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TiNi-based shape memory alloys have been extensively investigated due to their significant applications, but a compre-
hensive understanding of the evolution of electronic structure and electrical transport in a system with martensitic transfor-
mations (MT) is still lacking. In this work, we focused on the electronic transport behavior of three phases in Ni50−xFexTi50
across the MT. A phase diagram of Ni50−xFexTi50 was established based on x-ray diffraction, calorimetric, magnetic, and
electrical measurements. To reveal the driving force of MT, phonon softening was revealed using first-principles calcula-
tions. Notably, the transverse and longitudinal transport behavior changed significantly across the phase transition, which
can be attributed to the reconstruction of electronic structures. This work promotes the understanding of phase transitions
and demonstrates the sensitivity of electron transport to phase transition.

Keywords: martensitic transformation, electronic behavior, transport properties, first-principles calculations
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1. Introduction
TiNi-based alloys are extensively utilized across vari-

ous fields, including industry, military technology, and health
care.[1–3] These alloys are primarily renowned for their excep-
tional superelasticity[4] and shape memory effects.[5] In the
simplest instance of such materials, the shape memory effect
in a binary NiTi alloy system is driven by martensitic transfor-
mation (MT).[2] MT is diffusionless transformation of a crys-
tal structure, characterized by the coordinated movement of
atoms, which results in the parent phase and the emerging new
phase sharing the same composition and atomic sequence.[6–8]

However, even for such a straightforward binary system ma-
terial, numerous crucial questions remain unclear, including
the evolution of electronic structure and transport properties
across the MT.

The tuning of the martensitic transition temperature (TMT)
is of paramount importance in numerous applications involv-
ing shape memory alloys as it significantly influences the func-
tionality and performance of these materials at working tem-
perature. It has been observed that the composition of TiNi-
based alloy exerts a substantial influence on the TMT, as cor-
roborated by both experimental and theoretical studies.[9–11]

Additionally, the presence of precipitation within the system
also affects the TMT.[12] It has been proposed that the struc-
tural transformation can be induced by the band Jahn–Teller
effect. Due to the presence of a high density of states at the
Fermi level, the system becomes unstable and undergoes trans-
formation to a more stable state via partial splitting and shift-
ing of a band.[12,13] There are also some reports indicating

that phonons play a crucial role in the NiTi phase transition
mechanism.[14–16] It is the presence of soft modes that triggers
the MT. Soft modes result from the coupling of phonons with
Fermi surface-related electronic states and are the source of
phonon anomalies and soft phonons in NiTi.[17,18] In previous
studies, the most investigated aspects of NiTi-based systems
have been their mechanical properties,[19] stability,[20] and the
alteration of their microstructure due to heat treatment.[21] MT
is characterized by abrupt changes in crystal structure, accom-
panied by profound alterations in electron structure and elec-
tron transport behavior.[4,5] The transport behavior and elec-
tronic structure across the MT remains scarcely reported. We
expect to comprehend the electronic transport behavior across
the MT in Ni50−xFexTi50 alloys by using transverse and lon-
gitudinal measurements to provide further insight into the MT
phenomenon.

Within this work, we introduce the Fe element to fine-
tune the TMT. A systematic investigation of the transforma-
tion behavior of Ni50−xFexTi50 with varying Fe content is pre-
sented. By combining experiments and first principles calcu-
lations, the stability of the phase and the interplay between the
electron structure and electron transport behavior across the
MT are investigated.

2. Experiment and calculations
A series of polycrystalline Ni50−xFexTi50 (x = 0, 2, 4, 6,

7, 8) alloys were prepared by repeated arc melting of appro-
priate quantities of constituent elements, namely, 99.995% Ni,
99.995% Ti, and 99.95% Fe in an argon atmosphere. The al-
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loys underwent four melting cycles to ensure a homogeneous
composition. All the ingots were sealed in evacuated quartz
tubes and kept at 1273 K for 3 days. Then, the samples were
quenched into iced water. The samples were then cut into suit-
able shapes for different experiments.

