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Abstract 

Phase transitions and magnetic properties of shape-memory materials can be tailored by tuning the 

size of the materials’constituent as nanoparticles. However, with the lack of a suitable synthesis method 

for size-controlled Heusler nanoparticles, there is no report on the size dependence of these properties 

and functionalities. In this contribution we present the first report on the chemical synthesis of 

size-selected Co-Ni-Ga Heusler nanoparticles. We report the structure and magnetic properties of the 

two-phase Co-Ni-Ga nanoparticles with sizes in the range of 30–84 nm, prepared by a SBA-15 assisted 

approach. The particle size can be readily tuned by controlling the loading method and concentration of 

the precursor. The fractions and crystallite sizes of each phase of the Co-Ni-Ga nanoparticles are closely 

related to their particle size. Enhanced magnetization and decreased coercivity are observed with 

increasing particle size. The Curie temperature (Tc) of the Co-Ni-Ga nanoparticles also depends on their 

size. The 84 nm particles exhibit the highest Tc (≈1174 K) among all known Heusler compounds. The 

Co-Ni-Ga nanoparticles exhibit very high Curie temperatures, which make them promising candidates 

for application in high-temperature shape memory alloy-based devices. 

Key-words: Co-Ni-Ga, nanoparticles, chemical synthesis, size, magnetic properties 
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Introduction 

Nanoscale shape memory materials have attracted increased interest with the recent trend of 

downsizing in shape-memory-effect-based functional devices [1-5]. Metallurgical methods such as 

re-crystallization from amorphous solid solutions have been widely used to obtain shape memory 

nanophases [6-10]. These nanophases, which formed in a wide distribution of sizes (typically up to 

hundreds of nanometers), were typically embedded in the parent phases. Other synthetic approaches were 

also developed for preparing shape memory nanoparticles, such as laser-induced pyrolysis [11], ball 

milling [12, 13], and vapor deposition [14], however, size control remained challenging. In a recent work, 

we introduced a new synthetic approach to prepare Co2FeGa nanowires and nanoparticles using the 

two-dimensionally ordered SBA-15 mesoporous silica as templates [15]. Ongoing studies mostly focused 

on fabricating a variety of nanoparticles and nanowires within the pore channels of SBA-15 [16-19]. The 

numerous easily accessible surfaces of SBA-15 were, however, generally overlooked. The present work 

demonstrates the use of the outer surfaces of SBA-15 as templates for preparing Co-Ni-Ga shape memory 

Heusler nanoparticles with selected sizes in a range of 30–84 nm. 

Ni-Mn-Ga nanoparticles were the first reported shape memory Heusler nanoparticles [12, 13]. They 

were prepared by a top-down ball-milling method from bulk alloys, which underwent a martensitic phase 

transformation. In applications, Ni-Mn-Ga Heusler alloys are unfavorable because of their low structural 

and magnetic transition temperatures and poor processability. Recently, Co-Ni-Ga Heusler compounds 

were thoroughly studied as potential alternatives to Ni-Mn-Ga, especially for high-temperature shape 

memory device applications [20, 21]. Co2NiGa Heusler compounds frequently have a dual-phase structure: 

the main austenite phase (β) and the secondary tetragonal phase (γ). The B2-structured β-phase is 

typically Ni-deficient; a martensitic transformation occurs between the austenitic B2 and the tetragonal 

L10 martensite. The presence of the γ-phase significantly enhances the ductility of the Co-Ni-Ga alloys. 

The martensitic transformation and Curie temperatures were reported over wide distributions of 123–590 

K and 360–950 K, respectively, for the bulk Co-Ni-Ga samples [20, 22-24]. These discrepancies in these 
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characteristic temperatures were attributed to differences in the preparation methods, compositions, 

crystal structures, and thermal treatments of the studied samples. Recently, we reported the structure and 

magnetic properties of Co2NiGa nanoparticles of a single γ-phase (γ-Co2NiGa) which exhibit a very high 

Curie temperature (≈ 1139 K) [25]. 

1. Experimental

1.1 Chemicals and synthesis 

All chemicals were purchased from Sigma-Aldrich or Alfa Aesar and used as-received. The 

nonionic triblock copolymer, Pluronic P123 (MW 5800), and tetraethoxysilane (TEOS) were used as a 

structure-directing surfactant and a silicon source, respectively. Furthermore, the precursors for the 

Co-Ni-Ga nanoparticles were CoCl2·6H2O (99.9%), Ni(NO3)2·6H2O (99.999%), and Ga(NO3)3·xH2O 

(99.9%). 

