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Abstract. Thin films with soft magnetic properties are critical for advanced magnetic data 

storage and transfer devices. This study focuses on the electrodeposition of Ni-Fe-Gd thin 

film alloys onto copper substrates, varying current densities to investigate their structural, 

compositional, morphological, and magnetic properties. The obtained films display 

complex crystalline structures comprising mixed face-centered cubic (FCC), body-centered 

cubic (BCC), and hexagonal close-packed (HCP) phases depending on the Gd ion content 

and deposition conditions. The observed magnetic behavior ranges from superparamagnetic 

to soft ferromagnetic, depending on the Gd interaction with Ni and Fe and local 

microstructural defects. This study is significant in advancing the development of magnetic 

alloy-based thin films for magnonic and spintronic applications. 
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1. Introduction 

Magnetic nanostructures made from iron group metals 

(Fe, Co, and Ni) and their alloys have drawn significant 

attention due to their high saturation magnetization, low 

magnetostriction, small coercive field, and well-

optimized magnetic anisotropy [1, 2]. More importantly, 

these thin film alloys are in high demand due to their 

tunable and customizable properties, making them ideal 

for various applications [3–8]. The Ni-Fe alloys with 10–

90% iron are one of the most versatile soft magnetic 

alloys, which have been used as inductor cores in 

microelectronics [9], magnetic recording heads (Ni80Fe20 

and Ni45Fe55) [10], magnetic sensors [11–14], energy 

harvesters [15, 16], tunable noise suppressor [17], and 

magnetic actuators and motors [18]. Anisotropic mag-

netoresistance properties are observed in the magnetic 

alloys relevant for spintronic applications [19–21]. The 

constituent elements and their Ni-Fe structure determine 

their magnetoresistive characteristics [3]. The Ni36Fe64 

alloys have been utilized in large-size cryogenic liquid 

containers and high-definition color displays [22]. The 

advantage of tunable magnetic properties is the ability to 

drive various magnetic phenomena used in spintronics 

and biomedicine. Examples include magnetic bubbles  

 

[23] and domain walls-based memory devices [24], 

magnetic imaging [25], targeted drug delivery [26] and 

cancer therapy [27]. 

In the last few decades, rare earth (RE) – transition 

metal (TM) alloys have attracted the attention of the 

research community due to their rich magnetic phase 

diagram with complex types of magnetic ordering [28]. 

Generally, in transition metals, the 3d electrons occupy 

the outer shells and are delocalized and subjected to 

strong direct exchange interactions. In rare earth metals, 

the 4f electrons are localized and subjected to indirect 

exchange interactions mediated by 5d and 6s electrons, 

resulting in high magnetic moments per atom. A 

ferromagnetic coupling that occurs in TM with light RE 

elements leads to increase in magnetization, whereas 

ferrimagnetic coupling occurs in TM with heavy RE 

elements, resulting in a decrease in magnetization. The 

occurrence of antiferromagnetic coupling between TM 

and RE has been explained by Campbell et al. [29]. The 

interactions between 3d electrons of Ni, Fe, Co and 5d 

electrons of Gd are negative because the d band in TM is 

more than half-filled, whereas in RE it is less than half-

filled. Thus, the antiferromagnetic coupling of spins is 

observed due to the combination of 4f-5d and 5d-3d 

interactions. 
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Owing to the enormous number of unpaired 