X-ray diffraction (XRD) experiments were conducted us-
ing a SmartLab instrument with a compact ultra-low temper-
ature chiller to detect any potential structural alterations as-
sociated with temperature changes. To reveal any possible
phase transitions in our samples as a function of temperature,
a simultaneous differential scanning calorimeter (DSC) device
was used. The DSC experiments were carried out on a DSC
214 with a cooling and heating rate of 10 K/min. Magnetic
properties were investigated using a superconducting quantum
interference device (MPMS, Quantum Design) magnetome-
ter. The transport properties were measured using the DC re-
sistivity option of the physical property measurement system
(PPMS, Quantum Design).

First-principles calculations based on density-functional
theory (DFT)[22] were performed using the projector-
augmented wave (PAW) method as implemented in the Vienna
ab initio simulation (VASP) package.[23] The local-density
approximation (LDA) functional was used as the exchange–
correlation functional. The cut-off energy of the plane wave
basis was set to 550 eV for the B2 structure and 600 eV for
the R and B19′ phases. All the structures were fully relaxed
until the force on each atom was smaller than 0.001 eV/Å.
The first Brillouin zone of the reciprocal space was sam-
pled with Monkhorst–Pack k-point meshes of 51×51×51 and
18×12×11 for the B2 and B19′ phases, and G-point meshes
of 18×18×19 for the R phase in self-consistency calculation.
The tetrahedron method was used to calculate the density of
states (DOS). The Phonopy package[24] was used to obtain
phonon dispersion, and the harmonic force constants were
calculated in 4×3×3, 2×2×2 and 4×4×4 supercells for the
B19′, R and B2 phases, respectively.

3. Results and discussion
3.1. Characterization of composition, structure and ther-

mal analysis

The alloy numbers corresponding to each composition
will be adopted in the subsequent sections of this work. The
XRD spectra of Ni50−xFexTi50 alloys with x = 0, 2, 4, 6,
enlarged in the range of 40◦ ≤ 2θ ≤ 46◦ and the DSC re-
sults are depicted in Figs. 1(a)–1(d) and 2(a), respectively.
It can be seen that when the Fe content in Ni50−xFexTi50 is
relatively low (x = 0, 2, 4), the distinct exothermic and en-
dothermic peaks observed on the cooling and heating DSC
curves correspond to forward and reverse MTs,[25] respec-
tively, which is consistent with the characteristics of the first-
order transitions.[26] The schematic structures of B2 (cubic
Pm3̄m), R (rhombohedral P3), and B19′ (monoclinic P21/m)

are shown in Figs. 1(e)–1(g). An analysis of the XRD re-
sults indicates that the Fe0 sample undergoes B2–B19′ one-
step MT during cooling from 415 K to 300 K, as evidenced
by the splitting of a single peak, which corresponds to only
one peak of the DSC curve during the cooling process. Simi-
larly, the XRD spectra of Fe4 samples exhibits the splitting of
a single peak corresponding to the B2 structure at high tem-
perature as the temperature decreases from 300 K to 200 K.
In contrast to the Fe0 sample, the Fe4 sample exhibits an R
structure at low temperature, suggesting a B2–R one-step MT.
Fe2 sample undergoes B2–R–B19′ MT during the tempera-
ture decrease from 350 K to 100 K, which corresponds to two
peaks of the DSC curve during the cooling process. However,
no MT (the B2 peak remains unchanged) is observed in the
XRD spectra within the considered temperature range (from
250 K to 150 K) when the Fe content was increased to Fe6 in
Ni50−xFexTi50. It can be discerned that the width of the peak
corresponding to the B2 structure has increased abnormally,
revealing subtle microstructural changes, even in regions with-
out MT.[27] The presence of minor peaks (represented by *)
at both 250 K and 150 K are background (Cu) peaks, as ob-
served in Fig. 1(d). Moreover, it is evident that an increase
in Fe content leads to a shift of the endothermic and exother-
mic peaks towards lower temperatures and weakening of the
peak intensity in the DSC curves, which indicates that the TMT

dramatically decreases and the enthalpy change gradually de-
clines with the increase in the doping amount. Similarly, Fe
doping in Heusler alloy (Ni45.3Fe5.3) Mn23.8Ga25.6 stabilized
the austenitic phase down to 10 K with the vanishing of MT
due to the addition of Fe.[28] In Ni50−xFexMn40Sn10 (x = 0,
2, 4, 6, 8 at.%) melt-spun ribbons, the TMT decreases with the
increase in Fe doping.[29]

Table 1. The alloy numbers and nominal compositions for the six alloy
compositions.

