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4D XY Quantum Criticality in the Superfluid Transition of “He Confined in Nanoporous Media

Thesis Summary

This dissertation presents that the superfluid transition of *He confined in nanoporous media, a
bosonic system showing quantum phase transition (QPT), belongs to the four-dimensional (4D) XY
universality class at finite temperatures.

QPT is a phase transition of matter occurring at absolute zero by changing an external parameter
such as pressure. In QPT, contrary to classical phase transitions at finite temperatures, quantum
fluctuations play an important role on the transition. QPT has been of central interest in physics of
strongly correlated fermionic systems such as heavy electron compounds and high-7; cuprates, but
it is yet to be understood because of the complexity characteristic of fermions. In contrast, QPTs in
bosonic systems are relatively simple and can be understood with a clear perspective based on the
Bose-Hubbard model. However, there have been few real bosonic systems showing QPTs.

*He confined in nanoporous media provides a unique example of bosonic QPT. It undergoes a
QPT between the superfluid phase and a nontrivial nonsuperfluid phase called the localized Bose -
Einstein condensation (LBEC) state by changing pressure. The phase diagram and superfluid
density were studied by torsional oscillator studies. A theoretical study showed that the criticality in
the QPT is governed by 4D XY universality class. The theory proposed that the quantum nature
influences the phase transition at finite temperatures. In general theory of QPT, however, the finite
temperature transition is classical, which in the present case is 3D XY. To understand the
mechanism of the QPT, further experimental information on the critical phenomenon at finite
temperature is needed.

In the present work, we have studied superfluidity of *He in nanoporous Gelsil glasses that have
nanopores of 3.0 nm in diameter. Superflow in the porous glass disk sandwiched by two bulk “He
reservoirs is measured by Helmholtz resonator technique. We have precisely determined the
temperature dependence of superfluid density in nanopores by measuring several Helmholtz
resonant modes in detail.

The superfluid critical exponent zeta is estimated to be 1.020.1. This value exactly agrees with
the critical exponent derived from the 4D XY model, and is distinct from that of bulk superfluid
*He, 0.67. That is, the superfluid transition of *He in Gelsil exhibits 4D XY quantum criticality
even at finite temperatures.

For the emergence of 4D criticality at finite temperatures, we give an interpretation that the

coherence length of LBEC is strongly suppressed by a size effect in nanopores. The system
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undergoes the superfluid transition when the coherence length exceeds the distance between
LBECs. One may expect an excess dissipation accompanied with the superfluid transition by the
alignment of the phases of LBECs. We have observed that Helmholtz resonance linewidths, i.e.
dissipation, anomalously increase just below the superfluid transition. We have analyzed the
linewidths in terms of the energy dissipation by phase alignment, and quantitatively explained the
temperature dependence. This supports further the concept of LBEC and elucidates the microscopic
mechanism superfluid transition in nanoporous media.

To conclude, we have revealed that the superfluid transition of “He in nanoporous media belongs
to the 4D XY universality class even at finite temperatures, by the precise measurements of
superfluid density with Helmholtz resonance technique. 4D phase transition is theoretically
straightforward to analyze, but it was difficult to find in real matters. This dissertation presents for

the first time that *He in nanoporous media provides a unique example of 4D transition.
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