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ABSTRACT

The phase transitions of a series of Co-doped Heusler alloys, Ni,Mn;_,Co,Ga (0 < x < 0.2), were investigated experimentally using the
magnetization measurements, x-ray diffraction, and calorimetric measurements up to their respective melting points. With increasing Co
concentration, the structural transition temperatures, Curie temperatures, and melting points, were observed to increase, while the order-
disorder transition temperatures decreased. Temperature-dependent x-ray diffraction experiments revealed two different crystal structures in
the low-temperature martensite phase for different Co concentrations. However, above their respective structural transitions, both low-tem-
perature crystal structures transformed into the L2, cubic structure. These findings enabled the construction of a complete magnetic and
structural phase diagram for Ni;Mn;_,Co,Ga, spanning from cryogenic temperatures to the melting points. The temperature-dependent

XRD results revealed the abrupt changes in interatomic Mn-Mn distances, which validates the crucial role of Mn-Mn interatomic distance |

and the effect of the magnetic coupling competition in the structural stability between the martensite phase and austenite phase.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0226767

I. INTRODUCTION

Heusler alloys are ternary intermetallic compounds with the
composition X,YZ. They have been the subject of many investiga-
tions since the discovery of the first ferromagnetic
copper-manganese-based alloys by Heusler et al., in 1903." Interest
in Ni-Mn-Z-based Heusler alloys, with Z = Ga,>” In,"
Sb,>>"* or $n,>>'*?% has grown significantly because the alloys
with these compositions have magnetic phase transition occurring
close to room temperature, which make them potential refrigerants
for magnetic cooling and ferromagnetic shape-memory devices
operating at room temperature.ZI’22

Among these Heusler alloys, Ni,MnGa has drawn consider-
able interest after being discovered in 1960”° because it exhibits fer-
romagnetic shape-memory behavior across its martensitic
structural transition occurring at & 220 K.> Below its structural
transition temperature, the martensite phase of Ni,MnGa is a
modulated monoclinic crystal structure with ferromagnetic

ordering.”*™*’ As the temperature increases above its structural
transition temperature, the structure transforms to a ferromagnetic
austenite phase with the L2, cubic structure with Curie temperature
of 365K.” As the temperature continues to increase, the ordered
atomic arrangement of Mn and Ga of the L2; cubic structure is
entirely destroyed at 800 °C, leading to the formation of a disor-
dered B2 cubic phase.”’” Mn and Ga atoms in the L2; cubic
ordered phase occupy two distinct positions, whereas they are ran-
domly distributed in the B2 cubic disordered phase. The structural
variation between the martensite phase, ordered L2; austenite
phase, and disordered B2 austenite phase in NiyMnGa Heusler
alloys is depicted in Fig. 1.

Considering that the Mn atoms in Ni;MnGa Heusler alloys
provide the dominant contribution to the magnetic interac-
tions,”*"** other studies have demonstrated that the magnetic and
structural transitions can be concurrently adjusted by replacing
some Mn atoms with Fe,”>* Co,°°™* Cr,**™** Cu,>*"?**° or
V°! atoms. To increase our understanding of the effects of atomic
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FIG. 1. The structure variation between the martensite phase, ordered austenite phase, and disordered austenite phase in Ni;MnGa Heusler alloys is illustrated in a
polyhedral representation by VESTA.”” Mn and Ga atoms in the L2 cubic ordered phase are situated in two distinct positions, whereas Mn and Ga atoms in the B2 cubic

disordered phase exhibit a completely random distribution.

substitution on the phase transitions in Ni,MnGa Heusler alloys,
polycrystalline  alloys with compositions Ni;Mn;_,Co,Ga
(0 < x < 0.2) were prepared and a systematic study of their proper-
ties through magnetic, calorimetric, and temperature-dependent
x-ray diffraction (XRD) measurements was performed. It was
observed that, as the Co concentration increases, the structural
transition temperatures, Curie temperatures, and melting points
increased, whereas the order-disorder transitions decreased.
Meanwhile, from temperature-dependent XRD measurements, two
different crystal structures in the low-temperature martensite phase
were found for different Co concentrations, but all the samples ulti-
mately crystallized in the L2; cubic structure upon heating above
their respective structural transition temperatures. The experimen-
tal results were employed to construct a complete magnetic and
structural phase diagram as a function of Co concentration, span-
ning from below their respective structural transition temperatures
to their melting points. Abrupt changes in interatomic Mn-Mn
interatomic distances derived from the temperature-dependent
XRD results were observed, validating the crucial role of Mn-Mn
interatomic distance and the effect of the magnetic coupling com-
petition in the structural stability between the martensite phase and
austenite phase.