electrons, RE ions afford high magnetic moments in a 

magnetic field [30]. The ions of RE metals have a 

superior magnetic moment and magneto-crystalline 

anisotropy, which distinguishes them from 3d transition 

metals. However, the ions of rare earth metals enhance 

the concentration of vacancies and magnetic properties, 

decreasing the leakage current [31]. Due to the high 

perpendicular magnetic anisotropy and large magneto-

striction, the Gd-based ferromagnetic alloys have poten-

tial applications in magneto-optical storage recording, 

bubble memories and advanced dichroic coherent 

imaging [32–34]. The RE-TM alloy thin films are found 

to be a good candidate for use in the field of ultrafast 

magnetization dynamics due to the antiferromagnetic 

coupling between the Gd and Fe sub-lattices [35]. Hence, 

by making a material which combines these three (Fe, 

Gd, Ni) metals, one can obtain interesting magnetic 

behaviour, useful for magnonic device applications. The 

early studies on yttrium iron garnets also show that the 

addition of RE elements can enhance the dynamic 

damping [36, 37]. Although numerous studies have been 

carried out to investigate the magnetic properties of 

binary TM-RE thin films, namely Fe-Gd, Co-Gd, Ni-Gd 

and so on, with a focus on the effect of RE on TM. It is 

worth noting that the Ni-Fe-Gd (ternary TM-RE) thin 

films have not yet been electrodeposited. 

Electrodeposition is the simplest method for the 

metals and alloys thin films formation onto conductive 

substrates. The deposited thin films are formed in a stable 

crystalline phase or thermodynamically metastable phase, 

which can be transformed into a more stable phase by 

heat treatment [38]. Electrodeposition methods for the 

preparation of magnetic thin films have several advan-

tages, namely simple equipment, ease of operation, low 

cost and so on. The properties of deposited alloys depend 

strongly on the experimental parameters, namely bath 

composition, potential, pH, temperature and applied cur-

rent [39, 40]. During the electrodeposition process, pH 

and current density are two key variables that determine 

the physical properties of the deposited films [41, 42]. 

In this study, we comprehensively examine how the 

elemental composition, structure, morphology, and 

magnetic properties of the electrodeposited Ni-Fe-Gd 

(TM-RE) thin films are influenced by the current density 

used during the electrodeposition of these films. Addi-

tionally, we explore the impact of Gd on the magnetic 

characteristics of Ni-Fe-Gd soft magnetic thin films. 

2. Experimental detail 

2.1. Thin film preparation process 

The deposition bath comprised 0.1 M of NiCl2 and FeCl2 

and 0.01M of GdCl3·6H2O, 1 g of boric acid (H3BO3) 

and 1 g of citric acid (C6H8O7·H2O). All the raw 

chemicals are of analytical reagent grade. A Cu substrate 

of size 1.5×5 cm was cut out from a commercially 

available copper foil with a thickness of 0.1 mm used as 

a cathode, and the same size of pure steel as an anode 

(counter electrode) for electrodeposition experiments.  

 

The substrate surface was carefully cleaned with 

sandpaper and then covered with adhesive tape except for 

the area on which the deposition of films was desired. All 

samples were pre-treated as follows: soak the substrate 

and counter electrode in distilled water for 3 min at room 

temperature, purification by 5% H2SO4 for 5 min, and 

rinse with distilled water for 3 min just before deposition. 

To fabricate Ni-Fe-Gd thin films, the electrodeposition 

process was carried out on copper substrates applying 

three current densities of 13, 27 and 40 mA·cm
–2

 and the 

corresponding currents of 100, 200 and 300 mA, respec-

tively, at room temperature without stirring for 30 min. 

Boric acid and citric acid were used to enhance the 

electrodeposition of nickel and iron. The pH of the 

electrolyte was adjusted to 5 by using a few drops of 

ammonia solution. 

2.2. Characterization 

The fabricated thin films were examined for their struc-

tural, morphological and magnetic properties. The thick-

ness of Ni-Fe-Gd thin films electrodeposited at various 

current densities has been measured using the Stylus 

profilometer, Surftest SJ-301. The structural properties of 

the films were investigated using XRD with CuKα 

radiation (λ = 1.5405 Å). The surface morphology of 

nanostructured thin films was scrutinized using a Quanta 

200FEG scanning electron microscope (SEM). The 

magnetic properties of electrodeposited thin films were 

measured at room temperature using a vibrating sample 

magnetometer (VSM) model VSM Lakeshore-7400. 