Mesoporous SBA-15 silica was prepared following the procedures reported in the literature [26]. A 

successful preparation of Co-Ni-Ga of various particle sizes using SBA-15 as the template relies on the 

control of the combination of processing parameters such as the precursor-loading method, solvent types, 

and heating rate of the reduction annealing. The same amounts of precursor salts were used for all the 

synthetic conditions, i.e., CoCl2·6H2O (0.117 g, 0.4912 mmol), Ni(NO3)2·6H2O (0.072 g, 0.2476 mmol), 

and Ga(NO3)3·xH2O (0.13 g, 0.325 mmol). Detailed descriptions of the synthetic procedures for 

Co-Ni-Ga nanoparticles of specific sizes are presented in the following paragraphs. 

The 30 nm Co-Ni-Ga nanoparticles were prepared using a simple impregnation method. This 

included dissolving the precursor salts in deionized (DI) water (1 ml) and then adding DI water (4 ml). A 

slurry was obtained by adding this solution (1 ml) to SBA-15 (0.4 g) and was contained in a Petri dish. 

DI water (5 ml) was subsequently added to the silica slurry. The resulting solution was equalized and 

placed in a fume hood for drying. The dried powders were then collected. The resultant powder (200 mg) 

was heated under H2 atmosphere at 10 K.min-1, to 1123 K and held at this temperature for 0.1 h. 

The 68 nm Co-Ni-Ga nanoparticles were prepared by dissolving the precursor salts in methanol 
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(50 ml) and then sonicated for 10 min. Subsequently, SBA-15 silica (1 g) was added to the precursor 

solution and the suspension was sonicated for another 20 min. The methanol was removed using a rotary 

evaporator and the resultant solid was then dried at 353 K for 8 h. The resultant powder (200 mg) was 

heated under H2 atmosphere at 10 K.min-1, to 1123 K and held at this temperature for 0.1 h. 

The 84 nm Co-Ni-Ga nanoparticles were prepared, using 1g SBA-15 as the templates, by 

doubling the precursor concentration to CoCl2·6H2O (0.234 g, 0.98 mmol), Ni(NO3)2·6H2O (0.144 g, 

0.49 mmol), and Ga(NO3)3·xH2O (0.22 g, 0.65 mmol). The methanol was removed by a rotor evaporator 

and then the dried powder (200 mg) was heated under H2 atmosphere at 10 K.min-1, to 1123 K, and held 

at this temperature for 6 h. 

1.2 X-ray diffraction 

The room temperature (RT) crystal structure of Co-Ni-Ga/SBA-15 nanocomposites was 

investigated by using the powder X-ray diffraction (XRD) X’Pert PRO diffractometer (PANalytical B.V., 

Netherlands) designed in Bragg-Brentano geometry. The XRD measurements were carried out in a 

symmetrical θ-2θ scan mode using monochromatic Cu-Kα1 (λ = 1.540598 Å) radiation. The high 

temperature (HT) XRD experiment was carried out by means of powder diffractometer 

STOE-StadiP-MP (Stoe & Cie, Germany), designed in focusing Debye-Scherrer transmission geometry. 

A detailed description of the XRD experiments and data analyses is given in the electronic 

supplementary material (ESM) [27-36].  

1.3 X-ray absorption near edge structure analysis 

X-ray absorption near edge structure (XANES) spectroscopy measurements were performed at 

the X-ray absorption fine structure (XAFS) beamline of Elettra Sincrotrone Trieste (Trieste, Italy) and 

the beamline 17C1 of the National Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan). 

The Co-Ni-Ga/SBA-15 nanopowders were pressed into pellets. The Ni and Ga K-edge spectra of the 

Co-Ni-Ga nanoparticles were collected using the transmission mode. The XANES data analysis was 
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done using the IFEFFIT program package [37, 38]. A detailed description of the XANES experiment and 

data analysis is given in ESM. 

1.4 Chemical analysis 

The chemical composition of the the Co-Ni-Ga nanoparticles and the metal weight fractions 

were determined via inductively-coupled plasma optical emission spectrometer (ICP-OES, VISTA, 

Varian Inc.). The prepared samples were found to have the Co50Ni25~26Ga23~30 compositions and the 

weight fractions of Co-Ni-Ga in the Co-Ni-Ga/silica nanocomposites ranged from 3.8 to 11.5 wt. %. The 

weight fractions of Co-Ni-Ga were obtained by a summation of the measured Co-Ni-Ga masses and 

divided by the overall masses of the Co-Ni-Ga/silica composites. 

