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a b s t r a c t

CoNiGa ternary alloy nanowire arrays were successfully fabricated by simple DC electrodeposition into
the anodized aluminum oxide (AAO) templates. A systematic study of the potential and components of
the electrolyte were conducted to obtain different components of CoNiGa nanowires. The largest Ga con-
tent in the prepared alloy nanowires was about 17%, while for Co and Ni contents which can be controlled
in a wide range by adjusting the composition and pH value of the electrolyte appropriately. X-ray diffrac-
tion analysis confirmed that the as-grown CoNiGa nanowire arrays were polycrystal with fcc phase of Co
where Co atoms partially substituted by Ni and Ga. Magnetization curves of samples with different com-
position were measured at room temperature as well as low temperature. The results showed that the
components of the alloy nanowires have a great impact on its magnetic properties. For Co55Ni28Ga17
nanowires, the magnetization reversal mode changes from curling mode to coherent rotation as the angle
increases, and the temperature dependence of coercivity can be well described by the thermal activation
effect.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the recent few decades, magnetic nanostructures have
received considerable attention not only for fundamental physical
interest but also technological applications such as high density
perpendicular magnetic recording medium [1,2], sensors [3], drug
delivery [4,5] and various giant magneto- resistance devices [6–8].
Specially, magnetic multi-alloy nanowires have been intensively
investigated for its tunable magnetism with variation in elemental
proportions. Many techniques have been used to fabricate mag-
netic nanowires or nanotubes, among them template-assisted
electro-chemical deposition is one of the most universal way to
make high aspect ratio nanowires with controlled morphology in
large area [9–15].

Heusler alloy CoNiGa is known as a promising magnetic shape-
memory alloy for higher Curie temperature, better ductility, and
excellent superelasticity in comparison with NiMnGa, which is
partially hindered by its low martensitic transformation tempera-
ture and bad ductility in the polycrystalline state, and also the low
blocking stress level [16,17]. So far, lots of efforts have been made
to synthesize and explore the microstructures and magnetic prop-
erties of CoNiGa alloy in bulk or thin films [18–20]. However, to the
best of our knowledge, no research about one-dimensional struc-
tures of CoNiGa alloy has been reported yet. In this work, CoNiGa
alloy nanowires with different compositions have been fabricated
in anodized aluminum oxide (AAO) templates with chemical elec-
trodeposition route. The main challenge of depositing CoNiGa alloy
nanowires is the reduction of Ga ion from the electrolyte, as the
reduction potential of Ga is much different from that of Co and
Ni. By optimizing deposition potential, composition and pH value
of electrolyte, we have controlled Ga contents in present system
to 17%. Later on, morphology and magnetic properties of CoNiGa
nanowires embedded in AAO templates were investigated as a
function of elemental composition.

2. Experiment methods

To fabricate CoNiGa nanowires, AAO templates with an average
diameter of 200 nm were used. Prior to electrodeposition, Cu seed
layer with thickness of 200 nm was sputtered on one side of AAO
template to serve as a conducting electrode. A conventional three
electrode cell was used potentiostatically at room temperature
with a platinum foil and saturated calomel electrode (SCE-KCl)
worked as counter and reference electrodes, respectively.
Different deposition potential was applied from �1.1 V to �1.6 V
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(vs. SCE) in a fixed solution composed of 26 g L�1 CoSO4�7H2O,
20 g L�1 NiSO4�6H2O, 34 g L�1 Ga2(SO4)3�18H2O and 20 g L�1

C6H5Na3O7�2H2O to obtain best reduction potential for Ga ions,
since it is much more difficult to deposit compared with Co and
Ni. Then, nanowires with different compositions were controlled
with modified electrolytic solution and the optimized potential.

Morphological and structural characterizations were performed
with field emission scanning electron microscope (FE-SEM: Hitachi
S-4800) and X-ray diffraction (XRD: RIGAKU-D/MAX-2400),
respectively. Chemical composition of nanowires was determined
by Energy-Dispersive X-ray analysis (EDX) attached with FE-SEM.
Room temperature and low temperature magnetic measurements
were done by vibrating sample magnetometer (VSM: Microsense
EV-9) and Physical Property Measurement System (PPMS:
Quantum Design-9T), respectively.
Fig. 1. Compositions of Co, Ni, and Ga in as-deposited nanowires varied with the
deposition potential.

Fig. 2. SEM images of (a) Co75Ni20Ga5, (b) Co54Ni34Ga12, and (c) Co55Ni28Ga17 nanowires
Co55Ni28Ga17 nanowires.
3. Results and discussion

The variation of Co, Ni and Ga composition against potential is
represented in Fig. 1. It is clear that for both Ga and Ni reduction
the most favorable potential is �1.5 V and under this potential
nanowires with excellent morphology can be acquired. Thus, in
the subsequent experiments we fixed the deposition potential at
�1.5 V and carefully optimized deposition parameters to get differ-
ent ratio of alloy nanowires.

