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[n-BuNH3]12[Mn6Cl6(SbW9O33)2] 6H2O or Mn6 in short 

Experimental method and results.  If you failed to conduct experiment as planned, please describe reasons. 

Isolated magnetic clusters can exhibit quantum phenomena such as quantized magnetic states and 

quantum tunneling between them. When the interactions between the clusters become strong, a 

magnetic long range order with collective spin wave excitations can appear at low temperatures. If the 

clusters are arranged in a frustrating lattice with a triangular motif, however, the magnetic order can be 

suppressed, leading to exotic states. For instance, LiZn2Mo3O8 [1] in which Mo3O13 clusters with S = 1/2 

quantum spins form a triangular superlattice has a ground state of a collective disordered valence bond 

solid with a gapless excitation spectrum. In general, for a coupled molecular system, its ground state is 

determined by the interplay between the effective spin value of the magnetic molecules (S) and the 

nature of the “inter”-cluster and “intra”-cluster couplings. It is important to investigate different regions of 

the phase diagram to search for possible exotic states, and thus, we are investigating Mn6 [2], which 

are coupled clusters in a frustrating triangular lattice as shown in Fig. 1. 

To study detailed magnetic correlations in Mn6, we have performed time-of-flight measurements on 
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Experimental method and results (continued) 

powder Mn6 at DCS, NIST. Figure 2 shows ω dependences of the scattering intensities, S(Q = 0.25 
−1, ω), at 1.5, 3.0, and 6.0 K. Gapless low energy magnetic fluctuations are observed at 6.0 K, while 

strong peak centered at ω = 0.26 meV and small peaks around 0.54 meV are observed at 1.5 and 3.0 

K. Interestingly, our exact diagonalization study shows that both ω and Q dependences can be well 

explained by a spin Hamiltonian describing two neighboring Mn6 clusters that have ferromagnetic 

“intra”-cluster and antiferromagnetic “inter”-cluster couplings, and an easy-plane anisotropy. All the 

results so far suggest that Mn6 is the system where the magnetic clusters are arranged in a frustrating 

lattice with a triangular motif and the ground state is most likely short-range order. Although our previous 

study revealed the existence of antiferromagnetic short-range order of Mn6 clusters, our calculation 

expects that there are additional magnetic excitations. 

To confirm the validity of our model which can explain the exotic magnetism in the Mn6 system, we 

performed inelastic neutron scattering measurements at BL02 DNA, MLF, J-PARC. We have prepared 

deuterated 4 g powder sample, which was put into a Cu can and then attached to the dilution 

refrigerator. Si(111) reflections and 3x3 slits were used so that the energy resolution was 3 μeV at the 

elastic channel. By combining the five different phases, we obtained the fine-energy-resolution intensity 

maps in the range of -0.4< ω<0.8 meV and 0.1<Q<1.8 -1. Here, we show the energy spectra from 

Mn6 at 0.05 and 1.5 K using DNA. Q was integrated in 0.2 < Q < 1.0 -1. As observed at DCS, the sharp 
peak was observed at ω = 0.265 meV both in 0.05 and 1.5 K. Surprisingly, additional peaks evolves at 

1.5 K at 0.225 and 0.245 meV, which are very close the 0.265 meV peak. We are now considering how 

we can explain this “new” result using our model. We believe that the result at DNA supports our model 

in which Mn6 is the system where the magnetic clusters are arranged in a frustrating lattice with a 

triangular motif and the ground state is most likely short-range order. 

Finally we would like to thank the ISSP, CROSS, and JAEA staff for their great help and effort with 

preparing and conducting our experiment. 
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Crystal structure of Mn6.         ω dependences of S(0.25 −1, ω)   Energy spectra at 0.05 and 1.5 K 

        at 1.5, 3.0, and 6.0 K using DCS.       using DNA. 


