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Solid-state refrigeration based on the magnetocaloric effect (MCE) has garnered worldwide attention because of
its superior energy conservation and its environmentally friendly impact. Many materials exhibiting magne-
tostructural/magnetoelastic transitions have been identified by their giant MCE as promising refrigerants. The
common feature of these materials is their simultaneous magnetic and lattice transitions; some also undergo
negative expansions, i.e., lattice contractions, along with a ferromagnetic (FM) to paramagnetic (PM) transition.
For these materials, whether the signs of lattice and spin entropy change are the same or opposite has become a
controversial issue, noting that a larger unit cell volume usually indicates softer phonons and therefore a bigger
phonon entropy. On the basis of our experiments and published data, we demonstrate that the lattice and spin
entropy changes retain the same sign at least for La(Fe,Si);3-based compounds and MM’X alloys with giant MCE,
for which the lattice undergoes negative expansion along with a FM to PM transition on heating. The clar-
ification of the sign of lattice entropy change in the total entropy change is of particular importance for a

comprehensive understanding of new materials with giant magnetocaloric effect and their design.

1. Introduction

Solid-state cooling based on the magnetocaloric effect (MCE) is a
promising alternative to traditional vapor compression refrigeration
because of its environment-friendly impact and in theory high energy
efficiency [1-4]. Since the discovery of the giant MCE in Gds(Si»Ge,), a
number of first-order giant magnetocaloric materials have been dis-
covered [5-17], which in turn promoted the development of the mag-
netic refrigeration technique. A common feature of these materials is
that magnetic phase transition is always accompanied by a dis-
continuous change in lattice parameter and/or crystal symmetry. The
giant MCE originates from a concurrent structural and magnetic tran-
sition. Rough estimations show that the lattice contribution accounts
for 50%-60% or more of the total entropy change for the materials
undergoing a magnetostructural/magnetoelastic transition [5,7], and

the magnitude of lattice entropy change (ASy.,,) is closely related to the
volume change (AV/V) during the phase transition [7]. However, po-
sitive [8,9] or negative [3,10-13,15-17] lattice expansions may occur
along with a ferromagnetic (FM) to paramagnetic (PM) transition
among the different materials with giant MCE.

Typically, Gds(SixGe; x)4 undergoes a positive expansion from a FM
orthorhombic a-GdsSi»Ge, to a PM monoclinic 3-GdsSi>Ge, structure
with AV/V~+(0.4-1.0) % [8,9]. Generally, a larger lattice volume
indicates softer phonons and therefore a larger phonon entropy. Hence,
understandably, the sign of AS;. is the same as that for the spin en-
tropy change (ASgp,) during the magnetostructural transition in
Gds(SixGe;.x)4. Note that the spin entropy of the PM state is also larger
than that of the FM state. In contrast, some materials with giant MCE
show negative expansions, i.e., lattice contractions, during the FM to
PM transition. For example, La(Fe,Si);5-based compounds undergo a
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magnetoelastic phase transition with a space group (Fm-3c) unchanged
while the lattice contracts by AV/V~—(1.2-1.6)% on heating during
the FM to PM transition [3,10,18]. MnAs-based compounds undergo a
magnetostructural transition from a FM hexagonal NiAs-type to a PM
orthorhombic MnP-type structure, and the lattice contracts by AV/
V~—(1.1-2.1) % [12,13]. Furthermore, an abnormal lattice contrac-
tion with AV/V~—(2.8-3.9) % occurs in MnCoGe/MnNiGe-based al-
loys during the magnetostructural transition from a FM/AFM ortho-
gonal TiNiSi-type to a PM hexagonal NiyIn-type structure
[16,17,19,20]. For these materials, whether the sign of lattice and spin
entropy change is the same or opposite has always been controversial
and has puzzled many researchers [21-23], noting that the lattice
parameter of the FM/AFM phase is larger than that of the PM phase. In
general, an application of a magnetic field, which drives the system
from a PM to a FM state, should increase the lattice entropy while si-
multaneously decreasing the spin entropy. The signs of lattice and spin
entropy change should be opposite. Similar to La(Fe,Si),3, the magnetic
and structural transitions in MnAs also cannot be separated. A study on
MnAs based on density functional theory (DFT) concluded that the
phonon contribution to the total entropy change has the opposite sign
to the spin entropy change [24], although no direct experimental evi-
dence has been reported to date. For La(Fe,Si);3, Jia and coworkers in
our group once believed the spin entropy change was negative, whereas
the phonon entropy change was positive but smaller, hence leading to
an overall negative entropy change upon applying a magnetic field
[21]. However, recent experimental investigations indicated that this is
not the case. Landers and co-workers investigated the lattice vibrational
entropy change AS;, in LaFe;; ¢Si; 4 by nuclear resonant inelastic X-
ray scattering (NRIXS) [22,23]. The results demonstrated that the AS
obtained by this method is a sizable quantity and contributes co-
operatively to the total entropy change AS during the phase transition
for La(Fe,Si);3 compounds. Moreover, earlier studies on the stoichio-
metric MnCoGe and MnNiGe alloys with separated structural and
magnetic phase transitions indicated that the signs of AS, and ASgpin
are the same although the alloys undergo negative expansion during the
structural transition [19,20]. In this paper, we present the details.

