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ABSTRACT

The emerging all-d-metal Ni(Co)MnTi-based Heusler compounds attract extensive attention because it can potentially be employed for
solid-state refrigeration. However, in comparison to the abundant physical functionalities in bulk conditions, the hidden properties related to
the NiCoMnTi-based Heusler nanoparticles (NPs) have not yet been investigated experimentally. Here, we present NiCoMnTi Heusler NPs
that have been manufactured by spark ablation under Ar gas flow, and the related magnetic and microstructural properties have been studied.
Compared with the bulk sample, it is found that the magneto-structurally coupled transition in the bulk sample has collapsed into a magnetic
transition for the NPs sample. Superparamagnetic NPs with widely distributed dislocations have directly been observed by high-resolution
transmission electron microscopy. For the NPs, the magnetocrystalline anisotropy constant is 3.54 x 10* J/m?, while the saturation magneti-
zation after post-treatment has been estimated to be around 26 Am* kg™ '. Our current research reveals that Ni-Co-Mn-Ti-based quaternary
NPs could show interesting properties for future nano-application, and the produced NPs will further expand the functionalities of this mate-

rial family.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203383

Giant magnetocaloric effect materials (GMCMs) generally corre-
spond to magnetic materials that show a first-order magnetic transi-
tion (FOMT) from a disordered to an ordered magnetic state." Using
these functional materials, specific emerging eco-sustainable applica-
tions can be designed, like solid-state magnetic refrigeration,” * mag-
netic heat pumps,” and thermomagnetic generators.”” Several model
GMCMs have been found, including Gds(Si,Ge,),' (Mn,Fe),(P,X)-
based compounds (X = As, Ge, and Si),” La(Fe,Si),5-based materials,”
NiMn-X-based magnetic Heusler alloys (X = Al Ga, In, Sn, and Sb).'?
Recently, a new family of giant magnetocaloric effect (GMCE) materi-
als named all-d-metal Ni(Co)MnTi-based Heusler compounds have
received significant attention due to their unique d-d hybridization
bonding properties,'' well-tunable GMCE,'* " and good mechanical
properties, " compared with traditional NiMn-based magnetic
Heusler compounds. Considerable efforts have been spent to investi-
gate the bulk physical functionalities, such as solid-state caloric
effects,'"”'>'? high-temperature shape memory effect,”’ giant exchange
bias,”' magnetoresistance,”” and thermal energy storage applications.”
However, the potential for fruitful functionalities at nanoscale have not
yet been investigated, which necessitates the present study.

For the nanoscale magnetocaloric materials (MCMs), some
devices have been proposed and developed in fields like micro-
refrigerators,2425 microfluidic pumps,%’27 thermal switches,”” energy-
harvesting devices,” frequency-dependent resonators/transducers,’’
and biomedical applications (e.g, magnetic hyperthermia’' or drug
delivery™) In comparison to bulk materials, nano-sized particles have
several distinct properties, like a high surface-to-volume ratio and a
fast thermal response. Several “top-down” and “bottom-up” methods
have been applied to control the dimensions of the GMCM:s at nano-
scale. On the one hand, the high-energy mechanical milling method
can significantly reduce the crystalline size of materials from um to
nm, as, e.g., observed in traditional Ni-Mn-Ga’"* and Ni-Mn-In"**”
Heusler compounds and in (Mn,Fe),(P,Si) materials.” By applying the
high-energy ball milling technique, Zhang et al. observed a crystalline
core and an atomically disordered shell-type nanostructure in (Mn,
Fe),(P.Si)-based nano MCMs.”® Different from the above top-down
way, the bottom-up methods, such as sol-gel chemistry synthesis, can
generally produce nano-structures with a more homogeneous size dis-
tribution. For the Heusler compounds at nanoscale, progress has been
achieved with the sol-gel method in different compositions, such as
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Co,FeSn,”” NiyFeGa,”® FesGa,” Co,FeAlL" Co,FeGa,"' ™" and
CozNiGa./y1 Nonetheless, for compositions that contain Mn, the strong
tendency toward oxidization of Mn during the sol-gel reaction is limit-
ing to obtain the pure Heusler phase,"” and multi-step procedures are
always time consuming. In contrast, the spark ablation technique can
be utilized to produce high-purity nanoparticles (NPs) in a continuous
fashion, and the particle properties can easily be optimized by tuning
the parameters of the spark ablation device (e.g., current, voltage, and
carrier gas speed).”” " Recently, the spark ablation technique has been
applied to produce NPs with sizes ranging from atomic clusters up to
20nm.” For instance, Feng et al. reported the study of the magnetic
properties in spark-produced La(Fe,Si);3-based MCMs NPs, which
show a good magnetic response, such as a high magnetization and
maintaining the magnetic phase transition.”” This technique demon-
strates its potentials to further unlock the functionalities for the new
all-d-metal Ni(Co)MnTi Heusler compounds at nanoscale.

