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Abstract: In the present study, polycrystalline Co50V34Ga16−xFex (1 ≤ x ≤ 2) quaternary Heusler
alloys were fabricated by the arc-melting method. It was found that they undergo a paramagnetic
martensitic transformation (MT) from the L21-type cubic austenitic structure to the D022 tetragonal
martensitic structure. With the increase of the Fe concentration, the MT shifts towards a higher
temperature range, which is strongly related to the variation of the valence electron concentration.
Moreover, it was also found that the MT exhibited by every alloy is sensitive to the applied hydrostatic
pressure due to a relatively high difference in volume between the two phases. By using the quasi-
direct method based on caloric measurements, the barocaloric effect (BCE) associated with the
hydrostatic pressure-driven MT was estimated in the studied alloys. The results demonstrated that
the sample with x = 1.5 performs an optimal BCE among these three alloys.

Keywords: Heusler alloy; martensitic transformation; barocaloric effect

1. Introduction

Currently, solid-state refrigeration, based on the caloric effect produced a by solid-
state substance, is expected to replace the conventional gas compression and expansion
technique in consideration of energy efficiency and the environment. In general, solid-state
materials with large caloric effects are those that usually exhibit first-order structural trans-
formation (FOST) induced by various external stimuli, such as the magnetic field, electric
field, uniaxial stress, and hydrostatic pressure [1]. Among them, the caloric effect of materi-
als induced by the applied hydrostatic pressure is broadly referred to as the barocaloric
effect, which has received much attention for the last decade, because such a refrigerating
mode is readily approachable by present technologies [2]. Until now, the BCE has been
developed in a lot of solid-state materials, such as Ni-Mn-based Heusler alloys [3–7], the
itinerant-electron system [8–10], antiferromagnetic compounds [11], hexagonal Ni2In-type
compounds
mboxciteB12-metals-1594605,B13-metals-1594605,B14-metals-1594605, piezoelectric ceram-
ics [15,16], the superionic conductor [17], the organic–inorganic hybrid perovskite [18],
plastic crystals [19,20], and so on.

As is well known, the stoichiometric, Co2VGa, with a full Heusler structure, is a half-
metallic ferromagnetism (HEM) material, and some theoretical and experimental works
have been devoted to studying the spin polarization, Curie temperature, and magnetic
moment in this alloy, due to its potential application in spin injection devices [21,22]. In
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recent years, the first-order martensitic transformation (MT) without a change of mag-
netic order has been also found in a serious of non-stoichiometric Co-V-Ga ternary al-
loys [23]. After that, a low temperature metamagnetic martensitic transformation was
successively developed in Co50V34Ga16 [24] and Co46Fe5V34Ga15 [25]. In addition, a con-
siderable BCE produced by the hydrostatic pressure-driven MT was respectively reported
in Co51Fe1V33Ga15 [26] and Co50V31.5Fe2.5Ga16 alloys [27], which can be ascribed to the
fact that the introduction of Fe can enlarge the difference in volume between austenitic and
martensitic phases and bring about a large lattice entropy change. In the present study, we
used a small quantity of Fe atoms as a chemical substitution for Ga atoms and synthesized
the Co50V34Ga16−xFex (1 ≤ x ≤ 2) quaternary alloys with nominal composition. The exper-
imental results demonstrated that the studied alloys exhibit a paramagnetic MT, which is
accompanied by an obvious volume change, thus giving rise to a relatively high transition
entropy change. Because of this, a large BCE was obtained in these alloys under an applied
low hydrostatic pressure.