2. Results summarized based on literatures and our experiments
2.1. MM’X alloys

As members of the MM'X family (M, M’ = transition elements, X
= main element), the MnCoGe-based and MnNiGe-based alloys un-
dergo negative thermal expansions along with FM/AFM to PM transi-
tions [16,19,20,25-30]. The reported giant MCE originates from con-
current structural and magnetic transitions. This situation also pertains
to La(Fe,Si);3 and MnAs materials. Fortunately, the structural and
magnetic transitions can be separated by adjusting the composition of
the MM’X alloys.

Previously, Johnson in 1975 and Anzai and Ozawa in 1978 [19,20]
studied the magnetic and structural characteristics of the stoichiometric
MnCoGe and MnNiGe alloys, which show separated structural and
magnetic phase transitions. The martensitic structural transition Ty
occurs in the PM region, and is accompanied by a pronounced lattice
expansion with AV/V~ —(1.6-3.9)% upon cooling (Fig. 1a). From the
heat flow measured by differential scanning calorimetry (DSC) or dif-
ferential thermal analysis (DTA) (Fig. 1b, c), the sign of phase transition
heat is seen to be the same as for the discrete magnetic and structural
phase transitions of MnCoGe and MnNiGe, obeying the basic principle
of increasing entropy. The materials continuously absorb heat and in-
crease entropy while undergoing the two transitions on heating, al-
though a negative lattice expansion occurs around Ty for both alloys.

Furthermore, Anzai and Ozawa studied the effect of pressure on
these magnetic and structural transitions for MnNiGe [20]. The mag-
netic and structural transitions were found to couple together gradually
with increasing pressure (Fig. 1c). Therefore, the heat of the phase
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transition includes both magnetic and structural contributions. These
results further proved that, although the structural transition is from a
large volume phase to a small volume phase, the phase transition re-
mains a process involving an increase in entropy that is the same as that
for a pure magnetic transition from order (the FM/AFM phase) to dis-
order (the PM phase).

