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Magnetism-correlated high-temperature martensitic phase transition in ductile

Co,NiT (T =S¢, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and W) all-d-metal Heusler compounds
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To explore martensitic phase transition materials with outstanding performance, phase stability, magnetism,
and ductility of all-d-metal Heusler compounds Co,NiT (7" = fransition metal) were symmetrically investigated
by density functional theory calculations. Different from p-d covalent hybridization-dominated conventional
Heusler compounds, all-d-metal Heusler compounds, i.e., Co,NiT with transition metal atoms Ti, V, Cr, Nb,
Mo, Ta, and W, prefer L2,-type structure rather than Hg,CuTi-type structure. Moreover, inherent atomic radii
become the decisive factor when determining the lattice sizes. Owing to the Kohn anomaly, high-temperature
martensitic phase transitions can occur in Co,NiT compounds, which was also confirmed by the peak-and-
valley-characterized density of states near the Fermi level and deep softening of transverse acoustic phonon
modes as well as negative tetragonal shear elastic constant. Importantly, compared with conventional Heusler
compounds, the replacement of nondirectional d-d metallic bonding for p-d covalent hybridization boosts
more uniform distribution of electrons and enhances metallicity, which consequently improves the ductility
of Co,NiT compounds. Comparatively, herein, it was found that, although magnetism is not the necessary
condition for the occurrence of martensitic phase transition, the loss of magnetism can destabilize the cubic
structure. Therefore, tuning magnetism can serve as another effective way to adjust martensitic phase transition
in all-d-metal Heusler compounds. The small volume change ratio during martensitic phase transition in Co,NiTi
and Co,NiV compounds endows them with more extensive application prospects. Hopefully, this paper can help
better understand the mechanism of martensitic phase transition and its correlation to magnetism and origin of
improved ductility in all-d-metal Heusler compounds Co,NiT, which may accelerate the exploration of excellent
high-temperature martensitic phase transition materials.
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I. INTRODUCTION

Energy-efficient and environmentally friendly solid-state
refrigeration based on phase transition has been considered
the most promising alternative to the conventional vapor-
compression cooling technology in the context of global
carbon neutralization [1-3]. For the practical realization of
the application of clean solid-state refrigeration, the essen-
tial prerequisite involves the development of phase transition
materials with outstanding performance. Previously, signif-
icant productive efforts have been devoted to exploring
high-performance phase transition materials with high re-
frigeration capacity and service ability [4,5]. Among all the
potential candidate phase transition materials used for re-
frigeration applications, X,Y Z-type (X/Y = transition metal,
Z = main — group element) Heusler compounds are more at-
tractive due to their rich candidate material systems, tunable
phase transition temperature and hysteresis, quick response
to multiple fields, and higher multiple-caloric effects [6,7].
However, in X,YZ-type conventional Heusler compounds,
a stronger p-d covalent hybridization exists between elec-
trons in the p orbital of main-group elements and d orbital
of transition metals. This covalent hybridization results in
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brittleness, which is consequently a major obstacle to restrict
the application of Heusler compounds. Notably, the brittle-
ness originates from p-d covalent hybridization; therefore,
the replacement of d-d metallic bonding for p-d covalent
hybridization could help to overcome the brittleness. Thus,
by substituting transition metals for main-group elements,
the all-d-metal Heusler compounds were designed and ex-
plored. Owing to the fundamental transition of interatomic
bonding style from directional p-d covalent hybridization
in convention Heusler compounds to d-d metallic bonding,
significant improvement of mechanical properties and typi-
cal martensitic phase transition have been theoretically and
experimentally observed in all-d-metal Heusler compounds
[8-12], making them more attractive from the perspective of
not only industrial application but also fundamental research.
Noteworthy, the concept of ductility as well as its physi-
cal mechanism is unique to all-d-metal Heusler compounds.
Furthermore, largely different from conventional Heusler
compounds, the currently available observations show that
all transition metal atoms in all-d-metal Heusler compounds
can contribute to the magnetic moment [13,14]. Under these
circumstances, magnetism becomes an indispensable factor
when discussing martensitic phase transition in all-d-metal
Heusler compounds, particularly in strong ferromagnetic
(FM) compounds. To reveal the role of magnetism on marten-
sitic phase transition, suitable all-d-metal compound systems
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FIG. 1. (a) Cu,MnAl-type structure (space group Fm3m, No. 225), in which the Wyckoff sites of 8c, 4b, and 4a are (0.25,0.25,0.25)/
(0.75,0.75,0.75), (0.5,0.5,0.5), and (0,0,0), respectively; and (b) Hg,CuTi-type structure (space group F43m, No. 216), in which the Wyckoff
sites of 4a, 4b, 4c, and 4d are (0.25,0.25,0.25), (0.5,0.5,0.5), (0.75,0.75,0.75), and (0,0,0), respectively.

with diversified magnetic exchange coupling styles, i.e., FM,
ferrimagnetic (FIM), and nonmagnetic (NM) states, are nec-
essary. Thus, the main objective of this paper was to explore
all-d-metal Heusler compounds with typical martensitic phase
transition and outstanding comprehensive performance for
future applications and reveal the related physical mecha-
nism for martensitic phase transition and ductility. Based
on these all-d-metal Heusler compounds, the correlation be-
tween magnetism and martensitic phase transition was further
addressed.

Related literature investigations indicate that very few
Co,NiT’s (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and
W) have been shown as cubic all-d-metal Heusler compounds
experimentally. Although a compound with the composition
of CopNiV was synthesized previously, the reported struc-
ture was trigonal [15]. Thus, the Co,NiT all-d-metal Heusler
compounds are unique to the Heusler family. Moreover, cur-
rent theoretical calculations indicate that Co,NiT all-d-metal
Heusler compounds show the possibility of martensitic phase
transition and possess variable magnetic states. Thus, Co,NiT
all-d-metal Heusler compounds could be considered an ideal
system and consequently provide a platform to systemati-
cally investigating martensitic phase transition, magnetism,
and correlations between them. Moreover, the mechanism of
martensitic phase transition and physical origin of improved
ductility are discussed in detail in this paper. Hopefully, this
paper can help to explore more excellent phase transition
materials for solid-state refrigeration with outstanding me-
chanical properties from both experimental and theoretical
perspectives.

