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Abstract of the dissertation 

  

Rare-earth Free Mn-based Magnetocaloric Alloys for Solid State Refrigeration 

 

By 

 

Dong Won Chun 

 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2016 

Professor Renkun Chen, Chair 

 

 

 Magnetic refrigerator has been receiving a lot of attention in industry because it is 

environmentally friendly system with higher coefficient of performance (COP). However, 

magnetocaloric alloys for magnetic refrigerator contain very expensive rare-earth 

elements or toxic elements so that it is difficult to scale up for widespread use. In this 

dissertation, development of rare-earth free Mn-based magnetocaloric alloys are 

described.  

In chapter 2 of this dissertation, I describe nanograined Ni-Mn-Sn alloys for room 

temperature magnetocaloric (MC) material. Ni-Mn-Sn Heusler alloys exhibiting large 

magnetocaloric effect (MCE) around room temperature have been intensively studied for 

environmentally-friendly and inexpensive room temperature refrigeration.  However, Ni-

Mn-Sn alloys have a somewhat narrow MC temperature range and consequently a low 

refrigerant capacity value around room temperature. In this work, we employed a novel 



xv 

 

spark erosion process to produce oxide-free nanoparticles of Ni-Mn-Sn  alloy and 

subsequently fabricated nanograined Ni-Mn-Sn material by hot pressing, in order to 

broaden its MC temperature range.  We characterized the crystal structure, magnetic 

properties, and MC properties of the produced nano-grained Ni48.6Mn37.5Sn13.9 pellets. 

From the X-ray diffraction and Reitveld refinement, it was determined that the 

nanograined Ni-Mn-Sn had a modulated 5M (IC) structure, in which a contracted lattice 

parameter and unit cell volume were observed, compared to as-made bulk Ni-Mn-Sn. For 

the nanograined Ni-Mn-Sn, we observed an 85% increase in the full-width-half-

maximum (FWHM) of the magnetic field induced entropy change ΔSM(T), leading to an 

improved refrigerant capacity of 11%, despite a 35% reduction in ΔSM at 3T. Our results 

suggest that nanostructuring offers a promising approach to enhance the MC performance 

of Ni-Mn-Sn half-Heusler alloys. Chapter 2, in part, is submitted in Acta Materialia, 

Dongwon Chun, Chin-Hung Liu, Robin Ihnfeldt, Lizzie Caldwell, Tae Kyung Kim, 

Yongdeok Kim, Chong Seung Yoon, Ekaterina Novitskaya, Olivia A. Graeve, Sungho 

Jin and Renkun Chen. The dissertation author was the primary investigator and author of 

this paper.  

 In chapter 3 of this dissertation, I describe the structure and properties of Mn-Si 

alloys for low temperature MC material. In particular, the crystal structure, magnetic 

properties and MC effect of Mn5-xSi3+x (x = -0.4, -0.3, -0.2, -0.1, 0, 0.3) polycrystalline 

samples were investigated. Conventional-MCE below 50K was observed in the Mn5-

xSi3+x (x = -0.4, -0.3, -0.2, -0.1) samples. As Mn concentration decreased from Mn5-xSi3+x, 

conventional-MCE was improved, whereas inverse-MCE ~65K was reduced. It was 

revealed from the X-ray diffraction and Reitveld refinement that lattice parameters (a,b, 

and c) and unit cell volume contracted,  and also, the differences between the measured 

and calculated results became larger as Mn concentration decreased. These results 

indicate the MnSi exhibits conventional-MCE below 50K in Mn5-xSi3+x inverse-MCE.  
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Chapter 1: Introduction 

 

1.1: “Green” Refrigerator: Magnetic Refrigerator 

Room-temperature refrigeration system has become an essential technology in our 

life, such as food / beverage production, industrial process, the chemical / pharmaceutical 

industry and the automotive industry. The most common type of refrigerator is based on 

the gas compression / expansion cycle since the first commercially available refrigerator 

was developed more than a hundred years ago.  

While gas-compression technology has been improved on the efficiency, its 

efficiency is still too low, about 10-20% based on the Carnot cycle [1]. Since this 

technology has become a mature technology now, it has only a small potential for further 

improved efficiency [2]. Furthermore, serious environmental concerns have been raised 

about gas-compression based cooling system because it utilizes ozone-depleting 

refrigerants such as hydrochlorofluorocarbons (HCFCs) / chlorofluorocarbons (CFCs)) 

and hazardous chemicals (ammonia). Currently, HCFCs and CFCs have been replaced by 

hydrofluorocarbons (HFCs) as refrigerants for the refrigerator and air conditioner. 

However, HFCs is considered one of the main culprits of greenhouse effect. For the 

global environment, the CFCs and HCFCs were already banned, and the HFCs will be 

prohibited near the future according to the Motreal Protocol [3].  

Therefore an alternative refrigerator technology to replace the conventional gas-

compression based refrigeration system is essential. Next generation cooling technologies 

based on magnetic refrigeration and thermoelectric refrigeration have been intensively 

studied. Among these technologies, the magnetic refrigerationr is regarded as a candidate 

for an alternative refrigerator because of possible higher cooling efficiency and 

environmentally friendly feature [4, 5].  

Magnetic refrigerator has advantages compared to the current gas-refrigerant 

based refrigerator. First, magnetic refrigerator is a high efficiency system. The efficiency 
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of magnetic refrigeration operating with gadolinium (Gd) as a refrigerant reaches up to 

60% of Carnot cycle [7-8], whereas Carnot efficiency of 40% could be attained in the 

conventional refrigerator according to the Second Law of Thermodynamics. This 

indicates that the magnetic refrigerator could conserve 20% or even more energy than the 

conventional refrigerator. In addition, since the magnetic refrigerator utilizes magneto-

caloric materials instead of conventional refrigerants, it could be an environmentally 

friendly system. Simultaneously, the use of magnetic MCE materials as a solid 

refrigerants and the absence of the compressor lead to a low noise system which could be 

applied for medical industry. 
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Figure 1.1. Ozone depletion due to the gaseous refrigerant (CFC) [6] 
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Figure 1.2. Magnetic Refrigeration (a) The MCE material is moved through the 

permanent magnet region producing 14kOe of magnetic field. The refrigerator operates 

near room temperature with a 20°C temperature change and a cooling power of 95W. (b) 

A 7.6 kOe permanent magnet rotates between MCE beds, with a cooling power of 40W 

[9]. 
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1.2: Magnetocaloric effect 

Since Giauque first demonstrated the process of cooling through adiabatic 

demagnetization, magnetic refrigeration systems based on the magneto-caloric effect 

(MCE) has been widely used to achieve extremely low temperatures [10, 11]. The MCE 

is a magnetic material, which shows temperature changes in response to a change of 

magnetic field under adiabatic conditions. In conventional MCE, when the MCE 

materials experience an increasing magnetic field, its configurational entropy of spin 

decreases. Since total entropy is constant during the adiabatic magnetization process, the 

lattice entropy increases, which heats up the MCE material. In the adiabatic 

demagnetization process, the spin disorder causes a configurational entropy increase and 

results in cooling of the MCE material [12].  

For the description of magneto-caloric effect, we can separate it  into two parts. 

The first part is the lattice and the other part is the magnetic moments. At room 

temperature and in the absence of an external magnetic field, the orientation of the 

magnetic moments is randomly oriented due to the thermal fluctuation and the lattice 

vibration in a certain manner (Fig. 1-(a)).  

 When an external magnetic field is applied, the magnetic moments orient along 

the direction of the magnetic field, decreasing the entropy associated with the magnetic 

subsystem. When the magnetization process is performed at an adiabatic system, since 

the total entropy change (ΔS) is zero, the lattice entropy increases to compensate for the 

magnetic entropy decrease. This lattice entropy increase causes an increase of material 

temperature (Fig. 2-(b)). At this stage, a heat transfer fluid can be employed to expel the 

heat and bring the temperature of the magneto-caloric materialback to its initial state (Fig. 

2-(c)). 

Upon removal of the external magnetic field, an adiabatic demagnetization 

process takes place with the magnetic moments becoming randomly oriented, which 

causes magnet entropy to increase. Afterward, material’s temperature decreases due to 

decrease of lattice entropy (Fig. 2-(d)). In order to cool down the contents of the 
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refrigerator, heat is expelled by passing a heat transfer fluid through the magneto-caloric 

material. Magnetic refrigerator based on the magneto-caloric effect can be operated by 

repeating these steps in a cyclic manner.  
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 1.3: Thermodynamics of Magnetocaloric Effect 

     The first law for a closed thermodynamic system is defined as: 

𝑑𝑢 =  𝛿𝑞 −  𝛿𝑤              (1.1) 

, where u is the change in internal energy, q is the heat added to the system and w is the 

work done by the system. MCE material’s internal energy increases when heat is added 

to the system or when work is done by the MCE material. The specific heat to magnetize 

the MCE material in a thermodynamically closed system can be determined as: 

𝛿𝑤 =  𝜇𝑜𝐻𝑑𝑀              (1.2) 

, where 𝜇𝑜  is the permeability at free space, H is the magnetic field and M is the 

magnetization of MCE material. The first law can be expressed as: 

𝑑𝑢 =  𝛿𝑞 + 𝜇𝑜𝐻𝑑𝑀              (1.3) 

At the reversible process,  

𝑑𝑞 =  𝑇𝑑𝑠              (1.4) 

So equation 1.1 can be rewritten as: 

𝑑𝑢 = 𝑇𝑑𝑠 + 𝜇𝑜𝐻𝑑𝑀              (1.5) 

Under the constant volume and constant pressure state, the derivative of the entropy 

can be expressed as: 

𝑑𝑠(𝑇, 𝐻) = (
𝛿𝑠

𝛿𝑇
)𝐻𝑑𝑇 + (

𝛿𝑠

𝛿𝐻
)𝑆𝑑𝐻             (1.6) 

      Therefore, equation 1.4 takes following form: 

𝑑𝑞 = 𝑇𝑑𝑠(𝑇, 𝐻) = 𝑇(
𝛿𝑠

𝛿𝑇
)𝐻𝑑𝑇 + 𝑇(

𝛿𝑠

𝛿𝐻
)𝑆𝑑𝐻             (1.7) 
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 The derivative of heat can be defined by specific heat capacity: 