2. Experimental Method

The Co50V34Ga16−xFex (x = 1, 1.5 and 2) alloys with nominal compositions were fabri-
cated by using a traditional arc-melting approach under a high-purity argon atmosphere
with a pressure of 10−1 Pa. All of these samples were remelted four times to ensure their
homogeneity, and the weight loss after melting was less than 0.2% for every sample. The
obtained ingots were annealed at 1473 K for 1 day in a high-vacuum quartz tube fol-
lowed by quenching into ice water. The actual composition of the prepared alloys was
determined by the energy-dispersive spectrometer (EDS, ProX, Phenom) corresponding to
Co49.81V34.11Ga14.94Fe1.13, Co49.94V34.06Ga14.54Fe1.46, and Co49.66V34.27Ga13.96Fe2.12, respec-
tively. The microstructure of the specimen was taken by the scanning electron microscope
(ProX, Phenom). The crystal structure of these alloys was identified by utilizing the powder
X-ray diffraction (XRD) technique (Ultima-IV, Rigaku Inc., Tokyo, Japan), and the FullProf
program was used for the Rietveld structure refinement of the powder XRD spectrum [28].
The magnetization measurements were performed on a vibrating sample magnetometer
(VSM, Versalab, Quantum Design Inc., San Diego, CA, USA). Heat flow data at different
hydrostatic pressures were collected from the commercial differential scanning calorimeter,
which is equipped with a high-pressure nitrogen generator (µDSC7 EVO, Setaram Inc.,
Caluire, France), and the scanning rate of temperature is 1 K/min. The temperature depen-
dence of the spontaneous strain was measured by standard strain-gauge technique using a
piece of the rectangular specimen with dimensions of 1 × 2 × 3 mm3.

3. Results and Discussion

Figure 1a–c gives the XRD patterns of Co50V34Ga16−xFex at room temperature. As
shown in this figure, it can be found that the samples with x = 1 and x = 1.5 possess
an L21-type cubic austenitic structure, and their lattice parameters are calculated to be
5.7593 Å and 5.7837 Å, respectively. The increase of lattice parameters could be explained
by the fact that the atom radius of Fe is larger than that of Ga, which also leads to the fact
that the cell volume of the austenitic phase increases from 191.03 Å3 to 193.47 Å3. With
the further increase of Fe content, it can be clearly observed that the sample with x = 2
exhibits a D022 tetragonal martensitic structure with the lattice parameters of a = 3.8457 Å
and c = 6.5389 Å, which means that its structure transformation happens above room
temperature. The microstructure of the sample with x = 1.5 is shown in Figure 1d.
From the SEM micrograph, it can be observed that the matrix shows a typical austenitic
morphology, and no precipitates can be found on the grain boundaries. This means that
there is no microscale phase separation in this sample. To analyze the occupied sites for
the different atoms in the lattice of the austenitic phase, the L21-type Heusler structure,
consisting of four interpenetrating fcc sublattices, is constructed in Figure 1d. From this
figure, it is obvious that the four equivalent atomic sites are enclosed in the unite cell,
which successively denotes as A, B, C, and D positions along the diagonal body. According
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to the early hyperfine field studies of site occupation in Heusler alloys [29,30], the main
group of elements usually occupies the D site of the Heusler structure. However, for
the transition metals, the preferential choice of atomic site occupancy in this structure is
strongly dependent on the number of valence electrons in them, i.e., the transition metals
with higher valence electrons that prefer to occupy A and C sites, while those of the lower
valence electrons tend to occupy the B site. Based on the aforementioned rules of atomic
occupancy, for the studied alloys, the Co atoms should occupy A and C sites, whereas the
introduced Fe atoms should replace a small number of V atoms and occupy the B site due
to the higher valence electrons. Moreover, the extra V and all Ga atoms should occupy
the D site to form a highly ordered parent structure. These analyses also suggest that the
substitution in the chemical composition is not necessarily equivalent to the substitution in
the atomic site.
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Figure 1. (a–c) The X-ray diffraction patterns of Co50V34Ga16-xFex alloys at room temperature. (d) The 
micrograph taken by SEM for the sample with 𝑥 = 1.5. (e) The L21-type Heusler structure, which 
consists of four interpenetrating fcc sublattices. 