3. Results and discussion 

3.1. XRD study 

The crystalline structure of Ni-Fe-Gd films deposited at 

pH = 5 applying current densities of 13, 27 and 

40 mA·cm
–2

 on the Cu substrates was investigated using 

XRD within the range 5°…90° as shown in Fig. 1. The 

XRD pattern of Ni46.45Fe49.14Gd4.40 film deposited at 

13 mA·cm
–2

 shows diffraction peaks at 38.32° and 77.9° 

attributed to (111) and (220) planes of Cu substrate and 

the peaks at 44.56° and 77.9° attributed to (111) and 

(220) plane of FCC structure of NiFe according to the 

JCPDS-PDF-004-0850. The closed peaks at 64.86° and 

65.08° represent the reflections from (200) and (004) 

planes of the BCC structure of Fe and Gd, respectively, 

shown in the inset of Fig. 1 [43]. It is worth noting that 

the mixed FCC/BCC phase of Ni-Fe-Gd alloys is 

obtained by electrodeposition applying a current density 

of 13 mA·cm
–2

. With increasing the current density to 27 

and 40 mA·cm
–2

, the reflections from Fe(200) (64.86°) 

and Gd(004)(65.08°) disappear completely in both 

Ni37.86Fe56.81Gd5.32 and Ni12.03Fe69.94Gd18.03 films. The 

increase of Gd contents leads to the formation of 

additional crystalline phases [44]. It is found that the 

disappearance of the Cu (111) peak at 38.32° is caused 

by the shielding effect of the thicker NiFeGd film on the 

substrate with increasing current density. It is also 

observed that the peaks at 44.56° and 77.9° attributed to 

NiFe (111) and NiFe (220)/Cu (220) planes are shifted  
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toward lower angles (43.8° and 74.1°) with increasing 

current density. 

Moreover, the increase of Gd content with current 

density induces a new diffraction peak at 50.44° 

attributed to the HCP (110) plane of Gd in the XRD 

patterns of both films. The latter can be explained by the 

formation of a new sublattice with mixed FCC/HCP 

phases in the NiFe structure. The XRD study revealed 

that the deposited Ni-Fe-Gd films are crystalline, 

containing mixed FCC/BCC and FCC/HCP phases 

depending on the Gd content and applied current density. 

The average crystallite size of the electrodeposited  

Ni-Fe-Gd films was calculated from the full width at half 

maximum of the NiFe(111) peak using the Scherrer 

formula [45]. The obtained sizes are 65.36, 61.08, and 

54.54 nm for the current densities of 13, 27, and 

40 mA·cm
–2

, respectively, as given in the table. It is 

found that the average crystallite size decreases with 

increasing current density. 

3.2. Morphological study 

To observe the microstructure and composition of Ni-Fe-
Gd thin films, SEM imaging and EDX measurements are 
carried out. Usually, higher current density causes a large 
grain size [40,48], and increases the thickness of the 

coated films, but in the presence of various mixtures of 
metal precursors, the effect of current density can differ 
and the change in morphology and composition is not 

always straightforward relation [46]. Fig. 2 shows the 
SEM and EDX images of the surface of Ni-Fe-Gd thin 
films electrodeposited from a chloride bath at room 

temperature with current densities of 13, 27, and 
40 mA·cm

–2
. One can see that when the current density 

of 13 mA·cm
–2

, the Ni-Fe-Gd film has an almost equal 
amount of Ni (46.45 wt.%) and Fe (49.14 wt.%) contents 

with Gd (04.40 wt.%), more agglomerations are formed 
in samples, which may be due to the magnetic ion inter-
action between Ni and Fe in the presence of Gd as shown 

in Fig. 2a. With increasing current density, the surface of 
the Ni-Fe-Gd film has a grain-like morphology, smooth 
and uniform, without any crack as shown in Fig. 2b. The 

latter can be explained by the decreased Ni content in the 
film (46.45 → 37.86 wt.%) and the increased iron content 
(49.14 → 56.81 wt.%) with increasing Gd content. The 
mechanism that determines the size of grains is the 

following. The increase of Gd content with current 
density may inhibit grain growth by pinning grain 
boundaries, preventing the formation of large grains and 

promoting a finer grain structure. This finer grain 
structure can contribute to a smoother and more uniform 
surface. The increase of Gd content may also reduce 
internal stresses within the thin film by accommodating 

mismatched lattices. This stress relaxation mechanism 
helps to prevent crack formation and maintain a uniform 
surface. It is also observed that at 40 mA·cm

