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Abstract: The correlation between the magnetocaloric effect and magnetotransport 

property was investigated in Ni43Co7Mn39-xCrxSn11 Heusler alloys. Asymmetric 

isothermal-magnetoresistance around the phase transformation temperature were 

observed, from which a parameter , determined as a ratio of the asymmetric 

magnetoresistance to the temperature coefficient of resistance, is proposed. According 

to the Maxwell's equation, the parameter  is analyzed to be equivalent to the 

transformation temperature change induced by magnetic field in martensitic 

transformation. This finding is confirmed with experimental results. In addition, the  

values can be used to estimate the magnetic entropy change of the martensitic 

transformation directly without measuring comprehensive temperature dependence of 

magnetization curves.

Keywords: Heusler alloy, magnetoresistance, asymmetry, magnetic-field-induced 
martensitic transformation
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1. Introduction

Heusler alloys with magnetic-field-induced phase transformation exhibit many 

novel effects, such as shape memory effect induced by magnetic field [1], 

magnetoelastic effect [2-4], giant magnetoresistance (MR) [5], magnetocaloric effect 

(MCE) [6], refrigeration capacity [7], exchange bias, etc [4,8-11]. In the past decades, 

Ni-Co-Mn-Sn alloys have attracted much attention due to their giant MCE and giant 

MR effect during the phase transformation. Huang L. et.al. reported the entropy 

change of 14.9 J/Kg/K for Ni40Co10Mn40Sn10 bulk alloy under 5T [7]. For 

Ni40Co10Mn40Sn10 powders, it is 27 J/Kg/K reported by Wang X. L. et.al. [6]. 

Nb-doping can effectively improve the entropy change of Ni-Co-Mn-Sn alloys. For 

instance the entropy change reaches 41.4 J/Kg/K for Ni44Nb1Co5Mn40Sn10 under 7T. 

Although a small amount of Nb doping can increase the entropy change of 

Ni-Co-Mn-Sn alloys, the latent heat of the martensitic transition decreases [12]. Large 

symmetric MR of -69% [13], -59% [15], -40% [14] have also been reported in 

Ni-Co-Mn-Sn alloys. Dubenko I. et.al. reported an asymmetric MR in the vicinity of 

the martensitic transformation, and they infer that the asymmetric MR could be 

related to the kinetic arrest and de-arrest of a fractional austenite phase in the 

martensitic transformation [17]. Samanta T. et.al. observed an asymmetric 

switching-like magnetoresistance in B-substituted Ni-Mn-In Heusler alloy, which 

originates from the asymmetry between the forward and reverse metamagnetic 

transitions[18]. Rodionov I.D. et.al. studied the correlation between the magnetic part 

of the entropy and magnetoresistance, and concluded no universal correlation between 

these effects[19]. In all these works, the relationship between asymmetric MR and 

MCE has not been studied, which is the purpose of this manuscript. We found a new 

parameter  that, determined from the magnetotransport property, can be used to 

characterize the change of the magnetic-field-induced transformation temperature. In 

addition, this parameter  can also be used to estimate the entropy changes without 

measuring comprehensive temperature dependence of magnetic hysteresis loops.   
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2. Experiments

Samples with nominal composition of Ni43Co7Mn39-xCrxSn11, x=0, 0.5, 1 and 1.5, 

were synthesized by arc-melting the high-purity elemental metals (Ni, 99.995%; Co, 

99.95%; Mn, 99.99%; Cr, 99.999%; Sn, 99.999%) under an Ar atmosphere. The base 

pressure was less than 10-4 Pa. To compensate for the mass loss during arc melting, an 

excess 2 wt.% of Mn was added. All samples were melted 4–5 times under magnetic 

stirring, and turned over in each iteration to ensure the sample homogeneity. The 

obtained samples were annealed at 1173 K for 24 h in evacuated quartz tubes before 

quenched into an ice water bath. Finally, the obtained samples were grinded and cut 

into different shapes by wire cutting for testing.