𝑑𝑞 = 𝐶𝐻(𝑇, 𝐻)𝑑𝑇 + 𝐶𝑇(𝑇, 𝐻)𝑑𝐻             (1.8) 

 By comparing equation 1.7 and 1.8, specific heat capacity can be defined by: 

𝐶𝐻 = (
𝛿𝑞

𝛿𝑇
)𝐻 = 𝑇(

𝛿𝑠

𝛿𝑇
)𝐻             (1.9) 

𝐶𝑇 = (
𝛿𝑞

𝛿𝐻
)𝑇 = 𝑇(

𝛿𝑠

𝛿𝐻
)𝑇             (1.10) 

 Maxwell equation can be expressed as: 

(
𝛿𝑠

𝛿𝐻
)𝑇 = 𝜇𝑜(

𝛿𝑀

𝛿𝑇
)𝐻             (1.11) 

 For the isothermal process, entropy change can be defined as by applying 

equation 1.6 and 1.11: 

𝑑𝑠(𝑇, 𝐻) = 𝜇𝑜(
𝛿𝑀

𝛿𝑇
)𝐻𝑑𝐻             (1.12) 

 As a consequence, magnetic field induced isothermal entropy change is expressed 

as follows: 

∆𝑠𝑀 = 𝑠2 −𝑠1 = ∫ 𝜇𝑜(
𝛿𝑀

𝛿𝑇
)𝐻

𝐻2

𝐻1

𝑑𝐻 = ∫
𝐶𝑇

𝑇

𝐻2

𝐻1

𝑑𝐻             (1.13) 

 Adiabatic temperature change is another important parameter to estimate MCE 

material.  

 Under the adiabatic process, total entropy does not changed (ds=0). From the 

equation 1.6 and 1.11: 

(
𝛿𝑠

𝛿𝑇
)𝐻𝑑𝑇 = −(

𝛿𝑠

𝛿𝐻
)𝑆𝑑𝐻 = −𝜇𝑜(

𝛿𝑀

𝛿𝑇
)𝐻𝑑𝐻             (1.14) 

 From the equation 1.9 and 1.14, temperature change can be defined as: 
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𝑑𝑇 = −
𝑇

𝐶𝐻
𝜇𝑜(

𝛿𝑀

𝛿𝑇
)𝐻𝑑𝐻          (1.14) 

 As a consequence, magnetic field induced adiabatic temperature change is 

expressed as: 

∆𝑇𝑎𝑑 = −𝜇𝑜 ∫
𝑇

𝐶𝐻
(
𝛿𝑀

𝛿𝑇
)𝐻

𝐻2

𝐻1

𝑑𝐻          (1.15) 

 Since the measurement of CH takes long time, generally MCE property is 

indirectly estimated by measuring magnetization of MCE material.  

There are several parameters that should be measured to characterize magneto-

caloric material. Ideally, the most straightforward method for characterizing material’s 

MCE is measuring the temperature change under the magnetic field change by 

thermocouple in the adiabatic condition [14, 15]. From this measurement, ΔTad with 

respect to magnetic field can be obtained. Thermocouple measures temperature by 

measuring open circuit voltage between wires. When the thermocouple wires experience 

rapid change of magnetic field, parasitic electromotive force is induced in the 

thermocouple wires (Faraday’s Law). This induced electromotive force brings about error 

from the real ΔTad. Also, the thermal mass of the sample should be much larger than the 

thermal mass of the sample holder in order to get more reliable data.  

Less straightforward method, but is easier to characterize MCE is measuring the 

magnetic entropy change ΔSM (equation 1-13). Since the temperature changes of material 

is caused by the changes of magnetic moments, it is natural that large ΔSM material 

would be good candidates for magneto-caloric material as a magnetic refrigerant.  

Usually CH (equation 1-9) is independent of the magnetic field, so the equation 1-

15 can be replaced by: 

∆Tad ≈
T∆sM

CH
          (1.16) 
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The common method to evaluate ΔSM is measuring both isothermal magnetization 

curves and isofield magnetization curves. In this thesis, we calculated ΔSM by the 

isothermal magnetization measurement with respect to magnetic field.  

Another important parameter for evaluating the performance of magneto-caloric 

material is the refrigerant capacity (RC) which indicates the amount of heat that can be 

transferred between cold and hot reservoirs and RC can be defined by: 

𝑅𝐶(𝐻) = ∫ ∆sM(𝑇, 𝐻)
𝑇ℎ𝑜𝑡

𝑇𝑐𝑜𝑙𝑑

𝑑𝑇          (1.17) 

, where Tcold and Thot are the temperatures of each reservoir. Generally, these 

temperatures are corresponding to full width at half maximum (FWHM) of the peak in 

ΔSM curves with temperature.  

Depending on the calculation procedure, different definitions of RC could appear. 

In this work, we calculated RC using following equations [17]: 

𝑅𝐶(𝑇) = l∆sMl𝑚𝑎𝑥 × 𝛿𝑇𝐹𝑊𝐻𝑀          (1.17) 

, where l∆sMl𝑚𝑎𝑥 is the maximum magnetic entropy change and 𝛿𝑇𝐹𝑊𝐻𝑀 is the full width 

at half maximum (FWHM) of the peak in ΔSM – T curves, respectively 
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Figure 1.3. A magneto-caloric effect material (a) randomly oriented magnetic moment 

without magnetic field, (b) temperature increases by external magnetic field (b) Expelled 

heat by cooling liquid (d) Temperature decreases by demagnetization, expelled heat 

transfer by liquid to cool the refrigerator [13] 

  



12 
 

 
 

1.4: References 

[1] B.F. Yu, Q. Gao, B. Zhang, X.Z. Meng and Z. Chen, Review on research of room 

temperature magnetic refrigeration, Int.J.Refrigeration, 26 (2003) 622-636 

[2] Andrej Kitanovski, Marko Ožbolt, Alojz Poredoš, Magnetocaloric Energy Conversion 

From Theory to Applications, Springer (2014) 

[3] en.wikipedia.org/wiki/Montreal_ protocol. 

[4] E. Warburg, Ann. Phys. Chem., 13 (1881) 141. 

[5] https://www.sciencedaily.com/releases/2009/05/090515083822.htm 

[6] http://biophysics.sbg.ac.at/atmo/ozone.htm 

[7] G.V. Brown, Magnetic heat pumping near room temperature, J.Appl.Phys., 47 (8) 

(1976) 3673-3680  

[8] C. Zimm, A. Jastrab, A. Sternberg, V.K. Pecharsky, K.A. Gschneidner Jr., M. 

Osborne and I. Anderson, Description and performance of near-room temperature 

magnetic refrigerator, Adv.Cryog.Eng., 43 (1998)1759-1766 

[9] http://electrons.wikidot.com/magnetocaloric-effiect 

[10] Giauque W. F., A thermodynamic treatment of certain magnetic effects. A proposed 

method of producing temperatures considerably below 1
◦
 absolute, J. Am. Chem. Soc. 49 

(1927) 1864–70 

[11] J.A. Barclay, W.A. Steyert, Materials for magnetic refrigeration between 2K and 

20K, Cryogenics, 22 (1982), 73–80 

[12] N.A. de Oliveira , P.J. von Ranke, Theoretical aspects of the magnetocaloric effect, 

Physics Reports, 489 (2010), 159 

[13] http://green.blogs.nytimes.com//2009/01/30/climate-friendly-refrigerator-magnets/ 

[14] Dankov SY, Tishin AM, Pecharsky VK, Gschneider KA Jr. 1997. Rev. Sci. Instrum. 

68:2432–37 

 

[15] Tocado L, Palacios E, Burriel R. 2005. J. Magn. Magn. Mater. 290:719–22 

 

[16] Canepa F, Cirafici S, Napoletano M, Ciccarelli C, Belfortini C. 2005. Solid State 

Commun. 133:241–44 

[17] Arup Ghosh, and Kalyan Mandal, Effect of structural disorder on the magneto 

caloric properties of Ni-Mn-Sn alloy, Applied Physics Letters 104, (2014), 031905

https://www.sciencedaily.com/releases/2009/05/090515083822.htm
http://electrons.wikidot.com/magnetocaloric-effiect
http://www.sciencedirect.com/science/article/pii/0011227582900984
http://www.sciencedirect.com/science/article/pii/0011227582900984
http://green.blogs.nytimes.com/2009/01/30/climate-friendly-refrigerator-magnets/


 
 

13 

 

Chapter 2: Nano-grained Ni-Mn-Sn MCE alloy 

 

2.1: Background 

2.1.1: Room temperature NiMnSn Heusler Magnetocaloric alloys.  

Room temperature refrigeration based on the magneto-caloric effect is promising 

because it has higher energy efficiency in comparison to refrigerators based on gas 

circulation. Moreover, the MCE refrigeration system is environmentally friendly since it 

does not use Freon type gases, which contribute to the greenhouse gas effect and ozone 

depletion [1] 

Since the first study of large MCE with gadolinium (Gd) near room temperature (Tc 

= 293K) [2], researchers have intensively studied various MCE alloys for room 

temperature applications. Pecharsky and Gschneidner found giant magneto-caloric effect 

(GMCE) from Gd5Si2Ge2 alloy caused by magnetic field induced first order phase 

transformation from paramagnetic phase to ferromagnetic phase around Tc = 280K. They 

calculated the alloy entropy change (18 J / kg.K at M = 5T), which is significantly larger 

than the entropy change of Gd (10 J / kg.K at M = 5T) [3]. Since then, GMCE alloys 

based on a first order phase transformation including MnFePAs [4], MnAsSb [5], LaFeSi 

[6] and LaFeSiH [7] also show large entropy change (18 – 30 J / kg.K at M = 5T) around 

room temperature as shown in Fig. 2.1.1 and Fig. 2.1.2. 

Many of magnetocaloric materials exhibit large ΔSM around room temperature, 

contain rare-earth elements such as gadolinium (Gd) or Lanthanum (La). FeRh type MCE 

alloys contain a very expensive element of rhodium (Rh), while MnAs-based MCE alloys 

contain a toxic element of arsenic (As).  