–2
, white 

circular regions with granular shapes
 
are developed on 

the surface of the sample, which indicates the increased 
Fe content, while dark base regions – the decreased Ni 

content, as shown in Fig. 2c [47]. Another work demon-
strates the formation of nodular structures and coarser  
 

 
 

Fig. 1. XRD patterns of electrodeposited Ni-Fe-Gd thin films 

for the current densities of 13, 27, and 40 mA·cm–2, 

respectively. 

 
 

grains with increasing the current density [48]. Therefore, 

this surface modification in the Ni-Fe-Gd film is caused 

by the complex effect of precursor concentration and me-

tallic ions interaction, influenced by the current density. 

3.3. Elemental composition 

The changes in the elemental composition of electro-

deposited thin films are caused by the following factors: 

concentration of ions, pH, temperature and applied cur-

rent, which leads to changes in the crystalline structure 

and grain size of electrodeposited layers [49, 50]. Here, 

the effect of current density on film composition was 

analyzed in the case of fixed (30 min) deposition time. 

The measured thicknesses of Ni-Fe-Gd thin films for 

current densities of 13, 27, and 40 mA·cm
–2

 are 12.32, 

15.41, and 17.46 µm, respectively. If the electrolytic 

potential of Fe is more favorable under the given 

conditions, an increase in current density may improve 

the deposition of Fe onto electrode surfaces. Conversely, 

Ni has the ability to deteriorate the deposition due to a 

less favorable electrolytic potential at higher current 

densities [48]. Our results show that the efficiency of Gd 

embedding in the deposited films increases linearly with 

increasing current density, whereas the efficiency of Ni 

and Fe embedding varies nonlinearly with current 

density. Particularly, the Ni content decreases with 

increasing current density while the Fe content increases 

and vice versa as shown in Fig. 3a. This nonlinear 

variation of Ni and Fe contents with current density is 

due to the following mechanism: the anomalous co-

deposition can either be enhanced or suppressed by 

adjusting the electrodeposition parameters [5]. For the 

co-deposition of Ni and Fe atoms, the Fe component is 

controlled by activation, whereas the Ni component is 

controlled by diffusion [51]. Since the cathodic 

overpotential increases with increasing cathodic current 

density, it leads to an increase in the nucleation rate [48]. 

This overpotential causes an increase in Fe content and 

consequently a decrease in the Ni content of deposited 

Ni-Fe-Gd thin films [52]. However, the total deposition 

rate still increases with the applied current density. 
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Fig. 2. SEM micrographs and EDX spectra of the electrodeposited Ni-Fe-Gd thin films with current densities of 13 (a, d), 27 (b, e), 
and 40 mA·cm–2 (c, f), respectively. 
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Fig. 3. The variation of elemental contents in wt.% depending 
on the current density (a) and Ms and Hc value as a function of 

Gd contents in Ni-Fe-Gd thin films (b). 

 
 

3.4. Magnetic properties 

Fig. 4 shows the hysteresis loops for the Ni-Fe-Gd thin 

films deposited on a copper substrate at a pH of 5 and 

current densities of 13, 27, and 40 mA·cm
–2

. Table 

summarizes the values of remanent magnetization (Mr), 

coercivity (Hc), and saturation magnetization (Ms) for 

these films. The relationship between Ms and Hc values 

and Gd content is illustrated in Fig. 3b. One can see a 

linear variation, represented by the black line in the 

hysteresis loop diagram in Fig. 4. This line, which passes 

very close to the origin, exhibits a steep slope typical of 

ferromagnets, with minimal coercivity and remanence. 