In the present study, using spark ablation equipped with self-
designed electrodes (suction-cast Nis;Co;3MnssTi;s compounds'”), the
corresponding Ni-Co-Mn-Ti-based NPs have been produced, and the
magnetic and microstructural properties are reported. In comparison
with the bulk sample, it was found that the magneto-structurally coupled
transition transformed into a magnetic transition in the sparked NPs.
The superparamagnetic (SPM) NPs show widely distributed lattice dis-
locations, as revealed by high-resolution transmission electron micros-
copy (HRTEM). The magnetocrystalline anisotropy and the saturation
magnetization associated with the NPs have been studied. Our current
research indicates that the Ni-Co-Mn-Ti-based quaternary NPs could
show promising properties for future nano-application scenarios like
ferro-fluids***” and heterogeneous catalysis.”’

High-purity (99.9%) raw materials are used to prepare polycrys-
talline samples with a nominal composition of Ni;;Co;3Mn;35Ti;5
using arc-melting, followed with suction casting under an Ar atmo-
sphere. The applied synthesis process has been reported in our previ-
ous paper.'” After the heat treatment, the suction-cast (SC) bulk
samples were rapidly quenched in cold water (named “SC bulk”).
Subsequently, the corresponding quaternary Ni-Co-Mn-Ti NPs were
synthesized using the spark ablation technique, using a commercial
setup (model VSP-G1)."” A pair of cylindrical Ni3,Co,3Mn3sTi;5 elec-
trodes (with a diameter of 8 mm and a length of 30 mm) was placed in
the generator, where the electrodes face each other at a gap distance of
about 10 mm in a carrier gas flow (99.996% Ar) oriented perpendicular
to the electrodes. Pulsed sparks were produced in the gap between
these two electrodes after applying a high voltage. Consequently, the
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generated NPs were collected on a membrane filter at the end of the
chamber (NPs). A post-treatment is applied at 400°C under a N,
atmosphere (NPs 400 °C) for 1 h. X-ray diffraction (XRD) patterns of
the NPs were collected at room temperature using a PANalytical
X-pert Pro diffractometer with Cu K, radiation. The temperature-
dependent magnetization (M-T) and the field-dependent magnetization
(M-H) curves for all samples were measured using a superconducting
quantum interference device (SQUID, Quantum Design MPMS 5XL)
magnetometer. HRTEM images, scanning transmission electron
microscopy (STEM) images, and electron energy loss spectroscopy
(EELS) maps were obtained using a 300KV aberration-corrected (S)
TEM (JEM-ARM300F, JEOL Ltd) operated at 300 kV with a cold field-
emission gun and double dodeca-pole spherical aberration correctors.
The TEM analysis was performed using the DigitalMicrograph soft-
ware (GMS 3, Gatan Inc).