This paper is organized as follows: The calculation details
are listed in Sec. II. The results and discussion are presented
in Sec. III. First, determination of the stable structures within
the scope of the Heusler family is presented. Then based on
the calculated elastic properties, electronic structure, lattice
dynamics, and magnetism, the martensitic phase transition,
magnetism, and their correlations and improved ductility are
discussed. Finally, the quasivolume-preserving characteristic
of martensitic phase transition is revealed. The conclusions of
this paper are summarized in Sec. IV.

II. CALCULATIONS METHODS

Based on the atomic preferential occupation rule in
conventional full Heusler compounds [16] and knowledge
about all-d-metal Heusler compounds [9-14], both L2;- and
Hg,CuTi-type structures were initially considered herein for
all-d-metal Heusler compounds Co,NiT. They are shown in
Figs. 1(a) and 1(b), respectively. Based on geometrical opti-
mization, the preferential crystal structures were determined
for Co,NiT compounds. Based on the preferential structures,
the first-principles calculations were carried out.

In this paper, the structural parameters, elastic proper-
ties, electronic structure, lattice dynamics, and magnetism
of all-d-metal Heusler compounds Co,NiT were investi-
gated by density functional theory (DFT). The calculations
were carried out by using CASTEP code via the pseudopo-
tential method. Similar methods to those reported in the
literature were used to calculate elastic constants [17]. Dur-
ing calculations, the energy convergence criterion was set
to 1x107®eVatom™'. The density plane-wave cutoff was
500 eV. The ultrasoft pseudopotential was adopted to de-
scribe the interactions between the atomic core and the
valence electrons [18]. During the calculations by CASTEP, the
exchange-correlation energy of electrons was dealt with by
GGA-PBE [19]. The size of supercell was 27 times that of the
primitive cell used in the calculation of the phonon proper-
ties. A Monkhorst-Pack phonon g-vector grid of 8x8x 8 was
adopted for the calculation of phonon dispersions and phonon
density of states (DOS). A Monkhorst-Pack k-point grid of
15x15x15 was used for the electronic properties of cubic
all-d-metal Heusler compounds Co,NiT. The adopted k-point
meshes in the tetragonal structures were closely dependent on
the c/a ratios.

When dealing with disordered B2- and A2-type struc-
tures, the random occupation of atoms in all-d-metal Heusler
compounds Co,NiT was explored by using the Korringa-
Kohn-Rostoker coherent potential approximation [20,21]. The
energy differences between high-ordered L2;- and Hg,CuTi-
type structures and disordered B2- and A2-type structures
were calculated to determine the stable structures within the
scope of Heusler structures.
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FIG. 2. Ground state structural parameters of Co,NiT (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and W) compounds at theoretical
equilibrium states: (a) The AE (in eV f.u.~!) between the Cu,MnAl-type (i.e., L2;-type) and Hg,CuTi-type structures of Co,NiT. The line in
figure is to guide the eye to separate the Hg,CuTi- and Cu,MnAl-type structures, which corresponds to the positive and negative AE range,
respectively. (b) Cohesive energies E., (in eV f.u.”!) of Co,NiT. (c) Lattice parameter a (in A) of Co,NiT. (d) Bulk modulus B (in GPa) of

COzNiT.
II1. RESULTS AND DISCUSSION

A. Structural information at the ground states

Following the atomic preferential occupation rule in
conventional X,YZ-type Heusler compounds [16], Co,NiT
compounds could acquire Hg, CuTi-type structures. Based on
previous studies on all-d-metal Heusler compounds, some all-
d-metal Heusler compounds, particularly with late transition
metals, do not obey the atomic preferential occupation rule in
conventional Heusler compounds [12,13,22]. Thus, both L2,-
and Hg,CuTi-type structures were simultaneously consid-
ered in Co,NiT compounds. The calculated crystal structure
parameters are presented in Fig. 2. The preferred crystal
structures of Co,NiT compounds were determined by energy
difference (AE) between the L2,- and Hg,CuTi-type struc-
tures. Within the scope of Heusler-type structures, negative
AE indicates that the L2,-type structure is relatively stable.
Otherwise, the Hg,CuTi-type structure is stable. Figure 2(a)
exhibits that the CopNiT compounds with early transition
metals such as Sc, Y, Zr, and Hf show positive AE. In con-
trast, the values of Co,NiT compounds with late transition
metals on the right of the periodic table are all negative. This
result indicates that Co,NiT (7 = Ti, V, Cr, Nb, Mo, Ta, and
W) compounds prefer the L2;-type structures. The two Co
atoms equally occupy the 8c sites. Moreover, Ni and transition
metal atoms (T = Ti, V, Cr, Nb, Mo, Ta, and W) reside in
4b and 4a sites, respectively. This atomic configuration style
is contrary to the generalized adopted atomic preferential
occupation rule in conventional Heusler compounds. Simi-
lar atomic occupation behaviors were also observed in other
all-d-metal Heusler compounds with late transition metals

[12,13,22]. The remaining Co,NiT compounds (T = Sc, Y,
Zr, and Hf) explored in this paper preferred to remain in
Hg,CuTi-type structures rather than the L2;-type structures.
The two Co atoms occupy 4a and 4b sites, respectively.
Moreover, Ni and transition metals are located in 4c¢ and
4d sites.