The temperature dependence of magnetization 𝑀(𝑇) of Co50V34Ga16−xFex are pre-
sented in Figure 2a, which were measured under a magnetic field of 500 Oe. From these 𝑀(𝑇) curves, we can find that the studied alloys exhibit a very low magnetization, imply-
ing that they locate in a weak-magnetic state within the measured temperature range. For 
every sample, an abrupt drop of magnetization starts to occur at 𝑀௦ and then gradually 
holds steady at 𝑀௙  during cooling. This behavior corresponds to the exothermic peak 
measured in DSC data (see Figure 2b), indicating the occurrence of forward MT. Both 𝑀௦ 
and 𝑀௙ are denoted as forward martensite starting and finishing temperatures, respec-
tively. During heating, an abrupt jump of magnetization starts to happen at 𝐴௦ and then 
gradually remains unchanged at 𝐴௙, which is reflected in the endothermic peak measured 
in DSC data (see Figure 2b), indicating the occurrence of reverse MT. Both 𝐴௦ and 𝐴௙ are 
denoted as reverse martensite starting and finishing temperatures, respectively. Between 
heating and cooling, a conspicuous thermal hysteresis (Δ𝑇) can be distinguished, which 
suggests that the MT exhibited by these alloys is characterized by the FOMT. However, it 
is worth noting that the Δ𝑇 exhibited by the studied alloys is significantly lower than that 
observed in other Co-V-Ga-based Heusler alloys [23,24,26,27], which can be ascribed to 
the decrease of precipitates. Table I lists the valence electron concentration (𝑒 𝑎⁄ ), charac-
teristic temperatures, and thermal hysteresis of the MT for the studied alloys. It is appar-
ent that the increase of 𝑒 𝑎⁄  shifts the MT towards a higher temperature range. This sug-
gests that the 𝑒 𝑎⁄  plays a dominant role to stabilize the cubic austenitic structure. The 
same behavior was also reported in Co51−yFeyV34Ga15 and Co52V29−xGa19−x alloys [25,31]. In 
addition, the magnetic properties at different phases for the studied alloys are further 

Figure 1. (a–c) The X-ray diffraction patterns of Co50V34Ga16-xFex alloys at room temperature. (d) The
micrograph taken by SEM for the sample with x = 1.5. (e) The L21-type Heusler structure, which
consists of four interpenetrating fcc sublattices.

The temperature dependence of magnetization M(T) of Co50V34Ga16−xFex are pre-
sented in Figure 2a, which were measured under a magnetic field of 500 Oe. From these
M(T) curves, we can find that the studied alloys exhibit a very low magnetization, imply-
ing that they locate in a weak-magnetic state within the measured temperature range. For
every sample, an abrupt drop of magnetization starts to occur at Ms and then gradually
holds steady at M f during cooling. This behavior corresponds to the exothermic peak
measured in DSC data (see Figure 2b), indicating the occurrence of forward MT. Both Ms
and M f are denoted as forward martensite starting and finishing temperatures, respec-
tively. During heating, an abrupt jump of magnetization starts to happen at As and then
gradually remains unchanged at A f , which is reflected in the endothermic peak measured
in DSC data (see Figure 2b), indicating the occurrence of reverse MT. Both As and A f are
denoted as reverse martensite starting and finishing temperatures, respectively. Between
heating and cooling, a conspicuous thermal hysteresis (∆T) can be distinguished, which
suggests that the MT exhibited by these alloys is characterized by the FOMT. However, it is
worth noting that the ∆T exhibited by the studied alloys is significantly lower than that
observed in other Co-V-Ga-based Heusler alloys [23,24,26,27], which can be ascribed to the
decrease of precipitates. Table 1 lists the valence electron concentration (e/a), characteristic
temperatures, and thermal hysteresis of the MT for the studied alloys. It is apparent that
the increase of e/a shifts the MT towards a higher temperature range. This suggests that the
e/a plays a dominant role to stabilize the cubic austenitic structure. The same behavior was
also reported in Co51−yFeyV34Ga15 and Co52V29−xGa19−x alloys [25,31]. In addition, the
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magnetic properties at different phases for the studied alloys are further analyzed by the
isothermal magnetization curves, measured at 340 K and 260 K, as shown in Figure 2c–e.
From these figures, the isothermal curves measured at 340 K almost presents a linear behav-
ior without magnetic hysteresis in magnetization and demagnetization procedures, which
states that all samples have a typically paramagnetic character at their austenitic phase.
However, an inconspicuous curvature can be detected in the initial magnetization stage of
the studied alloys. Such a behavior is in accordance with that observed in the Co50V34Ga16
alloy synthesized by a directional solidification technique and can be understood by the
existence of the Griffiths phase [32]. In the case of the martensitic phase, it is obvious that
the isothermal curve for each sample displays a nonlinear behavior at a low field range and
still resumes a linearly variation with an increasing magnetic field. The former behavior
can be ascribed to the enhancement of magnetocrystalline anisotropy caused by the change
of crystal symmetry. Considering that the magnetization of martensite keeps the same
order of magnitude when compared with that of the austenite, we can figure out that the
variation of structure is not accompanied by the change of spin order, i.e., the MT exhibited
by the studied alloys should take place in the paramagnetic state.
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Figure 2. (a) The temperature dependence of the magnetization for Co50V34Ga16−xFex alloys at a mag-
netic field of 500 Oe. (b) The heat flow curves for these alloys measured in the transforming range 
with continuous cooling and heating. (c–e) The isothermal magnetization curves measured respec-
tively at 260 K and 340 K for these alloys. 

