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a b s t r a c t   

The magnetic, structural, and thermal behaviors of the Cu-doped Heusler alloy Ni2Mn1−xCuxGa (0 ⩽ x ⩽ 0.4) 
were studied as a function of concentration x. As the Cu concentration increased, the structural transition 
temperatures increased, whereas the chemical order-disorder transitions and melting points decreased. The 
experimental results from temperature dependent X-ray diffraction reveal different crystal structures of the 
martensite phase at low temperatures for samples with different x, but all the samples ultimately crystallized in 
the L21 cubic crystal structure upon heating above their respective structural transitions. The experimental data 
were used to construct a comprehensive magnetic and structural phase diagram as a function of x from below 
their respective structural transition temperatures to their melting temperatures. The XRD analysis shows that 
the observed volume reduction is associated with the increasing structural transition temperature. Therefore, 
one of the samples was annealed under high pressure to permanently reduce its volume, and the correlation 
between the increasing structural transition temperatures and volumes was confirmed. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Interest in magnetic cooling technology has grown significantly 
due to advances in magnetic cooling devices based on materials that 
exhibit large magnetocaloric effects (MCEs) near room temperature  
[1,2]. An intensive effort has been made on understanding the phy
sical mechanisms of the MCE, as well as designing better magne
tocaloric materials. Giant MCEs often result from first-order 
magneto-structural transitions in solids and have been discovered in 
several systems, such as Gd5Si2−xGex [3], intermetallic MnTX (T = Co, 
Ni and X = Ge, Si) systems [4–7–10–13], MnAs-based compounds  
[14–16], Fe2P-based compounds [17–20], and Ni2MnZ-based (Z = In, 
Sn, Sb, orGa) Heusler alloys [21–24–27–30,31]. 

Among the magnetocaloric material candidates, considerable 
interest has been drawn specifically to Ni2MnGa Heusler alloys since 
their magnetic and structural transitions occur close to room tem
perature, which is a requirement for devices operating at room 
temperature. At room temperature, Ni2MnGa Heusler alloys 

crystallize in the L21 cubic structure and then transform to a mar
tensite phase with lower symmetry at 200 K upon cooling [32]. On 
the other hand, the ferromagnetic ordering in Ni2MnGa Heusler al
loys is destroyed through heating above its Curie temperature, 
365 K. Upon further heating, the atomic order of Mn/Ga in the L21 

cubic structure is completely destroyed at 800 ∘C, above which a B2 
cubic disordered phase forms [33]. In the L21 cubic ordered phase, 
Mn and Ga atoms occupy two distinct locations, while in the B2 
cubic disordered phase, Mn and Ga atoms are randomly distributed. 
The relationship between the L21 cubic ordered phase and the B2 
cubic disordered phase is illustrated in Fig. 1. 

Given that the Mn atoms are known to dominate the magnetic 
interaction in Ni2MnGa Heusler alloys [32], it has been recently 
shown that the Curie temperatures and structural transition tem
peratures can be simultaneously manipulated by partially sub
stituting Mn atoms with V [35], Cr [36–38], Fe [39–41], Co [42–46], 
and Cu [43,46-54]. In Particular, for the composition Ni2Mn1−xCuxGa 
with x = 0.25, a giant MCE resulting from a coupled magneto-struc
tural transition has been found [43,46,50,51,54]. Therefore, in this 
paper, we focus on polycrystalline alloys with the compositions 
Ni2Mn1−xCuxGa (0 ⩽ x ⩽ 0.4) and systematically study their proper
ties through magnetic, calorimetric, and temperature-dependent 
X-ray diffraction (XRD) measurements. 
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It was observed that, as the Cu concentration in Ni2Mn1−xCuxGa 
increases, the structural transition temperatures increase, whereas 
the order-disorder transitions and melting temperatures decrease. 
Meanwhile, from temperature-dependent XRD measurements, it 
was found that the crystal structures of the martensite phase at low 
temperatures were different for different x, but all the samples ul
timately crystallize in the L21 cubic structure upon heating above 
their respective structural transition temperatures. The experi
mental data were used to construct a comprehensive magnetic and 
structural phase diagram as a function of x from below their re
spective structural transition temperatures up to their melting 
temperatures. The XRD analysis shows that the observed volume 
reduction is associated with the increasing structural transition 
temperature. Therefore, one of the samples was annealed under high 
pressure (5.5 GPa) to permanently reduce its volume, and the cor
relation between the increasing structural transition temperatures 
and volumes was confirmed. 