Fig. 2a, b and c show the SEM images of the prepared Co75Ni20-
Ga5, Co54Ni34Ga12 and Co55Ni28Ga17 alloy nanowires after remov-
ing the AAO templates, respectively. The inset in Fig. 2a
represents the morphology of Co75Ni20Ga5 nanowire arrays at
low magnification, which depicts large density, clean, homoge-
neous and aligned nanowires. Morphology predicts that prepared
nanowires have diameter of 200±20nm, similar to the pore size
of AAO templates. During deposition, we found that nanowire alloy
with Ga contents less than 17% exhibit excellent morphology and
for above that they become partially broken, which can be attribu-
ted to the formation of Ga(OH)3 while increasing the amount of
gallium sulfate in the solution during electrodeposition. This even-
tually restricts the improvement of Ga contents in nanowires. In
other case, For Co and Ni contents, which can be controlled easily
with variation in nickel and cobalt sulfate in prepared electrolyte.
It is worth mentioning that the pH of electrolyte also has strong
impact on the reduction of Co and Ni. Fig. 2d is a typical EDX spec-
trum for Co55Ni28Ga17. The extra peaks in EDX spectrum (C and O)
are present due to the cleaning procedure with ethanol, water and
etchant, whereas, Al peak is attributed to the partial etching of AAO
template with NaOH, and Au is introduced for better conductivity
during the SEM process.

Fig. 3 is the XRD spectrum for Co55Ni28Ga17 and Co57Ni36Ga7
nanowires in as-deposited state. The XRD was performed at room
temperature and analysis indicates that the three main peaks at
about 44.2�, 51.5�, and 75.7� are corresponding to face centered
after removing the AAO templates, (d) energy dispersive X-ray (EDX) spectrum of
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cubic (fcc) phase of Co with Bragg’s peaks (111), (200) and (220),
respectively. It is well reported in literature that for pure Co, hcp-
crystal phase is more stable than fcc structure at room tempera-
ture. But as Ni is largely incorporated in the Co crystal structure,
the hcp phase disappears and fcc-crystal phase was detected. A
similar results have already been confirmed by previous study
[21,22]. The average crystallite size of Co55Ni28Ga17 and Co57Ni36-
Ga7 are about 13 nm and 25 nm, respectively, calculations using
Scherrer equation.

The room temperature magnetization curves of CoNiGa samples
at different compositions measured with magnetic field parallel
and perpendicular to the axis of nanowires are shown in Fig. 4.
The corresponding coercive fields Hc and remanence ratio Mr/Ms
derived from the magnetization curves are listed in Table 1. As
Fig. 3. XRD pattern of Co55Ni28Ga17 and Co57Ni36Ga7 nanowires.

Fig. 4. Magnetization curves of CoNiGa samples at different
observed, the remanence ratio Mr/Ms are quite close in parallel
and perpendicular directions for all samples, indicating that the
alloy nanowires have no obvious easy axis. We attribute this
behavior to the balance of two major factors: one is the shape ani-
sotropy owing to the large aspect ratio of nanowires, favoring a
longitudinal easy axis; another is the magnetostatic interactions
among nanowires, which prefer a transverse easy axis [23]. As
the distance between two neighboring nanowires is about
300 nm according to SEM image, not much larger than the diame-
ter of nanowires, thus the magnetostatic interactions between
nanowires is remarkable. In addition, from XRD analysis we con-
clude that the as-grown nanowires are polycrystalline structure
without significant preferred orientation, thus in the above discus-
sion we have ignored the contribution of magnetocrystalline aniso-
tropy [24]. The coercivity Hc exhibits a strong dependence on the
composition of the nanowires, with 37% enhancement in parallel
direction from 110 Oe to 151 Oe, and the magnetization decreases
slightly when increasing the Ga content. Thus, it is feasible to tailor
the magnetic properties of the nanowires by varying the ratio of
the elements.

To explore the magnetization reversal behavior of the as-
deposited CoNiGa alloy nanowires, we measured the hysteresis
loops of Co55Ni28Ga17 in different directions from 0� to 90� with
respect to the axis of the nanowires at room temperature. As
shown in Fig. 5b, with the increase of angle, the coercivity first
increases, reaching its maximum value at 30�, then decrease grad-
ually. Usually, there are two main mechanisms to describe the
magnetization reversal process of the magnetic nanostructures:
coherent rotation and curling mode. In coherent rotation mode,
coercivity decreases with angle, while curling mode gives an oppo-
site behavior [25,26]. Therefore, in our case for small angles
(h 6 30�) the magnetization reversal occurs mainly via curling
model, but for larger angles (h > 30�) the coherent rotation is dom-
inant. It is worth mention that the threshold diameter between
compositions in parallel and perpendicular directions.
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Fig. 6. Temperature dependence of coercivity Hc for Co55Ni28Ga17.

Table 1
Magnetic parameters: coercivity Hc and remanence ratio SQ in parallel and perpendicular directions of four CoNiGa samples.