The crystalline structure characterization was performed by an X-ray powder 

diffractometer (D8 Advance, Bruker Corp., USA) with Cu K radiation. The chemical 

composition of the alloys was determined by energy-dispersive X-ray spectroscopy 

(EDS) (Quanta 200, ThermoFisher Scientific, USA). The magnetic properties and 

phase transformation measurements were carried out using a mini-physical property 

measurement system (VersaLab, Quantum Design, USA) in magnetic field up to 3T 

and Physical Property Measurement System (Quantum Design, USA) in magnetic 

field up to 7T. The MR curves were measured using the ETO mode in the VSM with 

standard four-probe method on sample strip of 10mm×2mm×0.5mm. 

3. Results and Discussions

3.1 MCE
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Fig.1 (a) Thermomagnetization curves of Ni43Co7Mn38Cr1Sn11 alloy. (b) Magnetic 
hysteresis loops of the same alloy at different temperatures near the MT temperature. 
The inset is the enlarged loops near zero field. (c) Diffraction Patterns at different 
temperatures of the same alloy. 

All samples with different Cr concentration show similar behavior. We therefore 

focus our discussion on a representative sample of Ni43Co7Mn38Cr1Sn11 alloys.  

Fig.1(a) shows the thermomagnetization curves of the alloy. With 1% Cr dopant, the 

martensitic transformation starting temperature (TM) decreases to 250K under 1T 

magnetic field, which is about 60K lower than that of Ni43Co7Mn39Sn11 without Cr 

dopant. The magnetization difference ( M) between the parent phase and martensite ∆

reaches 80 Am2/kg at 1T magnetic field.

The magnetic behaviors around the MT temperature can reveal the state of the 

magnetic order. Fig.1(b) shows the hysteresis loops of Ni43Co7Mn38Cr1Sn11 alloy at 

different temperatures near the MT. The hysteresis loops below 230K show typical 

weak magnetic behavior, whereas the loop at 270K shows ferromagnetic behavior. 

The hysteresis loops exhibit obvious magnetic-field-induced metamagnetic behavior 

from 240K to 255K. The magnetization increases rapidly in a low field and then 

forms a huge hysteresis in plateau region with increasing and decreasing magnetic 

field. This behavior is a typical feature of the MT induced by magnetic field [20]. 

Note that the loops of 240K-255K are not completely closed at 3T, indicating that the 

Zeeman energy at 3T is not strong enough to complete the MT. The inset of Fig.1(b) 

shows that the coercivity is less than 50 Oe at each temperature.
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The x-ray diffraction patterns (XRD) at different temperature are shown in 

Fig.1(c). The sample shows cubic austenite phase at 285K. With the decrease of 

temperature, the structure evolves into modulated martensite phase at 150K, which 

indicate a temperature-induced phase transformation, consistent with observed 

magnetic field-induced phase transformation.  

  

Fig.2 (a) The isothermal M(H) curves at constant temperature from 224K to 
280K. (b) The magnetic entropy change (S) under magnetic field as a function of 
temperature.

Fig.2 (a) shows the isothermal M-H curves measured in the vicinity of the phase 

transition. A large magnetic entropy change (S) associated with the first-order 

magnetostructural transition can be calculated through the Maxwell relation based on 

the M-H curves:

            (1)∆S = 𝑆𝑚(𝑇,𝐻) ― 𝑆𝑚(𝑇,0) = ∫𝜇0𝐻
0

∂𝑀
∂𝑇𝑑(𝜇0𝐻)

Fig.2 (b) illustrates the temperature dependence of S under different magnetic fields. 

The peak value of S increases with increasing magnetic field. The maximum value 

of S calculated under 7T is about -15.4 J/Kg/K. 

3.2 Magnetotransport properties
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Fig.3 (a) Magnetoresistance as a function the magnetic field at different temperatures. 
(b) The temperature dependence of the resistance in zero magnetic field.