Il. SAMPLE PREPARATION

Polycrystalline Ni,Mn,;_,Co,Ga ingots (x =0,0.10, 0.15,
and0.20) were fabricated from high purity (>99.95%) Ni, Mn, Co,
and Ga components by melting in a radio frequency induction
furnace under argon atmosphere. The samples are labeled as Co-00
(x =0), Co-10 (x=0.10), Co-15 (x =0.15), and Co-20
(x = 0.20). The weight loss after melting was found to be less than
0.3% for each sample. The melted ingots were first heat treated at
1100 °C for 12 h. The heat treated ingots were ground into powders
and then annealed at 700 °C for three days before being cooled
slowly.

To confirm the compositional homogeneity of the powder
samples, composition analysis was carried out using Oxford energy
dispersive  spectroscopy (EDS) detector installed on a
ThermoFisher Helio G5 Xe PFIB/SEM system. Fifteen different
spots across the Co-00 powder samples were analyzed, resulting in
the measured compositions of Niz'oﬁi0'10MI11_07i0_05Gao'87i0'14.

Based on these results, we assumed that the compositions of all the
powder samples are homogeneous after the grinding and heat treat-
ment processing.

To confirm the crystalline purity for the prepared samples,
powder XRD patterns were measured at room temperature using a
Scintag XDS2000 powder diffractometer with Cu Ka radiation. The
results are shown in Fig. 2. Samples Co-00, Co-10, and Co-15, exhib-
ited L2, cubic crystal structures while sample Co-20 crystallized in a
DO0,, tetragonal crystal structure. No perceivable secondary crystal-
line phases were detected in the scans. Their respective magnetic,
thermal, and structural properties are summarized in Table 1.

lll. THERMAL PROPERTIES g
To reveal any potential phase transitions in our samples, a %
simultaneous ~differential scanning calorimeter (DSC) and %
IN
Co20 &| & S & &l 8
21 £ L2 £ £
N =4 =) < )
=] 8 § 8 =&
I - ol A PPN, PO, vl
‘g Co-15
¥
& o _M
*E‘ Co-10 -
§ l
a Kol & A i
Co-00
(220)L2I (422)L21
MJL " -(402)L21 o L -
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Scattering angle 20 (deg.)

FIG. 2. Room-temperature powder XRD patterns were obtained for all samples.
L2 cubic crystal structures were observed for samples Co-00, Co-10, and
Co-15, while a D0, tetragonal crystal structure was found for sample Co-20.
The respective Miller indices (in parentheses) of the L2 cubic and D0, tetrago-
nal crystal structures are shown.
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TABLE I. Thermal, structural, and magnetic properties of Ni,Mn;_,Co,Ga (0<x<0.2) derived from experimental results.

Composition Teurie. Ti2,m2" 9V 10734 M, /fu’
Label Ni,Mn,_,Co,Ga (K) Structural transition” (°C) (A%/K) (ugp)
Co-00 x=0.00 364.6 213K (mcl. > L2,) 797 2.11 4.25
Co-10 x=0.10 384.0 244K (D0, — 12,) 788 2.07 3.89
Co-15 x=0.15 388.1 278 K (D04, — L2,) 785 2.18 3.75
C0-20 x=0.20 397.2 342K (D0, — L2,) 780 2.09 3.51

*Curie temperature estimated by the temperature derivative of the magnetization results shown in Fig. 5.

bStructural transition temperature determined by averaging the hysteretic peaks from the temperature derivatives of the magnetization results shown in Fig. 5
and the corresponding crystal structures obtained from the temperature-dependent XRD described in Sec. V.

L2, < B2 order-disorder transition temperature estimated from the temperature derivative of the calorimetric results in Sec. III.

9The rate of volume change estimated from temperature-dependent XRD experiments, detailed in Sec. V.

