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Abstract: The reduction of the thermal hysteresis in first order magnetostructural 

transition is a determining factor to decrease energy losses and to improve the 

efficiency of magnetocaloric cooling based systems. In this work,  a Cu doped 

NiMnInCo metamagnetic shape memory alloy (MMSMA) exhibiting a narrow thermal 

hysteresis (around 5 K) at room temperature has been designed. In this alloy, the 

induced L21 ordering process affects the phase stability in an unusual way compared to 

that observed in NiMnInCo and other NiMn based alloys. This ordering produces an 

increase in the Curie temperature of the austenite but hardly affects the martensitic 

transformation temperatures. As a consequence, the ordering increases the 

magnetization of the austenite without changing the transformation temperatures, 

doubles the sensitivity of the transformation to magnetic fields (the Claussius-

Clapeyron slope goes from 2.1 to 3.9 K/T), improves the magnetocaloric effect, the 

reversibility and finally, enhances the refrigeration capacity. In addition, the magnetic 

hysteresis losses are among the lowest reported in the literature and the effective 
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cooling capacity coefficient RCeff reaches 86 J/Kg for 2T (15% higher than those found 

in Ni-Mn based alloys) and 314 J/Kg for 6T fields. Therefore, the ordered alloy 

possesses an excellent combination of low thermal hysteresis and high RCeff, not 

achieved previously in metamagnetic shape memory alloys near room temperature. 

 

1. Introduction 

Refrigeration plays an increasingly vital role in many domains of our daily lives such as, 

food preservation and production, air-conditioning, medicine, and more. Today, about 

15%-30% of the world’s electricity consumption is used in refrigeration and air-

conditioning systems [1]. The current technology based on vapour-compression uses 

volatile substances that strongly damage the ozone layer and is reaching its technical 

limits of efficiency to achieve additional improvements [2]. For this reason, conventional 

vapour-compression cooling systems must be replaced in the next years. To solve this 

problem, near-room-temperature cooling with heat pumping based on solid caloric 

materials holds great promise as a game changer [3]. In this way, magnetocaloric (MC) 

materials focused the greatest interest of the scientific community  in order  to develop 

affordable and low cost magnetocaloric materials that exhibit strong caloric effect and 

do not contain expensive, toxic or rare-earth elements [4-7].  In MC materials an 

adiabatic temperature change ΔTad can be induced as a result of magnetothermal 

interplay between the magnetic moments and the atomic lattice vibrations (phonons). 

Interesting and promising magnetocaloric materials are Shape memory alloys (SMA) 

[8]. SMAs are characterized by their ability to undergo large controlled and reversible 

strains under temperature variations, mechanical load or magnetic fields application. 

These phenomena are linked to the martensitic transformation (MT), a diffusionless 

first-order solid-to-solid phase transformation characterized by a coordinated 

movement of atoms. If the magnetic properties of both phases were sufficiently 

different, a magnetostructural MT can be induced by external magnetic fields. This is 
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the case of Heusler MMSMA Ni-Mn-X (X = In, Sn, Sb) where on cooling the MT occurs 

between a ferromagnetic austenite and a near paramagnetic martensite [6]. In 

particular, the MSMA (Ni-Mn-In-Co and others) combine a number of advantages: 1) 

high adiabatic temperature change in low field, 2) easy fabrication, 3) good oxidation 

resistance, 4) better mechanical properties than intermetallic materials, 5) do not 

contain rare-earth, precious, toxic or expensive elements.  However, there are 

challenges to solve: 1) reduction of the thermal and magnetic hysteresis of the MT that 

produces energy losses, 2) achievement of reversible transformations with the highest 

MCE possible. 

The reduction of thermal hysteresis is a determining factor to decrease energy losses 

and to improve the transformation reversibility [9, 10]. Recently, the effects of the 

thermal hysteresis on the efficiency of first-order caloric materials were analyzed by T. 

Hess et al. [11] and demonstrate that the thermal hysteresis needs to be further 

reduced to compete with the efficiency of gas compressor-based systems.  

