collected on the High-Resolution Powder Diffractometer (HRPD) at the ISIS 227 

Facility, Rutherford Appleton Laboratory. High-temperature data (2 – 300 K) were collected in a 4He cryostat, with ~ 2 g of 228 

sample packed into a 2 mm thick rectangular slab aluminium can, with front and back vanadium windows. Data were collected 229 

at 2 K, 6 K, 100 K, 200 K and 300 K with counting times of at least 6 hours per temperature. For the low-temperature (T < 2 K) 230 

data collection a 3He insert was employed, for which ~ 4 g of the sample were loaded into an 8 mm diameter cylindrical 231 

vanadium can. A base temperature of 0.46 K was maintained for ~ 20 hours during which data were collected by the 232 

backscattering, 90º and low-angle detector banks. Due to the relatively large absorption cross section of indium (194 barn49), an 233 

absorption correction for the sample in the slab and cylindrical geometries has been applied to the high- and low-temperature 234 

data sets, respectively. Rietveld analysis of the diffraction data was performed using the GSAS software.50 235 

Magnetic susceptibility data were measured on a Quantum Design SQUID magnetometer. Powder sample data were recorded 236 

over the temperature range 2 – 300 K in a zero-field-cooled (ZFC) field-cooled (FC) cycle in an applied field of 0.01 T. Low-237 

temperature data (0.45 – 1.8 K) were obtained using a Quantum Design 3He cryostat. High-temperature inverse susceptibility 238 

data were fitted with a Curie-Weiss model, χ–1 = (T – θCW)/C where θCW and C are the Weiss and Curie constants, respectively. 239 

Single crystal susceptibility data were measured in an applied field of 0.2 T aligned both parallel and perpendicular to the 240 

crystallographic c-axis. The single crystal boule described above can be cleaved along the ab-plane, and for the susceptibility 241 

data we used a cleaved crystal 2 x 2 x 0.5 mm3 in size. 242 

Muon spin relaxation (μSR) measurements were performed on polycrystalline TbInO3 on the EMu (0.095 – 150 K) and MuSR 243 

(1.5 – 300 K) spectrometers at the ISIS Facility, Rutherford Appleton Laboratory. Data were collected in longitudinal field (LF) 244 

geometry in zero fields (ZF) and applied magnetic fields up to a maximum field strength of 0.4 T. For the dilution fridge 245 

measurements; the sample was contained within a silver foil packet and attached to a silver backing plate with vacuum grease 246 

for good thermal contact. The observed muon decay asymmetry function, A(t), is proportional to the average spin polarisation 247 

of the muons that land within the sample as a function of time. At temperatures above 150 K, the initial asymmetry of the data 248 

collected on MuSR was fitted to give a value of ~ 28.5 %, which reflects the full asymmetry expected for the MuSR instrument. 249 

However, as the sample was cooled, an increasing loss of initial asymmetry was detected. This effect is commonly observed in 250 
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pulsed μSR measurements on systems containing large magnetic moments associated with rare-earth ions, such as Tb3+.27 It 251 

can be attributed to the very fast depolarisation of muon spins caused by the large, fluctuating terbium moments, which cannot 252 

be resolved within the typical time frame of a μSR experiment at ISIS. A similar effect was observed in our EMu spectrometer 253 

data, with a full initial asymmetry of ~ 22.4 % recovered in the high-temperature, paramagnetic regime. To overcome this issue, 254 

the initial asymmetry was fixed at its full, high-temperature value for all subsequent fits to low-temperature data. 255 

Inelastic neutron scattering data were collected on the SEQUOIA51 and CNCS52 spectrometers at the Spallation Neutron 256 

Source, Oak Ridge National Laboratory. For both experiments, approximately 6 g of powder was sealed into an aluminium can 257 

with an annular geometry in a helium atmosphere with an indium seal. For the SEQUOIA experiment, the sample was loaded 258 

into a 4He cryostat and measured at various temperatures in the range 1.7 – 300 K with incident energies Ei = 8, 11, 60 and 120 259 

meV and selected chopper settings T0 = 30 Hz and FC1 = 240 Hz. Each data set was collected for ~ 2 hours. The CNCS 260 

experiment was performed in an Orange Cryostat with data taken in the range 1.8 – 30 K with incident energies 3.32 and 6.59 261 

meV. Again, each data set was collected for ~ 2 hours. Intermediate mode was selected for the Fermi chopper rotor, which 262 

provides the necessary energy resolution to distinguish the low-lying crystal field levels in the CEF spectrum for TbInO3. 263 

Individual cuts of the data in scattering vector, Q, and energy, E, were taken using the DAVE software package.53 For further 264 

details on the analysis of neutron scattering data see the Supplementary Information. 265 

Data availability 266 

Raw powder neutron diffraction54 and muon spin relaxation data55 were collected on the HRPD, MuSR and EMU instruments at 267 

ISIS Neutron and Muon Facility, Rutherford Appleton Laboratory, UK, respectively. Powder inelastic neutron scattering data 268 

were collected on the SEQUOIA and CNCS instruments at the Spallation Neutron Source, Oak Ridge National Laboratory, 269 

USA.56 All other raw and derived data used to support the findings of this study are available from the authors on request.  270 
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Figure 1 | Structural and magnetic properties of TbInO3 from powder neutron diffraction and magnetic susceptibility 382 

data. a, The layered hexagonal P63cm structure of TbInO3 consists of corner-sharing networks of non-magnetic [InO5]
7– trigonal 383 

bipyramidal polyhedra separated by 7-fold coordinated Tb3+ ions that form a triangular magnetic sublattice. The triangular 384 

network contains two crystallographic Tb3+ sites, and therefore, two distinct nearest-neighbour terbium ion distances: Tb1 – Tb2 385 