To study the effect of the hydrostatic pressure on MT for Co50V34Ga16−xFex, the DSC 
curves were measured under applied different hydrostatic pressures, as described in Fig-
ure 3a–c. As the hydrostatic pressure increases from 0 to 0.8 kbar, it can be found that 
the two well-defined peaks induced by direct and reverse MTs move to high temperatures 
simultaneously. This is a consequence of the fact that the hydrostatic pressure tends to 
stabilize martensitic structure, which owns a relatively lower volume when compared 
with the austenitic structure. Figure 3d–f further shows the equilibrium temperatures of 
MT change with the applied hydrostatic pressure. Both 𝑇଴ and 𝑇଴ᇱ signify the equilib-
rium temperature at forward and reverse MTs, which are derived from the peak values of 
exothermic and endothermic curves (their numerical values are also listed in Table 1). As 
observed in these figures, a monotonic relationship between the equilibrium temperatures 
and the hydrostatic pressure is observed in every alloy. By linear fitting (see red solid 
line), the migration rates of 𝑇଴ , with respect to the hydrostatic pressure (𝑑𝑇଴ 𝑑𝑝⁄ ), are 
equal to ~2.74 K/kbar for 𝑥 = 1, ~2.56 K/kbar for 𝑥 = 1.5, and ~2.39 K/kbar for 𝑥 = 2. 
These values can be comparable to those previously reported in many barocaloric alloys 

Figure 2. (a) The temperature dependence of the magnetization for Co50V34Ga16−xFex alloys at a
magnetic field of 500 Oe. (b) The heat flow curves for these alloys measured in the transforming
range with continuous cooling and heating. (c–e) The isothermal magnetization curves measured
respectively at 260 K and 340 K for these alloys.

Table 1. The valence electron concentration (e/a), characteristic temperatures (Ms, M f , As, and A f )
of MT, thermal hysteresis (∆T), and equilibrium temperatures (T0 and T′0) of direct and reverse MTs
for Co50V34Ga16−xFex alloys.

x e/a Ms (K) M f (K) As (K) A f (K) ∆T (K) T0 (K) T ′
0 (K)

1 6.73 276 269 275 282 6 274 279
1.5 6.755 302 295 301 309 6.5 299 306
2 6.78 321 313 319 328 6.5 318 324

To study the effect of the hydrostatic pressure on MT for Co50V34Ga16−xFex, the
DSC curves were measured under applied different hydrostatic pressures, as described in
Figure 3a–c. As the hydrostatic pressure increases from 0 to 0.8 kbar, it can be found that
the two well-defined peaks induced by direct and reverse MTs move to high temperatures
simultaneously. This is a consequence of the fact that the hydrostatic pressure tends to
stabilize martensitic structure, which owns a relatively lower volume when compared
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with the austenitic structure. Figure 3d–f further shows the equilibrium temperatures of
MT change with the applied hydrostatic pressure. Both T0 and T′0 signify the equilibrium
temperature at forward and reverse MTs, which are derived from the peak values of
exothermic and endothermic curves (their numerical values are also listed in Table 1). As
observed in these figures, a monotonic relationship between the equilibrium temperatures
and the hydrostatic pressure is observed in every alloy. By linear fitting (see red solid line),
the migration rates of T0, with respect to the hydrostatic pressure (dT0/dp), are equal to
~2.74 K/kbar for x = 1, ~2.56 K/kbar for x = 1.5, and ~2.39 K/kbar for x = 2. These
values can be comparable to those previously reported in many barocaloric alloys [2]. As
compared to dT0/dp, it can be explored that the values of dT′0/dp for all alloys slightly
decrease. Similar behavior was also observed in Ni-Mn-based Heusler alloys, which
originates from the difference of latent heat during forward and reverse MTs [33].
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temperature, which is close to the value of 𝑀௙ for the studied alloys. By following this 
method, the 𝑆ᇱ(𝑇, 𝑝) curves of Co50V34Ga16−xFex across the forward MT are recorded in 
Figure 4a–c. From the curves plotted at ambient pressure, the value of transition entropy 
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Figure 3. (a–c) The heat flow curves measured at applied hydrostatic pressure in the range of 0
to 0.8 kbar for Co50V34Ga16−xFex alloys. (d–f) The applied hydrostatic pressure dependence of
equilibrium temperatures at forward (T0) and reverse (T′0) MTs for these alloys; the red solid line is
their best linear fit.