In this way, works reported by Zhao et al [12,13] show an interesting reduction of 

thermal hysteresis effect related to a partial substitution of Cu in NiMnGa alloys. Later, 

works reported by Zuo et al [14-16] show an interesting strategy to optimize magnetism 

and hysteresis with a partial substitution of Cu in NiMnInCo alloys. Particularly, for 

Ni45Co5Mn36In14–xCux (x = 0–1.5) the presence of Cu can enhance the geometrical 

compatibility between austenite and martensite, bringing about a remarkable reduction 

of thermal hysteresis [15]. Likewise, the Ni45Co5Mn36In13.3Cu0.7 alloy has been shown to 

exhibit an excellent reversible magnetocaloric effect, with refrigeration capacity values 

among the highest ones reported in Ni-Mn-based alloys.  In the present work, a 

NiMnInCoCu alloy transforming near room temperature has been designed using a 

content of Cu larger than that reported in the literature. The influence of the atomic 

ordering has been analyzed and correlated to the magnetocaloric characteristics of the 

alloy. 
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2. Experimental method 

 
A Cu doped Ni44.5Mn35.5In13.5Co4Cu2.5 alloy has been elaborated by arc-melting from 

pure elements. The elaborated polycrystalline ingot was homogenized during 48 hrs. at 

1173 K and then quenched into iced water to retain a high degree of long-range atomic 

disorder. The Mn, Ni and In contents were selected to obtain an electron concentration 

close to 7.93 where the MT occurs near room temperature [17]. On the other side, a 

higher content of Cu with respect to previously reported alloys [14,15] and a smaller Co 

concentration was used as a strategy to obtain low thermal hysteresis [18]. Chemical 

composition was checked by electron dispersive spectroscopy (EDS) using a Zeiss 

EVO 15 VP Scanning Electron Microscope. 

The MT was characterized by differential scanning calorimetry (Q-1000 DSC, TA 

Instruments), on heating-cooling cycles performed at 10 K/min [19].  

Temperature dependence of magnetization measurements at 2 K/min under different 

applied fields and field dependence of the magnetization measurements at different 

constant temperatures were performed by SQUID magnetometry (QD MPMS XL-7). 

Neutron scattering experiments were carried out at Institut Laue-Langevin, in Grenoble, 

France. The structural features were analyzed by powder neutron diffraction, using 

data collected in D1B (λ = 1.28 Å). Diffraction data were analyzed using Fullprof Suite 

[20]. In situ temperature-dependent measurements of a NiMnInCoCu powder alloy 

were carried out on heating from 250K up to 673K and on subsequent cooling down to 

260K, at a rate of 1K/m, covering the structural changes in austenite and martensite 

phases. The powder samples were prepared by manually milling (agate mortar) 

selecting sieved particles bellow 400 µm. Then, the powders were annealed at 410 K 

during 10 min to eliminate the possible presence of mechanically stabilized martensite 

during grinding [21]. The total disappearance of this type of martensite was verified by 

DSC and confirmed by neutron diffraction results. 
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3. Results and discussion 

 
3.1 Phase stability 

 
Several consecutive heating/cooling thermal cycles have been performed on the as-

quenched sample (AQ) to determine the effect of the ordering process on the 

transformation temperatures and on the entropy change. The cycles have been carried 

out “In situ” in the DSC from a temperature below the MT to a temperature Taging above 

MT, higher and higher in each new cycle. The sequence is performed in such a way 

that each cycle can be considered as a new aging treatment (at Taging). Figure 1.a 

shows the DSC corresponding to the thermal excursions as well as the respective 

qualitative evolution of the Curie and MT temperatures with Taging. The comparison with 

the NiMnInCo behavior is also included as an inset [22]. The variation of the martensitic 

start temperature (ΔTm,) and the variation of the Curie temperature (ΔTC) are shown in 

Figure 1.b where black data correspond to a NiMnInCo alloy and red data to the 

NiMnInCoCu alloy.  The Curie temperature increases on heating between 500 K and 

650 K pointing to an increase of the atomic order (confirmed in ternary NiMnIn and 

quaternary NiMnInCo alloys [22,23], but the MT temperature remains almost constant. 

This is unexpected since very large shifts of the MT, up to 70 K, are observed in similar 

NiMnIn and NiMnInCo alloys subjected to exactly the same thermal treatments [22-25].   

Previous works shows that the shift in MT are related to L21 ordering and it´s explained 

from the magnetic contribution to the Gibbs free energy change [22-25]. 