In solids, cohesive energy can be used to describe the
strength of interatomic bonding and thermodynamic stability
of materials. Theoretically, the cohesive energy of Co,NiT
compounds was obtained in this paper by the function of

Ecoh = QESS + E° + Ei°) — Egg“j\lm, where EE°, Ef°, and
EITSO are 1solated atomlc energy of Co, Ni, and T atoms, re-
spectively. Here, Egg“}\lhT denotes the total energy of Co,NiT
compounds. In this paper, the theoretical cohesive energy val-
ues of Co,NiT compounds shown in Fig. 2(b) range from 18.5
to 23.8eV f.u.~!. These high values indicate strong chemi-
cal bonding in Co,NiT compounds, which can be compared
with those in stable Heusler compounds [12,17]. Moreover,
these large E.n values also indicate that Co,NiT compounds
are thermodynamically stable at their specific structures. For
Co,;NiV, the reported crystal structure in the experimental
literature [15] and Materials Project database [23] belongs
to the trigonal crystal system rather than the L2;-type struc-
ture. For trigonal Co,NiV, the calculated cohesive energy is
21.8eV f.u.”!, which is slightly higher than that of L2;-type
Co,NiV (21.1eV f.u.~"). Comparatively, L2;-type Co,NiV is
metastable. Except for the crystal structure and lattice parame-
ters, information about constituent phases at high temperature
is lacking in the literature. The similar cohesive values of
trigonal and L2;-type Co,NiV may indicate the possibility of
coexistence of these two phases at high temperature. Inspired
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FIG. 3. The energy difference between the ordered L2;- or
Hg,CuTi-type structures, and disordered B2- and A2-type structures
in all-d-metal Heusler compounds Co,NiT (T = Sc, Ti, V, Cr, Y, Zr,
Nb, Mo, Hf, Ta, and W).

by a previous study on NiFeGa [24], the metastable Co,NiV
Heusler compound could be obtained by selecting suitable
preparation methods and heat treatments. Thus, the possibility
of experimental synthesis of L2;-type Co,NiV and the re-
maining Co,NiT compounds deserves further confirmation.

The atomic disordered occupation has been frequently
mentioned in Heusler compounds, which could impose impor-
tant effects on the physical properties. When atomic disorder
occupation occurs, two possible disordered structures, i.e.,
B2- and A2-type structures, are typically observed [25]. In
X,YZ-type Heusler compounds, when Y and Z atoms ran-
domly occupy the 4a and 4b sites in L2;-type structures and
4b and 4d sites in Hg,CuTi-type structures, the B2-type struc-
ture is obtained. In A2-type structures, the four X, Y, and Z
atoms randomly occupy all sites of Heusler compounds. To
determine the stable atomic configuration within the scope
of Heusler-type crystal structures, the total energy differ-
ences between ordered L2;- or Hg,CuTi-type structures and
disordered B2- and A2-type structures were calculated. The
corresponding results are presented in Fig. 3. Obviously, all
the energy difference values are negative, indicating that the
ordered cubic structures are relatively stable. Comparatively,
when changing from B2- to A2-type structure, the energy
differences become much smaller. The increase in atomic dis-
order level is responsible for this enhanced energy difference.
The higher the atomic disorder level, the less stable the mate-
rial. In contrast, the ordered cubic structures are more stable
and could be considered the ground-state structures within the
scope of the Heusler family.

Under the abovementioned atomic preferential configu-
ration, the lattice sizes of Co,NiT at ground states were
obtained by geometry optimization and shown in Fig. 2(c).
For T atoms in the same period, the lattice parameters of
Co,NiT decrease with the increase of the number of valence
electrons. In most Heusler compounds, the bulk modulus
follows the general trend that a larger bulk modulus com-
monly corresponds to a smaller lattice size [12]. Thus, the
dependence of the bulk modulus on specific transition metal

atoms shows inverse change behaviors to those of lattice pa-
rameters, as shown in Fig. 2(d). Currently, the difference of
lattice sizes among all-d-metal Heusler compounds originates
from the atomic radii of transition metals. For atoms in the
same period, their atomic radii decrease with the increase
of valence electrons from left to right in the periodic table.
The distribution of atomic size is the same as the change of
dependency of lattice parameter on specific transition metal
atoms in CopNiT compounds [see Fig. 2(c)]. Thus, the in-
herent atomic size was considered the determining factor on
lattice parameters in all-d-metal Heusler compounds. How-
ever, in conventional Heusler compounds, other than atomic
radii, the p-d interatomic orbital hybridization between the
first-nearest-neighbor (Inn) main-group elements and tran-
sition metals is also crucially important when determining
the lattice size. In main-group-element-rich compounds, the
stronger covalent hybridization level can shrink lattice sizes,
resulting in kink behavior in the lattice-parameter-dependent
main-group-element composition curve [26-28]. Commonly,
the inherent atomic radius and the interatomic p-d hybridiza-
tion codetermine the lattice size of conventional Heusler
compounds. However, in all-d-metal Heusler compounds, co-
valent hybridization weakens due to the full replacement of
transition metals for main-group elements, and consequently,
it no longer dominates the lattice size, which will be verified
in the next section.

B. Elastic-parameter-based determination
of phase stability and ductile properties

Based on the abovementioned preferential crystal struc-
ture, elastic constants and their derived parameters of Co,NiT
compounds were calculated and summarized in Table ST in the
Supplemental Material [29]. For comparative analysis, elastic
parameters of conventional Co,NiGa are also listed herein.
The high consistency between current data of Co,NiGa and
previous results [30,31] strongly indicates that current calcu-
lations are valid and suitable to deal with Co,NiT Heusler
compounds.

For cubic compounds, the three independent elastic con-
stants are Cjj, Cjp, and Cy4, respectively. The sufficient
and necessary condition of mechanical stability is given as
Cii > 0,Ciy > 0,Cyy +2Cp; > 0,and €' = 52 > 0[32].
All these CoyNiT compounds meet the first three conditions
well (see Table SI in the Supplemental Material [29]). With
respect to the last condition of tetragonal shear elastic con-
stant C’, it is widely accepted as an effective parameter to
predict the tendency of martensitic phase transition [33]. In
general, the lower C’ corresponds to higher temperature of
martensitic phase transition. Moreover, Zener anisotropy fac-
tor (A)(= C;21€4é12 = %) was selected as another parameter
to characterize phase stability [34]. Commonly, A should be
1 for perfectly isotropic Heusler compounds. When A de-
viates from 1, the cubic compounds become unstable and
transform to low-symmetric martensitic phase [17]. For the
current Co,NiT compounds, both C’ and A at ground states
were calculated and are shown in Fig. 4. Obviously, all
Co,NiT compounds show negative C’ and corresponding
A (except Co,NiY due to its negative Cyq). These values
strongly indicate that martensitic phase transition can occur
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FIG. 4. Tetragonal shear elastic constant C’ (in GPa) and Zener
anisotropy factor (A) of Co,NiT (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo,
Hf, Ta, and W) compounds at ground states. To compare, C’ (open
blue squares are from another theoretical study, solid ones are from
this paper) and A (open blue circles are from the other theoretical
study, solid ones are from this paper) of Co,NiGa are also collected
and included herein. These cited values are from literature studies
[30,31,36].

in them. Compared with well-studied Co,NiGa [30,35,36],
the lower C’ and A in Co,;NiT compounds indicate higher
martensitic phase transition temperature (see Fig. 4). Thus,
high-temperature martensitic phase transition can be expected
in all-d-metal Heusler compounds Co,NiT.