Figure 1(a) shows the self-designed electrodes based on the Ni-Co-
Mn-Ti quaternary compounds that were utilized to generate the corre-
sponding NPs. In Fig. 1(b), the M-T curves in an applied field of 1T
show that the magnetization of the SC NPs sample markedly dropped
in comparison with the corresponding bulk compound. The sharp
FOMT characteristic of the bulk sample has collapsed for the NPs. It is
found that the post-treatment (1 h at 400°C in N, atmosphere) can
slightly recover the magnetization from 10.9 to 12.7 Am* kg™ for the
NPs 400 °C sample. The exchange length, which is the length scale
over which the direction of magnetization of a ferromagnet can adapt
to dipolar fields, generally ranges only from 2 to 5nm.”" Thus, in com-
parison to its bulk counterpart, the significant reduction in magnetiza-
tion of the Ni-Co-Mn-Ti NPs could result from the reduced exchange
interaction among the magnetic atoms. A strong correlation between a
reduced crystal size and a significant reduction in saturation magneti-
zation has also been observed in (Mn,Fe),(P,Si) nano MCMs.”
Additionally, using zero-field cooled (ZFC) and field cooled (FC)
magnetization vs temperature measurements, the blocking tempera-
ture (T}), which is a key feature for SPM particles, and the individual
nanoparticle will become a single magnetic domain and present SPM
behavior when the temperature is above this temperature;  this can
be determined from the peak of ZFC magnetization. The ZFC process
is achieved by cooling the sample under zero field, applying the field
at 5K, and then measuring the magnetization with constant field and
temperature increase. The ZFC curve peaks at a temperature associ-
ated with a typical scale of the anisotropy energy barriers in the NPs
system, and this temperature (also refers to T}) stands for that the
magnetic anisotropy barriers of NPs are overcome by the thermal

—=—NPs
—o— NPs 400 °C
——SC bulk

(a)

ase3jon ySiy

Heusler electrodes

60

FIG. 1. (a) Experimental scheme for the
spark-ablation  technique. The inset
presents residual NPs on the surface of
the electrodes after sparking. (b) Iso-field
M-T curves for the NPs, the NPs 400 °C,
20 and the corresponding SC bulk samples
in an applied magnetic field of 1 T.

5
M (Am*kg™")

T (K)

0 50 100 150 200 250

1 1 0
300 350

Appl. Phys. Lett. 124, 182407 (2024); doi: 10.1063/5.0203383
Published under an exclusive license by AIP Publishing

124, 182407-2

60:20:L1 ¥20Z ABN 9L


pubs.aip.org/aip/apl

Applied Physics Letters

activation and the whole system becomes SPM.”*”* The obtained value
of Ty, (at 1T) is about 19 and 31K for the NPs and the NPs 400 °C,
respectively. It is found that post annealing at a medium temperature
causes a slight increase in T,.