1.5 Nitrogen physiosorption 

Nitrogen physiosorption isotherms were measured at 77 K using a Quantachrome Autosorb 1C 

apparatus (Quantachrome GmbH & Co. KG). Prior to the measurement, the samples were evacuated at 

423 K for 5 h. Specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) equation 

(p/p0 = 0.05 ~ 0.2). In addition, the pore size distribution was estimated from the desorption branch of 

the isotherm using Density Functional Theory (DFT) and Barrett-Joyner-Halenda (BJH) methods 

(Figure S2 of ESM). 

1.6 Transmission electron microscopy 

Suspensions of SBA-15-supported Co-Ni-Ga nanoparticles were used for transition electron 

microscopy (TEM) sample preparation. Several drops of a suspension were loaded on carbon-coated 

copper grid and transferred to the microscope after being completely dried. The average size and their 

standard deviation of the nanoparticles were evaluated by counting more than 100 individual particles 

(Figure S1 of ESM). For particles of irregular shape, we determined the particle size by measuring the 

dimension of equivalent spheres with same areas for the irregular ones. A Tecnai 10 TEM (FEI, 

Eindhoven, Netherlands) equipped with a LaB6-source at 100 kV acceleration voltage was used for the 

investigation of particle morphology, size distributions, and electron diffraction. Images were recorded 
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with a F224HD 2k slow scan CCD camera (Tietz Video and Image Processing Systems, Gauting, 

Germany).  

1.7 Magnetic measurements 

The M-H isothermal magnetization curves were measured at 1.8 and 300 K in fields up to 7 T in 

order to investigate the magnetic properties of Co-Ni-Ga nanoparticles with different particle sizes. 

These measurements were performed using commercial magnetometers Quantum Design MPMS-XL-7 

and MPMS-3. In all these magnetic measurements, SBA-15 supported samples were used considering 

the diamagnetic nature of the SBA-15 silica in the measured temperature range [39]. The actual 

magnetization of the Co-Ni-Ga nanoparticles was calculated based on the weight fraction of the 

nanoparticles in the nanocomposites. All Co-Ni-Ga nanoparticle samples were fixed in quartz with 

molten paraffin wax in order to avoid unwanted sample movement during the measurements.  

Curie temperatures of the Co-Ni-Ga nanoparticles were determined by thermomagnetic analysis 

(TMA), which entails measurements of the temperature-dependence of the initial susceptibility. The 

experiments were performed by means of a home-built alternating current (AC) susceptometer at a 

frequency of 500 Hz, in a wide temperature range (up to 1273 K) under an applied field of 1 mT. Curie 

temperatures (characterized by a drop in the signal) were determined from the inflection point of the 

curves. The Co-Ni-Ga/SBA-15 powders were pressed into pellets to reduce their volume. 

2. Results and discussion 

2.1 TEM 

The sample compositions and size-dependent structural and magnetic properties of the prepared 

Co-Ni-Ga Heusler nanoparticles are summarized in Table 1. Co-Ni-Ga Heusler nanoparticles with sizes 

ranging between 30 to 84 nm were obtained using SBA-15 as templates for controlling the synthesis. 

Figure 1 shows TEM micrographs of the SBA-15-supported Co-Ni-Ga nanoparticles. A bimodal size 

distribution is observed for sample S30 with an average particle size of 30 nm (see Figure S1 of ESM). 
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The smaller particles are approximately 16 ± 5 nm (Figure 1(a)), which correspond to the β-phase 

according to the crystallite size of 12(2) nm calculated from the X-ray diffraction (XRD) data (see Table 

1). The larger particles are of roughly 44 ± 10 nm (Figure 1(b)) which is close to the crystallite size, 

36(1) nm, of the γ-phase (Table 1). According to Figure 1(c)-(d), the average particle sizes are 68 ± 11 

and 84 ± 22 nm for the S68 and S84 samples, respectively. Thus, particles in these samples contain 2–3 

crystallites (cf. TEM particle, DTEM, and XRD crystallite size, D, in Table 1). 

2.2 Chemical synthesis 

It is very tricky to synthesize Heusler nanoparticles with desired phase and particle size. In our 

laboratory, we have intensively studied this silica assisted chemical approach for Heusler nanoparticles. 