“Saturation magnetization estimated from the isothermal magnetization at 2 K as shown in Fig. 6.

thermogravimetric analysis device (model: SDT Q600 manufac-
tured by TA instruments, Inc.) was used. The experiments were
performed by heating the samples from room temperature until
they melted, and then cooling down to room temperature. The
results for sample Co-20 are shown in Fig. 3 as a representative
measurement. As the temperature increases from room tempera-
ture, the order—disorder transition between L2; and B2 at 780 °C
was first detected, and then the melting/solidification temperature
with thermal hysteresis was observed around 1150 °C, as shown

Temperature (K)
600 800 1000 1200 1400
Sample Co-20
solidification
%
g (
3 U
2 |t
= L2,(order) <> B2(disorder)
=} :
l}‘g melting
o \
200 400 600 800 1000 1200
Temperature (°C)

FIG. 3. The heat flow curves for sample Co-20 with temperature sweeping
directions indicated by arrows. The fransition between ordered L2; and disor-
dered B2 phases at 780 °C was identified, while the melting/solidification tem-
perature, accompanied by thermal hysteresis, was observed around
1150 °C. Similar thermal behaviors were observed in the samples with different
Co concentrations.

in Fig. 3. Similar thermal behaviors were observed in the samples
with different Co concentrations. As illustrated in Fig. 4, with
increasing Co concentration, the melting points (estimated by
averaging the peaks positions from the hysteretic heating and
cooling measurement) (solid lines) increased, whereas the order-
disorder transitions (dashed lines) decreased. The sample with the
highest Co concentration (Co-20) exhibited the lowest order—
disorder transition temperature, which was 780 °C. Note that the
samples in the current work were annealed at 700 °C for three
days before being cooled slowly, and hence atomic order were
maximally promoted.

1145 - Jiquid

1140

1135 B2 Cubic

1130 €
795 -

.
~.

Temperature (°C)

790 - RN B2 Cubic

785 L2, Cubic
780 1 0

0.00 0.05 0.10 0.15
xin NipMn,_,Co,Ga

FIG. 4. A phase diagram illustrating the order—disorder transitions and melting
points of Ni;Mn;_,Co,Ga (0 < x < 0.2) as a function of temperature and Co
concentration. With increasing Co concentration, the order—disorder transition
temperatures (dashed lines) decreased, while the melting points (solid lines)
increased.
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FIG. 5. Temperature-dependent magnetization measurements were conducted
on all Ni;Mns_,Co,Ga samples using field-cooled cooling and field-cooled
warming protocols at H = 1000 Oe. The experimental temperature sweeping
directions are indicated by arrows in the results of sample Co-00 as a represen-
tative curve. The clear thermal hysteresis resulting from first-order structural
transitions was observed, with the transition temperatures observed to rise with
increasing Co concentration. The bottom inset shows a premartensitic transition
as observed from several previously experiments.”*~>*

IV. MAGNETIC PROPERTIES

Magnetization measurements were conducted using a mag-
netic property measurement system or Dynacool physical property
measurement system with the vibrating sample magnetometer oven
option manufactured by Quantum Design. Isofield temperature-
dependent magnetization measurements were conducted using
field-cooled cooling and field-cooled warming protocols at
H =1000 Oe, and the results are shown in Fig. 5. For all the
samples, a noticeable thermal hysteresis stemming from the first-
order structural transitions was found before their Curie tempera-
tures. Both the structural transition and magnetic transition
increase with increasing Co concentration. The magnetic and struc-
tural transition temperatures obtained from the magnetization
experiments are provided in Table I.

The saturation magnetizations of these samples were investi-
gated through isothermal magnetization measurements performed

ARTICLE pubs.aip.org/aip/jap
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FIG. 6. A linear decrease in saturation moment was found with increasing Co
concentration. The inset displays isothermal magnetization results for samples
Co-00 and Co-20 at 2.0 K, conducted in fields up to 7 T.

at 2.0 K with fields up to 7 T, as shown in the inset of Fig. 6 (for
samples Co-00 and Co-20).

The saturation magnetization (M,,) values were estimated by
fitting the experimental magnetization data using the law of

approach-to-saturation,
a b
B H)

M(H) = Mg (1

where a and b are fitting parameters.”>*° The fitted M, values are ¢
provided in Table I. It is found that the saturation moment |

decreases linearly as the Co concentration increases, similarly as
Ni,Mn;_,Cu,Ga.>*’ As the doping of the smaller atom Co
increases in Ni;Mn;_,Co,Ga, the Mn-Mn interatomic distances
decrease. As a results, it strengthens the Mn-Mn magnetic
exchange interactions and broadens the electronic bands. The
former leads to the Curie temperatures increase, while the latter
results in the overlap of the atomic states, and hence decreases the
magnetic moments.”’

