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Figure 1 (Color online) (a) Phonon dispersion relation curves of large
volume hexagonal a-MnAs phase of MnAs compound under different
pressures; (b) phonon dispersion relation curves of the hexagonal a-
MnAs phase with different magnetic moment values and magnetic order
(reprinted with permission from ref. [24]. Copyright 2010, APS
Publishing Limited).
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Figure 2 (Color online) Calculated phonon entropy of MnAs for the
hexagonal and orthorhombic structures at p=0 (upper curve) and
p=20 kbar (lower curve). The inset shows the change of phonon entropy
at T (reprinted with permission from ref. [24]. Copyright 2010, APS
Publishing Limited).
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Figure 3 (a) DSC traces of endothermic peaks for MnCoGe and
MnNiGe (reprinted with permission from ref. [22]. Copyright 1975,
ACS Publishing Limited); (b) DTA heat flow curves for MnNiGe under
various pressures; the numerical values in parentheses are the pressures
in kbars (reprinted with permission from ref. [23]. Copyright 1978, APS
Publishing Limited).
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Figure 4 (Color online) Temperature dependence of heat flow (blue,
endothermic curve) and entropy (red) of MnCoGe,q,Aly,; alloy
measured on heating process under zero magnetic field and ambient
pressure (reprinted with permission from ref. [34]. Copyright 2020,
Elsevier B.V. Limited).
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Figure 5 Entropy changes against magnetization variation for La(Fe,
Si);;-based compound. Measured entropy changes are represented by
hollow circles. The solid line represents the result of the theoretically
calculated spin entropy change. The solid triangle represents the result
of the total entropy change without considering the effect of elastic
energy, and the solid circle represents the total entropy change without
considering the effect of elastic and phonons energy (reprinted with
permission from ref. [27]. Copyright 2006, AIP Publishing Limited).
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Figure 6 (Color online) Typical Fe-partial vibrational density of states
(VDOS) of LaFe, (Si;, obtained from “Fe NRIXS measured at
different temperatures in a magnetic field uoH~0.7 T (black circles
with error bars). Red curves are DFT-computed Fe-partial VDOS for the
FM state, PM state and the FSM state. Thick lines show the calculated
Fe-partial VDOS of (96i) Fe, (blue) and (8b) Fe, sites (green) (reprinted
with permission from ref. [26], Copyright 2018, APS Publishing
Limited).
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Figure 7 (Color online) Temperature dependence of the experimental (a) and DFT-computed (b) vibrational entropy S,,(7) of LaFe, (Si,
compound. (c¢) Temperature dependence of the Debye temperature ®p of the LaFe,,(Si;, compound (reprinted with permission from ref. [26].
Copyright 2018, APS Publishing Limited). (d) Temperature dependence of @, for La(Fe,,C005)11651;; calculated using the Debye approximation
(reprinted with permission from ref. [37]. Copyright 2020, ACS Publishing Limited).
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Figure 8 (Color online) DFT-computed DOS(E) for minority d
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ref. [26]. Copyright 2018, APS Publishing Limited).
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Sign of lattice and spin entropy change during phase transition
in giant magnetocaloric materials
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' Beijing National Laboratory for Condensed Matter Physics, State Key Laboratory of Magnetism, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, China;
* School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;
* Songshan Lake Materials Laboratory, Dongguan 523808, China;
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Solid-state refrigeration based on the magnetocaloric effect (MCE) has garnered worldwide attention because of its
superior energy conservation and environment friendliness. A common feature of giant magnetocaloric materials is the
simultaneous magnetic and lattice transitions, while some of them undergo negative expansion, i.c., lattice contraction,
during the transition from the ferromagnetic (FM) to the paramagnetic (PM) phase. Generally, a larger lattice volume
indicates softer phonons and therefore a larger phonon entropy. However, experimental and theoretical studies have
shown that there are great differences in the mechanism of phonon modes for different materials. In particular, the
strengthening or softening of the phonon vibration mode during magnetic phase transition determines the magnitude and
sign of lattice entropy change. Therefore, for the giant MCE materials with negative thermal expansion, whether the sign
of lattice and spin entropy change is the same or the opposite has always been controversial. Combined with previous
studies of nuclear resonance inelastic X-ray scattering (NRIXS), and by means of heat flow measurements and Debye
theory calculations, we have clarified the sign of lattice and spin entropy change of giant magnetocaloric La(Fe, Si),s-
based compounds and MM'X alloys with negative thermal expansion. Results show that the lattice and spin entropy
changes retain the same sign for La(Fe, Si);;-based compounds and MM'X (M, M’ = transition element, X = main
element) alloys, which conforms to the principle of entropy increase. This work is helpful in fully understanding the
intrinsic mechanism of giant magnetocaloric effect and its multi-field regulation for magnetostructural/magnetoelastic
materials with negative thermal expansion during phase transition.

sign of lattice entropy change, sign of spin entropy change, phase transition, negative lattice expansion,
magnetocaloric effect
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