We find that a variety of factors such as the type of Heusler compounds (Co-Fe-Ga, Co-Fe-Al, 

Co-Mn-Ga, Co-Ni-Ga, Ni-Fe-Ga, Mn-Fe-Ga etc.), the type of supporting materials (silica, carbon etc.), 

the weight fraction of nanoparticles, and hydrogen reduction annealing significantly affect the phase 

structure and particle size/morphology of the Heusler nanoparticles [25, 40-49]. Specific to Co-Ni-Ga 

nanoparticles, we have tried a library of silica supports including sol-gel silica monolith, fume silica, 

silica gel, colloidal silica, mesostructured cellular foam (MCF), and SBA-15. We found that γ-Co2NiGa 

nanoparticles can only be prepared using colloidal silica [25]. A dual-phase structure was observed for 

Co-Ni-Ga nanoparticles prepared with sol-gel derived silica [48] and SBA-15 [45, 47]. 

Nitrogen adsorption measurements revealed that the pores of the SBA-15 are approximately 6–7 

nm in diameter (see Figure S2 of ESM). Therefore, the Co-Ni-Ga nanoparticles were assumed to form 

only on the external surfaces of the SBA-15, similar to the formation manner of Co2FeGa nanowires [15] 

and nanoparticles on certain solid substrates [50]. Although a detailed explanation for this discrepancy is 

not available at the moment, we believe that an appropriate choice of silica supports, a suitable weight 

fraction of the nanoparticles and annealing parameters are essential elements to obtain impurity-free and 

size-selected Co2NiGa nanoparticles. 

2.3 Crystal structure 



9 

 

Figure 2 shows the XRD patterns of the Co-Ni-Ga nanoparticles. The XRD patterns exhibit both, 

halos owing to the amorphous mesoporous SBA-15 silica, and reflections, arising from the cubic β and 

tetragonally distorted γ crystalline phases. The presence of both β and γ phases in all samples is 

consistent with the structure of the bulk Co-Ni-Ga compounds [20, 51-56]. In a Rietveld quantitative 

analysis we utilized the B2-structure model of the partially ordered β-phase. This choice was supported 

by the observation of this type of ordering of the β-phase in coexistence with the γ-phase [20]. The 

super-lattice reflections of the β-phase, such as hkl = 100 (2θ≈ 31.5°) for the partially ordered B2 phase, 

however, were not detected by XRD. This is attributed to its weak theoretical relative intensity of 0.5 % 

according to the most intensive reflection (Imax) and also to the broadened reflections resulting from the 

small crystallite size and/or small scattering volumes of the β-phase, which are less than 30 vol. % in all 

samples. Additionally for the γ-phase in the XRD patterns, the absence of the weak (less than 1 % of Imax) 

superimposed reflections with Miller indices hkl = 100/001 (2θ ≈ 24.9°) and 110/011 (2θ ≈ 35.4°) can be 

explained by Ni-Ga site disorder in the γ-Co2NiGa nanoparticles [25], which is enhanced by broadening 

of the XRD reflections due to the small crystallite sizes. The Rietveld fitting characteristics are compiled 

in the Table S1 of ESM. The unit cell parameters and volume fractions of these crystalline phases were 

derived using Rietveld quantitative analysis. The β-phase is indexed as a cubic structure (sp. gr. No. 221,

mPm3 , Inorganic Crystal Structure Database (ICSD) code #169729 [57]) with a mean lattice parameter 

of a = 2.8748(7) Å, obtained by averaging over all samples studied in current investigation. In contrast, 

the γ-phase has a slightly distorted tetragonal structure (sp.gr. No. 123, P/4mmm, ICSD #157788 [56]) 

with average lattice parameters of a = 3.585(4) Å and c = 3.572(5) Å. The composition region of the 

β-phase, which undergoes a martensitic transformation, is located near the β + γ region [20]. Therefore, 

the phase structure of bulk Co2NiGa is preserved at the nanoscale. The Williamson-Hall plots for the 

reflections of both, ß- and γ-Co2NiGa phases, prove the negligibility of microstrain broadening of the 

samples S30, S68 and S84 (see Figure S3 in ESM). Crystallite size analysis using the Scherrer equation 

indicates that the synthesized nanoparticles are composed of either one (for both crystalline phases of 
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sample S30), two (for the γ-phase of Sample S68), or three (for the ß-phase of S68 and both, ß- and 

γ-phases of S84 sample) nanocrystallites (see Table 1). The grain size calculated from quantitative 

Rietveld refinement displays a size-dependent pattern. For example, the crystallite size for the β-phase 

consistently increases with the TEM-derived particle size. This verifies the size evolution trend derived 

from TEM observations. Interestingly, the variation of the crystallite size for the γ-phase is not 

significant and the crystallite size of the γ-phase is normally larger than that of its β-phase counterpart. 