The demand for rare earth elements has been rising due to the utilization of rare earth 

in new technologies such as the clean energy, military and mobile electronics. About 5% 

- 9% of annual growth for total rare earth elements demand is expected over the next 25 

years [8]. However, only a small number of countries, predominantly China, supply rare-
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earth elements. The large price spike for rare-earth in 2009 brought attention to the 

industry. While rare earth price has become stable for now, it is steel high (Fig. 2.1.3) 

compared to other materials. Therefore, not only for reducing production cost but also 

improving economic stability, it is essential to develop rare-earth free magnetocaloric 

materials.  

      In search for more abundant and environmentally friendly MC materials, inverse 

MC materials have emerged as promising candidates.  In contrast to conventional MCE 

materials, in which materials show adiabatic demagnetization cooling, inverse MC 

materials exhibit adiabatic magnetization cooling because their configurational entropy of 

spin increases in the presence of an external magnetic field. 

 The inverse MC materials often contain elements that are more abundant and 

benign, such as MnCrSb, MnVSb and MnSi [9-11]. In particular, ferromagnetic NiMn-

based Heusler alloys have attracted significant attention because of their remarkable ΔSM 

around room temperature.  Among these MC alloys, mixtures of Ni-Mn-Sn are some of 

the most studied alloys because of their large entropy change near the first order phase 

transformation temperature range [5, 12-15].  Furthermore, Ni, Mn and Sn are safe, 

environmentally-friendly and inexpensive compared to rare-earth and MnAs based MC 

alloys.  Ni-Mn-Sn Heusler alloys are an ordered intermetallic compound with X2YZ 

stoichiometric composition in L21 structure (Fm3m), which consists of four 

interpenetrating FCC sub-lattices.  When the temperature is decreased, a martensitic 

transformation occurs and the crystal structure changes to non-modulated tetragonal (L10) 

or modulated such as 5M or 7M depending on the chemical composition [16].  

 The MCE in Ni-Mn-Sn alloys is observed in various temperature regions (170-

320 K), depending on the chemical composition [17].  In particular, the Ni50Mn37Sn13 

alloy has been extensively studied because of its remarkable ΔSM around room 

temperature (18 J/kg•K, H = 5 T) where it transforms from a ferromagnetic austenite 

phase to a paramagnetic martensitic phase [18] (Fig. 2.1.4).  However, compared to rare-

earth based MC alloys, Ni50Mn37Sn13 has a narrower operational temperature range 

(FWHM in ΔSM curve = 7 K at H = 5 T) and a lower RC value (126 J/kg at H = 5 T) 



15 
 

 
 

around room temperature compared to rare-earth based GMCE alloys as shown in Fig. 

2.1.5.  As a result, its application as a magnetic refrigeration material is limited.  
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Figure 2.1.1. Magnetic entropy change (ΔSM) of various magneto-caloric materials in the 

magnetic field of 2T [20] 

 

Figure 2.1.2. Maximum magnetic entropy change (ΔSM) with respect to peak temperature 

for different groups of magneto-caloric materials in the magnetic field of 5T [21] 
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Figure 2.1.3. Price history in U.S dollars of rare-earth materials [22]. 

 

Figure 2.1.4 Refrigerant Capacity (RC) of various magneto-caloric materials around 

room temperature [18].  
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Figure 2.1.5. Maximum magnetic entropy change (ΔSM) and full-width-half-maximum 

(𝛿𝑇𝐹𝑊𝐻𝑀) of Ni50Mn37Sn13 [17] and Gd/ Gd5Si2Ge5 [2]. 
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 2.1.2: Why Nano-scale Magneto-caloric Material? 

One of the potential approaches to broaden the operational temperature range of 

Ni-Mn-Sn alloys is through nanostructuring.  According to Shull’s theoretical calculation 

of MCE properties of magnetic nanocomposites [23, 24], the operational temperature 

range of MC materials, as it relates to the magnetic field induced entropy change, 

becomes broader when the material’s grain size decreases to nano-scale. Also, it has been 

theoretically proven that a broader MCE temperature range would lead to a higher 

efficiency of magnetic refrigeration [9].  These studies suggest that it is possible to 

simultaneously improve the operational temperature range, RC value and cooling 

efficiency by making nanograined MCE alloys.  

 MCE properties of various nanostructures have been investigated and their effect 

varied in different MCE materials.  For example, improvement of MCE temperature 

region and RC were observed in PrFe and NiMnGa nanostructured MCE [25, 26], 

whereas MCE deteriorated in nanostructured GdSiGe and GdSiGeFe alloys [27].  

Preparation of nanoparticles of metallic alloys is not always easy, as chemical synthesis 

of ternary alloy metallic nanoparticles are complicated and difficult.  Mechanical 

grinding of bulk alloys can be utilized, however, the grinding process to nano dimensions 

is time consuming, with unavoidable surface oxidation.  Due to the low nanoparticle 

yield by mechanical grinding, the nanostructuring effect of Ni-Mn-Sn alloys has not been 

investigated in depth.  In addition, its low yield limits the application of nanograined MC 

materials for widespread deployment. 

 In this work, we utilized a high-yield spark erosion process to produce metallic 

nanoparticles of Ni-Mn-Sn MCE alloy, followed by a hot pressing process to fabricate 

pellets with uniform nanoscaled grain size.  The crystal structure, magnetic properties and 

MCE properties were characterized and compared to the starting bulk Ni-Mn-Sn alloy.  

From electron microscope analysis, formation of nanoparticles and nanograins in Ni-Mn-

Sn alloys were confirmed.  Also, it was determined from X-ray diffraction and Reitveld 

refinement that bulk Ni-Mn-Sn and nanograined Ni-Mn-Sn had a modulated 5M(IC) 
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structure.  However, the unit cell volume was contracted in nanograined Ni-Mn-Sn  as 

compared to the bulk Ni-Mn-Sn.  These unique structural features in nanograined Ni-Mn-

Sn alloy leads to enhancement of both the MC temperature region (by 85%) and the RC 

value (by 11%) as compared to those in the bulk Ni-Mn-Sn alloy. 
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 2.1.3. Crystal structure of nano-grained NiMnSn MCE alloy 

 In the austenite phase, Heusler NiMnSn alloy has an L21 structure (space group 

Fm-3m) which consists of four interpenetrating fcc sublattices, as shown in Fig. 2.1.6. The 

Ni2MnSn is stoichiometric chemical composition where Ni atoms occupy the X sites, 

while Mn and Sn atoms occupy Y and Z sites, respectively. When the temperature 

decreases below the phase transformation temperature, NiMnSn undergoes martensitic 

phase transformation from the austenite phase. At low Sn concentration, NiMnSn alloy 

usually acquired L10 tetragonal structure which is equivalent to the ground state of 

Ni50Mn50. As Sn concentration increases, the martensitic phase can have various crystal 

structures such as 5M, 7M modulated structure and L10 non modulated structure [31-33] 

depending on composition, temperature and internal stress generated by martensitic 

transformation.   

 Modulated structure can be expressed by nM super-structure where n indicates the 

number of basic unit cells constituting the super-lattice. Fig. 2.1.7 shows the examples of 

5M and 7M modulated structure. The 7M modulated structure includes 7 basic unit-cells 

and the 5M modulated super-lattice includes 5 basic unit-cells in each super-lattice, 

respectively.   

 The modulated structure can be commensurate (C) or incommensurate (IC) 

determined by modulation vector (q) representing structural distortion. While the 

conventional diffraction vector defined by a*, b* and c*, the diffraction vector of 

incommensurate structure is composed of two distinct parts. The first part is composed of 

conventional diffraction vector (a*, b* and c*) and the other part represents modulation 

vector (q) which indicates shuffling of atomic layers along with the crystal direction. 

 Modulation vector is defined by equation 2–1 and its diffraction intensity is 

usually weaker than the Intensity of conventional diffraction vector. Therefore, Bragg 

reflection (B) is defined by the combination of conventional vector (a*, b*, c*) and 

modulation vector (q) is defined by α, β and γ coefficients.  

𝐻 = ℎ𝑎∗ + 𝑘𝑏∗ + 𝑙𝑐∗ + 𝑚𝑞         (2 − 1) 
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𝑞 = 𝛼𝑎∗ + 𝛽𝑏∗ + 𝛾𝑐∗         (2 − 2)  

     When α, β and γ coefficients correspond to rational number then structure 

represents commensurate structure (C), whereas, one of these coefficients is irrational 

number then this structure can be defined to incommensurate structure (IC) (Fig. 2.2.7). 

The commensurate structure can be express by conventional space group to express its 

crystal structure symmetry. On the contrary, incommensurate modulation structure 

cannot be defined by space-group, hence super-space group approach requires describing 

crystal structure of incommensurate modulation structure [34].   

 Magnetic-caloric effect of NiMnSn alloy is closely related to the number of 

valance electrons per atom (e/a).  Figure 2.2.7 shows he magnetic and structural phase 

diagram of NiMnSn heusler alloy with e/a.  Number of valance electrons (e) of Ni, Mn 

and Sn is 10, 7 and 4, respectively so by the summation of each element’s e/a, a is the 

atomic concentration, we can calculate e/a of NiMnSn alloy. As we say Curie 

temperatures of the austenite, martensite phase and martensite phase transformation 

temperature are Tc
a
 and Tc

m
 and Ms respectively, during field-cooling process in NiMnSn 

system. NiMnSn system undergoes crystal structure change with e/a change.  
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Figure 2.1.6. Crystal structure of NiMnSn Heusler alloys (L21) with formula Ni2MnSn[31] 

 

 

Figure 2.1.7. Examples of super-lattice of modulated structure, (a) 7-modulated structure 

(7M) and (b) 5-modulated structure (5M) 
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Figure 2.1.8. The magnetic and structural phase diagram of NiMnSn heusler alloy with 

e/a [35]. 
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 2.2: Experimental Procedure of nanograined NiMnSn MCE alloy 

 We used the spark erosion technique to achieve high-yield nanoparticle 

production of Ni-Mn-Sn. Figure 2.2.1 and 2.2.2 show schematic of Spark erosion shaker-

bottle and image of spark-eroded particles in a glass bottle.  