2. Sample preparation 

Polycrystalline Ni2Mn1−xCuxGa alloy ingots (x = 0, 0.15, 0.25, 0.30, 
0.35, and0.40) were fabricated from high purity (  >  99.95%) Ni, Mn, 
Cu, and Ga components by melting in a RF induction furnace in an Ar 
atmosphere. The samples in this paper are labeled as Cu-0 (x = 0), 
Cu-15 (x = 0.15), Cu-25 (x = 0.25), Cu-30 (x = 0.30), Cu-35 (x = 0.35), 
and Cu-40 (x = 0.40). The weight loss after melting was found to be 
less than 0.3% for each sample. The resulting as-cast ingots were first 
ground into powders. To ensure homogeneity and atomic order, as 
well as reduce the residual stress due to grinding, the samples were 
annealed at 700°C in Al2O3 crucibles for 4 days in vacuum-sealed 
quartz tubes, and then slowly cooled to room temperature. Their 
respective magnetic, thermal, and structural properties are sum
marized in Table 1. 

In addition, sample Cu-25 prepared as above was processed again 
under high pressure using a cubic multi-anvil high-pressure 

apparatus manufactured by Rockland Research Corporation[55]. The 
sample was ground and placed in a boron nitride crucible, sur
rounded with a graphite tube as the heater, and pyrophyllite was 
used as the pressure transmitting medium. This sample assembly 
was first compressed to a pressure of 5.5 GPa, and then heated to 
1000 °C for 30 min. The temperature was then reduced to 700 °C, 
where it remained for 1 h. After these heating processes, the samples 
were slowly cooled to room temperature and then de-pressurized 
slowly. The experimental flow chart is illustrated in Fig. 2. 

3. Thermal analysis 

To reveal any possible phase transitions in our samples as a 
function of temperature, a simultaneous differential scanning ca
lorimeter (DSC) and thermogravimetric analysis device (model: SDT 
Q600 manufactured by TA instruments, Inc.) was used. The experi
ments were performed by sweeping the temperature from room 
temperature through the melting points of all the samples. The re
sults for sample Cu-25 are shown in Fig. 3 as a representative 
measurement. As the temperature increases from room tempera
ture, the chemical order-disorder transition between L21 and B2 was 
detected at 738 °C, and the inset of Fig. 3 shows the result after 
background subtraction. Upon further heating, the first-order phase 
transition between the liquid phase and solid phase with thermal 
hysteresis was observed around 1150 °C. 

The complete experimental results of the order-disorder transi
tion temperature, and melting points, for all the samples are listed in  
Table 1 and are illustrated in Fig. 4. As the Cu concentration in
creases, the melting points (solid lines in Fig. 4) and order-disorder 
phase transitions (dashed lines in Fig. 4) decrease linearly. The 
lowest chemical order-disorder transition was observed for the 
sample with highest Cu concentration, i.e., Cu-40, which is 714.4 °C. 
Note that we chose 700 °C as the annealing temperature, which is 
below the chemical order-disorder transition for all the samples so 
that both chemical order and homogeneity can be promoted during 
the 4-day annealing process. 

4. Magnetization measurements and analysis 

The magnetization measurements were performed using a 
Magnetic Property Measurement System manufactured by Quantum 
Design within a temperature interval of 10–400 K, and in applied 
magnetic fields up to 7 T. 

4.1. Temperature-dependent magnetization 

The isofield temperature-dependent magnetization measure
ments were performed using field-cooled cooling and field-cooled 
warming protocols, the results of which are shown in Fig. 5 along 
with DSC data. 

Fig. 1. The L21 cubic ordered phase and the B2 cubic disordered phase are drawn in a 
polyhedral view by VESTA [34]. In the L21 cubic ordered phase, Mn and Ga atoms 
occupy two distinct locations, while in the B2 cubic disordered phase, Mn and Ga 
atoms are randomly distributed. 