Furthermore, XANES analyses at the K-edges of Co and Ga confirmed the formation of the metallic 

Co-Ni-Ga phase and the absence of Co or Co oxides, which is consistent with the XRD analysis (see 

Figure S4 of ESM). 

It is intriguing to verify whether the γ and β phases grow within the same particle or they form 

different particles separately. When there are two different crystalline phases with structure units 

characterized by similar inter-atomic distances in one crystallite, there should be an intergrowth of the 

phases at the boundary of the two areas with different structure. This is normally evidenced by a 

formation of the satellite reflections or at-least shoulders of the main high-intensive XRD reflections [58-61]. 

No such satellite reflection was observed in the XRD patterns and it was proved by a good quality of fits 

of the XRD patterns using Rietveld method. Thus, most likely, the γ and β phases form different particles 

separately, and one particle may have multiple crystal domains but a single phase. It is noted that the 

same situation is also applied for the sample S30 where particles of various sizes correspond to various 

phases, respectively, 

Size dependent crystal structure of nanostructured materials is an important issue in Nanoscience 

and Nanotechnology. There have been many studies for conventionally metallic, ceramic, shape memory 

and other nanoparticles. Size-dependent structure of Co-Ni-Ga nanoparticles, however, has not been 

studied prior to this work. In this work, we investigate the size-dependent crystal structure concerning 

γ/β ratio. According to results of quantitative Rietveld refinement (see Table 1), the γ/β ratios for 

samples S30, S68, and S84 were calculated as 4.81, 2.47, and 2.76, respectively. Hence it is observed 
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that the γ/β ratio decrease with increasing particle size in the range of 30-84 nm. For relatively larger 

nanoparticles (e.g. for S68 and S84), however, the difference in γ/β ratio is less affected by the particle 

size. This argument is also supported by the results of β-phase dominated Co-Ni-Ga nanoparticles 

published in our recent work [48]. When the γ/β ratio is less than 1 (i.e. more β phase than γ phases), the 

γ/β ratio also decreases with increasing particle size, i.e. 0.47 and 0.09 corresponding to 90 nm and 110 

nm, respectively. Therefore, it is concluded that the γ/β ratio decreases with increasing particle size. Size 

reduction induced variations in lattice symmetry have been intensively studied for metal oxide 

nanoparticles [62]. It was observed that the crystal lattice of selected oxides (e.g. BaTiO3) tends to 

transform into a structure for higher symmetry with decreasing crystal size below a critical particle size 

[63]. There exist, however, limited investigation on similar behavior of metallic and alloyed nanoparticles. 

Here we first observed the size-dependent phase structure of Co-Ni-Ga nanoparticles but the mechanism 

of the observed behavior is unclear for the moment. It is generally assumed that only small metallic 

nanoparticles (e.g. ~10-20 nm) exhibit a significant size-dependent crystal structure [64-69]. It is not 

expected that the variation in γ/β ratio is simply due to the contribution of the size effect because of the 

relatively broad size distribution and the co-existence of particles of various morphologies (as described 

above). In addition, the tetragonality ratio c/a of the γ-phase of Co-Ni-Ga nanoparticles is close to 1 (see 

Table 1), which adds technical difficulty in probing the potential lattice transformation as a function of 

particle size. To elucidate how and why the particle size affects the γ/β ratio, a successful preparation of 

nanoparticles with desired phases and particle size is essential, which is an objective of further 

investigations. 

2.4 Magnetic properties 

Figure 3 shows the field-dependent magnetization curves of the Co-Ni-Ga nanoparticles 

measured at 2 K. The nanoparticles all demonstrate ferromagnetic properties. The saturation 

magnetization (Ms), given as the magnetic moment (μB) per formula unit, increases with increasing 
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particle size: 1.81, 2.29, and 2.90 μB for nanoparticles with sizes of 30, 68, and 84 nm, respectively. A 

reverse trend is observed in the coercivity (μoHc) and remanence (Mr). Both μoHc and Mr decrease with 

increasing particle size, at 115.85, 49.60, and 39.80 mT for the former and 0.80, 0.79, and 0.57 µB for 

the latter for particles of 30, 68, and 84 nm in size, respectively. The coercivity of sample S30 is 

comparable to that (≈ 100 mT) of Co50Ni20Ga30 ribbons [24], which is attributed to the formation of fine β 

and γ phases. The size-dependent Ms, μoHc, and Mr of the Co-Ni-Ga nanoparticles are consistent with 

those reported for magnetic nanoparticles [70-72], thereby confirming the formation of size-controlled 

Co-Ni-Ga Heusler nanoparticles. 