As shown in Fig. 2(a), the microstructure and morphology of the
Ni-Co-Mn-Ti SPM NPs are probed by HRTEM. The aggregation of
NPs is observed, as well as for the NPs 400°C sample [shown in
Fig. S1(a) in the supplementary material]. This happens because there
is no surface functionalization for the formation of these NPs.”” For
smaller NPs, the attachment efficiency will be higher as the smaller
particles aggregate more readily than larger particles.”® In Fig. 2(b) and
Fig. S1(b) (supplementary material), the average grain sizes are esti-
mated as 7.7 and 9.4nm for the NPs and the NPs 400 °C samples,
respectively. The nanoscale dimension (below 10 nm) further supports
the SPM behavior of these NPs. The corresponding fast Fourier trans-
form (FFT) pattern in Fig. 2(c) is consistent with the austenitic cubic
lattice structure (Fm-3m, space group 225), which is in agreement with
the XRD results, as shown in Fig. S2. In comparison to the SC bulk
sample, the XRD pattern of NPs sample shows an obvious broadening
due to a significant reduction in grain size. In Fig. 2(d), an abundant
amount of lattice dislocations is found from the inverse fast Fourier
transform (IFFT) pattern. In Fig. 2(e), examples of edge dislocations are
directly observable in the high-resolution lattice image; the interplanar
spacing d for the (220) reflection is about 0.21 nm. It is known that a
high density of dislocations can result in a pinning force for the motion
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of the magnetic domain walls.”” However, as presented in Fig. S1(d)
(supplementary material), the post-treatment (NPs 400°C) can effi-
ciently eliminate these dislocations. This explains the thermal hysteresis
for the SC NPs sample observed in Fig. 1(b) (the heating and cooling
curves do not coincide at 250 K). To probe the martensitic transforma-
tion (MT), an XRD pattern for the NPs sample is also collected at
200K. As shown in Fig. S2, it is found that only the austenite phase is
present at low temperatures, which indicates that the MT is suppressed
and the transition is isostructural for these NPs (grain size ~7.7 nm). It
has been found earlier that the grain size can significantly influence the
behavior of MT. For example, for the Heusler alloys, NiMnSn and
NiMnGea, the critical grain sizes for the MT are around 9 and 16 nm,
respectively.”””” In another words, when the grain size is below a criti-
cal value, the martensite-to-austenite transition will be suppressed and
only a magnetic transition will survive. Moreover, in nanocrystalline
NiTj alloys, the MT was completely suppressed for grain sizes smaller
than 60 nm.’ The reason could be that with decreasing grain size and
decreasing twin separation, which is a prerequisite for martensite
nucleation, both the strain energy and the twin interfacial energy will
cause an increasing energy barrier for the MT.*”" The selected area
electron diffraction (SAED) pattern for an individual NP shown in
Fig. 2(f) confirms the cubic structure. As shown in Figs. 2(h)-2(k)
and Figs. S1(f)-S1(i) (supplementary material), the different elemental
EELS maps show a homogeneous distribution for both the NPs and
the NPs 400°C samples. Additionally, electron energy loss spectra

Ni L-edge

S

80 880 900 820 770 780 760 800 8
Energy loss (eV) Energy loss (eV)

(n)

Co L-edge

Intensity (a.u.)
Intensity (a.u.)

10

Intensity (a.u.)
Intensity (a.u.)

680 420 440 460 480 500
Energy loss (eV)

620 640 660
Energy loss (eV)

FIG. 2. (a) HRTEM image for the NPs sample. (b) The HRTEM image for separate crystallites distributed within the matrix. The average crystallite diameter is around 7.7 nm.
(c) FFT patterns in the regions indicated by the red box in (b). (d) Corresponding IFFT pattern of (c) consisting of numerous dislocations marked with “T” along the [220] direc-
tion. (e) Enlarged details of the HRTEM image from the red region in (b). (f) The HRTEM image and the corresponding electron diffraction patterns of the NPs sample. (g)
Annular dark-field (ADF) STEM image. (h)—(k) EELS maps for Ni, Co, Mn, and Ti, respectively. (}-(o) Electron energy loss spectra (L-edge) for Ni, Co, Mn, and Ti for the NPs

(black) and the NPs 400 °C (red) samples, respectively.
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(L-edge) of Ni, Co, Mn, and Ti for the NPs and NPs 400 °C samples
are compared and no energy difference is observed. This indicates
that there is no modification of the chemical composition before and
after the post-treatment. As mentioned before, only a slight increase
in particle size was observed after the post-treatment.

For the SPM NPs, the SPM relaxation time () can be described
in terms of the Néel-Brown-Arrhenius expression:(’2 T= ‘cerb/ kT
where E, =2 KV is the energy barrier of the system, K is the magnetic
anisotropy constant, V is the particle volume, T is the temperature, 7,
is the characteristic time constant (generally in the range of 10~ ">~
1077 s), and kj is the Boltzmann constant. For conventional magne-
tometry, like MPMS, the characteristic 7 is of the order of 100 s.”%*
Therefore, the magnetic anisotropy constant of Ni-Co-Mn-Ti SPM
NPs can be estimated from the modified Néel-Brown-Arrhenius
expression by the following equation:

K = kgTln(t/19)/V. (1)