In addition, to obtain large MCE in the MM'X alloys, much effort has
been expended in creating a magnetostructural coupling in these sys-
tems. Bao and coworkers in our group studied the magnetostructural
transition and the MCE in MnCoGe; Al,. Replacing Ge by Al atoms
stabilizes the hexagonal phase and shifts Ty to a lower temperature
[31]. As a result, a magnetostructural transition was realized for com-
positions MnCoGe; ,Al, (x = 0.01,0.02). Further increases in Al content
to x = 0.03 lead to a shift in Ty to a lower temperature with the
magnetic and structural transitions becoming separated again. For
composition MnCoGeg g7Alj o3, the main difference from the stoichio-
metric MnCoGe and MnNiGe is that the structural transition (still with a
negative expansion) occurs at the FM martensitic phase region (instead
of the PM region) and the pure FM-PM magnetic transition occurs in
the austenitic phase region. We measured the heat flow using DSC for
MnCoGeg 97Alp 03 (Fig. 2), and found that the sign of phase transition
heat is also the same for the discrete magnetic and structural transi-
tions. We calculated the entropy change with temperature using
Stot (T) — Stot (Tp) = fTOT %%dT , where Q denotes the heat flow and T the
heating/cooling rate (Fig. 2). On heating, the entropy continuously
increases when undergoing these two transitions. Note that the low-
temperature peak of heat flow is much higher than the high-tempera-
ture peak (Fig. 2), implying that the contribution of structural transition
around Ty is far greater than the pure magnetic transition (FM to PM)
around Tc. By adjusting compositions, for example, MnCoGe;_ Aly
(x = 0.01, 0.02), the magnetic and structural transitions may couple
together [see our previous work, Ref. 31], and the heat of the phase
transition becomes a superposition of magnetic and structural con-
tributions.

2.2. La(Fe,Si);3-based compounds

As outstanding refrigeration materials, La(Fe,Si);3-based com-
pounds with giant MCE have attracted extensive attention since their
discovery in 2000 [3,32]. For these compounds, the first-order mag-
netic transformation from the FM to the PM state is accompanied by an
abrupt isostructural negative lattice expansion with AV/V~ —(1.2-1.6)
% [3,10,18]. The correlation between the itinerant electron metamag-
netic transition and the large magnetovolume effect was demonstrated
from first-principles calculations [11,33]. The giant MCE originates
from the magnetic field-induced itinerant electron metamagnetic tran-
sition from the PM to the FM state and the concurrent lattice expansion.
In other words, the total entropy change is the sum of contributions
from the magnetic, lattice, and electronic degrees of freedom. To un-
derstand the giant MCE thoroughly, distinguishing spin, lattice, and
electron contributions is necessary. Unfortunately, unlike the MnCoGe-
based alloys, the lattice entropy change of LaFe;;,Si, is difficult to
obtain because the lattice and magnetic transitions cannot be separated.
Therefore, whether the signs of lattice and spin entropy change are the
same or opposite remains debate [21-23].

Jia and coworkers in our group investigated the entropy changes
associated with the first-order magnetic transition in LaFe;3,Siy in-
volving the respective contributions from spin and lattice [21]. The
reported spin entropy change calculated by mean-field-theory was ne-
gative whereas the phonon entropy change estimated from the Debye
approximation was positive but smaller. Hence, upon applying a mag-
netic field, the overall negative entropy change appeared. However,
subsequent investigations performed by Landers and co-workers de-
monstrated different results for La(Fe,Si);3. In 2015 and 2018, they
investigated the lattice vibrational entropy change ASp,, in
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Fig. 1. (a) Temperature dependence of lattice volume for MnCoGe with structural transition at Ty; = 125 °C, (b) DSC traces of endothermic peaks for MnCoGe and
MnNiGe, for which T, is the Curie temperature and Ty is the structural transition temperature on heating (Reprinted with permission from [19]. Copyright 1975, ACS
Publishing Limited). (c) DTA patterns for MnNiGe under various pressures; the numerical values in parentheses are the pressures in kbars. (Reprinted with permission

from [20]. Copyright 1978, APS Publishing Limited).

