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Cooling Technology in the Future
Plastic crystal could be the key for next generation of refrigeration technology. 

R efrigeration is very important 
in modern society. The society 

is consuming 25 to 30 percent of 
world’s electricity for cooling food 
and space. Current refrigeration 
technology is mostly using the 
conventional vapour compres-
sion cycle. The materials which 
are being used are of growing 
environmental concern because 
of their global warming potential. 
Refrigeration technology based 
on solid state caloric effects have 
been attracting attention in re-
cent decades as an alternative. 

However, because of small iso-
thermal entropy change and 
large driving magnetic field, their 
application is restricted by limited 
performance of current caloric 
materials. In this paper, SIKA 
user, Bing Li (Chinese Academy of 
Sciences) and his multinational 
collaborators reported colossal 
balocaloric effect (CBCEs) (baro-
caloric effects are cooling effects 
of pressure induced phase tran-
sitions) in a class of disordered 

Cycle of cooling by using Balocaloric effect. [Reproduced from Ref. 1]

Fig. 1: Elastic incoherent scattering intensity 
as a function of temperature at Q = 
2.1 Å−1, measured on SIKA. [Repro-
duced from Ref. 1] 

solids called plastic crystals. In this project, the team has worked on 
a representative plastic crystal, neopentylglycol (NPG), the recorded 
entropy changes are about 389 joules per kilogram per kelvin near 
room temperature. Neutron scattering measurements with pressure 
setting reveal that CBCEs in plastic crystals can be attributed to the 
combination of extensive molecular orientational disorder, giant 
compressibility and highly anharmonic lattice dynamics of these ma-
terials. This study establishes the microscopic mechanism of CBCEs 
in plastic crystals and paves the way to next generation solid-state 
refrigeration technologies

Li’s team recently published their study in Nature.1 They report on an 
unusual phase transition in a plastic crystal. The colossal barocaloric 
effects, reported here in a class of highly disordered solid, could be a 
solution to the next-generation of solid-state refrigeration technol-
ogies. Using neutron scattering instruments at Japan Proton Accel-
erator Research Complex (J-PARC) and Australia’s Nuclear Science 
and Technology Organisation (ANSTO), the team monitored the molecular dynamics of this material. Their ex-
perimental results and computer simulations are consistent. At the early stage of this research, SIKA instrument 
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Fig. 2: Pressure-dependent phase transition and dynamics of NPG. (a) Temperature–pressure phase diagram, determined using 
high-pressure DSCs. Details about the datasets obtained at Osaka University and at Setaram are provided in Methods. Solid 
lines are guides for the eye. (b) Pressure-induced entropy changes (ΔSP0→P) during heating for pressure changes from ambient 
pressure (P0 = 0.1 MPa) to P = 15.2, 30.4, 45.0, 71.5 and 91.0 MPa. (c) High-pressure synchrotron XRD spectra at 318 K, show-
ing the pressure-induced cubic-to-monoclinic transition. λ, wavelength; θ, scattering angle. (d)−(e) QENS measurements at 
ambient pressure (d) and 286 MPa (e) obtained at 325 K with Ei = 2.64 meV. (f)−(g) INS measurements at ambient pressure (f) 
and 286 MPa (g), obtained at 325 K with Ei = 23.72 meV. We note that the inelastic signals at about 1.3, 2.6, 4.4 and 5.1 Å−1 are 
contributed by phonons from Teflon. (h)−(i) Structural snapshots of molecular dynamics simulations at 340 K under ambient 
pressure (h) and 200 MPa (i). The red balls represent oxygen atoms, and their random arrangements are suppressed under 
pressure. [Reproduced from Ref. 1]

scientist, Shinichiro Yano (NSRRC) identified an anom-
aly in the incoherent elastic scattering intensity as 
shown in Fig. 1 at the structural phase transition after 
conducting neutron scattering experiments on SIKA.