 The techniques is particularly advantageous for producing clean, unoxidized 

metallic alloy nanoparticles of typically 10-50 nm diameter, as the nanoparticle synthesis 

is performed at low temperature in a matter of minutes in a glass vessel filled with liquid 

nitrogen, thus eliminating the presence of air and associated oxidation.  Details of the 

spark erosion process can be found elsewhere [28-30].  In our spark erosion setup, two 

electrodes made of the target material were connected to a pulsed power source.  A large 

number of small pieces of the same material, called the ‘charges’, were also placed 

between the two electrodes (Fig. 2.2.3(a)).  Both the electrodes and the charges were 

immersed in an inert dielectric liquid (liquid nitrogen in this case).  We used 

Ni50.5Mn36.5Sn13 electrodes as the target material.  Both the electrodes and the charges for 

the spark erosion were prepared by induction melting of Ni (99.9%), Mn (99.95%), and 

Sn (99.99%) chips under argon atmosphere.  In order to achieve homogenized starting 

materials, Ni-Mn-Sn ingots were annealed at 1223 K for 72 h and then cooled in the 

furnace.  When the gap distance between two charge pieces was sufficiently small, the 

pulsed current produces a micro-plasma (spark) that has temperature on the order of 

10,000 K, leading to the vaporization of the involved charge alloy material.  The vapor 

was then ejected from the hot region, eventually falling into the dielectric liquid (i.e., 

liquid nitrogen), where it was rapidly quenched, producing nanoparticles (Fig. 2.2.3(b)).  

After spark erosion, the glass vessel containing the synthesized nanoparticles in liquid 

nitrogen were transferred into an Ar-gas-filled glove box (Fig. 2.2.4) for evaporation 

removal of liquid nitrogen, to prevent oxidation of the nanoparticles. Particles were 

sieved (mesh hole diameter: 2 μm) to remove larger particles such as broken-off chunks 

and debris as well as coarser microparticles sometimes present during spark erosion. The 

production rate of the Ni-Mn-Sn nanoparticles was over 50 grams per hour (Fig. 2.2.3(b)), 

much faster than many types of chemical synthesis methods for nanoparticles. The Ni-



26 
 

 
 

Mn-Sn nanoparticles were then loaded into a graphite die (Fig. 2.2.5) and hot pressed 

inside another Ar-filled glove box to produce nanograined Ni-Mn-Sn pellets (Fig. 2.2.6). 

The particles were hot-pressed at 923 K under an Ar atmosphere for 5 min. at a uniaxial 

pressure of 80 MPa (Fig. 2.2.6).  

 The surface morphology and chemical composition of the as-made Ni-Mn-Sn 

starting material (Bulk NMS) and the sintered nanograined Ni-Mn-Sn pellets 

(Nanograined NMS) were characterized with a scanning electron microscope (SEM, FEI 

UHR SFEG) and energy dispersive X-ray spectroscopy (EDS).  Crystallite size analysis 

was performed by transmission electron microscopy (TEM, FEI Polara FEG).  The 

magnetic properties of bulk NMS and nanograined NMS were measured using a 

Superconducting Quantum Interference Device (SQUID) magnetometer (MPMS 3rd, 

Quantum Design).  The temperature dependence of magnetization (M-T) in a magnetic 

field of 500 Oe was measured in the temperature range from 10 K to 390 K.  Temperature 

sweeping rate was fixed at 2K/min.  Field dependence of magnetization (M-H loop) 

within a temperature range of 280 K to 340 K was measured from zero field to 3 T with 

the magnetic field sweeping rate of 30 Oe/sec. XRD results were analyzed using Rietveld 

refinement using the Jana 2000 software [31]. 
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-  

Figure 2.2.1. Schematic of Spark erosion shaker-bottle [30] 

 

-  

Figure 2.2.2. Spark-eroded particles in a glass bottle. 

-  
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Figure 2.2.3. Photographs of (a) Spark erosion cell filled with Ni-Mn-Sn bulk charges, (b) 

30 g of spark eroded Ni-Mn-Sn powder 
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Figure 2.2.4. Argon filled glove box where oxygen level is below 0.5 ppm 

 

 

Figure 2.2.5. Photograph of Graphite die and portable chamber 
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Figure 2.2.6. Hot-pressing equipment and glove box for sintering 

 

 

 

Figure 2.2.7. Nanograined Ni-Mn-Sn pellets after the sintering process (compared to a 10 

cent coin) 
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2.3: Results and discussions 

 

2.3.1: Isothermal magnetization (M-T) results of Ni50Mn50-xSnx 

The MCE temperature region depends on the chemical composition in NiMnSn 

Heusler alloy. Prior to synthesize NiMnSn nanoparticle, finding the chemical 

composition of NiMnSn which exhibits MCE around room temperature requires. We 

fixed the chemical composition of Ni at 50% at. and investigate MCE temperature region 

with changing Mn and Sn concentration. Ni50Mn50-xSnx alloys (x = 12, 13, 14, 15 and 16) 

were prepared by induction melting of Ni (99.9%), Mn (99.95%), and Sn (99.99%) chips 

under argon atmosphere. 

Fig. 2.3.1 shows magnetization as a function of temperature of Ni50Mn50-xSnx 

samples (x = 12, 13, 14, 15 and 16) with a magnetic field of 500Oe. Samples were 

measured in a field-cooled sequence (FC) by heating up the temperature to 340K and 

adding an applied magnetic field of 500Oe, then measuring the magnetization while 

cooling to 150K. The cooling rate was fixed at 2K / min. during the measurements.  

The Ni50Mn36Sn14 sample as shown in Fig. 2.3.1 underwent magnetic phase transition 

from paramagnetic to ferromagnetic phase around 330K (Tac). Rapid magnetization 

change was not observed as temperature reduction which indicates this sample doesn’t 

have MCE. At the Sn concentration of 15% at., the magnetic transition from 

paramagnetic to ferromagnetic phase took place around 330K (Tac) and ferromagnetism 

extends to 170K. Below 170K, rapid magnetization reduction observed which implies 

this sample has inverse-MCE ~ 160K. As the Sn concentration is further decreased, 

inverse-MCE temperature range increases and room temperature inverse-MCE was 

observed in the Ni50Mn37Sn13 sample. More detailed explanation will be followed in 

chapter. 2.3.3. At Ni50Mn37Sn12, inverse-MCE was not observed. These results indicate 

temperature ranges of inverse-MCE depend largely on the chemical composition in Ni-

Mn-Sn system. The inverse-MCE stems from magneto-structural phase transformation of 

Ni-Mn-Sn alloy is closely related to the valence electron concentrations per atom (e/a) 
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[32]. When the chemical composition deviated from stoichiometry (Ni2MnSn), excess 

Mn atoms occupied Sn sites so that Mn - Mn distance contracted, which in turn enhance 

the Mn-Mn antiferromagnetic exchange interaction in the NiMnSn system [33]. The 

change of e/a caused by the chemical composition alters both Mn - Mn distance and 

number of Mn nearest neighbors which influence on the phase transformation 

temperature. For the room temperature refrigerator application, we utilized Ni50Mn37Sn13 

alloy, exhibits inverse-MCE around room temperature, as a starting material of the spark-

erosion.  
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Figure 2.3.1. Magnetization as a function of temperature of Ni50Mn34Sn16, Ni50Mn35Sn15, 

Ni50Mn36Sn14, Ni50Mn37Sn13 and Ni50Mn38Sn11 with a magnetic field of 500Oe in a field 

cooled (FC) sequence. 
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 2.3.2. Characterization of Spark-eroded Ni-Mn-Sn nanoparticle 

 SEM and TEM analysis were performed to investigate spark-eroded Ni-Mn-Sn 

nanoparticles. Figure 2.3.2 shows an SEM image of spark eroded powder of Ni-Mn-Sn 

where nanometer sized nanoparticles were produced by spark-erosion process. TEM 

analysis was performed to confirm the morphology and crystallite size distribution of the 

nanoparticles. Figure 2.3.3 represents TEM micrographs of the spark eroded Ni-Mn-Sn 

nanoparticles, in which spherically-shaped nanometer sized crystallites are observed.  

Some agglomeration of the nanoparticles is evident in Figure 2.3.3 from which the 

average crystallite size and size distribution were determined. Figure 2.3.4 illustrates the 

histogram of the crystallite size of the nanoparticles, showing that Ni-Mn-Sn crystallites 

exhibit a relatively uniform size in the range of 10-40 nm.  The average crystallite size 

was calculated to be 17 nm with a standard deviation of 9 nm.  The particle size was not 

determined due to the agglomeration.  

 In order to investigate NiMnSn nanoparticle’s MCE, the temperature dependence 

of magnetization (M-T) in a magnetic field of 500 Oe was measured in a temperature 

range of 250K < T < 400K as shown in Fig. 2.3.5. During the measurement, temperature 

sweeping rate was fixed at 2K / min.  

 The magnetic transition (Tc) from paramagnetic to ferromagnetic austenite 

occurred around 350K, whereas magnetization reduction with decrease temperature was 

not observed, which implies martensitic transformation was not occurred in as spark-

eroded NiMnSn nanoparticle. Loose Ni-Mn-Sn nanoparticles (before compaction with 

hot pressing) are pyrophoric and could be easily oxidized by air, this might be the reason 

spark-eroded nanoparticles don’t have inverse-MCE. For the same reason, we did not 

measure their chemical composition in the nanoparticle configuration. 
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Figure 2.3.2. SEM micrograph of spark-eroded NiMnSn nanoparticles.  

 

 

Figure 2.3.3. TEM micrographs of spark-eroded NiMnSn nanoparticles. 
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Figure 2.3.4. Histogram of crystallite size  for the spark-eroded Ni-Mn-Sn nanoparticles. 

 

Fig. 2.3.5. The temperature dependence magnetization (M –T) of spark-eroded 

nanoparticles with a magnetic field of 500Oe in a field-cool sequence. Temperature 

sweeping rate is fixed at 2K / min 
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 2.3.3: Structure analysis of nanograined NiMnSn (NMS) 

 Surface morphology of the bulk and nanograined NMS were analyzed using SEM, 

as shown in Figure 2.3.6. In contrast to the surface morphology of the bulk NMS as 

shown in Figure 2.3.6(a), nanograins were formed after the hot pressing process of the 

spark eroded Ni-Mn-Sn nanoparticles, and the average grain size of the nanograined 

NMS was found to be around 100 nm (Figure 2.3.6(b)).  The nanograin size was larger 

than the crystalline size of the spark-eroded nanoparticles, presumably due to grain 

growth during the high temperature hot pressing process.  Chemical compositions of the 

bulk and the nanograined NMS were determined from EDS and the results confirm the 

formation of Ni50.5Mn36.5Sn13 in bulk NMS and Ni48.6Mn37.5Sn13.9 in nanograined NMS.  