In the following, and in order to define an easily reproducible high ordered state 

reference, a heat treatment at 673 K (400ºC) for 15 min has been performed, for this, 

the ordered samples will be referred as ORD. Figure 1.b, shows the corresponding 

values of ΔTc and ΔTm that effectively coincide with the asymptotic values obtained 

from successive treatments described earlier.  
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Figure 1. a) DSC measurements of consecutive heating/cooling DSC thermal cycles at different 

maximum temperatures for each cycle (Taging), the inset corresponds to a comparison with 

NiMnInCo alloys [22]   b) Variation of martensitic start temperature (ΔTm,) and the variation of 

the Curie temperature (ΔTC) as function of Taging for NiMnInCo, NiMnInCoCu and ORD samples. 

 

 
3.2 Structural parameters and ordering effects 
 
In order to understand the unexpected phase stability behavior, in situ neutron 

diffraction experiments were conducted. Neutron Powder Diffraction (NPD) patterns in 
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L21 (Fm3m space group) austenite (400 K) for AQ and ORD samples are shown in 

figure 2. Simulated full ordered and full 2nd neighbors disordered patterns are also 

included. The texture present on the samples does not allow a reliable Rietveld 

refinement to evaluate site occupancies and consequently the exact order degree. 

However, the ratio between the intensities of the [111]L21 and [222]B2 reflections is 

texture independent (correspond to parallel planes).  Therefore, all patterns were 

normalized to the [222]B2 peak intensity and the [111]L21 reflection allows to estimate 

the degree of L21 atomic order. Comparing the relative intensities, the ORD sample 

shows approximately a 60% of the maximum possible ordering according to 

composition (with respect to the Full order simulation) and the AQ sample represents 

only a 25%. As will be shown later, the martensite and austenite structures were 

analyzed in AQ and ORD samples. The results, corroborates the L21 ordering during 

thermal treatments without any changes in martensite structure as has been reported 

before [26]. So, ageing increases the atomic order and the Curie temperature of the 

austenite but leaves the transformation temperatures unchanged. As mentioned 

before, this is an unexpected behavior due to the magnetic contribution to Gibbs 

energy [21-25]. However, can be related to a simultaneously secondary effect like 

annihilation of quenched-in vacancies [27] or change of the average L21 order domain 

size as has been reported recently for NiMnInCo alloys [28]. 
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Figure 2. Neutron diffraction patterns obtained at 400 K of AQ, and ORD samples.  Full order 

and full disorder simulation patterns were also included. The y-axes scale of each pattern were 

modified in order to obtain a similar high for [222]B2 peak.   

 

On the other side, as we described in experimental method, the structural modifications 

were followed by in-situ powder neutron diffraction experiments. The martensite phase 

corresponds to a P2/m monoclinic structure (with triple modulation, N=3) in both AQ 

and ORD samples. Table 1, shows the lattice parameters of the cubic austenite (a0) 

and monoclinic martensite. 

 

Table 1. Lattice parameters and error (indicated between parentheses) of both structures for 

samples AQ, ORD and NiMnInCo [21] obtained by neutron diffraction. 

 a0 a b c β 
AQ 5,98738 (52) 4.3259 (7) 5.5914 (35) 13.2395 (79) 93.5900 (163) 

ORD 6.006 (1) 4.4025 (4) 5.5951 (4) 12.995809 (93) 93.5098 (52) 
NiMnInCo  5.9840 4.3260 5.5620 

 

13,174 94.0 
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Although Landau's phenomenological theory and experimental results show that the 

thermal hysteresis can disappear of under a field of 30 T [29], thermal hysteresis is one 

of the main drawbacks for cyclical applications of magnetocaloric materials based on 

first-order transformations.   Crystallographic theory of martensitic transformation [30, 

31] indicates that internal stresses and irreversible processes associated to martensitic 

transformation can be reduced by improving the geometric compatibility between the 

austenite and the martensitic structures, thereby reducing the thermal hysteresis. In 

particular, the compatibility between structures can be analyzed through the 

transformation stretch tensor U [31-35]. The determination of tensor U relies on the 

crystalline structures and their lattice parameters. In the present case, where a cubic 

(Fm3m) to monoclinic (P2/m) phase transformation occurs, there are 12 stretch tensors 

related by symmetry that correspond to 24 possible martensitic variants [31, 32]. All 

these tensors have the same eigenvalues. One of these possible tensors is: 

 

  (
   
   
   

) 

Where: 

 