Alloy number Nominal compositions
Fe0 Ni50Ti50

Fe2 Ni48Fe2Ti50

Fe4 Ni46Fe4Ti50

Fe6 Ni44Fe6Ti50

Fe7 Ni43Fe7Ti50

Fe8 Ni42Fe8Ti50

A simple phase diagram of the Ni50−xFexTi50 system was
obtained using XRD, DSC, magnetic and electrical transport
measurements. The characteristic temperatures obtained from
the DSC curves are summarized in Fig. 2(b). The results show
that the characteristic temperatures obtained from the DSC,
M–T , and ρxx–T curves are highly consistent with each other.
The TMT, namely, MR: B2–R MT starting temperature, and
MB19′ : R–B19′ MT starting temperature, were defined us-
ing the intersection of the base line and the tangent line with
the largest slope of the peak. The Tnd at which the electri-
cal resistivity begins to deviate from linearity is the start of
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the ergodicity-breaking temperature.[27] To summarize, the re-
sults reveal the strong dependence of the TMT on the Fe con-
tent, with an observed decrease in the TMT as the Fe con-
tent increases in Ni50−xTi50Fex. Moreover, there is a criti-
cal point where a normal MT transitions into abnormal non-
transforming behavior. This phenomenon has also been re-

ported in the literature.[30] Interestingly, a two-step MT occurs
when an appropriate amount of Fe is introduced as dopant. In
the Fe2 sample, distinct phases emerge within different tem-
perature ranges, providing a suitable material system for inves-
tigating the intricate relationship between electrical transport
behavior and electronic structure evolution across the MT.
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3.2. Phonon-dispersion spectra and density of states

To better understand the driving force of MT in
Ni50−xFexTi50 and the change in physical properties caused
by martensitic structural transformation, first principles calcu-
lations were employed to calculate the phonon dispersions of
the three phases (B2, R and B19′). In the Ni50−xFexTi50 alloy
system, Fe atoms chemically replace Ni atoms and directly
take the sites of Ni atoms. This substitution is attributed to the
formation of d–d hybridization bonding between Ni/Fe atoms
and Ti atoms.[31,32] Due to the difficulty of first-principles cal-
culations for compositions with low-level doping, the stoichio-
metric Ni50Ti50 was chosen for calculations. The structures
are shown in Figs. 1(e)–1(g). The phonon dispersions of the
B2, R, and B19′ phases along high symmetry paths, calculated
in the ground state, are presented in Figs. 3(a)–3(c), respec-
tively. The presence of imaginary phonon modes manifests
that the crystal structure is dynamically unstable, indicating
the formation of a new structure with reduced energy.[33,34] As

expected, based on the experimental observations, the B2 and
R structures exhibit instability at low temperatures, whereas
the B19′ structure remains stable. For the B2 structure, at
the Γ point, the acoustic branches behave normally at very
small q. As q increases along the Γ –R and Γ –M, the acoustic
branches disperse, experience a drastic decline, and then be-
come dynamically unstable. For the R structure, the presence
of imaginary modes centered on the Γ point indicates struc-
tural instability. Conversely, for the B19′ structure, the phonon
dispersions remain positive over the entire Brillouin zone, in-
dicating inherent structural stability. The presence of virtual
frequencies in the calculated phonon dispersions depicted in
Figs. 3(a)–3(c) signifies the occurrence of phonon softening
within the system. Phonon interaction results in different al-
terations to phonon frequencies across different modes, thus
lifting the phonon degeneracy and leading to phonon energy-
level splitting.[35] Consequently, this leads to a reduction in
total phonon energy, enhancing structural stability.
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Fig. 3. Calculated phonon-dispersion spectra of NiTi for (a) B2, (b) R and (c) B19′ structures. (d) Calculated DOS near the Fermi level of
NiTi. The inset shows a magnification of the DOS near the Fermi level.