The Curie temperatures (Tc) of the Co-Ni-Ga nanoparticles were estimated by 

temperature-dependent AC susceptibility measurements under an applied field of 1.5 mT. As shown in 

Figure 4 presenting the results of TMA measurements, significant drops are observed in the magnetic 

susceptibility curves. These signals reflect a ferromagnetic-paramagnetic transition of the Co-Ni-Ga 

nanoparticles. The Curie temperatures, as determined by the inflection points, are 1073 K, 1143 K and 

1174 K for samples S30, S68 and S84, respectively. Hence, the Tc of the Co-Ni-Ga nanoparticles 

decreases with decreasing particle sizes, exhibiting a pronounced size effect. It is also noted that the Tc of 

sample S30 shows a hysteretic behavior: the paramagnetic phase appears at 1124 K on heating, while an 

undercooling of approximately 50 K is required to restore ferromagnetism in this sample. This behavior 

might be also related to a partial degradation of the nanoparticles due to the prolonged exposure to a 

high temperature during the measurement. Furthermore, the difference in susceptibility between the 

heating and cooling branches shown in Figure 4 is probably due to different rearrangements of the 

magnetic domains while crossing the Curie transition in an applied field. 

The size-dependency of the Tc in magnetic nanoparticles has been investigated mostly for 

single-phase metallic or oxide materials [70-72]. Here we report the size dependence of the Tc in dual-phase 

Co-Ni-Ga nanoparticles. The observed scaling laws for single-phase nanoparticles indicate a proportional 

relationship between Tc and particle size. For example, Ni nanoparticles of 23, 80, and 114 nm have a Tc of 
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610 K, 625 K, and 627 K, respectively. These are slightly lower than the Tc (631 K) for bulk Ni [72]. Here, 

the observed Tc of the Co-Ni-Ga nanoparticles are much higher than those reported for single-crystal 

Co-Ni-Ga thin films (≈ 670 K) [73] or polycrystalline Co-Ni-Ga melt-spun ribbon (up to 950 K) [24]. To our 

knowledge, the measured Tc (1174 K) of the 84 nm Co-Ni-Ga nanoparticles (sample S84) is the highest 

among all known Heusler compounds. The observed very high Tc of the Co-Ni-Ga nanoparticles reflects a 

complicated interaction of a material’s synthetic method, composition and the formation of 

nanocomposite. Specifically, several aspects may be important to account for the observed extraordinary 

magnetic properties. 

First, the sample preparation method might affect the magnetic properties of dual-phase Co-Ni-Ga 

nanoparticles. For example, the melt-spun Co50Ni20Ga30 dual-phase ribbons showed a higher Tc (~950 K) 

than that (~390 K) of Co50Ni20Ga30 bulk samples prepared by conventional arc-melting methods. In this 

work, the Tc of the Co-Ni-Ga nanoparticles are significantly higher than those of Co-Ni-Ga bulk samples 

with similar phase structures. The reason for the preparation method induced differences in magnetic 

characteristics is unknown. Probably the difference is arising from different microstructures for the 

studied samples. The magnetic properties of Co-Ni-Ga nanoparticles are affected by the particle size, 

but are also strongly influenced by other factors such as particle morphology and inter-particle magnetic 

interactions. For example, as illustrated in Figure S9, we find by TEM that some non-spherical 

nanoparticles as well as nanorods/nanowires co-exist with the spherical particles. The presence of 

“irregular” particles was attributed to the unique SBA-15 silica assisted chemical approach developed in 

this work. The above factors make the studies of a collection of Co-Ni-Ga nanoparticles very 

complicated and several parameters have to be taken into account. To distinguish the effect of particle 

size from those of morphology, Co-Ni-Ga nanoparticles with a very narrow particle size distribution or 

clearly defined shape are required. We realize that the above requirements are very challenging for 

materials scientist and deserve future investigations. In addition, the Co-Ni-Ga materials have a 

non-stoichiometric composition, especially with respect to the Ga content. As observed in this work, the 
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Tc of the Co-Ni-Ga nanoparticles steadily increases with decreasing Ga content. Unfortunately, there exist 

limited reports on the Tc of bulk samples with compositions similar to the Co-Ni-Ga nanoparticles studied 

here. To clarify the effect of Ga, further experimental studies on bulk Co-Ni-Ga samples with a variation 

in Ga would be necessary.    