One main objective of designing all-d-metal Heusler com-
pounds is to improve inherent brittleness of conventional
Heusler compounds, which results from directional p-d co-
valent bonding between transition metals and main-group
elements [17]. When main-group elements are fully replaced
by transition metals in all-d-metal Heusler compounds, sig-
nificant improvements of ductility can be expected due to
the fundamental transformation of dominating interatomic
bonding style from p-d covalent hybridization to d-d metal-
lic bonding. For Co,NiT compounds, their ductility could
be evaluated from Poisson’s ratio (v), the B/G ratio, and
Cauchy’s pressure. Then the mechanism was discussed from
the interatomic orbital hybridization style based on the cal-
culated Debye temperature (®p) and electron localization
function (ELF).

Based on the elastic constants of the single crystal listed
in Table SI in the Supplemental Material [29], elastic moduli
were derived by using the widely adopted Voigt-Reuss-
Hill (VRH) approximation [37-39]. According to Voigt and
Reuss approximations, the bulk and shear moduli of cubic

compounds are deduced by using equations of By = Bg =

Cii+2Ci _ Ci1=Cip4+3Cu _ _S(C1i—C1n)Cyq _
SR, Gy = 2= and G = TN T By us

ing the VRH approximation, average bulk and shear moduli
(i.e., By = BV—;'BR and Gy = %) were obtained and listed
in Table SI in the Supplemental Material [29]. Then Poisson’s
ratios were obtained by using v = ;ggfg) [40]. Based on
these parameters, first, the ductility of Co,NiT can be judged
from Poisson’s ratio. The empirical critical Poisson’s ratio to
separate ductile and brittle materials is % [41]. Commonly,
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FIG. 5. The ductility parameters of Co,NiT (T = Sc, Ti, V, Cr,
Y, Zr, Nb, Mo, Hf, Ta, W, and Ga) compounds: (a) Poisson’s ratio, (b)
B/Gy ratio, (c) Cauchy’s pressure (in GPa), and (d) Debye temper-
ature (in K). For comparative analysis, parameters of conventional
Co,NiGa are also listed. Owing to the negative values of shear
modulus (G), the Debye temperature and B/G, values of Co,NiY
are absent herein.

the higher the Poisson’s ratio, the better the ductility. Fig-
ure 5(a) demonstrates that the Poisson’s ratio (~ 0.30) in
conventional Co,NiGa was the lowest and below the critical
value, confirming its brittleness in nature. For Co,NiT com-
pounds, their Poisson’s ratios are all higher than the critical
value. This enhancement indicates that the improvement in
the ductility of all-d-metal Heusler compounds Co,NiT. Sec-
ond, based on Pugh’s [42] study, the B/G ratio can work as
another parameter to distinguish ductile materials from brittle
ones. The threshold to separate ductile and brittle material is
~ 1.75. Materials with a B/G ratio > 1.75 are generally con-
sidered ductile. Comparatively, a previous study on Heusler
compounds indicates that the B/Gy ratio based on Gy can
serve a better parameter [43]. Herein, B/Gy ratios of Co,NiT
(T = Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta, and W) compounds
presented in Fig. 5(b) are all > 1.75 and higher than that of
Co,NiGa, further confirming improved ductility. For transi-
tion metal 7 from the same period, Co,NiT compounds with
early transition metals possess higher v and B/Gy, showing
better ductility.

In solids, the inherent angular character of interatomic
bonding is responsible for their mechanical performances.
Physically, covalent bonding is characterized by an obvious
angular feature and directional electronic distribution, which
accounts for brittleness and consequently lower ductility in
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solids. First, the property of interatomic bonding is described
by using Cauchy’s pressure (C, = Cjp — C44). According to
Pettifor, negative C, indicates more covalent characteristics,
while the larger positive C, shows more metallic bonding
characteristics [44]. Moreover, the larger the Cauchy’s pres-
sure, the more ductile the materials. Figure 5(c) (details in
Table SI in the Supplemental Material [29]) shows that all
Co,NiT compounds possess positive C,,, and their values are
higher than that of Co,NiGa. It indicates more metallic bond-
ing components and consequently more uniform electronic
distribution in CoyNiT compounds compared with conven-
tional Co,NiGa. It could be helpful to establish a nonangular
metallic bonding characteristic and contribute to the improve-
ment of ductility in Co,NiT compounds. Second, interatomic
bonding strength was compared by calculating Debye temper-
ature (®p). In general, the higher ®p supports the stronger
strength of covalent bonding in solids. In this paper, ®Op
of CopNiT compounds was evaluated by using the equation

3
®Op = [:Z N&p ] Y Vi [45], where h and Kg are the Planck
and Boftzmann constants, respectively, ¢ is the number of
atoms in each formula unit, N4 is the Avogadro number,

M is the molecular weight per formula unit, and p is the

density. Here, v,,(= [l(l %)]_]/ 3) is the average velocity,

where v;(= vV (B + 4G) ) and (v;(= «/— ) are longitudinal
and transverse sound Vefocmes respectlvely The details of
calculated v;, v, v, and ®p are listed in Table SII in the
Supplemental Material [29]. Compared with Co,NiGa, all
Co,NiT compounds exhibit lower ®p, as shown in Fig. 5(d).
Thus, a weakened covalent hybridization level in Co,NiT was
revealed by lowered ®p, which is consistent with the claim
from Cauchy’s pressure. To conclude, both Cauchy’s pres-
sure and the Debye temperature proved that the d-d metallic
bonding component in Co,NiT compounds was enhanced and
became dominant. This enhancement promoted more uniform
distribution of electrons, which was found to be responsible
for the improved ductility of Co,NiT compounds. Compara-
tively, CooNiT compounds with early transition metal atoms
exhibited relatively low ®p, as shown in Fig. 5(d). It indicates
their better ductility, which is in good agreement with the
evaluation from Poisson’s ratio and the B/Gy ratio.