To further investigate the electronic properties of
Ni50−xFexTi50, the DOS of the B2, R, and B19′ at the Fermi
level were calculated using first-principles calculations. As
shown in Fig. 3(d), all the phases exhibit metallic behavior,
with the valence band and conduction band overlapping, while
exhibiting a significantly high DOS at the Fermi level. MT is
commonly understood as electronic structure instability, ac-
cording to the band Jahn–Teller effect,[36–38] which induces
band reconstruction and lattice distortion due to a high den-
sity of states near the Fermi level. Conversely, reducing the
density of states near the Fermi level enhances the structural

stability. Our calculations and experiments support this theory,
as the B2 structure exhibits the highest density of states near
the Fermi level and undergoes an MT, while the R structure
represents an intermediate phase with an unstable structure.
Finally, the B19′ structure has the lowest density of states near
the Fermi level, and thus displays the most stable structure.
The DOS calculation results align with the obtained results
from dispersion spectra. By considering the change trend of
the calculated electronic structures for the three phases (B2, R
and B19′) and the experimental decrease in TMT with the in-
crease in Fe doping, one can deduce that the addition of Fe can
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lower the high density of states at the Fermi level of the parent
phase, in order to eliminate the instability of the parent phase.
The DOS (Fig. 3(d)) of the three phases are completely differ-
ent, which indicates that the band structure is largely different
and that transport behavior will thus be different. This is the
main reason why electronic transport can be used for studying
the phase transition.

3.3. Magnetization

The temperature dependence of the magnetization curves
(M–T ) of all the alloys at 1 kOe are illustrated in Fig. 4(a). The
characteristic temperature obtained from the M–T curves are
also summarized in Fig. 2(b). In the M–T cooling curve of the
Fe0 alloy, a pronounced decline in the M–T curve signifies the
occurrence of B2–B19′ MT. The results demonstrate rectangu-
lar thermal hysteresis of magnetization, with both the austenite
and martensite exhibiting temperature-dependent magnetiza-
tion characteristics. In the M–T cooling curve of the Fe2 al-
loy, the magnetization exhibits a pronounced decrease at tem-
peratures of 290 K and 219 K, indicating a two-step transi-
tion in this sample. These MTs correspond to the B2–R and
the subsequent R–B19′ phase transitions. Notably, the B2–R
phase transitions are characterized by narrow hysteresis (weak
first-order) behavior, while the R–B19′ phase transition dis-
plays wide hysteresis (strong first-order) characteristics. Upon
cooling of the Fe4 and Fe6 samples, the magnetization curves
show a pronounced decrease at 246 K and 204 K, respectively.
In the Fe6 sample, no evidence of MT was detected by XRD
and DSC. However, notable thermal hysteresis, which origi-
nates from the nucleation barrier[39] that needs to be overcome
in the early stage of the transformation, was observed in the
M–T curves, indicating the occurrence of MT. The magneti-
zation is notably responsive to structural alterations, enabling
it to detect the elusive signal. Upon cooling of the Fe7 and
Fe8 samples, although there are some noticeable increases in
magnetization, no discernible thermal hysteresis is observed,
suggesting the absence of an apparent MT. In addition, as the
doping amount of Fe in Ni50−xFexTi50 increases, the magne-
tization exhibits a corresponding rise, potentially attributed
to the larger magnetic moment of Fe compared to Ni.[30] At
the same time, the findings reveal that as the temperature de-
creases, the sample undergoes MT, leading to a decline in its
magnetization. The symmetry of the crystal decreases (B2:
cubic, R: trigonal, B19′: monoclinic) and the magnetocrys-
talline anisotropy increases across the MT,[40] resulting in a
decrease in magnetization at low fields. It has also been found
that the magnetization and symmetry decrease sharply in a
Ni44Mn45−xFexSn11 (x = 0, 1, 2) system across MT.[41] How-
ever, it has been found that the magnetization increases and the
symmetry decreases during the martensitic phase transition in
Fe45Mn26Ga29 alloy.[42]

The magnetization behavior under varying magnetic
fields is presented in Fig. 4(b), where the respective measuring

temperatures are designated by arrows in Fig. 4(a). It is evi-
dent that the samples exhibit predominantly paramagnetism
in the B2, R and B19′ phases. The initial magnetization of
martensite is relatively low due to the increased magnetocrys-
talline anisotropy compared with the parent phase, as depicted
in the inset of Fig. 4(b). However, all the phases demonstrate
weak ferromagnetism only in very low magnetic fields, which
may be attributed to defects in the samples.[43]
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Fig. 4. (a) The M–T curves of Ni50−xFexTi50 (x = 0, 2, 4, 6, 7, 8) at
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phases. (b) Magnetization curves up to 20 kOe. The measuring temper-
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3.4. Electrical resistivity and Hall measurements