LaFe; ¢Si; 4 using NRIXS [22,23]. The results indicated that the ASp .
is a sizable quantity and contributes directly and cooperatively to the
total entropy change AS at the phase transition. Since NRIXS is not
sensitive to the magnetic degrees of freedom, it has proven to be a
unique experimental method to determine the contribution of specific
vibrations to entropy changes for 3d transition metals. The work of
Landers and coworkers provided direct experimental evidences de-
monstrating the same signs of lattice and spin entropy change for La
(Fe,Si);3. They performed temperature-dependent >’Fe NRIXS

measurements of the vibrational (phonon) density of states (VDOS) in
LaFe;; ¢Si;.4 across the magnetoelastic first-order phase transition Tc
(Fig. 3). There is a phonon peak near 27 meV in the ferromagnetic
VDOS. With increasing temperature, the temperature-induced magnetic
disturbances cause the high-energy phonon peaks to disappear in the
PM state. This indicates that the phonon softens in the PM state, cor-
responding to a significant increase in the vibration entropy change
AS; . associated with the Fe subsystem. They also calculated the VDOS
(thick red lines in Fig. 3) of LaFe;; ¢Sij 4 using a generalized gradient
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Fig. 2. Temperature dependence of heat flow (blue, endothermic curve) and
entropy (red) of MnCoGeg 97Alp o3 alloy measured on heating. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

approximation in the DFT framework. The results agree well with the
experimental results (Fig. 3).

From the experimental VDOS, an abrupt increase (jump) in the Fe-
partial vibrational entropy change AS;,. was inferred, and the in-
creased magnitude of ASp, is substantial in comparison with the iso-
thermal entropy change obtained using Maxwell relation. They calcu-
lated the lattice entropy from the VDOS experimental data measured at

a specific temperature using the thermodynamic relation
x BE(ePE +1) BE _PBE

Siat (T) = 3k [ gE e T In(ez2 —e 2)|dE [23]. The results
0

(Fig. 4a) show that on heating the Fe-partial vibrational entropy sud-
denly increases with the change in state from FM to PM. The magnitude
of vibrational entropy change is 6.9 J kg~ 'K ™7, and the lattice degree
contributes cooperatively with ~38-29% to the total entropy obtained
for LaFey; ¢Siy 4 using Maxwell relation. Furthermore, Landers and
coworkers also compared the DFT-computed vibrational entropy Spa
(T) at constant volume for the FM, PM, and fixed spin moment (FSM)
states with the experimental results (Fig. 4b) [23]. Both the experi-
mental and theoretical results indicate that an increase in S;, occurs
with the FM to PM transition on heating. Furthermore, they also pre-
sented the values of the Debye temperature ©p (Fig. 4c), calculated
from the Lamb-MGdssbauer factor fiy [34]. Clearly, ©p drops by ~4%
from ©p~363 K in the FM phase to ©p~348 K in the PM phase. Ac-
cording to the Debye approximation [5,35]

30/T
Srait = —3Nkgln [1 - exp(—%)] + 12Nkg (%) i exx—ildx, a decrease in
0

Op implies an increase in the lattice entropy Sp... These results further
verify that the transition from a large FM phase to a small PM phase is a
process involving an increase in lattice entropy. This is consistent with
our results reported recently [36]. Fig. 4d shows ©p(T) calculated ac-
cording to the specific heat measurement at low temperature and from
Op = 0y(1 — yw) for La(Feg 92C00.08)11.95i1.1 [36]. The trend in ©p with
temperature is consistent with Fig. 4c although the absolute value of Op,
is slightly different possibly because of subtle differences in the com-
ponents between LaFe;;Si; 4 and La(Fep92C0¢.08)11.9Si1.1- For La
(Fep.92C00.08)11.9S11.1, Op drops by ~3% (Fig. 4d) from ©p~300 K (FM)
to ©p~292 K (PM), which is comparable to but somewhat smaller than
that for LaFe;q ¢Siy 4 (Fig. 4c). This is reasonable considering that the
latter, with a first-order transition, experiences a larger AV/V than the
former [3]. All these results prove that the lattice contribution is still a
process involving increasing entropy on heating despite the PM phase
having a smaller volume than the FM phase.