The calculation of ELF is a visual and qualitative strategy
to reveal the distribution of electrons and the interatomic
bonding characteristic in solids [46]. In this paper, the
typical ELF distributions of conventional Co,NiGa and rep-
resentative Co,NiTi in all-d-metal Heusler compounds were
calculated, as shown in Figs. 6(a) and 6(b), respectively. In
general, ELF = 1 indicates the highest level of electron ac-
cumulation, indicating a complete covalent bonding. When
ELF = 0.5, the distribution of electrons is uniform, which
corresponds to a metallic bonding. Values ranging from 0.5
to 1 indicate a transition from metallic bonding to cova-
lent bonding. In stark contrast with Co,NiTi, the electron
accumulation level between Ga and its 1nn transition metal
Co atoms in Co,NiGa is higher. The ELF value is ~0.78,
indicating stronger covalent hybridization. The interatomic
coupling style illustrates the obvious directional mode. In
contrast, the distribution of electrons in Co,NiTi becomes
much more uniform, as confirmed by the ELF value of 0.59.
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FIG. 6. (a) and (b) The typical electron localization function
(ELF) on (110) plane in unit cell of conventional L2,-type Heusler
compound Co,NiGa and isostructural Co,NiTi all-d-metal Heusler
compound, respectively. The reference bar on the bottom right corner
indicates ELF value. The higher electron accumulation level between
Inn Co and Ga atom pairs in Co,NiGa reveals stronger covalent
hybridization strength. (c) The ELF value and covalent to metallic
strength ratio of Co,NiT (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta,
and W) compounds.

This result demonstrates a stronger metallic bonding charac-
teristic in Co,NiTi [47]. Comparatively, Co,NiTi possesses
better metallicity, which is responsible for the improved duc-
tility. Similar values of ELF were observed in other Co,NiT
compounds, as presented in Fig. 6(c). Notably, all Co,NiT
compounds investigated in this paper show smaller values of
ELF than that for Co,NiGa. The substitution of transition
metals for main-group element Ga is effective to tune the
distribution of electrons and improve the ductile properties.
Moreover, the Co,NiT compounds with early transition met-
als show smaller values of ELF than those with late transition
metals in the same period. Furthermore, ELF was adopted as
a parameter to scale the covalent to metallic strength ratio in
this paper. Based on the average interatomic ELF of involved
compounds, the covalent-to- metallic strength ratio might be
approximated as Ratio._,, = m 2, in which the ELF
value ranges from 0.5 to 1. For a covalent bonding compound
with ELF value ~1, the covalent-to-metallic strength ratio
tends to be infinite. In ideal metallic bonding compounds,
the covalent-to-metallic strength ratio is zero due to the ELF
value of 0.5. Following this method, the covalent-to-metallic
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strength ratios of Co,NiT all-d-metal Heusler compounds
were theoretically obtained, and the corresponding results
are shown in Fig. 6(c). Herein, for facilitating comparative
analysis of chemical bonding, the color mapping values were
set in the same range during the analysis of ELF. Then
the ELF values were renormalized to be between O and 1.
The results shown in Fig. 6(c) illustrate that the highest
covalent-to-metallic strength ratio was obtained for Co,NiGa,
supporting its brittle nature. Comparatively, Co,NiT com-
pounds show lower ratios. Moreover, the dependence of
covalent-to-metallic strength ratios in Co,NiT compounds on
transition metal atoms, as presented in Fig. 6(c), shows a sim-
ilar change tendency to that of ELF. This consistency verified
that the approximation method to evaluate the covalent-
to-metallic strength ratio is feasible. Comparative analysis
indicates that the covalent hybridization was weakened by
the full replacement of transition metals for main-group el-
ements. As a result, the increased metallicity results in the
enhancement of ductile parameters of Co,NiT compounds,
particularly in those with early transition metals, as shown in
Fig. 5. Consequently, the above-calculated Cauchy’s pressure,
Debye temperature, ELF, and covalent-to-metallic strength
ratio all indicate that the enhanced metallicity in Co,NiT
compounds results in the increase in ductile performance.

Comparative analysis indicates that the metallic bonding
component in Co,NiT compounds with early transition met-
als is higher. The smaller the number of valence electrons
in CopNiT compounds, the stronger the metallic bonding.
Owing to the volume effect of the metallic bonding, Co,NiT
compounds with early transition metals could prefer more
close-packed structures. However, the changing trends of lat-
tice parameters dependent on specific transition metals in
Fig. 2(c) show that Co,NiT compounds with early transition
metals possess greater lattice sizes, which can be attributed
to the larger atomic radii. Thus, the current findings clearly
indicate that the influence of the atomic radius on lattice size
is overpowering and has a greater impact on the lattice size of
all-d-metal Heusler compounds Co,NiT.

Practically, in solids, metallic bonding can still be main-
tained when they undergo relative sliding of atomic layers
and do not easily collapse even under certain external forces.
Thus, excellent deformability could be expected in the ductile
Co;NiT compounds. Compared with that in covalent com-
pounds, the energy consumed to overcome bond distortion
and breaking in metallic compounds is lowered. Conse-
quently, the nucleation and propagation of dislocation become
relatively easy. The higher density of dislocation is achieved
in materials with real metallic bonding, which helps enhance
the plastic performance in d-d metallic-bonding-dominated
Co;NiT compounds. Thus, tuning the interatomic bonding
style can serve as an effective design scheme to explore ductile
functional materials. This design scheme can provide more
options for future theoretical and experimental studies.