The temperature dependence of the longitudinal resis-
tivity curves (ρxx–T ) at zero magnetic field is illustrated in
Fig. 5(a). The characteristic temperatures obtained from the
ρxx–T curves are summarized in Fig. 2(b). The ρxx initially
exhibits a significant increase on the ρxx–T curve, followed by
a sharp peak and subsequent decline during the cooling pro-
cess of the Fe0 sample. This peak corresponds to the B2–B19′

transition and different dρxx/dT observed in the low and high
temperature regions indicates the different phases. The origin
of this transport anomaly may be attributed to the presence of a
phase boundary between B2 and B19′. The phase boundary in-
troduces additional scattering events, leading to an increase in
resistivity across the MT.[44] After the completion of the MT,
this phase boundary disappears, resulting in a drop in resistiv-
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ity. Upon cooling of the Fe2 sample, ρxx exhibits a pronounced
increase at 289 K and a sharp decrease at 214 K, correspond-
ing to the TMT of the B2–R and R–B19′ phases, respectively.
Upon cooling of the Fe4 and Fe6 samples, ρxx manifests a
pronounced increase at 245 K and 212 K, respectively, cor-
responding to the TMT of B2–R MT. The MT can also be ob-
served in the Fe6 sample by using the resistivity measurement,
which cannot be observed in the DSC measurement. The Fe7
and Fe8 samples do not exhibit MT over the measured temper-
ature range due to the vanishing of the thermodynamic force,
which is consistent with the M–T curves.

The carrier concentration can more intuitively show the
change in the band structure near the Fermi level caused by
structural change. To acquire a more profound comprehension
of the transport properties exhibited by this system, the trans-

verse Hall resistivity of the Fe2 sample was measured. The
measured results are presented in Fig. 5(b). A linear depen-
dence of ρyx indicates the ordinary Hall effect with positive
slopes for all the phases (B2, R, B19′). The positive Hall co-
efficient suggests that the primary carriers in the sample are
holes. The ρxy = −B/(ne) and µ = 1/(neρxy(B = 0)) equa-
tions were employed to calculate the charge carrier concentra-
tion and carrier mobility. Figures 5(c) and 5(d) show that in the
B2 and R phases, n decreases while µ experiences a slight in-
crease with decreasing temperature. In the B19′ phases, n de-
clines and the mobility increases as the temperature decreases.
There are sudden changes in n, which exhibits the sensitivity
of transverse transport to structure changes across the B2–R
and R–B19′ MTs.
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Fig. 5. (a) The ρxx–T curves of Ni50−xFexTi50 (x = 0, 2, 4, 6, 7, 8) in the zero field. (b) The magnetic field dependence of Hall resistivity ρxy
at various temperatures of Fe2. The temperature dependence of (c) the carrier concentration (n) and (d) mobility (µ) of Fe2. In (b) and (c), the
sample in phase B2 is represented by the boxes, while the sample in phase R is denoted by pentagram stars, and the sample in phase B19′ is
symbolized by the circles. The green curve depicts the measurements obtained during cooling, while the fluorescent green curve illustrates the
measurements acquired during warming.

In the Fe2 sample, the holes serve as the primary carrier
and dominate the transport properties. The carrier concentra-
tion exhibits significant changes across the MT, with a 48%
increase observed across the B2–R phase transition and an or-
der of magnitude decrease across the R–B19′ MT. The n is
an intrinsic parameter, which is determined by the band struc-
ture around the Fermi level.[45] The sudden change in n can
be further understood from the view of the Fermi surface and
DOS. As depicted in the inset of Fig. 5(d), the Fermi surface
of B2 exhibits a cubic-like shape, characterized by a smooth

and flat nature. The Fermi surface of the R phase adopts a con-
figuration resembling two umbrella shapes and becomes more
anisotropic across the B2–R phase transition. Subsequently,
there is a transformation in which the Fermi surface shape
of B19′ becomes thinner and fragmented but well distributed
across the R–B19′ phase transition, corresponding to a high
conductivity and low resistivity. The varying DOS around the
Fermi level and the different Fermi surfaces of the three phases
are consistent with the change in n across the MT (Figs. 3(d)
and 5(d)). Sudden changes in the n can be used to reveal
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changes in the crystal structure across the MT. Similarly, in
the Ni50−xFexMn35Ti15 system, the TMT decreases with the in-
crease in the Fe content, and the calculation results also show
that the total DOS around the Fermi level decreases with the
increase in Fe content. When the system changed from the
B2 phase to 5M and L10 martensite phases, the high DOS
value is reduced by electronic redistribution and a reduction
in instability is achieved. A sharp change in the hole carrier
concentration was observed across the MT.[36]