Table 1 
Structural and magnetic parameters of Ni2Mn1−xCuxGa as a function of concentration x.          

label composition  
Ni2Mn1−xCuxGa 

1room temperature  
volume/f.u. (Å3) 

2structural 
transition 

3Tstr. (K) 4T B2L21 (∘C) 5Msat∕f.u. (μB) 6 10V
T

3× (Å3/K)  

Cu-0 x = 0.00  49.47 10M → L21  210  797  4.25  2.10 
Cu-15 x = 0.15  49.07 10M → L21  256  760  3.51  2.02 
Cu-25 x = 0.25  48.77 14M → L21  311  738  3.06  2.03 
Cu-30 x = 0.30  48.58 D022 → L21  365  726  2.92  2.67 
Cu-35 x = 0.35  48.49 D022 → L21  438  720  2.68  2.74 
Cu-40 x = 0.40  48.30 D022 → L21  503  714  2.41  2.83  

1 Estimated from X-ray diffraction experiments at room temperature as described in Sec. 5.1  
2 Obtained from the temperature-dependent X-ray diffraction experiments as described in Sec. 5.2  
3 Structural transition temperature estimated from the magnetization or calorimetric experiments as described in Sec. 4.1  
4 L21 ↔ B2 order-disorder transition temperature estimated from the calorimetric experiments as described in Sec. 3  
5 Saturation magnetization estimated from the isothermal magnetization at 2 K as described in Sec. 4.2  
6 Volume change rate estimated from temperature-dependent X-ray diffraction experiments as described in Sec. 5.2  
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For samples Cu-0, Cu-15, Cu-25, and Cu-30, a clear thermal 
hysteresis due to first-order structural transitions was observed, and 
these structural transition temperatures becomes higher as the Cu 
concentration increases. For samples Cu-35 and Cu-40 (i.e. x ⩾ 0.35), 
their structural transition were in the paramagnetic region and were 
above 400 K so that calorimetric experiments were utilized for ex
ploring their structural transitions, and the calorimetric results are 
shown in the upper right side of Fig. 5. In general, the structural 
transition temperatures increase as the Cu concentration increases, 
and a coupled magneto-structural transition was found for the 
sample Cu-25, which is consistent with previous reports  
[43,46,50,51,54]. The magnetic and structural transition information 
obtained from the above experiments are recorded in Table 1. 

4.2. Field-dependent magnetization 

To further investigate the magnetic properties of the samples at 
low temperature, saturation magnetization measurements at 2.0 K 
were performed in fields up to 7 T, as shown in the inset Fig. 6 (for 
samples Cu-0 and Cu-40). 

The saturation magnetization (Msat) values were estimated by 
fitting the experimental magnetization data using the law of ap
proach-to-saturation 

M H M
a

H
b

H
( ) 1 ,sat 2 3

=

where a and b are fitting parameters [56,57]. The fitted Msat values 
are listed in Table 1. Given that Mn atoms dominate the magnetic 
moments in the Ni2Mn1−xCuxGa alloy system, it is reasonable that 
the saturation moments decrease linearly as the Cu concentration 
increases and Mn concentration decreases, consistent with previous 
observations[32,53]. 

Fig. 2. Experimental high-pressure synthesis flow chart (sample Cu-25).  

Fig. 3. The heat flow curves for sample Cu-25 are shown as a representative mea
surement. The temperature sweeping directions are indicated by arrows. The inset 
shows chemical order-disorder transitions between L21 and B2 phases at 738 °C after 
background subtraction. The first-order phase transition between the liquid phase 
and solid phases with thermal hysteresis was observed around 1150 °C. 

Fig. 4. A phase diagram mapping the chemical order-disorder transitions and melting 
points of Ni2Mn1−xCuxGa (x ⩽ 0.4) as a function of temperature and concentration x. As 
the Cu concentration increases, a linear decrease of the chemical order-disorder 
transition temperatures (dashed lines) and melting points (solid lines) was observed. 

Fig. 5. The temperature-dependent magnetization of all the samples using field- 
cooled cooling and field-cooled warming protocols at H = 1000 Oe. For samples Cu-0, 
Cu-15, Cu-25, and Cu-30, a clear thermal hysteresis due to first-order structural 
transitions was observed in the magnetization results, and these structural transition 
temperatures shift to higher temperature as the Cu concentration increases. For 
samples Cu-35 and Cu-40 with structural transitions above 400 K, calorimetric ex
perimental data are shown in the upper right side of this figure. The temperature 
sweeping directions indicated by arrows in the magnetization data of sample Cu-0 
and calorimetric results of sample Cu-40 are representative of the corresponding 
sweeping procedure used on all the samples. 