Second, structural factors such as γ/β ratio might also affect the magnetic properties of 

Co-Ni-Ga nanoparticles. The γ/β ratios are calculated as 4.81, 2.47 and 2.76 for samples with particle 

size of 30, 68 and 84 nm, respectively. Hence it is observed that Tc increases with decreasing γ/β ratio in 

the studied size range. For relatively larger nanoparticles (e.g. for S68 and S84), however, the difference 

in γ/β ratio is small (approximately 2 vol. %) and Tc is more affected by the particle size (68 nm/1143 K vs 

84 nm/1173 K). Thus, it seems that the effects of γ/β ratio and particle size on Tc are correlated and 

cannot be separated clearly from each other. This argument is also supported by the results published in 

our recent work [48]. The samples A54-05 and A30-05 show γ/β ratios of 0.47 and 0.09, respectively. In the 

same time, the samples are characterized by increasing particle size and decreasing Tc: 90 nm/1153 K vs 

110 nm/998 K. Therefore, for relatively large particle and when the γ/β ratio is less than 1 (i.e. more β 

phase than γ phases), Tc increases with increasing γ/β ratio and decreasing particle size. To 

unambiguously clarify how the γ/β ratio affects Tc beside the size effect, more influencing factors such as 

particle size range, preparation method and phase composition also need to be taken into consideration. 

What’s more, a successful preparation of nanoparticles with desired phases and particle size is essential, 

which poses a tough challenge to materials scientists. 

Furthermore, the observed high Tc might be also related to the silica/nanoparticle composites. 

Our recent studies have revealed a high Tc (~ 1139 K) for γ-phase Co2NiGa nanoparticles [25] and a Tc of 

998 K for the “almost” single-β phase Co50Ni18Ga32 nanoparticles (with a phase structure of 91.4 vol.% β 

+ 8.6 vol. % γ) [48]. Thus, a simple mixture of γ- and β-phase nanoparticles is not probable to further 

increase the Tc of the dual-phase nanoparticles to ~1174 K. On the other hand, it has been intensively 

investigated and proved that the Tc of ferromagnets may be tuned by the construction of composite 
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materials [74]. If the magnetic moments of a ferromagnetic phase are aligned parallel to each other, the Tc 

increases, as more thermal energy is required to destroy long-range magnetic ordering. In the present 

investigation, the Co-Ni-Ga nanoparticles were assumed to form on the external surfaces of highly 

ordered SBA-15 silica. It is feasible that the immobilized nanoparticles pack or assemble in an orderly 

fashion within certain confined spaces of the SBA-15 silica. This may promote the alignment of magnetic 

moments, possibly, by exchange interactions [75]. As a result, the degree of the magnetic ordering is 

drastically enhanced. 

More importantly, the observed extraordinarily high Tc of the Co-Ni-Ga nanoparticles might be 

related to the presence of Co-like phases during the heating process of TMA measurements, which also 

show very high Tc. Therefore, we additionally performed HT XRD measurements on the sample S84 to 

detect probable phase transition or the presence of Co-like phases in the dual-phase Co-Ni-Ga 

nanoparticles. As shown in Figure 5 for the sample S84, an irreversible phase transition of the ß-phase 

was observed starting at temperature of about 837 K, resulting in the formation of an amorphous phase. In 

comparison, the structural symmetry of the γ-phase was stable upon heating to 1028 K. In the cooling 

process down to 298 K, a preservation of the structure symmetry with reduced unit cell parameters was 

observed for the γ-phase. It should be noted, however, that the γ-phase reflections can be indexed 

alternatively as the reflections of the cubic Co1-xNix phase (space group No. 225, mFm3 ) with an excess of 

Co (correspondingly, the reflections with hkl = 111, 200 and 220 at 2θ = 44.26°, 51.57° and 75.82°). In 

this case, the calculated unit cell parameters (a = 3.5443(15) Å) become close to that of pure Co (a = 3.544 

Å [76], ICSD 76632). Therefore, preliminary HT XRD results reveal both phase transition (ß-phase) and 

the possible presence of the Co-like phases, which might contribute to the observed high Tc of the 

dual-phase Co-Ni-Ga nanoparticles. Due to the low statistically resolved data, however, Rietveld 

refinement analysis of the structure including atomic site occupancies cannot be performed. The 

temperature-dependent variations in unit cell parameter a, unit cell volume Vcell and crystallite size D of 
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the sample S84 are described in Figures S6-S7 of ESM. Further HT investigations using high-resolution 

synchrotron sources are required to verify the formation of the Co phase after high temperature treatment. 