The slight change in the chemical compositions between the bulk and nanograined NMS 

may be caused by measurement accuracy issues of EDS or caused by imhomogeneities 

during the spark erosion process, in which the localized eroded regions might have 

different composition from the nominal composition of the starting charge material.  

 The X-ray diffraction results of both the bulk and the nanograined NMS samples 

are shown in Figure 2.3.7. measured (dots) and calculated (solid line) X-ray diffraction 

patterns for modulated structure of bulk NMS and nanograined NMS samples at room 

temperature are shown in Fig. 2.3.7. Positions of the Bragg reflections are represented by 

vertical bars (Black bars: conventional Bragg reflection (hkl0), Green bars: modulated 

Bragg reflection (hklq)).  The bottom of each pattern indicates the difference between the 

measured and calculated results. 

 Firstly, as might be anticipated, line-broadening of the Bragg reflections was 

observed in the nanograined NMS, which confirms the grain-size reduction.  Furthermore, 

the structural analysis of the modulated structures was carried out using the Rietveld 

refinement on the basis of the super-space approach [34], which suggests structural 

changes in the nanograined NMS, as summarized in Table 1.  Previous studies on Ni-Mn-

Sn reveal that the martensitic phase can be either L10 non-modulated or modulated 

structure (5M, 7M) [21] depending on composition, temperature, and internal stress 

generated during the phase transformation.  The modulated structure can be 
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commensurate (C) or incommensurate (IC), determined by a modulation vector (q) 

representing structural distortion caused by stress after the martensitic transformation.  As 

shown in Table 2.3.1, lattice parameters (a, b and c) and the unit cell volume were 

contracted in the nanograined NMS compared to the bulk NMS.  In addition, the value of 

the q-vector was q=0.4199c
*
 in the nanograined NMS, whereas in the bulk NMS 

q=0.4474c
*
, which corresponds to the 5M (IC) structure [34].   

 This structural change in the nanograined NMS could be caused by the internal 

stress distribution in nanograins due to dislocation “pile-up” at the grain boundaries 

generated by stress during the martensitic phase transformation [35].  Dislocations, 

created by induced stress during martensitic transformation go through a crystalline 

lattice. Since large atomic mismatch between different grains generates a repulsive stress 

to oppose dislocation movement, dislocations are piled up at the grain boundary. As 

number of dislocations at grain boundary increases, repulsive stress force against 

dislocation is getting larger, barrier for dislocation across grain boundary reduces. Thus, 

yield stress in indirectly proportional to average grain size which could affect structural 

differences between nanograined NMS and bulk NMS. Structural changes may also be 

caused by change in chemical composition as verified by EDS analysis.  
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Figure 2.3.6. SEM micrographs of fracture surfaces of (a) bulk NMS and (b) nanograined 

NMS samples after the sintering process and nanograined Ni-Mn-Sn pellets after the 

sintering process.  
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Figure 2.3.7. Measured (dots) and calculated (solid line) X-ray diffraction patterns for 

modulated structure of bulk NMS and nanograined NMS samples at room temperature.  

Positions of the Bragg reflections are represented by vertical bars (Black bars: 

conventional Bragg reflection (hkl0), Green bars: modulated Bragg reflection (hklq)).  

The bottom of each pattern indicates the difference between the measured and calculated 

results. 
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Table. 2.3.1. Crystallographic data of bulk NMS and nanograined NMS samples obtained 

by Rietveld refinement 

 Bulk NMS Nanograined NMS 

Phase 5M (IC) 5M (IC) 

a(Å) 4.360 4.281 

b(Å) 5.640 5.636 

C(Å) 4.284 4.196 

Α(˚) 90 90 

Β(˚) 90 90 

γ(˚) 90 90 

q(Å
-1

) 0.4474c
*
 0.4199c

*
 

V(Å
3
) 105.345 101.240 

(Rwp / Rexp)
2
 2.470 1.867 
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 2.3.4: Magnetocaloric effect of nanograined NiMnSn (NMS) 

 Figure 2.3.8 shows the magnetization curves as a function of temperature (M-T) 

of both the bulk and the nanograined NMS samples under a fixed external magnetic field 

of 500 Oe.  Samples were first measured in a field-cooled sequence (FC) by raising the 

temperature to 390 K, applying a magnetic field of 500 Oe, then measuring the 

magnetization while cooling the sample to 10 K.  Subsequently, samples were measured 

in a field-heated sequence (FH) with heating the sample from 10 K to 390 K while 

holding the magnetic field at 500 Oe.   

 The hysteresis behavior shown in the FC and FH processes were presumably 

originated from the structural phase transformation [36]. Both samples have 

paramagnetic austenitic phase at high temperature, and the magnetic transition from 

paramagnetic phase to ferromagnetic phase occurs at around 340 K (Tac).  As the 

temperature decreases from Tac, the magnetization increased until reaching the starting 

temperature of martensitic transformation (Ms), after which the magnetization decreases 

until reaching the finishing temperature of martensitic transformation (Mf).  We are not 

able to identify what type of magnetic phase was formed below Ms, but the magnetization 

behavior implied that it did not sustain long-range ferromagnetic order in the temperature 

between Ms and Mf.  Below Mf, magnetic transition occurs around 250 K (Tmc) in both 

samples and their magnetization increases as temperature is decreased, which indicates 

the magnetic phases transformed to the ferromagnetic martensitic phase.  

 By comparing Figures 4(a) and 4(b), we observed that the Ms of the nanograined 

NMS was 2 K lower than that of the bulk NMS.  We can relate the decrease in Mf to the 

structural changes observed in the nanograined NMS.  Magneto-structural phase 

transformation of Ni-Mn-Sn alloy is closely related to the valence electron concentrations 

per atom (e/a) and the Ms has a tendency to decrease with decreasing e/a value in the 

range of 8 < e/a < 8.5 [37].  Therefore, the lower e/a (8.041) of the nanograined NMS 

compared to that of bulk NMS (e/a = 8.113) could contribute to the decrease of Ms.  

More importantly, the temperature span for the martensitic transformation (Mf - Ms) is 

increased from ~8 K in the bulk NMS to ~19 K in the nanograined NMS.  The increase in 
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the temperature span indicates that the martensitic transformation in the nanograined 

NMS took place in a broader temperature range than in bulk NMS.  This result implies 

that the temperature span of a MC material can be broadened via nanostructuring.  

 When comparing the magnetization change with temperature of both samples in 

FC sequence, magnetization of the nanograined NMS was slightly smaller than the bulk 

NMS  at around Ms, whereas it exceeded the bulk value when cooled below 230 K, with 

an increasingly larger difference as temperature decreased further.  At 10 K, the 

magnetization of the nanograined NMS sample became much higher, 250% of the bulk 

value.  This magnetization enhancement in the low temperature region was also observed 

in different Mn-containing alloy fine particles and it can be explained by the core-shell 

model, where the core has bulk-like ferromagnetic properties, and the outer shell is 

composed of uncompensated spin due to the generated defects around the surface of 

nanoparticles and nanograins during the fabrication process [38, 39]. As the temperature 

decreases, thermal fluctuations decrease causing uncompensated spins at the outer shell 

to be pinned, which increases magnetization.  Since the surface area of the nanograins 

containing uncompensated spins is much larger in the nanograined NMS compared to the 

bulk NMS, a greater magnetization enhancement was observed below 200 K as 

temperature decreased.  Comparatively, a smaller magnetization enhancement was 

observed below 200 K in bulk NMS due to its smaller grain boundary area.  Further study 

is required to verify the magnetization behavior at low temperature with respect to grain 

size.  

 Figure 2.3.9 shows isothermal magnetization curves (M-H) of NMS and NGNMS 

near Ms under magnetic field of 0 – 3T in the cooling sequence. Field dependence 

magnetization in a temperature range of 280K < T < 340K was measured from zero field 

to 3T with the magnetic field sweeping rate at 30 Oe / sec.. 

 For both types of samples, when T > Ms, magnetization increased with decreasing 

temperature because of the magnetic transition to ferromagnetic phase.  Also, the 

isothermal magnetization curves show a monotonic field dependence up to the magnetic 

field of 3 T. This is because of mixed phases of ferromagnetic and paramagnetic austenite.  
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On the other hand, when T < Ms, magnetization decreased with decreasing temperature 

because of the austenitic to martensitic transformation.  The isothermal magnetization 

curves first showed a sharp increasing trend with increasing field, followed by a much 

slower increasing rate as the magnetic field further increased. This magnetization 

behavior indicates the existence of ferromagnetic and non-ferromagnetic phases.  The 

ferromagnetic austenitic phase governs the initial rapid magnetization increase, and the 

non-ferromagnetic phase caused by the martensitic transformation, governs the lower 

magnetization rate.  It is worth noting that the magnetization drop of the nanograined 

NMS curves below Ms took place across a relatively wide temperature range compared 

with the magnetization drop of the bulk NMS, which indicates an improved MCE in 

terms of operational temperature range. 

 In order to evaluate the magnetocaloric effect of the nanograined NMS sample, 

we calculated its ΔSM and compared it to that of bulk NMS. The ΔSM can be calculated 

according to Eq. (1-13), using the isothermal magnetization curves (M-H) shown in 

Figure 2.3.9, namely, first obtaining dM/dT from the isothermal M-H curves under 

different temperature and then integrating it with magnetic field (H) ranging from zero to 

the target H value.  

Fig. 2.3.10 shows the example of ΔSM calculation procedure based on the 

Maxwell equation. From the M - H curves measured from 280K to 340K, M - T curves 

(Fig. 2.3.10(a)) at different applied magnetic fields are extracted. Then, the M - T curves 

were differentiated with respect T to obtain (∂M(H,T)/∂T)H curves from each M - T 

curves as shown in Fig. 2.3.10.(b). Finally, the dM/dT vs. T curves change was replotted 

as dM/dT vs. H curvese in order to do the final integration. Then entropy change curves 

are calculated by integrating dM/dT – H curves with the magnetic field.  