3.67 Å and Tb2 – Tb2 3.65 Å. Here, In3+ cations are shown as purple polyhedra, O2– anions as red spheres and Tb1 and Tb2 386 

site Tb3+ cations as light and dark green spheres, respectively. b, Rietveld refinement plot of the high-resolution powder neutron 387 

diffraction data collected for TbInO3 at 300 K on the backscattering bank of the HRPD instrument. The top ticks (black) mark the 388 

reflection positions for the hexagonal P63cm TbInO3 phase, whilst the bottom (red) ticks mark scattering from the vanadium 389 

sample can. The inset shows the difference between data collected on the low angle scattering bank of HRPD at 6 K and 0.46 390 

K at low Q. Again the tick marks show the reflections for the TbInO3 unit cell. c, Zero-field-cooled (ZFC) and field-cooled (FC) 391 

magnetic and inverse susceptibilities of polycrystalline TbInO3 were measured in an applied magnetic field of 0.01 T over the 392 

temperature range 0.45 – 300 K. The solid red line shows the Curie-Weiss fit to the inverse susceptibility data over the range 393 

10 – 300 K. The single crystal data were collected with a 0.2 T field aligned parallel (χc) and perpendicular (χab) to the 394 

crystallographic c-axis. d, Below ~ 7.5 K, the susceptibility of polycrystalline TbInO3 begins to deviate from the high-temperature 395 



12 
 

Curie-Weiss behaviour (red solid line). Below ~ 1 K, the data are well described by a second Curie-Weiss regime with a 396 

significantly reduced effective magnetic moment and Weiss temperature. e, The temperature evolution of the local spin 397 

anisotropy (defined as χab /χc) shows that the apparent XY nature of the system becomes markedly less pronounced below T ~ 398 

|θCW| (dashed line) and falls away rapidly below 7.5 K.  The inset shows the temperature dependence of χc below 100 K, and 399 

indicates its strong growth below T* ~ 7.5 K. 400 

Figure 2 | Muon spin relaxation study of TbInO3 in zero field and applied longitudinal fields. a, Zero field muon decay 401 

asymmetry data measured in TbInO3 on the MuSR spectrometer at various temperatures, with solid lines showing fits of 402 

Equation 1 to the data. The inset shows the muon decay asymmetry measured on the EMu spectrometer in applied longitudinal 403 

magnetic fields at 100 mK. b, The muon spin relaxation rate, λ, extracted from fitting zero-field muon decay asymmetry data 404 

collected on the MuSR and EMu spectrometers. The solid line is a fit of Equation 2 to the data. The error bars in a represent 405 

one standard deviation while the error bars in b are the standard errors of the fit parameter, λ. 406 

Figure 3 | Powder inelastic neutron scattering data for TbInO3. Temperature evolution of the background-subtracted 407 

inelastic neutron scattering spectra measured on the SEQUOIA spectrometer with Ei = 11 meV over the range 1.7 – 30 K. The 408 

data show bands of low-energy inelastic scattering at E ~ 2 meV and 0.8 meV in addition to a broad peak in the elastic channel.  409 

The intensity of all three features is centred at Q ~ 1.1 Å–1 ~ and they sharpen in Q and grow in intensity below T ~ |θCW|. 410 

Superimposed on the 30 K data are the CEF eigenvalues and thermally allowed transitions between them for the Tb1 (dotted 411 

lines) and Tb2 (dashed lines) site ions, as determined by our crystal field analysis. 412 

Figure 4 | Magnetic diffuse neutron scattering from TbInO3. The temperature dependence of the magnetic diffuse scattering 413 

in the a, elastic and b, low-energy inelastic channels obtained by integrating the inelastic spectrum (Ei = 11 meV) over E = [–414 

0.3, 0.3] meV and E = [0.3, 1.2] meV, respectively. The solid lines are fits of the Warren line-shape function to the data. c, The 415 

two-dimensional spin-spin correlation length, ξ, extracted from fitting Equation 1 (SI) to the magnetic diffuse scattering in the 416 

elastic and low-energy inelastic channels as a function of temperature. Below T* ~ 7.5 K, ξ obtained from fits to the low-energy 417 

inelastic data saturates but rises sharply in the elastic channel. The dashed vertical line marks T ~ |θCW|. The error bars in a and 418 

b represent one standard deviation. The error bars in c are the standard errors of the fit parameter, ξ. 419 

Figure 5 | Temperature evolution of the magnetic sublattice in TbInO3. The existence of a singlet ground state below a gap 420 

∆ ~ 7.5 K  for the Tb3+ ions that occupy the Tb1 sites in TbInO3 has the consequence that at low temperatures, the system 421 

realises an antiferromagnetic honeycomb network of Ising spins composed of the remaining Tb3+ ions at the Tb2 sites with a 422 

non-Kramers doublet ground state. For the honeycomb network, we show the low-temperature two-dimensional correlation 423 

area given by ξ at 1.7 K. 424 
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Table 1 | The CEF energy eigenvalues (E) and relative degeneracies (D) of the thirteen CEF levels of the Tb3+ ions at 430 

the Tb1 and Tb2 sites in TbInO3. Note the singlet (s) and doublet (d) ground states of the Tb1 and Tb2 sites, respectively. 431 

ETb1 / meV DTb1 ETb2 / meV DTb2

0 s 0 d 
0.65 d 1.06 s 
2.50 d 1.85 d 
3.17 s 4.15 s 
9.34 s 14.30 s 

14.77 s 18.23 s 
16.09 d 19.60 d 
18.24 d 23.45 d 
19.21 s 25.44 s 
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