In terms of the heat flow data, the relative entropy in the transforming range,
S′(T, p) = S(T, p)− S

(
Tre f , p

)
, is deduced from the simultaneous integral equations, as

put forward in Ref. [2], assuming the heat capacity to be independent of the pressure out-
side the transforming range. Such an assumption is based on the fact that the introduction
of a low hydrostatic pressure has a trivial impact on the thermal expansion effect of the
studied alloys outside the transforming range [31]. Here, the Tre f represents the reference
temperature, which is close to the value of M f for the studied alloys. By following this
method, the S′(T, p) curves of Co50V34Ga16−xFex across the forward MT are recorded in
Figure 4a–c. From the curves plotted at ambient pressure, the value of transition entropy
change (∆Str) is determined to be 26 J/kg K for x = 1, 30 J/kg K for x = 1.5, and 27 J/kg K
for x = 2. These values can compete with lots of famous magnetocaloric materials showing
a FOMT [34–36]. In addition, it is worth noting that the effect of the low hydrostatic pres-
sure on the values of ∆Str is negligible. Figure 4d–f illustrates the spontaneous strain as a
function of temperature for Co50V34Ga16−xFex measured in a cooling–heating cycle. Ac-
companied by the occurrence of forward and reverse MT, all alloys perform a reproducible
spontaneous transition strain induced by temperature, which means that there exists an
obvious volume difference between their austenitic and martensitic phases. The changes of
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molar volume (∆V = VA −VM, both VA and VM represent the molar volume of austenite
and martensite, respectively) upon MT at an ambient pressure for the studied alloys can be
examined by using the Clausius–Clapeyron (C–C) equation: ∆V = ∆Str∆(dT0/dp). From
this formular, the values of ∆V for the studied alloy are calculated to be ~0.041 cm3/mol
for x = 1, ~0.044 cm3/mol for x = 1.5, and ~0.037 cm3/mol for x = 2. Combining the
molar volume of the austenite or martensite (calculated using the lattice parameters of
the XRD results), the resultant relative volume changes (ε) between the two phases are
equal to ~0.57% for x = 1, ~0.61% for x = 1.5, and ~0.51% for x = 2. These values are
significantly larger than some Ni-Mn-based ferromagnetic Heusler alloys [3–5] and most
ferroelectric compounds [15,16]. Because the magnitude of latent heat mainly stems from
the contribution of the volume change in crystallography, the sample with x = 1.5 performs
the optimal barocaloric parameters (i.e., ∆Str and ∆Tid

ad) among these three alloys. Such
experimental findings also indicate that a large BCE induced by the applied hydrostatic
pressure can be anticipated in the studied alloys.
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range under selected hydrostatic pressures for Co50V34Ga16−xFex alloys; the vertical double arrow
represents the transition entropy change (∆Str). (d–f) The spontaneous strain of these alloys measured
in the process of forward and reverse MTs.