 Figure 2.3.11 shows the ΔSM with magnetic fields of 1 T, 2 T and 3 T in both 

samples, and is plotted as a function of temperature. The maximum ΔSM of the 

nanograined NMS sample was 30% lower than that of the bulk NMS sample, when 

comparing the peak values at the same magnetic field.  In addition, the temperature 
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corresponding to the peak ΔSM was 3 K lower in the nanograined NMS compared to that 

of bulk NMS, which is consistent with the shift in Ms and was caused by the structural 

change in the nanograined sample, as discussed earlier. 

 Importantly, as shown in Figure 2.3.11, FWHM in the ΔSM curves was broadened 

in the nanograined NMS sample compared to that of the bulk NMS in a given magnetic 

field, which could be expected from the broadened (Ms-Mf) shown in Figure 4.  These 

ΔSM behavior differences could possibly come from distributions of chemical 

compositions and sizes of the nano-grains [40].  Also, enhanced antiferromagnetism in 

the nanograined NMS sample could affect the difference in ΔSM results.  When the 

chemical composition deviates from the stoichiometry, excess Mn atoms occupy the Sn 

sites so that Mn-Mn distance is contracted, which in turn enhances the Mn-Mn 

antiferromagnetic exchange interaction in the Ni-Mn-Sn system [22]. Enhanced anti-

ferromagnetism in the nanograined NMS sample can pin the ferromagnetic domains more 

due to the enhanced exchange interaction.  Therefore, enhanced pinned structure reduces 

the ordering entropy available near the Ms, which in turn lowers and broadens the ΔSM 

below Ms [24].  Our observation of increased Mn composition and the unit cell volume 

contraction observed in the nanograined NMS sample (Table 2.3.2) seems to support this 

hypothesis.  

 The FWHM of ΔSM as a function of temperature in the nanograined NMS sample 

was enhanced by 85% compared to that of bulk NMS.  This increase in FWHM has 

significant implications for MC refrigeration.  It has been suggested that a larger 

temperature difference in a MC material, which could be enabled through a broader 

operational temperature range (FWHM of  ΔSM ) of the MC material, can lead to higher 

efficiency of a cooling system based on the MC material [9, 20, 25].  Therefore, the 

enhanced FWHM illustrated in Figure 2.3.11, which was achieved through 

nanostructuring, is promising for future application of Ni-Mn-Sn for refrigeration with 

high efficiency. 

 With both ΔSM and FWHM determined in Figure 2.3.11, RC of the NMS samples 

could be readily calculated based on Eq. (1-17). Because the FWHM value of the 
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nanograined NMS sample was significantly enhanced from the bulk value (85% 

enhancement) the RC value was increased by 11% in the nanograined NMS sample (RC 

= 63.7 J/kg at H = 3 T) compared to the bulk NMS (RC = 57.2 J/kg at H = 3 T).  This 

indicates that the use of nanograined MC materials has the potential to provide better 

performance compared to their bulk counterparts.   
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Figure 2.3.8. Magnetization as a function of temperature of both the bulk and the 

nanograined NMS samples.  Samples under a magnetic field of 500 Oe in field cooled 

(FC) and field heated (FH) sequences. 
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Table 2.3.2. Chemical compositions, temperatures of austenitic transformation starting 

(As) / finishing (Af), martensitic transformation staring (Ms) / finishing (Mf), and valence 

electron concentrations per atom (e/a) of bulk NMS and nanograined NMS samples. 

 Composition As (K) Af (K) Ms (K) Mf  (K) e/a 

Bulk  

NMS 

Ni50.5Mn36.5Sn13 318 338 312K 303K 8.113 

Nanograined  

NMS 

Ni48.6Mn37.5Sn13.9 302 331 310 K 291K 8.041 
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Figure 2.3.9. Isothermal magnetization as a function of applied magnetic field (0-3T) of 

bulk NMS and nanograined NMS samples near the Ms in the cooling sequence. 
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(a) 

 

(b) 

 

(c) 

Figure 2.3.10. Example of Magnetic entropy calculation procedure based on the Maxwell 

equation, (a) M-T curves extracted from M-H curve, (b) M - T curves were differentiated 

with respect T to obtain (∂M(H,T)/∂T)H curves and (c) The dM/dT vs. T curves change 

was replotted as dM/dT vs. H curvese for ΔSM 
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Figure 2.3.11. The magnetic field induced entropy change (ΔSM) of bulk NMS and 

nanograined NMS samples at the magnetic field of 1 T, 2 T and 3 T calculated from the 

M-H curve, plotted as a function of temperature. 
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2.4: Conclusions 

 Nanograined Ni-Mn-Sn (nanograined NMS) with an average grain size of 100 nm 

was fabricated from Ni-Mn-Sn powders via high-yield, oxidation-free spark erosion and 

sintering process.  X-ray diffraction and Reitveld refinement results confirmed that the 

bulk NMS and nanograined NMS samples have the same modulated structure of 5M (IC), 

whereas lattice parameter and unit cell volume of the nanograined NMS sample were 

reduced compared to the bulk Ni-Mn-Sn sample.  These structural changes might come 

from the differences of grain size, chemical compositions and internal stress distributions.  

We also observed a significant enhancement of low temperature magnetization of 250% 

near the temperature regime of 10 K in the nanograined NMS sample compared to bulk 

NMS, presumably caused by the large grain boundary area of the nanograins, where 

magnetization of uncompensated spin takes place in the low temperature region due to a 

decrease of thermal fluctuations.  Overall refrigerant capacity (RC) was improved in the 

nanograined NMS sample, with ~85% increase in full width at half maximum (FWHM) 

of ΔSM as a function of temperature at the magnetic field of 3 T, leading to an improved 

RC of 11%.  These findings demonstrate that nanograined MCE materials may provide 

higher efficiency than their bulk counterparts.  Specifically, nanograined Ni-Mn-Sn has 

the potential to be used in an environmentally friendly and economically viable room 

temperature magnetic refrigeration system.  

Chapter 2, in part, is submitted in Acta Materialia, Dongwon Chun, Chin-Hung 

Liu, Robin Ihnfeldt, Lizzie Caldwell, Tae Kyung Kim, Yongdeok Kim, Chong Seung 

Yoon, Ekaterina Novitskaya, Olivia A. Graeve, Sungho Jin and Renkun Chen. The 

dissertation author was the primary investigator and author of this paper.  

 

  



53 
 

 
 

2.5: References 

[1] V. Franco, J.S. Bl´azquez, B. Ingale, and A. Conde, Annu. Rev. Mater. Res., 42 (2012) 

305–342 

[2] G. V. Brown, J. Appl. Phys., 47 (1976), 3673 

[3] V. K. Pecharsky and K. A. Gschneidner, Jr., Physical Review Letters, 78 (1997), 9 

[4] O. Tegus, E. Brück, K. H. J. Buschow & F. R. de Boer, Nature 415 (2002), 150-152 

[5] H. Wada and Y. Tanabe, Applied Physics Letters, 79 (2001), 20-12 

[6] Feng-xia Hu, Bao-gen Shen, Ji-rong Sun, Zhao-hua Cheng and Xi-xiang Zhang, 

Applied Physics Letters, 78 (2001), 23-4 

[7] Yuan-fu Chen, FangWang, Bao-gen Shen and Zhao-hua Cheng, J. Phys.:Condens. 

Matter 15 (2003), 161–167 

[8] http://www.mdpi.com/2079-9276/3/4/614/htm 

[9] O. Tegusa,b, E. Bruck, L. Zhanga, Dagula, K.H.J. Buschow , F.R. de Boer, 

“Magnetic-phase transitions and magnetocaloric effects”, Physica B, 319 (2002), 174–

192 

[10] Yu Qin Zhang, Zhi Dong Zhang, “Giant magneto resistance and magneto caloric 

effects of the Mn1.82V0.18Sb compound”, Journal of Alloys and Compounds, 365 (2004), 

35–38 

[11] Michael Gottschilch, Olivier Gourdon, Joerg Persson, Clarina de la Cruz, Vaclav 

Petricek and Thomas Brueckel “Study of the antiferromagnetism of Mn5Si3: an inverse 

magnetocaloric effect material”, J. Mater. Chem., 22 (2012), 15275-15284” 

[12] Hongxing Zheng, Wu Wang, and ZhipingLuo, “Composition-dependent crystal 

structure and martensitic transformation in Heusler Ni–Mn–Sn alloys”, Acta Materialia, 

61 (2013), 4648–4656 

[13] A. M. Aliev, A. B. Batdalov, and B. Hernando, “Magnetocaloric effect in ribbon 

samples of Heusler alloys Ni–Mn–M (M=In,Sn),”, App. Phys. Lett., 97 (2010), 212505 

[14] R.L. Wanga, J.B. Yana, H.B., and C.P. Yanga, “Effect of electron density on the 

martensitic transition in Ni–Mn–Sn alloys”, Journal of Alloys and Compounds, 509 

(2011), 6834–6837 

[15] Arup Ghosh and Kalyan Mandal, “Effect of structural disorder on the 

magnetocaloric properties of Ni-Mn-Sn alloy”, App. Phys. Lett., 104, (2014) 031905 

[16] Aslı Çakır, Lara Righi, Franca Albertini and Michael Farle, “Intermartensitic 

transitions and phase stability in Ni50Mn50-xSnx Heusler alloys”, Acta Materialia, 99 

(2015), 140–149 

http://www.mdpi.com/2079-9276/3/4/614/htm


54 
 

 
 

[17] Thorsten Krenke, Mehmet Acet, and Eberhard F. Wassermann, “Martensitic 

transitions and the nature of ferromagnetism in the austenitic and martensitic states of Ni-

Mn-Sn alloys”, Physical Review B, 72 (2005), 014412 

[18] Thorsten Krenke, Eyup Duman, Mehmet Acet, “Inverse magnetocaloric effect in 

ferromagnetic Ni–Mn–Sn alloys”, Nature Materials, 4 (2005), 450 – 454 

[19] Arup Ghosh and KalyanMandal, 104, (2014) 031905 

[20] Thorsten Krenke, Mehmet Acet, and Eberhard F. Wassermann, Physical Review B, 