Fig.3(a) shows the MR behaviors of Ni43Co7Mn38Cr1Sn11 alloy in magnetic field 

at different temperatures around the MT. For clarity we only show data in field swept 

from -3T to 3T, which is symmetric to those from 3T to -3T. The MR in the range of 

205-230 K are nearly symmetric. As the temperature rises, the MR decreases further 

and the MR curves become distinctly asymmetric with respect to zero field. The 

resistance difference between zero and maximum fields reaches a peak at 250K, then 

decreases with further increasing temperature, and finally vanishes at 270K.

Fig.3(b) shows the temperature dependence of the resistance of 

Ni43Co7Mn38Cr1Sn11 alloy measured at H=0 T. The powder XRD and TEM 

experiments confirmed that the parent phase has the L21 Heusler-type ordered 

structure with a=0.5965 nm, and the martensite phase is a mixture of 10M and 6M 

modulated structure where the crystalline structure parameters are a=0.4319 nm, 

b=0.2747 nm, c=2.109 nm, =90.64 for 10M modulated martensite [2,24]. The 

distortion of the structure from cubic to monoclinic crystal during the martensitic 

transformation elongates the c axis of the unit cell. Consequently, the density of states 

at the Fermi levels decrease, which leads to the increase of the resistance as shown in 

Fig.3(b). The resistance loops reflect the temperature hysteresis of the MT. The 

red/black lines denote the heating/cooling processes, respectively. We used the 

cooling process to calculate the dR/dT and to measure the R-H curves.
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Fig.4  (a) Magnetoresistance curve at 250K. (b) Magnetic field dependence of the 
change of the resistance between the increasing and decreasing field (R in Fig.3(a)) 
at 250K. 

Fig.4(a) shows the magnetoresistance curve of the sample at 250K. There is a 

significant difference in resistance between the increasing and decreasing fields, 

which is related to the magnetic-field-induced phase transformation. Since the 

magnetic coercivity of Ni43Co7Mn38Cr1Sn11 alloy is less than 50 Oe, the effect of 

magnetic hysteresis on magnetoresistance can be neglected.

3.3 Relationship between MR and MCE

The MR effect for the metamagnetic Heusler alloys near the phase transition 

includes two parts: the common MR and the structure-induced change of resistance by 

magnetic-field-induced MT effect. MR can be expressed as:

R=R(H)+R(S)                         (2)

where R(H) is the common MR without structural transformation and R(S) is the 

resistance variation resulted from the structural change. 
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Fig.5 Magnetic hysteresis loops of Ni43Co7Mn38Cr1Sn11 alloy at 245K, 250K, 255K, 
respectively. Where Hc is the coercive field, Hs is the saturation field and Hcf is the 
critical field of magnetic-field-induced phase transformation.

The unclosed hysteresis loops in Fig.1(b) indicate that the Zeeman energy in  

magnetic field of 3T is not big enough to complete MT for the Ni43Co7Mn38Cr1Sn11 

alloy. If the magnetic field is large enough to complete the phase transformation, the 

magnetization of the alloy will increase sharply as shown in Fig.5, in which we define 

the on-set critical field Hcf when the magnetization start to rise rapidly. There is a 

large difference between the critical field Hcf and the saturation field Hs, both are 

much larger than the coercivity Hc. In a large field range of Hc<<H<<Hcf, we can 

distinguish the origin of MR, which comes from R(H) and R(S). We schematically 

illustrate the process from negative to positive magnetic field in Fig.6.
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Fig.6 The schematic diagram of the Ni43Co7Mn38Cr1Sn11 alloy structural change in 
magnetic field from negative to positive magnetic field.

Starting from -3T, the variation of the resistance can be expressed as 

R1=R(H)+R(S), corresponding to austenite phase. Reducing the field from -3T to 

0, the Zeeman energy releases slowly and the structure of the alloy recovers gradually 

to the martensite phase in zero field. As the magnetic field is increased from 0 to 3T, 

the change of the MR undergoes two stages: (1) The Zeeman energy of small 

magnetic field is low, which is unable to drive any structural phase transformation. 