C. Electronic structures

For more comprehensive and in-depth understanding of
the cubic phase stability of Co,NiT compounds, herein, the
DOSs were calculated and shown in Fig. 7. For comparative
analysis, the DOSs of conventional Co,NiGa in L2;-type

structures were also obtained, as shown in Fig. 7(1). All DOSs
of Co,NiT compounds in this paper possess typical peak-and-
valley characterized distribution near the Fermi level (Er). In
Heusler compounds, this type of DOS distribution arises from
highly localized d bands and van Hove singularities at the
band edges of d bands, in conjunction with a smooth shift
of peaky DOS structure relative to the Fermi energy when
valence electrons are added to the system. The tetragonal
distortion via martensitic phase transformation is a favorable
approach to remove the high DOSs, which makes the equiv-
alent k points in the cubic structure inequivalent. Moreover,
the degeneracy of occupied states is lifted, and the bandwidth
is broadened. All these changes can smoothen the peak-and-
valley-like distribution of DOSs near Er and lower the energy
of cubic phase. Commonly, this peak-and-valley-like DOS
distribution served as the intuitive criterion to determine phase
stability [48-50]. Thus, the occurrence of martensitic phase
transition can be identified in Co,NiT compounds based on
the peak-and-valley character of DOSs near Er. Compared
with Co,NiGa, the deeper and more typical peak-and-valley-
like DOS distribution in Co,NiT compounds indicates that
their cubic structures are more unstable. Consequently, higher
possibilities of martensitic phase transition can be expected in
all-d-metal compounds Co,NiT. Thus, they can serve as high-
temperature martensitic phase transition materials. Current
judgments on the phase stability of Co,NiT compounds agree
with the evaluation from the elastic moduli presented in Fig. 4.

D. Lattice dynamics properties

Phonon dispersion can serve as another parameter to scale
the dynamic stability of these compounds. To further compre-
hend the phase stability of cubic Co,NiT compounds, phonon
dispersions along the symmetry line at preferential crystal
structures were calculated and shown in Fig. 8. For Co,NiT
compounds, the most attracting characteristic is the softening
of two transverse acoustic (TA) phonon modes along G-X-W
directions. Obviously, all local minima at the X point of the
Brillouin zone locate at imaginary frequencies range. Fig-
ure 8(1) illustrates that these minima dependent on specific
atoms gradually become weaker with the increase of valence
electrons of transition metals in each period. The occurrence
of imaginary frequencies in phonon dispersions strongly re-
veals that cubic Co,NiT compounds are dynamically unstable
to shear deformation corresponding to the eigenvector of TA
modes. High-temperature martensitic phase transition can oc-
cur in them. Moreover, the more the valence electrons in
transition metal atoms, the higher the possibility of marten-
sitic phase transition, which is consistent with the judgment
from elastic parameters and electronic structures.

The abovementioned results of elastic parameters, elec-
tronic structures, and lattice dynamics properties indicate that
cubic Co,NiT is prone to martensitic phase transition at the
high-temperature zone. Thus, the cubic phases could be ob-
served only at high temperatures. At room temperature, the
low-symmetric martensitic phases could be expected. Thus,
further experiments are necessary to verify current theoretical
predictions.

To further identify the physical origin of unstable phonon
modes in Co,NiT compounds, representative partial phonon
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FIG. 7. (a)—(k) Calculated spin-projected density of states (DOS) plots of Co,NiT (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and W)
compounds. The total and partial DOSs for d electrons of atoms on specific crystalline sites are included. The upper halves of each panel
display the spin-up states. For nonmagnetic Co,NiCr, Co,NiMo, and Co,NiW, only spin-up direction DOSs are shown here. (1) The DOS of

Co,NiGa for comparative analysis.

DOSs of Co,NiHf, Co,NiTa, and Co,NiW were selected,
as shown in Fig. 9. Normally, atomic mass determines the
sequence of atomic contribution to phonon dispersions [51].
In general, lighter atoms dominate the high-frequency phonon
modes and vice versa. Unusually, Figs. 9(a)-9(c) demonstrate
that the lighter Co atoms dominate the medium-frequency
phonon dispersions, which are below the optical modes of
heavier Ni atoms. This inversion behavior acts via hybridiza-
tion as a repulsive force on the acoustical modes, and it is
also responsible for the occurrence of imaginary frequency
phonon modes [51]. Consistent judgments about the cubic
phase stability of Co,NiHf, Co,NiTa, and Co,NiW based
on phonon dispersion and DOSs reveal strong interaction
between electronic structure near Er and phonon dispersion,
which brings about the Kohn anomaly. Thus, the martensitic
phase transition in Co,NiT compounds could origin from the
Kohn anomaly [52]. To further verify the abovementioned
statements, precise experiments were suggested to reveal
the mechanism of martensitic phase transition in Co,NiT
compounds.

Figure 3 shows that Co,NiT all-d-metal Heusler com-
pounds with B2- and A2-type structures exhibit higher
energies than those with ordered cubic structures. As a result,
disordered B2- and A2-type structures are less stable. When
the disorder level increases, the transition from the parent

cubic phase to the low-symmetric martensitic phase should
become considerably easier. Compared with that in ordered
cubic structures, the atomic disorder in B2- and A2-type
structures altered the structural symmetry and thus changed
the Fermi surface [53]. Notably, the Kohn anomaly results
from a specific geometry of the Fermi surface; therefore, the
introduction of atomic disorder contributes to this singular-
ity. Currently, it is computationally unfeasible to calculate
phonons and investigate the Kohn anomaly in a supercell with
random atomic disorders [54]. Therefore, undeniably, more
advanced theoretical and experimental research is needed to
gain a thorough grasp of the effect of atomic disorder on the
Kohn anomaly, which will be pursued in the future.

E. Correlation between magnetism and martensitic
phase transition

For all-d-metal Heusler-type martensitic phase transition
materials, the contribution of magnetism to phase stability
deserves further systematic investigations. To identify the
role of magnetism on martensitic phase transition in all-d-
metal Heusler compounds Co,NiT, the magnetic moments
were calculated and presented in Fig. 10 (see details in Ta-
ble I). For Co,NiT compounds, the magnetic states vary from
strong or weak FIM in Co,NiT with early transition metals
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at the X point dependent on specific transition metal atoms.