To confirm this point, as mentioned above, the temperature dependence of isother-
mal entropy change (∆ST) during the forward MT of Co50V34Ga16−xFex alloys, for the
hydrostatic pressure change of 0.4 kbar and 0.8 kbar, is depicted in Figure 5a–c. Here,
the value of ∆ST was calculated from the S′(T, p) curves (see Figure 4a–c) by using the
formular: ∆ST(T, ∆p) = S′(T, p)− S′(T, p = 0). As evidenced from Figure 5a–c, a sharp
peak can be observed around the T0 for the studied alloys, and its height and width are
developed with the increase of the applied hydrostatic pressure. These experimental ob-
servations prove the substantive characteristics of BCE associated with the hydrostatic
pressure-driven MT. The maximum ∆ST at ∆p = 0.8 kbar reaches ∼ 15 J/kg K for x = 1,
∼ 17 J/kg K for x = 1.5, and ∼ 11 J/kg K for x = 2. Moreover, the value of ∆Tad can
also be obtained from the S′(T, p) curves (see Figure 4a–c) by employing the formular:
∆Tad(T, ∆p) = T(S′, p)− T(S′, p = 0). Figure 5d,e shows the ∆Tad as a function of tem-
perature under the same pressure changes. For all alloys, the evolution of ∆Tad with the
temperature at different ∆p demonstrates a similar behavior as those observed in the
∆ST(T) curves. The maximum ∆Tad at ∆p = 0.8 kbar is estimated to be ∼ 1.6 K for x = 1,
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∼ 1.65 K for x = 1.5, and ∼ 1.5 K for x = 2. Apparently, the maximum ∆ST obtained in
these alloys at ∆p = 0.8 kbar is completely irreversible and significantly lower than the
values of their ∆Str. This is because of the insufficient application of hydrostatic pressure,
which can only transform a part of the austenite to the martensite but cannot overcome
the thermal hysteresis during MT. As a matter of fact, the critical applied hydrostatic
pressure (∆pc) required to induce the complete cyclic MT in this system can be roughly
evaluated by a thermodynamic formula: ∆pc =

(
A f −M f

)
(dp/dT0) [37]. According

to this formular, the values of ∆pc can be estimated to be ~4.7 kbar for x = 1, ~5.5 kbar
for x = 1.5, and ~6.3 kbar for x = 2, which are evidently lower than those reported in
Ni-Mn-In [4], Ni-Co-Mn-Sn [6], and Co-Fe-V-Ga [26,27], due to the relatively small ∆T
and the transforming width. This indicates that a larger and completely reversible BCE,
probably used in the cooling machine, would be realized for the studied alloys under a
higher hydrostatic pressure.
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Figure 5. (a–c) The isothermal entropy change (∆𝑆்), as a function of temperature during the for-
ward MT of Co50V34Ga16−xFex for the hydrostatic pressure change of 0.4 kbar and 0.8 kbar. (d–f) The 
temperature dependence of the adiabatic temperature change (∆𝑇௔ௗ), obtained at same condition. 
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lectric barrocaloric materials. Under the similar conditions, it is obvious that the baro-
caloric parameters of Co50V34Ga14.5Fe1.5 are superior to those obtained in BaTiO3 [15], La-
Fe-Co-Si [8], Gd-Si-Ge [9], PdNMn3 [38], and a lot of Ni-Mn-based ferromagnetic Heusler 
alloys [4–6], but they are prominently inferior to some giant barrocaloric compounds, in-
cluding Mn3GaN [11], MnCoGeB0.03 [13], (MnNiGe)0.91(FeCoGe)0.09 [14], and the paramag-
netic Ni50Mn31.5Ti18.5 [39], whose FOMT can bring about a huge volume change. Despite 
this fact, our studied alloys have many other advantages, such as a controllable transfor-
mation temperature, easy preparation, high mechanical strength, and good oxidation re-
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Figure 5. (a–c) The isothermal entropy change (∆ST), as a function of temperature during the forward
MT of Co50V34Ga16−xFex for the hydrostatic pressure change of 0.4 kbar and 0.8 kbar. (d–f) The
temperature dependence of the adiabatic temperature change (∆Tad), obtained at same condition.