From the expression of mobility (µ = qτ/m∗, τ is the re-
laxation time and m∗ is the effective mass of carriers), it can
be seen that the mobility is determined by the intrinsic energy
bands and the extrinsic scattering. Different crystal structures
correspond to different electronic band structures and different
m∗. The τ is usually determined by a variety of scattering, in-
cluding phonon–phonon scattering and impurity scattering.[46]

The sudden change in µ across the MT can also be observed
in our experimental results (Fig. 5(d)), which may be related
to the change in the band structure around the Fermi level
and electronic–phonon scattering. According to the relation of
ρxx = 1/(nqµ), the sudden change in n and µ leads to the sud-
den change in electronic resistivity across the MT (Fig. 5(a)).
Similarly, the carrier mobility of the Ni50−xFexMn35Ti15 sys-
tem is depressed due to the lattice distortion and the altered
topology of the Fermi surface. The variation in transport prop-
erties stems from the reconstruction of the electronic structure
during the MTs.[36] Transport can directly reflect the infor-
mation of the crystal structure and the band structure via the
change in the carrier concentration, and it is easy to obtain,
which makes electric transport a good method for the study of
phase transformation.

4. Summary

A temperature–composition phase diagram is established
using structural analysis, thermal analysis, magnetic and trans-
port properties. The martensitic transition temperature in
the Fe-doped ternary Ni50−xFexTi50 alloy gradually decreases
with increasing Fe content, and the martensitic transition is
suppressed when x > 6. Based on experiments and first-
principles calculations, it is demonstrated that phonon soften-
ing leads to instability of the structure and martensitic tran-
sition. The transport properties show that the abrupt changes
in carrier concentration across the martensitic transition are
consistent with the change in the DOS and Fermi surface. The
modification in transport properties stems from the reconstruc-
tion of the electronic structure across the phase transition, pro-
viding significant evidence for elucidating the correlation be-
tween electronic transport properties and phase transition.
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[28] Kopecký V, Rameš M, Veřtát P, Colman R H and Heczko O 2021 Met-

als 11 850
[29] Aguilar-Ortiz C O, Soto-Parra D, Alvarez-Alonso P, Lazpita P, Salazar

D, Castillo-Villa P O, Flores-Zúnig H and Chernenko V A 2016 Acta
Mater. 107 9

[30] Lázpita P, Sasmaz M, Barandiarán J M and Chernenko V A 2018 Acta
Mater. 155 95

077201-7

https://doi.org/10.1557/mrs2002.43
https://doi.org/10.1016/j.proeng.2015.08.025
https://doi.org/10.1016/S1369-7021(10)70128-0
https://doi.org/10.1016/S1369-7021(10)70128-0
https://doi.org/10.1038/415150a
https://doi.org/10.1038/415150a
https://doi.org/10.1103/PhysRevLett.99.247211
https://doi.org/10.1063/1.1574591
https://doi.org/10.1063/1.1574591
https://doi.org/10.1103/PhysRevLett.95.205702
https://doi.org/10.1016/j.actamat.2011.12.014
https://doi.org/10.1016/j.msea.2016.02.066
https://doi.org/10.1016/j.msea.2016.02.066
https://doi.org/10.1557/PROC-842-S3.6
https://doi.org/10.1557/PROC-842-S3.6
https://doi.org/10.1016/S1359-6454(02)00257-4
https://doi.org/10.1103/PhysRevB.106.L140102
https://doi.org/10.1103/PhysRevB.94.214110
https://doi.org/10.1103/PhysRevB.94.214110
https://doi.org/10.1063/1.4983818
https://doi.org/10.1103/PhysRevB.29.6031
https://doi.org/10.1103/PhysRevB.29.6031
https://doi.org/10.1088/0305-4608/14/11/009
https://doi.org/10.1007/s11666-020-01017-6
https://doi.org/10.1016/j.materresbull.2017.07.016
https://doi.org/10.1016/j.materresbull.2017.07.016
https://doi.org/10.1016/j.jallcom.2023.171740
https://doi.org/10.1016/j.jallcom.2023.171740
https://doi.org/10.1016/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.78.134106
https://doi.org/10.1007/s10973-016-5926-4
https://doi.org/10.1007/s10973-016-5926-4
https://doi.org/10.1016/j.jmmm.2021.167777
https://doi.org/10.1016/j.jmmm.2021.167777
https://doi.org/10.1016/j.actamat.2010.07.040
https://doi.org/10.3390/met11060850
https://doi.org/10.3390/met11060850
https://doi.org/10.1016/j.actamat.2016.01.041
https://doi.org/10.1016/j.actamat.2016.01.041