(T = Sc, Ti, V, Y, Zr, Nb, Hf, and Ta) to NM states in Co,NiT
with late transition metals (T = Cr, Mo, and W). The above-

calculated elastic moduli, electronic structures, and phonon
dispersions confirmed that martensitic phase transition could
occur in all Co,NiT compounds. Comprehensive analysis
of these theoretical observations indicates that magnetism is
not the necessary condition for the occurrence of martensitic
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FIG. 9. (a)—(c) Site projected phonon densities of states (DOS) of
Co,NiHf, Co,NiTa, and Co,NiW, respectively. The phonon disper-
sions dominated by lighter Co atom abnormally lie below the optical
modes of the heavier Ni atoms. This anomalous behavior could act
via hybridization as a repulsive force on the transverse acoustical
modes.

35 A Moment 0
30 L hE VW Frequency
1-1
— L A S
3 2.5 s
2.0+ = 1,2
31 S5r 5
5 38
g1.0r o
S =
=05} * 4=
0.0F v
_0'5 1 Il 1 Y 1 1 1 1 1 Il 14 -5
Sc Ti V Cr Y Zr NbMo Hf Ta W

FIG. 10. Magnetic moments dependence of transition metals in
all-d-metal Heusler compounds Co,NiT (T = Sc, Ti, V, Cr, Y, Zr,
Nb, Mo, Hf, Ta, and W). To facilitate comparison, imaginary fre-
quency values at the X point in phonon dispersions are listed herein.
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TABLE 1. The calculated magnetic moments for all-d-metal
Heusler compounds Co,NiT (T = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf,
Ta, and W) at theoretical equilibrium states. The atomic moment
(in pp) on specific sites of 4a, 4b, 4c, and 4d in Hg,CuTi-type
structure and 8¢, 4a, and 4b in Cu,MnAl-type structure, and their
total moments (in ug/f.u.) are both listed herein. For comparative
analysis, the magnetic moments of Co,NiGa are also included.

Compounds 4a/8¢ 4b/4b 4c/8c 4d/4a Total Ref.
Co,NiSc 126 154 0.06 —0.12 2.74 This paper
Co,NiTi 078 036 0.78 —0.34 1.61 This paper
Co,NiV 062 016 062 —0.52 0.87 This paper
Co,NiCr 0 0 0 0 0 This paper
Co,NiY 146 1.72 0.1 —0.08 3.20 This paper
Co,NiZr 1.16 1.54 —-0.02 —0.12 2.55 This paper
Co,NiNb 0.3 0.12 0.3 —0.1  0.59 This paper
Co,NiMo 0 0 0 0 0  This paper
Co,NiHf 122 158 —-0.02 —0.1 2770 This paper
Co,NiTa 0.46 0.1 046 —0.28 0.74 This paper
Co,NiW 0 0 0 0 0  This paper
Co,NiGa 1.14  0.55 1.14  —0.05 2.77 This paper

1.143 1.143 [55]

1.262 1.262 [30]

0935 0474 0935 -—-0.067 2.27 [56]

2.67 [57]

phase transition. When it comes to transition metal atoms
from the same period, as shown in Fig. 10, the moments
of CopNiT compounds decrease linearly with the increase
of valence electrons. Moreover, simultaneous decrease in
imaginary frequency values at the X point in phonon disper-
sions indicates the increased possibility of martensitic phase
transition. These results indicate that the loss or absence of
magnetism decreases the phase stability of cubic Co,NiT
compounds.

To further explore the role of the magnetic moment on
phase stability in Co,NiT (T = Sc, Ti, V, Y, Zr, Nb, Hf, and
Ta) compounds, the energy differences among FIM austenite
(FIMA), NM austenite (NMA), and FIM martensite (FIMM)
were calculated and shown in Fig. 11. Herein, the NM state
was the nonpolarized configuration. Since the ground states
of Co,NiT (T = Sc, Ti, V, Y, Zr, Nb, Hf, and Ta) compounds
belong to the FIM state, the energy under FM states could
not be obtained, although the parallel arrangement of atomic
magnetic moments was initially set during the calculations.
Figure 11 exhibits that the energy difference AE (= Eppma —
Ermvm) 1s positive, which indicates that the FIMM phase is
more stable. This energy difference provides the driving force
for the occurrence of martensitic phase transition. When the
magnetic states of CopNiT (T = Sc, Ti, V, Y, Zr, Nb, Hf, and
Ta) compounds become NM, the energy difference between
NMA and FIMM phases, i.e., AE (= Exnma — Ermvm), be-
comes larger. The austenite phases are less stable. Herein, the
loss of magnetic moment resulted in larger energy differences,
which consequently led to easy driving of the martensitic
phase transition. Obviously, martensitic phase transition was
found to be closely correlated with magnetism. Compara-
tively, it can be concluded that, although magnetism is not the
necessary condition for the occurrence of martensitic phase
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FIG. 11. The energy difference between austenitic and marten-
sitic phases under various magnetic configurations. NMA and FIMA
denote nonmagnetic and ferrimagnetic austenite, respectively. FIMM
stands for ferrimagnetic martensite.

transition, the annihilation of magnetic moments destabilizes
the cubic structure. Consequently, any modulating methods
to weaken magnetic moments such as application of external
pressure or chemical pressure via adjusting atomic content
serves as an effective way to tune martensitic phase transition
in Co,NiT compounds.