V. STRUCTURAL PROPERTIES

The temperature-dependent x-ray diffraction experiments
were performed using a wavelength of 0.45787 A at the x-ray
Science Division 11-BM beamlines, Advanced Photon Source,
Argonne National Laboratory. The structural analyses, including
lattice constants and unit cell volumes, were conducted using a
general structure analysis system (GSAS-II) software.”' In the fol-
lowing sections, the analysis results of the martensite phase, austen-
ite phase, and structural transition will be presented and discussed.

A. Martensite and austenite phases

Regarding the crystal structures of the martensite phases
(below their respective structural transitions), sample Co-00
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FIG. 7. XRD patterns of samples Co-00, Co-10, Co-15, and Co-20 with the x-ray wavelength 0.457 87 A. (a) XRD patterns of the martensite phase at the specified temper-
atures. As a reference, the simulated modulated monoclinic and D0, tetragonal XRD patterns are provided in the bottom and top panels, respectively. (b) XRD patterns of
the austenite phase at the specified temperatures. The respective Miller indices (in parentheses) of the L2; cubic crystal structures are provided.

assumes the XRD pattern of a modulated monoclinic crystal struc- 1420 | .
ture with the superspace group I2/m(a0y)00 and modulation 1475, liquid
vectors 0.433¢" (~=3/ 7¢"), which is similar to previously reported
observations,”*™*”°> while the other sa.m;.)les show the XRD pattern 1410 Austenite B2 PM §
of the D0y, tetragonal structure, similar to that reported for g
Ni;Mn;_,Cu,Ga.”*” The XRD results of the martensite phase for 1405 7 3
all the samples at the indicated temperatures are shown in Fig. 7(a). 1070 .. . 2
Although two different crystal structures in the martensite phases 10654 Tl Austenite B2 PM S
were found, the XRD patterns of the austenite phase (above their G . | 3
: tions) shown in Fi ) 1 2 1060 O -, 3
respective structural transitions) shown in Fig. 7(b) reveal that al P Austenite L2, PM -0, g
the samples crystallize in the L2, cubic crystal structure. E 10554 Tl
By incorporating the structural analysis, magnetization, and ié -
calorimetric measurements, a comprehensive phase diagram g 400 1 Austenite L2, PM @t ©
depicting the structural and magnetic information up to the ST R e ECEEL et
melting points was constructed (Fig. 8). The magnetic and order- ®
. " : 350
disorder transitions shown as dashed lines are second-order phase D
transitions, while the structural transitions and melting/solidifica- Austenite L2; FM
tion temperatures shown as solid lines are first-order phase 300
transitions.
-, 250
B. Structural transitions
To further investigate how the crystal structures evolve across q artensite
the structural transitions in our samples, XRD experiments at 200 1 T T T
several different temperatures (above and below the structural tran- 0 0.05 o 0.1 0.15 0.2
sitions) were performed. As the doping of Co for Mn was intro- x in Ni,Mn,_,Co,Ga
duced, the austenite phase remained in a L2; cubic structure and
the martensite phase transformed from the monoclinic structure to FIG. 8. A complete phase diagram depicting the structural, magnetic, order-
the tetragonal structure. The volume changes were found to be disorder transitions, and melting points in Ni;Mn;_,Co,Ga (x < 0.2) Heusler
linear as a function of temperature for all the samples. The rates of alloys. The magnetic and order-disorder transitions, characterized as second-
the volume change ( A3 /K) on both sides of the structural transition order phase transitions, are indicated by dashed lines while the structural transi-
. - . tions and melting points, identified as first-order phase transitions, are shown as
are comparable, as illustrated in Fig. 9. The respective rates are pro- I
. L solid lines.
vided in Table I.
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FIG. 9. Variations in cell volumes across the phase transitions were determined
from XRD data. Comparable linear changes of volume with temperature were
observed on both sides of the structural transitions.