  
                    

 √               
 

 

  
                    

 √               
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A modulation N=3 according to the martensitic structure has been used in the present 

case. According to the theory, improved compatibility occurs when the middle 

eigenvalue λ2 of the diagonal matrix is closer to one. In fact, a strong correlation 

between the hysteresis width and λ2 has been widely reported in Ni-Mn-X-based 

Heusler alloys [14, 15, 31, 35, 36]. Using the lattice parameters from Table 1, we 

calculate the components of the U tensor and the corresponding eigenvalues, shown in 

Table 2 for AQ and ORD samples. The hysteresis of the transformation (Thys) 

measured from low field magnetization curves (see figure 3a, below) is also included in 

the table. 

 

Table 2: Calculated components of the U transformation tensor and the eigenvalues compared 

to thermal hysteresis Thys for AQ, ORD and NiMnInCo [21] 
         λ 1 λ2 λ 3 Thys [K] 
AQ 0.9992481 

 
-0.0103112 1.06389845 1.0423858 

 
1.0424 
 

0.9978 
 

1.0655 5.1 

ORD 0.9963629 
 

0.00831159 
 

1.05934224 1.0200271 1.0200 0.9953 
 

1.0604 
 

6.2 

NiMnInCo 0.9935192 
 

-0.0077249 
 

1.065414793 
 

1.0378146 
 

1.0378 
 

0.9927 
 

1.0662 
 

12.3 

 

 
The middle eigenvalues (λ2) show a congruent correlation with the thermal hysteresis; 

the hysteresis decreases as the λ2 parameter approaches to 1, i.e. consistent with a 

better structural compatibility between martensite and austenite [ 6, 18, 37, 38]. It is 

well known that NiMnInCo alloys display differences in thermal hysteresis due to 

composition changes [18], but it is interesting to note that the addition of a small 

quantity of Cu improves the structure compatibility and decreases the thermal 

hysteresis (see table 2, where parameters of NiMnInCo alloys are also included) [14, 
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15]. In this sense, the addition of 10% of Pt  to NiMnIn alloys also decreases the 

thermal hysteresis to 4K with λ2=0.9982 [36], but Pt  increases the alloy cost in a 

remarkable way.  

 

 
3.3 Magnetocaloric properties 
 
Magnetization versus temperature curves under 100 Oe and 6T applied magnetic fields 

are shown in figure 3a and 3b, respectively. The ordering process leads to an increase 

in global magnetization, coherent with the increase in the Curie temperature. The high 

field (6T) magnetization change (∆M) linked to the MT is 68 and 72 emu/gr in the AQ 

and ORD samples, respectively.  

Figure 3c shows the DSC of the AQ and ORD samples, where the transformation 

enthalpy (∆H) reduces from 8.4 J/g to 5.7 J/g for ORD sample as a consequence of the 

ordering process. This change in enthalpy is understandable given the opposing 

contributions to magnetic Gibbs free energy [24, 25]. Therefore, the heat exchanged 

during field induced martensitic transformation should be smaller in the ordered alloy 

representing a drawback to improve the magnetocaloric effect. However, ordering 

induces the combination of a slight increase in the magnetization change and a 

decrease in enthalpy associated with the transformation, and consequently the order 

increases the Clausius-Clapeyron slope (∂TM⁄∂B) that is proportional to the ratio ∆M⁄∆H 

[39-41].  So, the shift of the MT temperature with the applied field increases with the 

atomic order as shown comparatively in figures 3a and 3b. 

 

The effect of the magnetic field on the MT was studied using M(T) curves under 

different magnetic fields. The peak in the derivative of the M(T) curve (see inset in 

figure 3d) has been used to characterize the variation of the transformation 

temperatures (Tpeak) with the applied field as shown in  Figure 3d The variation (∂TM⁄∂B) 

changes from 2.1 K/T for the AQ sample to 3.9 K/T for the ordered ORD sample, 
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practically doubling the sensitivity of the alloy to a magnetic field. This result acquires 

relevance since ordering occurs without modifying the transformation temperatures, 

unlike what happens in other NiMnIn alloys [22-25]. Additionally, the increase of the 

magnetic field sensitivity (∂TM⁄∂B) and the low thermal hysteresis found in the ORD 

sample are beneficial for maximizing the fraction induced by the magnetic field and for 

a better reversibility, as we will discuss later [9]. 