Chin. Phys. B 33, 077201 (2024)

[31] Agrawal A, Bakhtiari S, Mirzaeifar R, Jiang D, Yang H and Liu Y N
2024 J. Alloys Compd. 976 172969

[32] Parida J, Mishra S C, Satapathy D K, Marupalli B C G and Behera A
2023 J. Materi Eng. Perform.

[33] Nepal N K, Canfield P C and Wang L L 2024 Phys. Rev. B 109 054518
[34] Malcherek T and Fischer M 2018 Phys. Rev. Mater. 2 023602
[35] Jin Y M, Wang Y U and Ren Y 2015 npj Comput. Mater. 1 15002
[36] Zeng Q Q, Shen J L, Zhang H N, Chen J, Ding B, Xi X K, Liu E K,

Wang W H and Wu G H 2019 J. Phys.: Condens. Matter 31 425401
[37] Lin T T, Dai X F, Zhao J X, Wang L Y, Wang X T, Cui Y T and Liu G

D 2016 J. Alloys Compd. 684 143
[38] Algethami O A, Zhang Q Q, Tan J G, Wang X T, Liu Z H and Ma X G

2020 J. Magn. Magn. Mater. 498 166252
[39] He B B and Shang X K 2021 Philos Mag. Lett. 101 417
[40] Fukuda T, Maeda H, Yasui M and Kakeshita T 2008 Scripta Mater. 60

261

[41] Ouyang J, Tian Y, Xiao H and Zhang Y 2021 Mater. Chem. Phys. 273
125150

[42] Kudryavtsev Y V, Uvarov N V, Perekos A E, Dubowik J and Kozlova
L E 2019 Intermetallics 109 85

[43] Malik S V, Dias E T, Babu P D and Priolkar K R 2023 J.Phys.: Con-
dens. Matter 36 135701

[44] Kaletinaa Y V, Gerasimova E G, Terenteva P B and Kaletin A Y 2020
Phys. Metals Metallogr. 121 894

[45] Kasap S, Koughia C, Ruda H and Johanson R 2007 Springer Handbook
of Electronic and Photonic Materials (Boston, MA: Springer) pp. 20–
23

[46] Kunzmann A, Frenzel J, Wolff U, Han J M, Giebeler L, Piorunek D,
Mittendorff M, Scheiter J, Reith H, Perez N, Nielsch K, Eggeler G and
Schierning G 2022 Mater. Today Phys. 24 100671

077201-8

https://doi.org/10.1016/j.jallcom.2023.172969
https://doi.org/10.1103/PhysRevB.109.054518
https://doi.org/10.1038/npjcompumats.2015.2
https://doi.org/10.1088/1361-648X/ab2bd8
https://doi.org/10.1016/j.jallcom.2016.05.164
https://doi.org/10.1016/j.jmmm.2019.166252
https://doi.org/10.1080/09500839.2021.1936258
https://doi.org/10.1016/j.scriptamat.2008.10.016
https://doi.org/10.1016/j.scriptamat.2008.10.016
https://doi.org/10.1016/j.matchemphys.2021.125150
https://doi.org/10.1016/j.matchemphys.2021.125150
https://doi.org/10.1016/j.intermet.2019.03.008
https://doi.org/10.1134/S0031918X20090069
https://doi.org/10.1134/S0031918X20090069

	1. Introduction
	2. Experiment and calculations
	3. Results and discussion
	3.1. Characterization of composition, structure and thermal analysis
	3.2. Phonon-dispersion spectra and density of states
	3.3. Magnetization
	3.4. Electrical resistivity and Hall measurements

	4. Summary
	References