Although there is no abrupt change of the volumes across/
between the martensite and austenite phase, it is known that the first-
order magnetic transition is subject to a discontinuous change of the
magnetic exchange interaction as a function of the distance between
magnetic elements.°>®” In the case of Ni;MnGa Heusler alloys, we
further explore the interatomic Mn-Mn distance because it was found
that the structural stability depends critically on the magnetic interac-
tions between Mn atoms.” By exploring our temperature-dependent

ARTICLE pubs.aip.org/aip/jap

XRD results across the structural transition further, the abrupt dis-
continuous splitting/changes in the Mn-Mn interatomic bonds was
observed, the results of which are presented in Fig. 10.

Considering the highly symmetric austenite L2, cubic phase,
there is only one set of Mn-Mn interatomic bonds, with the coor-
dination number 12, as illustrated on the right side of Fig. 10. The
magnetic interaction in this coordination is clearly ferromagnetic.
In the martensite phase, either the monoclinic structure with 8
close to 90° in Co-00 or the tetragonal structures in the other
samples was found to stretch further along the c¢ axis than the
others.”*%? During the structural transition, one distinct set of the
Mn-Mn interatomic bonds in the austenite L2, cubic phase is split
into two major sets of Mn-Mn interatomic bonds in the low-
temperature martensite phase. The longer ones along the ¢ axis
have pyramidal-coordinated Mn-Mn interatomic bonds with a
coordination number of 8 and the shorter ones have planar-
coordinated Mn-Mn interatomic bonds with a coordination
number of 4. The geometry of the Mn-Mn interatomic bonds in
the martensite phase is illustrated on the left side of Fig. 10.

It has been described that the planar-coordinated Mn-Mn
bonds show antiferromagnetic exchange coupling while the
pyramidal-coordinated Mn-Mn bonds show ferromagnetic
exchange coupling.”>®” The first-order magneto-structural transi-
tion arises from the interaction competition between these two dif-
ferent magnetic couplings. As the doping of the smaller atom Co
increases, the planar-coordinated antiferromagnetic Mn-Mn bonds
shrink while the pyramidal-coordinated ferromagnetic Mn-Mn
bonds expand. This strengthens the antiferromagnetic couplings
governing by planar-coordinated Mn-Mn bonds and weakens the
ferromagnetic couplings governing by pyramidal-coordinated Mn-
Mn bonds, which leads to increasing the martensitic transition
temperatures.

pyramidal coordinated
8x(Mn—Mn), ferromagnetic

<
8
g
S 4.05
=
>
L 4.00
=
3.95
planar coordinated
4x(Mn—Mn), antiferromagnetic 3.90 ¢

12x(Mn—Mn), ferromagnetic

martensite phase
monoclinic (Co—00) or
tetragonal (Co—10, Co—15, and Co—20)

350 austenite phase cubic

400 450

Temperature (K)

FIG. 10. Temperature dependencies of the Mn-Mn interatomic bonds in Ni;Mn4_,Co,Ga. As the structural transitions occur, a single set of Mn-Mn interatomic bonds
present in the austenite L2¢ cubic phase splits into two major sets in the low-temperature martensite phase. One set consists of the pyramidal-coordinated Mn-Mn bonds
with the longer interatomic distance, a coordination number of 8, and the ferromagnetic coupling, while the other set consists of the planar-coordinated Mn-Mn bonds with
the shorter interatomic distance, a coordination number of 4, and the antiferromagnetic coupling.
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VI. CONCLUSIONS

To understand the phase transition properties of Co-doped
Heusler alloys Ni;Mn;_,Co,Ga (0 < x < 0.2), systematic measure-
ments including magnetization, temperature-dependent X-ray dif-
fraction, and calorimetry were conducted. The main findings are
summarized as follows: (i) the structural transition temperatures in
Ni;Mn;_,Co,Ga increased with increasing Co concentration x.
(ii) As the structural transitions occurs, a single set of Mn-Mn
interatomic bonds in the austenite L2; cubic phase split into two
major sets of Mn-Mn interatomic bonds in the low-temperature
martensite phase. One set features the pyramidal-coordinated Mn-
Mn bonds with the longer interatomic distance, a coordination
number of 8, and the ferromagnetic coupling, while the other
set exhibits the planar-coordinated Mn-Mn bonds with the
shorter interatomic distance, a coordination number of 4, and
the antiferromagnetic coupling. (iii) Through direct experimental
measurements, a complete phase diagram depicting magnetic and
structural transitions up to the melting points was constructed.
These findings not only provides the evolution of phase transitions
for further fundamental research but also offers valuable insights for
practical material design.
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