After the SIKA experiment, Li followed up the work 
on the inelastic neutron scattering (INS) spectrometer 
PELICAN at ANSTO, pressure dependent Quasi elastic 
neutron scattering (QENS) experiment and INS on 
AMATERAS at J-PARC (Figs. 2(d)−2(g)), high pressure 
DSCs experiment (Figs. 2(a) and 2(b)) at Osaka Uni-

versity in Japan, high pressure synchrotron XRD mea-
surement in SPring-8 in Japan (Fig. 2(c)), and density 
functional theory (DFT) calculations for simulations 
(Figs. 2(h) and 2(i)). These experimental and theo-
retical insights unambiguously indicate that the CBCE 
of NPG can be attributed to the suppression of the 
extensive orientational disorder by pressure.

To summarize, Li and his colleague have discovered 
that plastic crystals exhibit CBCEs and determined 
the microscopic origin through pressure-dependent 
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QENS and INS measurements. Plastic crystals are very 
promising for practical refrigeration applications 
given that they are abundantly available, environ-
mentally friendly and easily driven and have high 
performance. Our work indicates a new direction 
for emergent solid-state refrigeration technologies. 
(Reported by Shinichiro Yano) 

This report features the work of Bing Li and his collab-
orators published in Nature 567, 506 (2019). 

ANSTO  SIKA—Cold Neutron Triple-axis  
  Spectrometer

•  Neuron Inelastic Scattering
•  Materials Science, Plastic Crystal, QENS, Caloric Effect

Reference 
1. B. Li, Y. Kawakita, H. Wang, T. Kikuchi, D. Yu, S. 

SIKA – Cold neutron triple-axis spectrometer (with dilution 
fridge and magnet). 

Magnetic Correlations in the Disordered Fuorite 
Dy2Zr2O7
Dy2Zr2O7 has a dynamic magnetic ground state, but not possess the spin-ice correlations 
seen in the chemically ordered Dy2Ti2O7 compound. Bulk magnetic properties, specific heat 
and neutron diffraction support that the fluctuating Dy3+ spins are in a disordered, liquid-like 
state, which do not freeze into a canonical spin-glass.  

M agnetic frustration, i.e. competing interactions, is common in systems of interacting degrees of freedom. 
As a result, exotic phenomena are often observed in these systems. The magnetic frustration can be cata-

loged into two major types: geometric frustration and the frustrations among the random distributed magnetic 
ions. The cubic pyrochlore oxides, A2B2O7, is an ideal example of geometrically magnetic frustration because 
the A and B ions reside on two distinct interpenetrating lattices of corner-sharing tetrahedra. If A, B, or both are 
magnetic and the nearest-neighbor exchange interaction is antiferromagnetic, the system is highly geometrically 
frustrated. As a result, antiferromagnetically coupled classical Heisenberg spins on the pyrochlore lattice do not 
develop long-range order at any nonzero temperature, opening up new avenues for novel intrinsically quantum 
mechanical effects to emerge at low temperatures.1 However not all the A2B2O7 compounds crystallize into the 
pyrochlore structure. Some of them crystallize into the disordered fluorite structure.2 The title compound is one 
of the examples. In the disordered fluorite structure, the metal ions randomly distribute on two interpenetrating 
sublattices of corner-sharing tetrahedra. 

In this work J. G. A. Ramon (University de São Paulo, Brazil) and his collaborators report the bulk properties and 
neutron diffraction of Dy2Zr2O7, suggesting that a significant amount of disorder can lead to a dynamic ground 
state when combined with frustration at low temperatures. Dy2Ti2O7, a well-studied pyrochlore compound, is in 
the “spin ice state” at low temperatures. The recovered electronic entropy, shown in Fig. 1, asymptotically ap-
proaches (R/2)ln(3/2) which is the ice entropy found by Linus Pauling. On the other hand, the recovered entropy 
of Dy2Zr2O7 is close to the Rln(2), for a system with only two discrete orientations. This directly indicates that 
there is no spin-ice state in Dy2Zr2O7. 

Magnetic diffraction data sets at 40 mK are shown in Fig. 2. The net intensity has been corrected for the |Q| 
dependence due to the Dy3+ magnetic form factor so that models of possible spin structures can be compared. 

Yano, W. Ren, K. Nakajima, Z. Zhang, Nature 567, 
506 (2019).
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