 
 
Figure 3. a) M(T) curves under 100 Oe applied field for the AQ, and  ORD bulk 

samples b) Same at 6T   c) DSC thermogram for AQ and ORD alloys during heating 

showing the difference on the enthalpy.  d) Tpeak vs magnetic field for AQ and ORD 

samples showing the Claussius-Clapeyron relationship. The inset shows the 

temperature dependence of the derivative M(T) at different applied fields where the 

maximum of the peak corresponds to a Tpeak 
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In order to get deeper into the effect of atomic ordering on the magnetocaloric 

properties, the isothermal entropy changes, ∆Siso (T) were obtained from M(T) curves 

measured on heating using the Maxwell´s relation:  

         ∫ (
  

  
)
 
  

 

 

 

Figures 4a and 4b show the isothermal entropy change as a function of temperature for 

applied fields between 1 and 6 T for samples AQ and ORD, respectively. Both show 

similar maximum ∆Siso (~20 J/KgK). Therefore, although the ordered sample has a 

lower MT enthalpy change (figure 3c), the higher field-induced transformed fraction of 

the ordered alloy (higher ∂TM⁄∂B) compensates the martensitic transformation entropy 

change. Another interesting point related to a higher ∂TM⁄∂B of ORD sample is that a 

high entropy change can be achieved over a wide temperature range of about 27 K 

(determined from FWHM of          peak). The wide range for the magnetocaloric 

effect is an important parameter in case of cascade cooling and increase the 

refrigeration capacity as can be seen below.  
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Figure 4. Isothermal entropy change          as a function of temperature for different 

magnetic applied field between 1T and 6T a) AQ sample b) ORD sample.  

 

The refrigeration capacity RC, which represents the maximum amount of thermal 

energy transferable between the cold (Tcold) and hot (Thot) sources in a thermodynamic 

cycle [42], can be computed using: 

   ∫            
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where the temperature integration range can be estimated from the full width at half 

maximum ( FWHM) of the          curves (figures 4a and 4b). Figure 5a shows the RC 

for ORD and AQ samples for different fields. The ordered sample clearly shows a 

greater cooling capacity for all the applied fields, improving the magnetocaloric 

response from an application point of view. Particularly for 2T and 6T, the 

enhancement represents around 25%.  Nevertheless, larger RC have been reported in 

the literature [15] but the low thermal hysteresis that the ordered alloy shows has an 

additional advantage; the hysteresis losses (HL) of the magnetic field induced cycle are 

smaller. HL(T) can be estimated from the area enclosed by the hysteresis loops M(H) 

at constant temperature and depends on the maximum applied magnetic field as 

shown in Figure 5b. Comparing the M(H) behavior of the ORD (red curve) with AQ 

(grey curve), it can be seen that the ordered alloy possess a narrower cycle that can be 

related with a better reversibility after removing the applied magnetic field (6T). So the 

HL(T) can be reduced with ordering as will be shown later on figure 5c. This point is 

very interesting because the AQ sample displays a lower thermal hysteresis than ORD, 

but this sample shows a double magnetic field sensitivity (higher ∂TM⁄∂B). 

Figure 5c shows the temperature dependence of HL(T) for AQ and ORD samples 

under maximum magnetic field of 6 T. Alloys with the largest reported RC are also 

shown in the figure for comparison. As mentioned before, the hysteresis losses is lower 

in the ORD alloy than in AQ sample, and remarkably lower than all the others (even 

comparing the cycle obtained at 6T with bibliography data obtained at 5T) and this 

improvement should be attributed to a reduced thermal hysteresis and a high ∂TM⁄∂B 

[9]. It is also important to highlight the close to room temperature working range of the 

present alloy.  
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Figure 5. a) Refrigeration capacity RC as function of the magnetic field for AQ (black 

squares) and ORD (blue triangles) samples. b) Hysteresis loops M(H) at different 

maximum applied magnetic field, each temperature correspond to maximum HL c) 

Hysteresis Loss of AQ (black) and ORD (red) samples measured at 6 T compared with 

data obtained from  references: i [43], ii [44], iii [15] at 5T. 

The effective refrigeration capacity defined as RCeff = RC – HLm where HLm is the 

average hysteresis losses (average integral in the temperature range used for RC 

calculations) has been analyzed and compared with values reported in the literature. 