72, (2005), 014412 

[21] L.H. Bennett, R.D., R.D. Shull, and R.E. Watson, Journal of Magnetism and 

Magnetic Materials 104(1992), 1094-1095 

[22] Journal of Magnetism and Magnetic Materials, 308 (2007) 325–340 

[23] L.H. Bennett, R.D., R.D. Shull, and R.E. Watson, “Monte Carlo and mean-field 

calculations of the magneto calori ceffect of ferromagnetically interacting”, Journal of 

Magnetism and Magnetic Materials, 104 (1992), 1094-1095 

[24] Farhad Shir and Levent Yanik, Robert D. Shull, “Room temperature active 

regenerative magnetic refrigeration: Magnetic nanocomposites”, J. of App. Phys., 93 

(2003), 10-15 

[25] D.M. Rajkumar, M. Manivel Raja, R. Gopalan, “Crystal structure, magnetocaloric 

effect and magneto volume anomalies in nanostructured Pr2Fe17”, Acta Materialia, 57 

(2009), 1724–1733  

[26] Y.V.B. de Santanna, L.F. Cótica, “Structural, microstructural and magnetocaloric 

investigations in high-energy ball milled Ni2.18Mn0.82Ga powders”, Solid State 

Communications, 148 (2008), 289–292  

[27] D.M. Rajkumar, M. Manivel Raja, R. Gopalan, “Magnetocaloric effect in high-

energy ball-milled Gd5Si2Ge2 and Gd5Si2Ge2/Fe nanopowders”, Journal of Magnetism 

and Magnetic Materials, 320 (2008), 1479 

[28] A. E. Berkowitz and J. L. Walter, “Spark Erosion: A Method for Producing Rapidly 

Quenched Fine Powders”, J. Mater. Res., 2 (2) (1978), 277 

[29] P.-K. Nguyen, S. Jin, A. E. Berkowitz., “MnBi Particles with High Energy Density 

made by Spark Erosion”, J. of App. Phys., 115 (2014), 17A756 

[30] P.-K. Nguyen, K. H. Lee, J. Moon, S. I. Kim, K. A. Ahn, L. H. Chen, S. M Lee, R. 

K. Chen, S. Jin, A. E. Berkowitz., “Spark erosion: a high production rate method for 

producing Bi0.5Sb1.5Te3 nanoparticles with enhanced thermoelectric performance”, 

Nanotechnology, 23 (2012), 415604-415711. 



55 
 

 
 

[31] Petricek, V.,Dusek, M., JANA2000 ; The Crystallographic computing system. 

Institute of Physics, Prague (2000). 

[32] Antoni Planes, LluısManosa and Mehmet Acet, J. Phys. Condens. Matter, 21, (2009), 

233201 

[33] Thorsten Krenke, Mehmet Acet, and Eberhard F. Wassermann, Physical Review B, 

72, (2005), 014412 

[34] Lara Righi, Franca Albertini, Simone Fabbrici and Antonio Paoluzi, “Crystal 

Structures of Modulated Martensitic Phases of FSM Heusler Alloys”, Materials Science 

Forum, 684 (2011), 105-116 

[35] C.E. Carlton, P.J. Ferreira, “What is behind the inverse Hall–Petch effect in 

nanocrystalline materials?”, Acta Materialia, 55 (2007), 3749–3756 

[36] D.L. Schlagel, W.M. Yuhasz, K.W. Dennis, R.W. McCallum and T.A. Lograsso, 

“Temperature dependence of the field-induced phase transformation in Ni50Mn37Sn13”, 

Scripta Materialia, 59 (2008), 1083–1086 

[37] Antoni Planes, Lluıs Manosa and Mehmet Acet, “Magnetocaloric effect and its 

relation to shape-memory properties in ferromagnetic Heusler alloys”, J. Phys. Condens. 

Matter, 21 (2009), 233201 

[38] K. Mukherjee, Kartik K. Iyer and E. V. Sampath kumaran, “Ferromagnetic feature 

from Mn near room temperature in the fine particles of GdMn2Ge2 and TbMn2Ge2”, EPL, 

90 (2010), 17007 

[39] Lora Rita Goveas and S. V. Bhat, “Comparative study of magnetic ordering in bulk 

and nanoparticles of Sm0.65Ca0.35MnO3 : Magnetization and electron magnetic resonance 

measurements”, Journal of Applied Physics, 117, (2015), 17E111 

[40] Y. J. Tang, A. E. Berkowitz, “Magnetocaloric effect in NiMnGa particles produced 

by spark erosion”, J. of App. Phys. 97 (2005), 10M309 

 

 



 
 

56 

 

Chapter 3. Mn-Si alloy for low temperature magnetocaloric effect 

 

 3.1: Background 

 Low temperature magnetic refrigerator below 70K have been studied for the high 

efficiency gas liquefiers [1, 2]. While conventional hydrogen liquefiers have a figure of 

merit of ~0.35 because of the difficulty of efficient compression of hydrogen / helium 

gases, theoretical modeling of gas liquefiers based on the MCE indicates not only capital 

cost per unit capacity could be lower but its figure of merit could be improved up to ~0.6. 

We can cool the temperature down to ~70K inexpensively with liquid nitrogen. On the 

other hand, cost for cooling the temperature below 70K rapidly increases due to 

expensive liquid helium. For this reason, rare-earth based magnetocaloric alloys have 

been investigated for the hydrogen liquefiers because of its large magnetocaloric effect 

(MCE) below 70K [3-4]. 

 Figure 3.1.1 shows the magnetic entropy change for various MCE alloys for H = 

5T in the temperature range from 0K to 400K. As shown in Fig. 3.1.1, except NiMn 

based Heusler alloys and MnAs based alloys for room temperature MCE, all the MCE 

alloys exhibit large magnetic entropy change (ΔSm) contain rare-earth elements. In 

particular, all the MCE alloys for low temperature below 70K are rare-earth based alloys. 

Thus, these alloys are difficult to apply for widespread use in low temperature cooling 

system as they contain expensive rare-earth elements.  

 In search for more low cost MCE alloys below 70K, Mn-based MCE alloys have 

emerged as promising candidates because of their large inverse-MCE ~70K [5, 6]. Mn-

based alloys have been receiving much attention due to the development of rare-earth-

free permanent magnets and its interesting spin behavior at low temperature regions. Due 

to the anti-ferromagnetism caused by Mn – Mn interactions [7], Mn-based intermetallic 

compounds have smaller net magnetization and lower Curie temperature [8, 9]. Among 

Mn-based alloys, manganese silicide (MnSi) alloy is a promising material because of not 

only its unusual spin configuration [10, 11], but its good MCE [12] below 70K. Also, Mn 
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and Si is abundant element on earth, which means production cost of MnSi will be much 

lower than rare-earth based magnetocaloric alloys. 

 In particular, Mn5Si3 has inverse-MCE below 100K [13]. The intermetallic 

compound Mn5Si3 exhibits hexagonal structure with space group of P63/mcm at room 

temperature and it undergoes two phase transformations at 99K and 66K [12]. The first 

phase transformation from paramagnetic state to collinear antiferromagnetic state occurs 

at 99K and the second phase transformation from collinear antiferromagnetic state to 

non-collinear antiferromagnetic (AFM) state occurs at 66K.  

 Mn’s spin configuration in non-collinear anti-ferromagnetism is not parallel and 

could be in a disordered state. The origin of non-collinear magnetism is geometric 

frustration in AFM. When three spins are located on the corners of a triangle in anti-

ferromagnetic material, spin should be aligned in anti-parallel to minimize energy due to 

the nature of anti-ferromagnetism. Thus, the two spins should be anti-parallel. However, 

the third spin cannot minimize its energy by aligning its spin to anti-parallel to its 

neighbors due to the interaction with other two spins those are already aligned to anti-

parallel.  

 Non-collinear magnetism of Mn caused by geometric frustration largely 

influences on the crystal structure and magnetic properties in Mn-Si system, which 

results in large MCE below 100K region. While Mn5Si3 has a large inverse-MCE below 

70K, little research has been conducted to investigate MCE of Mn-Si alloy. Therefore, in 

this study, MCE of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) was investigated.  
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Figure 3.1.1. The maximum magnetic entropy change (ΔSm) for various MCE alloys for 

H = 5T in the temperature range 0K – 400K [1]. 
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 3.2: Experimental process 

 Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) polycrystalline samples fabricated by 

arc-melting under argon atmosphere were utilized. In order to homogenize Mn5-xSi3+x 

samples, annealing at 1223K for 72 h was performed and then samples were cooled in a 

furnace. The magnetic properties of Mn5-xSi3+x samples were measured by a Quantum 

Design super conducting quantum interference device (SQUID) magnetometer (MPMS 

3rd). The temperature dependence of magnetization (M-T) in a magnetic field of 500o Oe 

was measured from 5K to 300K. Temperature sweeping rate was fixed at 2K / min. Field 

dependence magnetization (M-H) in a temperature range of 5K to 100K was measured 

from zero field to 7T with the magnetic field sweeping rate at 100 Oe / sec. Room 

temperature structural analyses of the materials were carried out by X-ray diffractometry 

(D2 Phaser, Bruker AXS, Madison, WI) using a step size of 0.02 degrees (2θ) and a 

count time of 1 s, scanning from 20 to 120 degrees (2θ) using Cu Kα (λ = 0.154 nm) 

radiation.  XRD results were analyzed by Rietveld refinement using Jana 2000 software 

[14]. 
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3.3: Results & discussions 

 

 3.3.1. Magnetocaloric effect of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) 

 Figure 3.1.1 shows magnetization curves as a function of temperature (M-T) of 

Mn5-xSi3+x (x = -0.4, -0.3, -0.2, -0.1, 0, 0.3) samples measured in a fixed external 

magnetic field of 0.5T. Samples were measured in a field-cooled sequence (FC) by 

decreasing the temperature from 300K to 5K. As expected, rapid magnetization 

enhancement was observed at 99K and magnetization decreases from 65K in Mn5Si3 

sample. Mn5Si3 is in a paramagnetic state above the Neel temperature (99K) with 

hexagonal structure. Figure 3.3.2 shows a Mn5Si3 hexagonal crystal structure. The Mn1 

atom is surrounded by 6 Si atoms with the distance of 2.43A, forming a (Mn1)1Si6 

polyhedron. Each polyhedron is connected with each other through Si3 triangular face. 