Coincidentally, the very recent studies on NipMnT
(T = transition metals) Heusler compounds and Cu-doped
Ni;MnGa conventional Heusler compounds also revealed
a stronger correlation between magnetism and martensitic
phase transition [58,59]. These observed results indicate that
the contribution from magnetism cannot be ignored when dis-
cussing free energy and corresponding phase stability [60,61].
At finite temperature, the contribution from magnetic mo-
ment to free energy is proportional to magnetic entropy, i.e.,
Sm¢ = RIn(B+ 1) =R, ¢;In(B; + 1) [61], where R is the
gas constant, B; denotes the local magnetic moments of atom
i, and ¢; is the concentration of atom i. Obviously, the bigger
the moments, the larger the magnetic entropy. Thus, in com-
pounds with a strong magnetic moment, the contribution from
—T S™2 could result in lower free energy and thus stabilize the
structure. However, a weak magnetic moment is expected to
result in relatively high-energy states and can drive the trans-
formation of compounds to more stable states. Under this
circumstance, martensitic phase transition from high- to low-
symmetric phase is prone to occur. At finite temperature, the
magnetic moment plays an important role on the free energy
and phase stability.

F. Quasivolume-preserving martensitic phase transition
in Co,NiT (T = Ti and V) compounds

To reveal the characteristic of the martensitic phase in
Co,NiT compounds, ¢/a ratio-dependent total energy at dif-
ferent volumes was calculated, and the corresponding results
are shown in Fig. 12(a), considering Co,NiTi as a repre-
sentative example. These calculations were carried out in a
large volume change and c/a span allowing for the pos-
sible martensitic phase transition. Figure 12(a) exhibits the
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FIG. 12. (a) Calculated total energy (eV f.u.~") of Co,NiTi compound in L2, structure as a function of the ¢/a ratio, considering the total
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enlarged span around the global minimum with the c¢/a ratio changing from 1.30 to 1.50. (b) The volume change ratio between cubic phase
and martensitic phase in all-d-metal Heusler compounds Co,NiT (T" = Sc, Ti, V, Cr, Y, Zr, Nb, Mo, Hf, Ta, and W). The lower values indicate
that the volume change ratios during martensitic phase transition are smaller.

presence of two obvious local minima, which lie in the low
and high c¢/a ratio span, respectively. The two local minima
indicate that possible martensitic phase transition can occur
in Co,NiTi. The calculated c/a ratios of tetragonal phases are
~ 0.90 and 1.42, respectively. They are like the theoretical
values of other all-d-metal Heusler compounds [13,62,63].
Comparatively, the tetragonal phase with ¢/a = 1.42 is sta-
ble in energy, while the tetragonal phase with c/a = 0.9 is
metastable. When considering the effect of volume, it is ob-
served that the martensitic phase prefers the volume of cubic
Co,NiTi at the ground state. During the martensitic phase
transition, smaller or negligible volume change occurred in
Co,NiTi. For precise investigation of the volume changes dur-
ing the martensitic phase transition, geometric optimizations
were carried out for the martensitic phase of Co,NiT. The
calculated data of volume change ratios during the transition
from cubic to tetragonal phase were collected and presented in
Fig. 12(b). For the abovementioned Co,NiTi compound, the
theoretical volume change ratio during the martensitic phase
transition was found to be ~ 0.12%. Moreover, the volume
change ratio was found to be closely related to the hysteresis
of martensitic phase transition. Experimentally, in Mn,;NiGa,
a volume variation of 0.64% was observed, which was ac-
companied by a thermal hysteresis of 50 K [64]. However,
in the Ni; ,MnpgGa compound, the volume change ratio was
0.12%. The observed hysteresis width during the martensitic
phase transition was only 5 K [65]. In general, the smaller
the volume change during martensitic phase transition, the
narrower the hysteresis width. The reversibility of phase tran-
sition could be better, which could benefit the future technical
applications.

The volume change ratios of other Co,NiT compounds
were also calculated and presented in Fig. 12(b). Compar-
atively, it was found that Co,NiV possessed the smallest
volume change ratio (0.0791%). The small volume change be-
tween cubic austenite and tetragonal martensitic phases may
be ascribed to the fact that the two phases are compatible, or
an exact interface is formed between them. The occurrence
of a geometric compatibility condition for transition from
austenite to martensite phases helped to significantly lower
the hysteresis [65]. Thus, the theoretically expected narrow
hysteresis width during phase transition could endow high-
temperature martensitic phase transition compounds Ni;MnTi
and Ni;MnV with more extensive application prospects.

IV. CONCLUSIONS

Martensitic phase transition, ductile properties, and mag-
netism of all-d-metal Heusler compounds Co,NiT were
systematically investigated by DFT calculations from elastic
constants, electronic structure, and lattice dynamics. First,
in contrast to the atomic preferential occupation rule in
the conventional Heusler family, all-d-metal Heusler com-
pounds Co,NiT with late transition metal atoms (7T = Ti,
V, Cr, Nb, Mo, Ta, and W) prefer L2;-type structure rather
than Hg, CuTi-type structure. Furthermore, different from p-d
covalent hybridization-dominated conventional Heusler com-
pounds, inherent atomic radii become the decisive factor in
determining the lattice sizes of all-d-metal Heusler com-
pounds Co,NiT. Second, in Co,NiT compounds, the coupling
between electronic peak-and-valley-like DOS near the Fermi
level and negative frequency of TA phonon modes brings out
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the Kohn anomaly, which induces high-temperature marten-
sitic phase transitions. Comparatively, although magnetism is
not the necessary condition for the occurrence of martensitic
phase transition, the loss or absence of magnetism can destabi-
lize the cubic structure. Thus, magnetism can serve as another
effective parameter to tune martensitic phase transition in all-
d-metal Heusler compounds Co,NiT. Third, compared with
p-d covalent hybridization-controlled conventional Heusler
compounds, the d-d metallic bonding in all-d-metal Heusler
compounds Co,NiT helps boost more uniform distribution of
electrons and consequently results in enhancing ductility. This
fundamental improvement of ductility endows Co,NiT com-
pounds with outstanding mechanical performance. Finally,
the smaller volume change ratios in Co,NiTi and Co,NiV
compounds enable them to be more promising and attractive
as high-temperature martensitic phase transition materials. It

is speculated that this paper can be conducive for in-depth un-
derstanding of the mechanism of martensitic phase transition,
the physical origin of improved ductility, and the role of mag-
netism on phase stability in all-d-metal Heusler compounds,
which can help in exploring high-temperature martensitic
phase transition materials with excellent performance.
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