3. Conclusion

In summary, size-selected Co-Ni-Ga nanoparticles were chemically prepared using SBA-15 as a 

template and proven using complementary techniques of XRD, XANES and TEM. The size-dependent 

phase structure and magnetic properties of the shape memory Heusler Co-Ni-Ga nanoparticles were 

investigated. The Co-Ni-Ga nanoparticles exhibited enhanced saturation magnetization, decreased 

coercivity, and enhanced Tc with increasing particle sizes in the range of 30–84 nm. High temperature 

XRD measurements reveal the phase transition and possible presence of the Co-like phase, which 

probably account for the observed high Tc in the dual-phase Co-Ni-Ga nanoparticle. Further theoretical 

and experimental investigations are desired for this new class, size-selected shape memory Heusler 

nanoparticles. 
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Table 1. Sample nominal composition, particle size DTEM from TEM, crystal structure (unit cell parameters a and c),a crystallite size D 

from XRD,b volume phase fraction Vol,c and magnetic properties (saturation magnetization Ms, coercivity μoHc, remanence Mr, and 

Curie temperature Tc) of the Co-Ni-Ga nanoparticles. The estimated standard deviations (e.s.d.s) of the obtained values are shown in 

brackets. 
ID Composition 

/DTEM (nm) 

Crystal structure and microstructure Magnetic properties 

β γ 

a 

(Å) 

Vol. 

(%) 

D (nm) a 

(Å) 

c 

(Å) 

Vol. 

(%) 

D (nm) Ms
d  

(µB) 

μoHc
d   

(mT) 

Mr
d    

(µB) 

Tc 

(K) 

S30 Co50Ni26Ga30 

/16±5,44±10e 

2.8755(6) 17.2(5.4) 12(2.0) 3.5891(5) 3.565(2) 82.8(5.4) 36(1.0) 1.81 115.85 0.80 ~1123 

S68 Co50Ni26Ga28 

/68±11 

2.8747(2) 28.8(1.0) 20(4.0) 3.5831(7) 3.576(2) 71.2(1.0) 31(7.0) 2.29 49.60 0.79 1143 

S84 Co50Ni25Ga23 

/84±22 

2.8739(2) 26.6(1.9) 36(6.0) 3.5815(4) 3.576(9) 73.4(1.9) 31(3.0) 2.90 39.80 0.57 1174 

a According to results of quantitative Rietveld refinement; see XRD section of ESM. 
bAccording to results of XRD microstructure analysis; see XRD section of ESM. 
c The volume fractions Vol are recalculated from the weight fractions (Wt) according to equation Voli = (Wti/ρi)/ (ΣWtj/ρj) * 100%, where 

ρj are the mass densities of the crystalline phases calculated from the results of Rietveld refinement. Wt and their  e.s.d.s are obtained by 

quantitative Rietveld refinement. 
d Measured at 7 T and 2 K. 
e Bimodal particle size distribution, see Figure S1 of SI.
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Figure 1. TEM micrographs of the SBA-15-supported Co-Ni-Ga nanoparticles with particle sizes 

of (a) 16 ± 5 nm and  (b) 44 ± 10 nm for sample S30 with a bimodal particle size distribution 

(average particle size of 30 ±12 nm), (c) 68 ± 11 nm(sample S68), and (d) 84 ± 22 nm (sample S84). 
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Figure 2. Experimental and Rietveld-simulated XRD patterns of Co-Ni-Ga nanoparticles with 

average particle sizes of (a) 30 nm (S30), (b) 68 nm (S68), and (c) 84 nm (S84).The reflection Miller 

indices hkl correspond to those of the cubic (β, ICSD #169729) and tetragonal (γ, ICSD #157778) 

crystalline phases of Co-Ni-Ga. 
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Figure 3. The field-dependent magnetization curves of Co-Ni-Ga nanoparticles of various sizes 

(S30, S68, and S84) measured at 2 K. The measured coercivity of the Co-Ni-Ga nanoparticles is 

shown in the inset, which magnifies the low-field portions.  
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Figure 4. Thermomagnetic AC susceptibility profiles of Co-Ni-Ga nanoparticles (a) S30, (b) S68 

and (c) S84. The derived Curie temperatures are indicated. 
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Figure 5. HT XRD patterns for Co-Ni-Ga nanoparticles sample S84. The temperatures of the 

measurement (in K) are shown in a right column of the Figure. For better comparison, the 

XRD patterns are shifted vertically from 298 K pattern (bottom) to 1028 K diagram in 

heating procedure and further to 298 K pattern (top) in cooling cycle. The Miller indices hkl 

of the observed reflections of the ß and γ phases are given. 




