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Summary of thesis: The thermal transport of a spin liquid state 

Daiki Watanabe 

 

With lowering temperatures, most of materials form long-range orders. This is 

because thermal fluctuations (~ kBT) become weaker than the interaction energy in low 

temperatures. On the other hand, quantum fluctuations, which originate from the 

Heisenberg uncertainty principle, never cease even at the absolute zero temperature. 

Quantum fluctuations, thus, can be stronger than the interaction energy, giving rise to a 

disordered state in low temperatures. These states are called “quantum liquids”. The 

most famous example of the quantum liquids is the liquid Helium which never freezes 

at ambient pressure because of the strong effect of the zero-point vibration; a quantum 

liquid state is literally realized. In quantum liquids, quantum effects such as difference 

of quantum statics in 3He and 4He manifest itself in a drastic way. These “exotic” states 

have attracted many researchers for many decades.  

Quantum liquid states in spin systems have gotten a lot of attention recently[1]. 

Spins form ordered states when the interaction energy J/kB < T, e.g. a ferromagnetic or 

an antiferromagnetic state. Theoretically, it has been expected that a quantum spin 

liquid (QSL) state is realized when quantum fluctuations enhanced by geometrical 

frustrations or low dimensions melt the ordered states of spins into a liquid like state. 

In quantum spin liquids, constituent spins are highly correlated but do not form 

long-range orders. In one dimensional system, the QSL states are well understood 

theoretically and experimentally. In 2D, on the other hand, many exotic states 

accompanied with unconventional quasiparticles have been expected theoretically. 

However, the nature of the QSL states remains mostly unknown. 

To study the nature of QSLs, it is of vital importance to clarify the elementary 

excitations. Recently, it is shown that spin excitations of quantum magnets show Hall 

effect under fields in an analogous way to the conventional Hall effect of electrons in 

normal metals[2]. For mobile electrons, the Lorentz force is the origin of the Hall effect. 

On the other hand, in quantum magnets, which are insulators without mobile electrons 

the Hall effect is due to the topological effect (e.g. the Berry curvature for the ordered 

magnets). The spin excitations cannot carry charges, but can transport heats. Thus the 

Hall effect is expected to be observed as thermal Hall effect. This thermal Hall effect is 

suggested to exist also in QSLs, providing a new way to explore the quasiparticles in 

QSLs. 

We performed longitudinal and transverse thermal transport measurements of a 

kagome insulating magnet  volborthite (Cu3V2O7(OH)2・2H2O)[3]. Volborthite has a 



two-dimensional kagome network of Cu2+ ions with inequivalent exchange interactions, 

forming a distorted kagome magnet. Due to the strong geometrical frustration effect of 

the kagome structure, the magnetic ordering is suppressed down to TN ~ 1 K against to 

the effective interaction energy Jeff/kB ~ 60 K. Large and very clean single crystals of 

volborthite can be synthesized, providing great advantages to study the spin systems 

experimentally. From the heat capacity C and the magnetic susceptibility  

measurements, we found that a large C/T and  remains in the zero-temperature 

extrapolation near T > TN, suggesting a gapless spin liquid state is realized in TN < T < 

Jeff/kB.  

From longitudinal thermal conductivity (xx) measurements, we found that xx is 

suppressed by magnetic fields below 20 K. In quantum magnets, thermal conductivity 

consists of thermal conduction of phonons (phonon) and that of spins (spin). For phonon, 

spins are scattering centers reducing phonon. Applying magnetic fields, thus, increases 

phonon. Therefore, the suppression of the thermal conductivity by fields can be 

attributed to the field effects on spin, proving the spin excitations carry heat in 

volborthite. Although the detail mechanism of suppression of spin in volborthite is not 

completely clear, such suppression of spin has been reported in 1D spin chain system[4] 

where the velocity of spinons is reduced under fields. 

To observe tiny thermal Hall signal, it is necessary to suppress background Hall 

effects from metals around the sample. We adopted an insulator with high thermal 

conductivity (LiF) as the thermal bath and apiezon N grease to attach the sample. 

These improvements enable us to resolve small Hall signal (the Hall angle tanH ~ 10-4), 

and to observe negative thermal Hall effect (xy) in volborthite. We found that xy is 

absent at temperatures above Jeff/kB but becomes finite below Jeff/kB. xy shows a peak at 

~ 15 K at which the magnetic susceptibility also shows a peak. Below 15 K, -xy shows a 

rapid drop and change sign slightly above TN. The intimate correlation between xy and 

 implies that the observed thermal Hall effect originates from the exotic spin 

excitations coupled with external fields. Assuming that the spin excitations obey the 

Wiedemann-Franz law, the effective Lorentz force acting on the spin excitations can be 

estimated as 1/100 of that on free electrons in metals. 
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