Samples Hc// (Oe) SQ// (Mr/Ms) Hc\ (Oe) SQ\ (Mr/Ms)

Co57Ni36Ga7 110 0.05 154 0.05
Co54Ni34Ga12 125 0.06 166 0.05
Co55Ni31Ga14 140 0.07 173 0.06
Co55Ni28Ga17 151 0.09 144 0.08

Fig. 5. Hysteresis loops of Co55Ni28Ga17 sample from 0� to 90� and its angular
dependence of coercivity Hc.
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coherent rotation and curling is dc, and for wire diameter d� dc,
the reversal occurs by coherent rotation. For wire diameter d > dc,
the reversal occurs by curling or maybe domain wall motion. When
wire diameter d approaches dc, the curling mode appears at small h,
while coherent rotation arises at larger h [27], as the situation in
our experiment. This result indicates that the dc of our as-
prepared nanowires are comparable to 200 nm. However, consid-
ering that for nanowire arrays without magnetostatic interactions,
the dc will be much smaller than 200 nm. Thus we believe that the
magnetostatic interactions does exist in our samples as discussed
previously and results in the significant enhancement of dc [25].

Fig. 6 illustrates the temperature dependence of coercivity with
the field applied parallel to the nanowire axis for Co55Ni28Ga17
sample measured by PPMS. The deviation of the data is 5% due
to the measurement principle of PPMS, marked with the error bars.
It is demonstrated that the coercivity increases almost linearly
with decreasing temperature from 400 K to 5 K. As the tempera-
ture decrease further, the increment in coercivity becomes faster,
indicating a strong temperature dependent characteristic. To inter-
pret this behavior, we also investigated the variation of saturation
magnetization with temperature, not shown here. The result man-
ifests that the saturation magnetization merely reduces 7% when
raising the temperature from 5 K to 400 K, which is insufficient
to lead to such a decrease in Hc. Therefore, we attribute the main
reason for the rapid decline of coercivity to the thermal activation
effect during the magnetization reversal process. Here, we consider
thermal effect over the energy barrier proposed by Neel and
Brown, the coercivity can be described by [28–31]

HCðTÞ ¼ H0 1� KBT lnðf 0sÞ
KV

� �1
m

( )
;

where H0 is the switching field without thermal fluctuation, and KV
is the anisotropy energy. f0 and s are the attempt frequency and
relaxation time, respectively. Based on the above formula, we found
that when m = 1 the fitting curve can match the experimental data
quite well, as indicated in the red dotted line in Fig. 6. In general,
Fig. 7. ZFC and FC magnetic moments measurements carried out in 50 Oe field.

https://www.researchgate.net/publication/231076909_ChemInform_Abstract_Magnetism_of_Fe_Co_and_Ni_Nanowires_in_Self-Assembled_Arrays?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==
https://www.researchgate.net/publication/234933917_Angular_dependence_of_the_coercivity_and_remanence_of_ferromagnetic_nanowire_arrays?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==
https://www.researchgate.net/publication/224427145_Fabrication_and_magnetic_properties_of_ultrathin_Fe_nanowire_arrays?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==
https://www.researchgate.net/publication/234896911_Synthesis_and_magnetic_properties_of_Fe3Pt_nanowire_arrays_fabricated_by_electrodeposition?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==
https://www.researchgate.net/publication/243434712_Structure_and_magnetic_properties_of_ferromagnetic_nanowires_in_self-assembled_arrays?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==
https://www.researchgate.net/publication/253657128_Criterion_for_Uniform_Micromagnetization?el=1_x_8&enrichId=rgreq-13cfe8e39a505a9198ba2c483cec3fdc-XXX&enrichSource=Y292ZXJQYWdlOzMxMzI3MjM4NztBUzo0NjUyMjcyNDMzNjQzNTRAMTQ4NzkzMDIyNjg4Mw==


128 W.-J. Li et al. / Journal of Magnetism and Magnetic Materials 432 (2017) 124–128
m = 2 is corresponding to aligned Stoner-Wohlfarth particles with-
out interaction, and m = 3/2 reflects a nonsymmetric energy land-
scape [29]. Previously, there is also some reports on the linear
dependence of coercivity on temperature [32], but the explanation
for such a behavior is still lacking. Fig. 7 shows the temperature
dependence of magnetic moments in field-cooled (FC) and
zero-field-cooled (ZFC) modes with applied field of 50 Oe for
Co55Ni28Ga17 samples. It is known that CoNiGa alloy with the
stoichiometry close to Co2NiGa usually exhibits abrupt change in
magnetization when going through the martensitic and magnetic
phase transitions. From Fig. 7, we found that our sample shows
ferromagnetic behavior from 5 K to 400 K without phase transition.

4. Conclusion

In this article, we have successfully fabricated different
composition of CoNiGa alloy nanowires by DC electrodeposition.
XRD pattern revealed that the as-deposited CoNiGa alloy are
polycrystalline structure. The magnetic properties of four CoNiGa
samples with varied component were investigated at room
temperature, and the angular dependence of coercivity curve for
Co55Ni28Ga17 confirmed that the magnetostatic interactions plays
an important role in the magnetization reversal process. Low
temperature magnetic studies indicated that the coercivity of the
nanowires decreases rapidly with increasing temperature,
following the thermal activation model.
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