J.-H. Chen, T. Poudel Chhetri, A.T. Grant et al. Journal of Alloys and Compounds 900 (2022) 163480 

3 



5. Structural analysis by X-ray diffraction 

X-ray diffraction (XRD) experiments were performed at beamline 
11-BM, X-ray Science Division, the Advanced Photon Source, Argonne 
National Laboratory and at beamline TPS-19A, National Synchrotron 
Radiation Research Center, Taiwan. Room-temperature XRD was per
formed for the two Cu-0 samples, one of which was ground into 
powder before the heat treatment, whereas the other was ground after 
the heat treatment. A significant broadening of the peaks were found 
for the sample ground after the heat treatment as shown in Fig. 7. Since 
these materials are sensitive to grinding, the powder samples used in 
this paper were heat treated after grinding as described in Sec. 2. 

5.1. Room temperature measurement 

The powder XRD results at room temperature for all the samples 
are shown in Fig. 8 collected using an X-ray wavelength of 0.77489 Å. 

For samples Cu-0, Cu-15, and Cu-25, L21 cubic crystal structures 
were observed. Samples with concentrations equal to or greater than 
0.30 (i.e., Cu-30, Cu-35, and Cu-40) crystallized in a D022 tetragonal 
crystal structure, which is consistent with previous reports [58]. In 
addition, we observed that, as the Cu concentration x increased from 
0.0 to 0.4, the volumes per formula unit decreased linearly, and the 
structural transition temperature increased as shown in Fig. 9. 

5.2. Temperature-dependent measurement 

At room temperature, XRD measurements indicate that samples 
Cu-0, Cu-15, and Cu-25 all form in the L21 cubic crystal structure. As 
the temperature drops below their respective structural transitions, 
samples Cu-0 and Cu-15 assume the XRD pattern of a 10-layered 
(10 M) monoclinic crystal structure, which is similar to those pre
vious observations [59–61], while sample Cu-25 shows the XRD 
pattern of a 14-layered (14 M) monoclinic structure, consistent with 
a previous published data [62]. The results for samples Cu-0, Cu-15, 
and Cu-25 at 100 K are shown in Fig. 10. 

For the samples with x ⩾ 0.3 (i.e., Cu-30, Cu-35, and Cu-40), the 
D022 tetragonal structure was observed at room temperature. As the 
temperature increased above their respective structural transition 
temperatures, L21 cubic crystal structures were observed for these 
three samples. Generally speaking, all of the Ni2Mn1−xCuxGa 
(0 ⩽ x ⩽ 0.4) samples ultimately stabilized in L21 cubic crystal 
structures upon heating, although their martensite phases at low 
temperature each crystallized in different structures. The 10 M 

Fig. 6. Linear decrease of the saturation moments was observed as the Cu concentration 
increases. The inset shows the isothermal magnetization results for sample Cu-0 and Cu- 
40 at 2.0 K at ambient pressure which were performed in fields up to 7 Tesla. 

Fig. 7. Room-temperature XRD for the two Cu-0 powder samples, one of which was 
ground before the heat treatment, whereas the other was ground after the heat 
treatment. A significant broadening of the peaks was observed for the samples ground 
after the heat treatment. 

Fig. 8. Room-temperature powder X-ray diffraction patterns of all the samples using 
an X-ray wavelength of 0.77489 Å. For samples Cu-0, Cu-15, and Cu-25, L21 cubic 
crystal structures were observed. For the samples with x ⩾ 0.3 (i.e., Cu-30, Cu-35, and 
Cu-40), D022 tetragonal crystal structures were found. The corresponding Miller in
dices (in parentheses) of the L21 cubic and D022 tetragonal crystal structure are noted. 

Fig. 9. The cell volume per formula unit at room temperature versus the Cu con
centration x. As the Cu concentration increases, the volume reduces almost linearly 
and the structural transition temperature increases. 
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monoclinic structure observed in Cu-0 and Cu-15, the 14 M mono
clinic observed in Cu-25, and the D022 tetragonal structure observed 
in Cu-30, Cu-35, and Cu-40 can all be realized as a distortion of the 
L21 cubic structure along the (110) direction. The relationships be
tween the 10 M monoclinic, 14 M monoclinic, D022 tetragonal, and 
L21 cubic structures are illustrated in Fig. 11. 

The temperature-dependent volume changes across the struc
tural transitions, calculated from XRD data, are shown in Fig. 12. 