The MR only comes from single source: R2=R(H). The spin dependent scattering 

decreases with increasing field, leading to the decrease of the resistance; (2) The 

magnetic field increases to the critical value of Hcf, which triggers the 

magnetic-field-induced inverse phase transformation, driving the structure from 

martensite to austenite. Therefore the MR comes from both sources and can be 

expressed as: R3=R(H)+R(S). In the high field, the MR curve is gradually 

becoming symmetric with R3=R1.

Since the MR is intimately related with the phase transformation, we defined a 

new scaling factor  as:

                          (3)γ = (∆𝑅
𝑑𝐻)

𝑚𝑎𝑥 (𝑑𝑅
𝑑𝑇)

where is the asymmetric magnetoresistance, defined in Fig.4(b). (∆𝑅
𝑑𝐻)

𝑚𝑎𝑥

To illustrate the meaning of , we analyze the components of the full differential 

of resistance. The resistance R is a function of magnetic field H and temperature T. 

The full differential of R(H,T) can be expressed as follow:

                     (4) d𝑅 = (∂𝑅
∂𝑇)

𝐻
𝑑𝑇 + (∂𝑅

∂𝐻)
𝑇
𝑑𝐻

or                                             (5)
𝑑𝑅
𝑑𝐻 = (∂𝑅

∂𝑇)
𝐻

𝑑𝑇
𝑑𝐻 + (∂𝑅

∂𝐻)
𝑇

Therefore, the total change of resistance subtracts the change only from the magnetic 

field is equal to:

                       (6)
𝑑𝑅
𝑑𝐻 ― (∂𝑅

∂𝐻)
𝑇

= (∂𝑅
∂𝑇)

𝐻
∙

𝑑𝑇
𝑑𝐻
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The left side of Eq.(6) is the abovementioned . Comparing to the right side of (∆𝑅
𝑑𝐻)

𝑚𝑎𝑥

Eq.(6), we have obtained 

                             (7)γ =
𝑑𝑇
𝑑𝐻

In addition, in an adiabatic process, the change of entropy is zero.

                    (8)dS = (∂𝑆
∂𝑇)

𝐻
𝑑𝑇 + (∂𝑆

∂𝐻)
𝑇
𝑑𝐻 = 0

Therefore                                             (9)(𝑑𝑇
𝑑𝐻)

𝑆
= ―

(∂𝑆
∂𝐻)

𝑇

(∂𝑆
∂𝑇)

𝐻

Using the Maxwell relation, we obtain:

                         (10)(∂𝑆
∂𝐻)

𝑇
= (∂𝑀

∂𝑇)
𝐻

Eqs. (9) and (10) lead to:

                   (11)(𝑑𝑇
𝑑𝐻)

𝑆
= ―

(∂𝑀
∂𝑇)

𝐻

(∂𝑆
∂𝑇)

𝐻

= ― (∂𝑀
∂𝑆 )

𝐻

Which is the Clausius-Clapeyron equation [5].

Therefore, Eq.(6) can also be expressed as:

                   (12)
𝑑𝑅
𝑑𝐻 ― (∂𝑅

∂𝐻)
𝑇

= ― (∂𝑅
∂𝑇)

𝐻
(∂𝑀

∂𝑆 )
𝐻

From Eq.(7), the  represents the phase transformation temperature change induced by 

the magnetic field. It also reflects the value of  for the MT.―
∆𝑀
∆𝑆

Fig.7 The temperature dependence of of the Ni43Co7Mn38Cr1Sn11 alloy. TM: γ  
martensitic transformation on-set temperature, Tf : martensitic transformation finish 
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temperature. 

Fig.7 shows the of the Ni43Co7Mn38Cr1Sn11 alloy calculated from Eq. (3). –γ 

The value of  reaches a maximum value of 5.3 K/T at 250K, and then decreases ―γ 

rapidly with increasing temperature and reaches zero at 270K. The value of  ―γ 

approaches zero after the structure of the alloy has transformed into austenite, 

consistent with the mechanism of magnetic-field-induced phase transformation.  