Therefore Mn1 – Mn1 distances are 2.40A, which is the shortest inter-atomic distance 

observed in Mn5Si3 hexagonal structure. Mn1Si6 polyhedrons are surrounded by 

Vacancy (V) – (Mn2)6 distorted octahedral with Mn2 – Mn2 inter-atomic distances of 

2.90A as shown in Fig. 3.3.2(b).  

 When temperature cools below 99K, phase transformation takes place to from 

hexagonal to orthorhombic structure. This phase transformation mainly comes from the 

structural distortion with space group Ccmm, which suggests Mn2 atoms are divided by 

Mn21 and Mn22 atoms in orthorhombic structure [15].  In an orthorhombic structure, 

magnetic momentum at Mn22 is tilted from the Mn1 atoms which leads to an increase in 

the magnetic momentum. This causes magnetization enhancement as shown in M-T 

curves of Mn5Si3 sample in the temperature region between 99K – 65K.  

 Below 65K, magnetization decreases with decreasing temperature due to the 

phase transformation from orthorhombic to monoclinic structure. Anti-parallel aligned 

Mn1 and Mn2 spins might become disordered due to the phase transformation, which 

causes magnetization reduction below 65K (inverse-MCE). Additionally, volume 
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contraction after the phase transformation results in the reduction of Mn1 – Mn1 inter-

atomic distance, which could reduce the magnetization [15].   

 Mn5Si3 and Mn4.9Si3.1 samples have similar slope of dM/dT around 65K, whereas 

it decreases with decreasing Mn concentration or increasing Mn concentration (x > 

0.1and x = 0.3), causing a reduction of inverse-MCE. It is worth to note that, as Mn 

concentration decreases (X > 0), conventional-MCE was observed below 50K. The more 

Mn concentration decreases, the larger slope of dM/dT below 50K obtained which 

indicates conventional-MCE is enhanced with lower Mn concentration.  

 In order to evaluate the magnetocaloric effect of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 

0, -0.3) polycrystalline samples, we calculated magnetic field induced entropy change 

(ΔSM). The ΔSM can be calculated by isothermal magnetization curves (M-H). The 

dM/dT versus T curves extracted from the M-H curves and integrated with magnetic field 

were used to calculate ΔSM. Figure 3.3.3 shows the ΔSM of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 

0.1, 0, -0.3) at the magnetic field of 1T-7T and is plotted as a function of temperature.  

 As shown in Fig. 3.3.3, Mn4.9Si3.1 has maximum inverse-MCE of 4.6 J / kg.K at 

62.5K. Additionally, it has small conventional-MCE below 50K. Figure 3-4-4 shows ΔSM 

and refrigerator capacity (RC) of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) samples. As 

shown in Fig. 3-4-4, as magnetic field increases, temperature, having maximum ΔSM, 

shifts lower from 67.5K to 62.5K which indicates magnetic field induced phase 

transformation took place. As Mn concentration decreases (x > 0.1), inverse-MCE 

decreases and it reaches to 0.6 J / kg.K for Mn4.6Si3.4. 

 On the other hand, conventional-MCE below 50K increases with decreasing 

temperature and it reaches 1.3 J / kg. K for Mn4.6Si3.4. This implies an orthorhombic 

phase formation, which exhibits inverse-MCE, is suppressed as Mn concentration 

decreases. In addition, the formation of new crystal phase which exhibits conventional-

MCE is enhanced. 
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 Inverse-MCE and conventional-MCE were further decreased in Mn5.3Si2.7 samples 

compared to Mn5Si3, which suggests crystal phases induced by adding Mn / removing Si 

doesn’t have MCE. According to the conventional-MCE behavior below 50K in Mn5-

xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) samples, it is expected that conventional-MCE could 

be enhanced by reducing Mn concentration (0.4 < x < 2).  
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Fig. 3.3.1. M – T curve of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) with H = 0.5T in a 

field-cool sequence (FC) 
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Fig. 3.3.2. (a) Mn5Si3 hexagonal unit cell, green and red represent Mn and Si atoms, 

respectively, (b) Crystal structure of Mn5Si3 [15] 

  



65 
 

 
 

  

Fig. 3.3.3. The magnetic field induced entropy change (ΔSM) of Mn5-xSi3+x (x = 0.4, 0.3, 

0.2, 0.1, 0, -0.3) at the magnetic field of 1T-7T calculated from the M-H curve. 
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Fig. 3.3.4. Maximum magnetic field induced entropy change (ΔSM) and refrigerator 

capacity (RC) of Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) samples. 
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Table. 3.3.1. Maximum magnetic entropy change (ΔSm) and refrigerant capacity (RC) of 

Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) samples. 

H = 7T Mn5.3Si2.7 Mn5Si3 Mn4.9Si3.1 Mn4.8Si3.2 Mn4.7Si3.3 Mn4.6Si2.6 

ΔSm 

 (J / kg•K ) 

1.8 2.4 4.6 2.3 1 0.65 

. . -0.27 -0.8 -1.18 -1.3 

RC 

(J / kg•K ) 

32.4 43.2 59.8 27.6 12 6.5 

. . -4.05 -18.4 -33 -39 
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 3.3.2. Crystal structure analysis  

 The MCE of MnSi alloys are closely related to the crystal structure. To 

investigate crystal structure of MnSi samples, X-ray diffraction was performed. The X-

ray diffraction results of Mn4.6Si3.4, Mn4.9Si3.1 and Mn5Si3 are shown in Fig. 3-3-4. The 

structural analysis was performed by Rietveld refinement to investigate its crystal 

structure. Space group of Mn5Si3 (P63/mcm) utilized for the Rietveld refinement and the 

structural results are shown in Table 3-1. 

 As shown in Fig. 3.3.4, differences between the measured and calculated results 

become larger as Mn concentration decreases from Mn5Si3 sample. In addition, (Rwp / 

Rexp)
2 

values increase with decreasing Mn concentration, which indicates the hexagonal 

structure of Mn5Si3 (P63/mcm) was changed by Mn concentration reduction. Lattice 

parameters (a,b, and c) and unit cell volume contracted in Mn4.6Si3.4 and 

Mn4.9Si3.1compared to Mn5Si3, and differences increases as lower Mn concentration.  

 It is possible that reduction of Mn concentration results in the structural distortion 

caused by the location of excess Si atoms on Mn sites without phase transformation. In 

this case, it’s hard to explain conventional-MCE behavior below 50K that we observed 

from the Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1) samples. Thus, it is more likely to the 

formation of new-phase, which exhibits conventional-MCE below 50K, in Mn5-xSi3+x (x = 

0.4, 0.3, 0.2, 0.1) samples. Phase diagram of an Mn – Si system is shown in Fig. 3.3.5 

and the arrow indicates investigated the chemical composition region in this study. 

According to the phase diagram, we could say Mn5-xSi3+x (x = 0.4, 0.3, 0.2, 0.1) have 

mixed phases of Mn5Si3 and MnSi.  

 MnSi phase could be formed as Mn concentration decreases from Mn5Si3, which 

results in the mixed phase of Mn5Si3 and MnSi. This is the reason the differences between 

the measured and calculated results become larger on XRD results as Mn concentration 

decreases from Mn5Si3 sample. In addition, we can explain the MCE behavior of Mn5-

xSi3+x (x = 0.4, 0.3, 0.2, 0.1, 0, -0.3) samples by mixed phase model. The formation of 

MnSi exhibited conventional-MCE below 50K [16], which improved as Mn 
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concentration decreased, resulting in the conventional-MCE enhancement as well as 

inverse-MCE reduction.  
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Figure 3.3.5. Measured (dots) and calculated (solid line) X-ray diffraction patterns for 

modulated structure of Mn4.6Si3.4 and Mn5Si3 at room temperature. Positions of the Bragg 

reflections are represented by vertical bars. The bottom of each pattern indicates the 

difference between the measured and calculated results. 
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Fig. 3.3.6. Phase diagram of Mn – Si system. Red arrow indicates investigated chemical 

composition region of Mn-Si alloys.  
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Table. 3.3.2. Crystallographic data of Mn4.6Si3.4 and Mn5Si3 obtained by Rietveld 

refinement 

 Mn4.6Si3.4 Mn4.9Si3.1 Mn5Si3 

Crystal 

structure 

Hexagonal Hexagonal Hexagonal 

Space group P63/mcm P63/mcm P63/mcm 

a(Å) 6.8581 6.871 6.9742 

b(Å) 6.8581 6.871 6.9742 

C(Å) 4.7738 4.788 4.8592 

Α(˚) 90 90 90 

Β(˚) 90 90 90 

γ(˚) 120 120 120 

V(Å
3
) 194.4476 195.7603 204.6841 

(Rwp / Rexp)
2
  3.53  3.22 2.69 
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3.4: Conclusions 

 The crystal structure, magnetic properties and MCE of Mn5-xSi3+x (x = -0.4, -0.3, -

0.2, -0.1, 0, 0.3) polycrystalline samples were investigated in this paper. Inverse-MCE 

was observed ~65K in Mn5-xSi3+x sample. Conventional-MCE was also observed below 

50K in Mn5-xSi3+x (x = -0.4, -0.3, -0.2, -0.1) samples and, as Mn concentration decreased, 

conventional-MCE improved, whereas inverse-MCE ~65K was reduced. The X-ray 

diffraction and Reitveld refinement were performed to investigate crystal structure with 

chemical composition change. The lattice parameters (a,b, and c) and unit cell volume 

contracted as Mn concentration decreased. In addition, the differences between the 

measured and calculated results of XRD and Rwp / Rexp)
2 

values became larger as  Mn 

concentration decreased. These results indicate the formation of MnSi, which exhibits 

conventional-MCE below 50K in Mn5-xSi3+x inverse-MCE. Further studies in the 

chemical composition range of Mn5-xSi3+x (0.4 < x <1) will be followed to find out the 

optimal chemical composition which exhibits maximum conventional-MCE below 50K. 

Low temperature neutron-scattering diffraction analysis will also be performed to 

understand MnSi’s crystal structure in low temperature.  
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