Because T}, can be also expressed as T, ~ KV/kgIn(t,,/7,) with a char-
acteristic measurement time of 7,, = 100 s. When the T'= Ty, for the
NPs sample, the magnetic anisotropy constant is estimated to be
K=3.54 x 10* J/m?, assuming that the NPs are spherical in shape and
uniform in size with 7o = 107'% s.*” This value is of the same order of
magnitude as the reported magnetic anisotropy of other Heusler NPs
like Co, oFe; 0Gag g (K= 1.59 x 10* J/m>)."*

In Fig. 3(a), the M-H curves are shown for the NPs samples in
the ferromagnetic state at 5K. The magnetization reaches a maxi-
mum value (M,,,.,.) of about 20 Am?> kg*1 K~ ! at the maximum field
(5T) without showing saturation. To further study the magnetic
hysteresis of these magnetic NPs the coercive field poH, is derived
from the hysteresis loops for the NPs. As shown in the inset of
Fig. 3(a), the value of yioH, amounts to 0.04 T, which means that the
NPs correspond to soft magnetic materials. The small hysteresis loss
during the magnetization and demagnetization processes could
result from the enhanced magnetocrystalline anisotropy at lower
temperatures.””*° To acquire further information about the mag-
netic properties of the NPs, the law of approach to saturation (LAS)
is applied for the NPs and the NPs 400 °C samples. The LAS model
describes the high-field approach to saturation of the magnetization
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curve in ferromagnetic materials.”*”*® Careful understanding
about LAS model can be found in book.”” For ferromagnetic materi-
als, it is known that in the high-field region, domain rotation is the
predominant effect. In this field range, the LAS model is applicable
as the changes in M with field are relatively small.”” As demon-
strated in Fig. 3(b), the M-H curves of these two samples are fitted
by the LAS model as follows:

B a b
M = Mg 1—H—ﬁ ‘1‘){th7 (2)

where M is the spontaneous magnetization, a and b are constants, and
nr is the high-field susceptibility. The term a/H describes the effect of
structural defects or voids in the sample, the term b/H the effect of the
magnetocrystalline anisotropy, and the term y¢H the effect of the
high-field susceptibility due to a field-induced band splitting.”"*” In
Fig. 3(b), the fit results of the LAS model show a good match with the
experimental data for NPs and the NPs 400 °C samples. Based on the
fits, the extracted saturation magnetization is around 26 Am® kg~ " for
the NPs 400 °C sample.

In summary, quaternary Ni-Co-Mn-Ti-based SPM Heusler NPs
(<10nm) have been produced by utilizing the spark ablation tech-
nique (a top-down approach), and their basic magnetic and micro-
structural properties have been investigated. In comparison with the
bulk sample, it is found that the magneto-structurally coupled transi-
tion has transformed into an isostructural magnetic transition for the
NPs sample. The microstructure of the SPM NPs has been investigated
by HRTEM, showing widely distributed dislocations. A post-treatment
can efficiently remove these dislocations and slightly recover the mag-
netization, in comparison with the original NPs. From the EELS results
before and after the post-treatment, it is found that the NPs do not
show chemical shifts. The corresponding magnetocrystalline anisot-
ropy constant K of the NPs is estimated at 3.54 x 10* J/m’, while the
saturation magnetization associated with the NPs 400°C sample is
estimated with the LAS model at 26 Am* kg™ ". Our present results
indicate that the spark-produced Ni-Co-Mn-Ti-based quaternary NPs
show interesting properties for future nano-applications. These SPM
NPs will further expand the potential functionalities of this material
family.

(b)
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FIG. 3. (a) Isothermal M-H loops (up to 5T) for the Ni-Co-Mn-Ti NPs at 5 K. The inset shows an enlargement from (a). (b) M~H curves (up to 7 T) for the NPs and curves (up

to 5T) for the NPs 400 °C at 5K. The dashed lines are fits using the LAS model.
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See the supplementary material for additional experimental
results including high-resolution microscope data for the NPs 400 °C
sample and XRD data for NPs sample.
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