Combined with the thermomagnetization curves in Fig.1(a), the 

magnetostructural-coupling phase transformation of the alloy is proved. Moreover, 

the value of    can also be calculated from the transformation temperatures under  
𝑑𝑇
𝑑𝐻

the different applied magnetic fields. For instance, at H=1T and H=3T, shown in the 

thermomagnetization curves in Fig.1(a),  = 5 K/T was obtained, which is  
𝑑𝑇
𝑑𝐻 ―

equal to the calculated value by Eq. (3). 

The equivalent transformation temperature change induced by the magnetic field 

is generally given by the Clausius-Clapeyron equation [20]:

                         （13）
𝑑𝑇
𝑑𝐻 = ―

∆𝑀
∆𝑆

where, the  is the magnetization difference between the martensitic and austenite ∆𝑀

phases, and  is the entropy change. From previous studies [21], the value of ∆S

 is only 2 K/T for Ni50Mn35In15 alloy and up to 12 K/T for Ni50Mn34In16 ―𝑑𝑇 𝑑𝐻

alloy. In this work for the Ni43Co7Mn38Cr1Sn11 alloy, the value of  is ―𝑑𝑇 𝑑𝐻

calculated to be 5.06 K/T by the Eq. (13) according to the S = 15.4 J/Kg/K obtained 

experimentally at 7T as shown in Fig.2(b), which is very close to the –γ = 5.3 K/T 

calculated by the Eq. (3). Conversely, if the values of  and  are known, the –γ ∆𝑀

magnetic entropy change can be calculated directly through Clausius-Clapeyron Eq. 

(13), and comprehensive magnetization curves at variable temperature need not be 

measured except for a M-T curve taken at sufficient high magnetic field for 

measuring M. For example, in the case of Ni43Co7Mn38Cr1Sn11 alloy, the values of 

M=78 Am2/Kg and -=5.3 K/T lead to S = 14.7 J/Kg/K according to the Eq. (13). 

The value is very closer to the result of our experiment.
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To verify the effectiveness of the Eq. (3), we have calculated the data in the Refs. 

22, 23. The calculated  is 5.71 (K/T).   is obtained from the γ
𝑑𝑇
𝑑𝐻 = ―

∆𝑀
∆𝑆 = 4.85 𝐾/𝑇

Eq. (13), which is close to the value of . Since the thermomagnetization curves at 6T γ

was not given in the Refs. 22, 23, we just use the data at 290K and 240K to calculate 

the M. The magnitude of M may be a little bit smaller than the actual value, which 

causes a smaller value of M/S. The above calculation process is detailed in the 

supplementary materials 2.

 For samples with different Cr concentration, their compositions have been 

determined by EDS. The actual Co and Cr contents are about 10% smaller than the 

nominal composition whereas other elements slightly fluctuate around the nominal 

compositions. The various parameters for other samples in Ni43Co7Mn39-xCrxSn11 

series are shown in Table 1 (See details in Supplementary Materials). The parameter γ 

and dT/dH are consistent with each other. 

 Table 1: The magnetization of the austernite (MA) and martensite (MM) phases, dT/dH, are γ of all samples 

Sample
MA

(emu/g)

MM

(emu/g)

dT/dH

(K/T)

γ

(K/T)
Origin

Ni43Co7Mn39Sn11 74 16 2.3 2.11 This work

Ni43Co7Mn38.5Cr0.5Sn11 74 7.4 3.25 1.97 This work

Ni43Co7Mn38Cr1Sn11 98 20 5.0 5.3 This work

Ni43Co7Mn37.5Cr1.5Sn11 106 53 6.6 6.4 This work

Ni42Co8Mn32Al18 / / 4.85 5.71 Ref.22,23

4. Conclusions

The relationship between asymmetric MR and MCE has been studied by 

Maxwell relation and Clausius-Clapeyron equations, and verified experimentally. In 

the vicinity of the phase transformation of the Ni43Co7Mn39-xCrxSn11 alloys, the 

asymmetric MR has been observed, which corresponds to the magnetostructural 

transformation. We propose a new factor , which can be determined from the 

magnetotransport properties, and prove it is equivalent to the transformation 
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temperature change induced by magnetic field. This factor  can also be used to 

estimate the magnetic entropy of the martensitic transformation. 
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