Figure 6 compare the values of ∆ST and ∆Tad for the sample with x = 1.5 to those
reported previously in some ferromagnetic, antiferromagnetic, paramagnetic, and ferroelec-
tric barrocaloric materials. Under the similar conditions, it is obvious that the barocaloric
parameters of Co50V34Ga14.5Fe1.5 are superior to those obtained in BaTiO3 [15], La-Fe-
Co-Si [8], Gd-Si-Ge [9], PdNMn3 [38], and a lot of Ni-Mn-based ferromagnetic Heusler
alloys [4–6], but they are prominently inferior to some giant barrocaloric compounds, includ-
ing Mn3GaN [11], MnCoGeB0.03 [13], (MnNiGe)0.91(FeCoGe)0.09 [14], and the paramagnetic
Ni50Mn31.5Ti18.5 [39], whose FOMT can bring about a huge volume change. Despite this
fact, our studied alloys have many other advantages, such as a controllable transformation
temperature, easy preparation, high mechanical strength, and good oxidation resistance.
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applied a similar hydrostatic pressure for some ferromagnetic, antiferromagnetic, paramagnetic, 
and ferroelectric barrocaloric materials. Data are extracted from [4–6,8,9,11,13–15,34,35]. 

4. Conclusions 
In summary, the influence of Fe substitution for Ga on MT and BCE were systemati-

cally studied in Co50V34Ga16−xFex (1 ≤ 𝑥 ≤ 2) alloys. With the increase of the Fe content, the 
MT significantly moves to a high temperature range, but it is not accompanied by the 
change of magnetic structure. The hydrostatic pressure-induced MT has been observed in 
all alloys because they exhibit a visible volume change during the phase transition. Asso-
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were obtained in the sample with 𝑥 = 1.5, which also performs a better BCE at room tem-
perature when compared with many barocaloric materials previously developed. Alt-
hough the BCE obtained in the studied alloys is irreversible within the presently applied 
hydrostatic pressure, a larger and completely reversible effect can be fulfilled under a 
higher hydrostatic pressure predicted by using the theoretical formular. From our present 
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is vital to further optimize the BCE in the Co-V-Ga-based Heusler alloy. 

Author Contributions: J.L., investigation, methodology, and writing—original draft; Z.L., supervi-
sion, project administration, funding acquisition, conceptualization, and writing—review and edit-
ing; H.L., formal analysis; L.Y. and Y.Z., methodology; K.X. and Y.C., investigation; Y.L., supervi-
sion, project administration, and funding acquisition. All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: This research is funded by the National Nature Science Foundation of China (Project Nos. 
51661029 and 51971128), the Program of Shanghai Academic/Technology Research Leader (No. 
20XD1401800), and the Innovative Research Team in Science and Technology in the University of 
Yunnan Province (IRT-STYN). 

Data Availability Statement: The data presented in this study are available upon request from the 
corresponding author. 

Acknowledgments: We express our thanks to Bing Li and Zhao Zhang of the Institute of Metal 
Research, Chinese Academy of Science, for testing the sample using a μDSC7 EVO and some useful 
discussions. 

Figure 6. (a): The maximum isothermal entropy (∆ST) and (b): adiabatic changes (∆Tad) produced
applied a similar hydrostatic pressure for some ferromagnetic, antiferromagnetic, paramagnetic, and
ferroelectric barrocaloric materials. Data are extracted from [4–6,8,9,11,13–15,34,35].

4. Conclusions

In summary, the influence of Fe substitution for Ga on MT and BCE were systematically
studied in Co50V34Ga16−xFex (1 ≤ x ≤ 2) alloys. With the increase of the Fe content, the MT
significantly moves to a high temperature range, but it is not accompanied by the change of
magnetic structure. The hydrostatic pressure-induced MT has been observed in all alloys
because they exhibit a visible volume change during the phase transition. Associated with
the hydrostatic pressure-induced MT, the optimal barrocaloric parameters were obtained
in the sample with x = 1.5, which also performs a better BCE at room temperature
when compared with many barocaloric materials previously developed. Although the
BCE obtained in the studied alloys is irreversible within the presently applied hydrostatic
pressure, a larger and completely reversible effect can be fulfilled under a higher hydrostatic
pressure predicted by using the theoretical formular. From our present findings, we can
also conclude that the enlargement of the difference in volume between the two phases by
manipulating the composition or by using thermal-mechanical training is vital to further
optimize the BCE in the Co-V-Ga-based Heusler alloy.
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