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Fig. 1. Temperature dependence of the experimental (a) and DFT-computed (b) vibrational entropy Sy, (7) of the Fe sublattice for

LaFey; Si; 4 compound; (c) temperature dependence of the Debye temperature Oy, of the LaFe;; ¢Si; 4 compound!™; (d) temperature

dependence of Oy, for La(Fej g,Coq s)11.95i1 1 calculated using the Debye approximation/3!.
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Fig. 2. For the La(Fe(92Cog 03)11.9911.1 compound, (a) entropy change for the magnetic field changes of 0-2 T and 0-5 T under differ-

ent pressures, and (b) entropy change for different pressure changes as a function of temperature; (c) schematic diagram indicating

the variations of atomic local environments caused by physical pressure and chemical pressurel*!,
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Fig. 3. (a) The lattice volume as a function of temperature for La(FegCoqgg)i1.95111 compound under different pressures. Inset

shows the relative volume change AV/V as a function of pressure; (b) neutron intensity (with error bars) of the (531) * reflection as

a function of temperature under different pressures?!l.
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Fig. 6. (a) Temperature dependences of the ZFC and FC magnetizations for HoCuSi in a magnetic field of 0.01 T under different
pressures. The inset shows 1/y—T curves under different pressures; (b) the pressure dependences of paramagnetic Curie temperature

Op and effective magnetic moment M, derived from the M-T curves in Fig.6(a)P.
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Fig. 9. (a) Temperature dependence of the ZFC and the FC magnetization for PrGa under a field 0.5 T, where the inset shows the
dependence of Tgg and T, on the application of pressure; (b) temperature dependence magnetization for PrGa under a field 5 T,
where the inset shows the corresponding dM/d T curves under different pressures(®!l.
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Fig. 11. The XRD patterns of (a) FeRh(011)/(001)PMN-PT and (b) FeRh(001)/(011)PMN-PT heterostructure at room temperature;
(c) configuration of spontaneous polarization vectors along body diagonals shown by arrows for (001)-oriented PMN-PT single crys-
tal and (d) the projections of ferroelectric domains r1/r3 and r2/r4 in the (001)-plane and the corresponding FeRh domains in
(011)-plane; (e) configuration of spontaneous polarization vectors along body diagonals shown by arrows for (011)-oriented PMN-PT
single crystal; (f) cross-sectional STEM HAADF image of FeRh(001)/(011)PMN-PT heterostructure and the corresponding atomic
arrangement of a-FeRh, buffer layer and PMN-PT; EDX mapping of (g) Fe (green) and (h) Pb (blue) element distribution at the
interface, where the scale bar is 2 nm in length; (i) schematic diagram of spinel buffer layer formation. Pb atoms (red) in the ABO3
perovskite PMN-PT volatilize at high temperature, and Pb vacancies appear, which give rise to the skewing of adjacent atoms. Dur-
ing film growth, Fe atoms at the interface permeate into Pb vacancies, facilitating the formation of a buffer layer with spinel struc-

turel?,
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Fig. 12. The comparison of AS curves at 0-5 T under different electric field, where the corresponding refrigeration temperature
spans are marked for (a) (011)FeRh/(001)PMN-PT and (b) (001)FeRh/(011)PMN-PT.,
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Fig. 13. Schematic diagram of AMR cycle: (a) Schematic diagram of dual field stimulated AMR cycle; (b) the AS-T curves of FeRh

layer tuning by FE domains of PMN-PT substrates!3l.
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Fig. 14. Regulation of hysteresis loss by non-volatile strain: (a) Sketch of the FeRh/PMN-PT heterostructure; (b) the loop-like M-FE

curve measured at 5 T and 310 K; (¢) M—H curves in the absence of electric field; (d) M—H curves with a pulse electric field 0 —> - 6 —

0 kV/cm applied at 5 T. Supposing the produced strain could be larger, path 6 would be along path 6’ or path 6" instead, and then

the enveloped area by path 56" or 56" would approach zero or turn out to be inverse. Lower panel, an exploded diagram corres-

ponds to the above processesl34.
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Fig. 15. Schematic diagram of heat flow from FeRh to Cu and PMN-PT: (a) Taking Cu as the heat medium, temperature evolu-

tion with time indicated by colors for the 3 layers of Cu, FeRh, and PMT-PT based on finite element simulation; (b) schematic dia-
gram of heat flow from FeRh film to the heat transfer medium (Cu) and the PMN-PT substrates/*!.
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Fig. 16. (a) Temperature of FeRh alloys and the alternative magnetic field as a function of time at 7' = 373 K; (b) time depend-
ence of adiabatic temperature change AT for FeRh alloys at 373 K under 820 cycles of 1.8 T magnetic field; (¢) TEM image at the
position of phase boundaries for a-FeRh, the inset shows the corresponding selected area electron diffraction (SAED) pattern; (d),

(e) dark-field TEM images recorded from the same region as (c), where the diffraction spots of (d) o-FeRh [011] and (e) 7-FeRh

[241] are allowed to pass through the hollow objective apertures; (f) temperature dependent SCP curves under different frequency,

the inset shows the peak value of SCP as a function of frequency!.
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Fig. 18. Temperature dependence of magnetization under a magnetic field of 0.3 T for (a) as-prepared and (b) bonded samples; tem-
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Fig. 19. For MnCoGegolng; alloy: (a) SEM image, high-resolution TEM image, and electron diffraction pattern from Fourier

transform, P5 (0.3-1.0 pum), circled regions by the white line indicate the nanocrystallites; (b) linear thermal expansion AL/L for
the bonded particles compared with the bulk (the reference temperature is 390 K). Particle size: P1 (10-20 pm), P3 (2-5 pm), P4
(1-2 pm), and P5 (0.3-1 um). The inset shows the morphology of the bonded particles!?!.
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Fig. 21. The comparison between the magnetic structure, crystal structure, measured AL/L, and the calculated (AL/L)g =
(AV/V)s for bonded (a), (b) MnggFeq13NiGe and (c), (d) MnCoGeg gglng ;7.
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Abstract

As a common phenomenon in nature, phase transition has received much attention for a long time. It has
been applied to various fields, such as refrigeration, information and energy storage, and negative thermal
expansion. Solid refrigeration technology based on magnetocaloric effect, electrocaloric effect, and
mechanocaloric effect has the advantages of environmental protection, high efficiency, no noise, and easy
miniaturization, and is expected to replace vapor compression technology. Among them, the magnetocaloric
effect has the longest research history. However, the shortcomings of magnetocaloric effect driven by a single
magnetic field limit its solid-state refrigeration application, such as insufficient amplitude of caloric effect, large
hysteresis loss, and narrow refrigeration temperature span. To solve these problems, multifield tuning and
multicaloric effect have come into people's sight. This paper introduces our recent research on improving the
caloric effect by applying multifield, such as increasing entropy change, expanding transition temperature range,
adjusting transition temperature, and reducing hysteresis losses. The thermodynamics of multifield and coupled-
caloric effect are presented in the meantime. On the other hand, materials with abnormal thermal expansion
(zero thermal expansion, negative thermal expansion) have important applications in precision manufacturing.
The phase transition and lattice effect dominated by magnetic atoms in the giant magnetocaloric materials with
strong magnetic-crystal coupling provide an ideal platform for exploring abnormal thermal expansion. This
paper also introduces our recent research on abnormal thermal expansion in magnetocaloric materials, and looks

forward to future relevant research.

Keywords: phase transition regulation, magnetocaloric effect, coupled-caloric effect, abnormal thermal

expansion
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