The usual linear dependence of the volume on the temperature 
was observed on both sides of the phase transition. The dis
continuous volume changes as reported previously [50] is not ap
parent in this figure due to the scale and also that the XRD scans 
were measured by settling temperature instead of sweeping tem
perature across the transitions. The volume change rates for all the 
samples are listed in Table 1. By incorporating the temperature- 
dependent structural information, magnetization, and calorimetric 

measurements, a comprehensive structural and magnetic phase 
diagram was constructed and shown in Fig. 13. The magnetic and 
order-disorder transitions are second-order phase transitions and 
are shown as dashed lines, while the structural transitions and solid- 
liquid transitions (i.e., at the melting points) are first-order phase 
transitions and are shown as solid lines. 

6. High pressure synthesis 

Our XRD analysis indicates that the volume reduction with increasing 
Cu concentration is correlated with the increase of the structural tran
sition temperature as shown in Fig. 9. Therefore, we chose sample Cu-25 
as a case study to synthesize under high pressure in order to induce a 
volume reduction without changing its chemical composition. Sample 
Cu-25 was synthesized under high pressure by the method described in  
Sec. 2, and the cell volume of the resulting ingot calculated from XRD 
analysis was found to be reduced by 0.7%, which is consistent with our 
expectation since the samples were annealed under high pressure. 

The temperature-dependent magnetization data collected using 
field-cooled cooling and field-cooled warming protocols at H = 10 Oe, 
and saturation magnetization measurements at 2.0 K were per
formed in fields up to 7 T are shown in Fig. 14. The experimental 

Fig. 10. X-ray diffraction patterns for samples Cu-0, Cu-15, and Cu-25 at 100 K. The X- 
ray wavelength was 0.45787 Åfor all measurements. The Cu-0 and Cu-15 samples 
assumed the XRD pattern of the 10-layered (10 M) monoclinic crystal structures, 
which is consistent with the previous findings [59–61], while sample Cu-25 shows the 
XRD pattern of the 14-layered (14 M) monoclinic structure, as reported in a previous 
work [62]. The simulated 10 M monoclinic and 14 M monoclinic XRD patterns are 
shown in the bottom and top panels, respectively. 

Fig. 11. (Left) A 4 × 5 set of L21 stoichiometric Ni2MnGa cubic unit cells is shown to illustrate the relationship between 10 M monoclinic, 14 M monoclinic, D022 tetragonal, and L21 

structures. (Right) The 10 M monoclinic, 14 M monoclinic, and D022 tetragonal structures can be interpreted as distortions of the L21 cubic structure along the (110) direction. Upon 
heating, the 10 M monoclinic, 14 M monoclinic, and D022 tetragonal structures transform to a L21 cubic structure. 

Fig. 12. Temperature-dependent cell volumes across the structural transitions cal
culated from XRD data. The volumes changed linearly with temperature on either of 
the transition. 
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results show that a higher structural transition temperatures were 
observed for the samples synthesized under high pressure while 
their saturation magnetizations were nearly unchanged. 

The effect of the increasing structural transition temperature was 
induced by doping Cu for Mn in the Ni2MnGa Heusler alloy, which 
causes the reduction of both volume and saturation magnetization. 
However, high-pressure synthesis offers the advantage of designing the 
materials without modifying their chemical compositions. In our spe
cific case, the resulting increase in the structural transition temperature 
was induced only by reducing the cell volume, and hence chemical 
composition as well as the saturation magnetization were preserved. 

7. Conclusions 

Systematic magnetization, temperature-dependent X-ray dif
fraction, and calorimetric measurements were performed on the Cu- 
doped Heusler alloys Ni2Mn1−xCuxGa (0 ⩽ x ⩽ 0.4) in order to un
derstand the functional properties of this alloy system. The main 
findings are summarized as follows: (i) the structural transition 
temperatures in Ni2MnGa increased with increasing Cu concentra
tion, and a positive correlation between the crystal volume and 
structural transition temperature was found. (ii) A comprehensive 
magnetic and structural phase diagram up to the melting points was 
constructed from direct experimental measurement, which not only 
elucidates the evoluation of the phase transitions for fundamental 
studies but also provides a practical guideline for material design 
purposes. (iii) High-pressure synthesis was employed to fabricate 
Ni2Mn0.75Cu0.25Ga Heusler alloys, which preserves the chemical 
compositions of the samples, and hence solidified the connection 
between crystal volume and phase transition temperatures. 
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