In addition, the studies by Landers and co-workers [22,23] showed
that, for the La(Fe,Si);3-based compounds, a different mechanism based
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Fig. 3. Typical Fe-partial vibrational density of states (VDOS) of LaFe;; ¢Si; 4
obtained from >’Fe NRIXS measured at 301 K, 200 K, 188 K, and 180 K in a
magnetic field poH ~ 0.7 T (black circles with error bars). Red curves are DFT-
computed Fe-partial VDOS for the ferromagnetic (FM) state and the fixed spin
moment (FSM) state. Thick lines show the calculated Fe-partial VDOS of (96i)
Fey (blue) and (8b) Fe sites (green). (Reprinted with permission from [23].
Copyright 2018, APS Publishing Limited). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

on adiabatic electron-phonon coupling dominates the magnetoelastic
interactions, which derives solely from local changes in the electronic
structure. Fig. 5 shows the partial electronic density of states DOS(E) for
the minority d channel of Fe; and Fey; of LaFe;; 5Si; s, which were
computed using DFT for FM, PM, and the FSM states. For both Fe sites,
DOS(E) for the FM state shows close to half of the minority channels,
and more importantly, a deep mid-d-band minimum was found at the
Fermi level. However, the Fe-resolved minority band DOS(E) for the PM
state does not show d-band minimum near Fermi level. With this
change in the minority DOS(E) at the Fermi energy with temperature,
adiabatic electron—phonon coupling (magnetoelastic coupling) occurs.
This coupling results in phonon softening in the PM state. Moreover, the
magnetic moment was calculated using DFT, and the average spin
moment obtained was 2.2 pg/Fe and 1.7 pp/Fe for the FM and PM
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states, respectively. The decrease in Fe moment easily explains this
softening phenomenon. The Fe moment changed at T, which shifts the
stable minimum in the minority DOS away from the Fermi level,
thereby reflecting the destructive changes in the VDOS around T and
the itinerant electron metamagnetism. Furthermore, a much larger DOS
at the Fermi level in the PM phase shields nuclear charges, allowing
larger atomic motions (i.e., softer phonons). This also indicates that any
theoretical description of the magnetoelastic transition and the lattice
entropy change of La(Fe,Si);3-based compounds needs to consider
changes in the electronic band structure across the transition.

The above results show that, in the La(Fe,Si);3-based compounds,
the mechanisms based on adiabatic electron-phonon coupling dom-
inate the magnetoelastic interactions and lead to a pronounced mag-
neto-elastic softening despite the large volume decreases at the transi-
tion. Therefore, for La(Fe,Si);3-based compounds, the sign of lattice
vibration entropy change is the same as that of spin entropy change and
contributes cooperatively to the total entropy change across the mag-
netoelastic transition.

3. Conclusion

We demonstrated that the lattice and spin entropy changes retain
the same sign at least in La(Fe,Si);3-based compounds and MM’X alloys
with giant MCE, for which the lattice undergoes negative expansion
along with a FM-to-PM transition. For MM’X alloys, heat flow mea-
surements using DSC or DTA indicated that the sign of the phase
transition heat is the same for the discrete magnetic and structural
phase transitions. In addition, calculations of entropy changes based on
heat flow data in MnCoGey 97Alg o3 alloy further prove that the entropy
change from spin ordering to disordering (FM to PM) and lattice con-
tractions were both positive, and the contribution of the lattice is far
greater than that of the spin. However, the underlying mechanism is
still unclear and needs further research. For La(Fe,Si);s-based com-
pounds, the combination of NRIXS and DFT based on first-principles
calculations, performed by Landers and co-workers, revealed that
adiabatic electron—phonon coupling leads to a pronounced magneto-
elastic softening despite a large decrease in volume at the transition.
This result makes evident that the sign of lattice vibration entropy
change is the same as that of spin entropy change, and the both con-
tribute cooperatively to the total entropy change across the magne-
toelastic transition. Based on our experiments and published data, the
sign of the contribution from lattice entropy change to the total entropy
change of alloy systems with negative lattice expansions has been
clarified, thereby allowing a more comprehensive understanding and
regulation of giant magnetocaloric materials.
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