On table 3 the refrigeration capacity (RC), average hysteresis loss (HLm) and effective 
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refrigeration capacity (RCeff) obtained at magnetic fields of 2T, 4T and 6T are 

presented for comparison between disordered (AQ) and ordered (ORD) samples. This 

values confirm that the ordered alloy displays a higher  RC and a lower hysteresis loss 

so, the RCeff improves between 45 and 65% in ordered state with a negligible change 

in martensitic transformation temperature as shown before.  

The RCeff for ORD sample under 2T (a magnetic field  that can be provided by a 

permanent magnet) is 86 J/kg, more than 15% higher than the largest values found in 

Ni–Mn-based alloys, such as Ni45Co5Mn36In13.3Cu0.7 (63.8 J/kg) [15],  

Ni40.6Co8.5Mn40.9Sn10 (70 J/kg) [45] and Ni48Co1Mn37In14 (75 J/kg) [44]. At higher 

magnetic fields, i.e. at 6T the RCeff reaches 314 J/kg, one of the highest reported 

values for magnetocaloric MMSMA operating at room temperature [15]. 

 RC  [J/Kg] HLm   [J/Kg] RCeff   [J/Kg] 

 2T 4T 6T 2T 4T 6T 2T 4T 6T 

AQ 81 200 316 22 76 122 59 124 192 

ORD 103 253 397 17 61 83 86 192 314 

Table 3: Calculated refrigeration capacity (RC), average hysteresis loss (HLm) and effective 

refrigeration capacity (RCeff) obtained at magnetic fields of 2T, 4T and 6T. 

To compete with the efficiency of gas compressor-based systems and to improve the 

reversibility of the transformation, the reduction of magnetic losses (larger RCeff) and 

thermal hysteresis are key factors [10, 11, 14, 15, 31, 46]. Figure 6 shows a summary 

of the main reported values of RCeff and hysteresis found in literature for different 

magnetocaloric alloys operating between 260 and 330 k (range for room temperature 

cooling applications). Therefore, the further to the top-left in the figure of merit, the 

better the alloy will be for magnetic refrigeration. The ORD ordered sample (blue big 

circles) possesses an excellent combination of low thermal hysteresis and high RCeff 

not achieved previously in metamagnetic shape memory alloys.  
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Figure 6: RCeff and thermal hysteresis for different magnetocaloric alloys operating 

between 260 and 330 K, blue big circles correspond to the present ordered ORD Alloy 

at 4 and 6T. Data extracted from literature: i [43], ii [47], iii [42], iv [48], v [49], vi [50], vii 

[51], viii [52], ix [53], x [54], xi [15], xii [55], xiii [56], xiv [57], xv [58] 

 

4. Conclusion 

 
In this work, a Cu doped NiMnInCo alloy exhibiting a narrow thermal hysteresis (5-6K) 

at room temperature has been designed. The L21 atomic ordering produces an 

increase in the curie temperature of the austenite but hardly affects the martensitic 

transformation temperatures. On the ordered alloy, the magnetic hysteresis losses 

have been analyzed being one of the lowest reported in the literature for MMSMA. In 

parallel, the atomic order doubles the sensitivity of the transformation to magnetic 

fields, improves the magnetocaloric effect, the reversibility and enhances the 

refrigeration capacity. The effective cooling capacity coefficient RCeff reaches 86 J/Kg 

for 2T and 314 J/Kg for 6T fields. Therefore, the ordered alloy possesses an excellent 

combination of low thermal hysteresis and high RCeff not achieved previously in 

metamagnetic shape memory alloys. This work shows the remarkable importance of 

the study of the ordering effects in each new alloy designed and identifies a promising 
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way for the improvement of the properties of technological interest based on the 

magnetocaloric effect.  
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Graphical abstract 

 

 

 

Highlights 

1) Cu doped NiMnInCo MMSMA exhibiting a narrow thermal hysteresis (around 5 
K) at room temperature has been obtained 

2) An L21 ordering increases the magnetization of the austenite without changing 
the transformation temperatures.  

3) The ordering doubles the sensitivity of the transformation to magnetic fields, 
improves the magnetocaloric effect, the reversibility and enhances the 
refrigeration capacity.  

4) The ordered alloy displays an excellent combination of low thermal hysteresis 
and high Effective cooling capacity coefficient.   
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