This behavior indicates superparamagnetism, where 

individual magnetic domains act like single, non-

interacting particles, aligning with an external magnetic 

field but not retaining magnetization once the field is 

removed [53]. The specific Gd concentration in the Ni-Fe 

alloy influences its microstructure, promoting super-

paramagnetic-like behavior. However, the curve does not 

exhibit saturation, likely because saturation occurs at a 

higher field beyond the measurement range. The 

enhanced Ms can be attributed to several factors: Gd high 

magnetic anisotropy may increase the overall anisotropy 

of the alloy, raising the saturation field. Gd could also  

 

 

Fig. 4. Hysteresis loops of the electrodeposited Ni-Fe-Gd thin 
films for the current densities of 13, 27 and 40 mA·cm–2, 

respectively. 

 

 
improve exchange coupling between Fe and Ni atoms, 

leading to stronger cooperative magnetic behavior, 

requiring a higher external field for saturation. Gd may 

also stabilize magnetic phases with higher coercivity and 

saturation fields compared to the pure Fe-Ni system. 

In the second case, as the current density increases 

to 27 mA·cm
–2

, the remanent magnetization (Mr) and 

coercivity (Hc) of the Ni37.86Fe56.81Gd5.32 alloy increase, 

indicating a transition from superparamagnetic to soft 

ferromagnetic behavior [54, 55]. This suggests that the 

higher current density during the electrodeposition 

enhances the crystallinity of the Ni-Fe-Gd thin film, 

which in turn promotes high ferromagnetic ordering. The 

improved crystallinity leads to better alignment of crystal 

grains and magnetic domains, resulting in increased 

magnetic coupling and stability. Thus, the rise in current 

density acts as a driving force, transitioning the material  

from superparamagnetism to soft ferromagnetism by 

promoting a higher magnetic order within the alloy. 

Finally, at the current density of 40 mA·cm
–2

, the 

electrodeposited Ni12.03Fe69.94Gd18.03 thin film shows a 

weakening of the hysteresis loop signal (magnetic 

moment) with a saturation moment of 0.013 emu/g. 

Despite this reduction, the loop still demonstrates distinct 

soft magnetic behavior, with remanent magnetization 

(Mr) and coercivity (Hc) values of approximately 

2.69 m·emu/g and 439.91 G, respectively. 

Our findings align with previously reported results 

for (Ni83Fe17)1–x-Gdx thin films, where the saturation 

magnetization decreases with increasing Gd content [56]. 

In our experiment, we observe that the room temperature 

saturation magnetization decreases almost linearly with 

increasing Gd content, which is consistent with the 

antiparallel alignment of Gd atomic moments relative to 

the Ni-Fe moment. This is illustrated in Fig. 3b. On the 

other hand, the coercivity (Hc) of magnetic materials is 

influenced by the particle size and magnetocrystalline 

anisotropy. The electrodeposition current and correspon-

ding Gd concentration play a crucial role in determining 

the alloy properties as well as the grain size of the film. 
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A reduction in the grain size can lead to smaller 

magnetic domains, resulting in higher Hc values [40]. In 

our study, the coercivity (Hc) increases with both current 

density and higher Gd content, reaching its maximum at 

the highest Gd concentration (18.03 wt.%). From the 

morphological analysis of the sample, it is found that 

increasing Gd concentration reduces the crystal size, 

which is in line with the observed increase of coercivity. 

In this study, the ability to finely tune the hysteretic 

properties of Ni-Fe-Gd thin films using electrodeposition 

conditions provides significant versatility, making them 

suitable for a wide range of applications in advanced 

magnonic and spintronic devices. 

 
4.  Conclusions 

In conclusion, Ni-Fe-Gd thin film alloys with three 

distinct compositions were electrodeposited on copper 

substrates with varying current densities under constant 

pH conditions. X-ray diffraction revealed that the films 

possess high crystallinity with mixed FCC/BCC and 

FCC/HCP phases, free of impurity phases. As the current 

density is increased, a reduction in crystalline size is 

observed. SEM analysis showed diverse surface 

morphologies, ranging from particle agglomerations to 

grain-like and granular structures. EDX results indicated 

a linear increase in Gd content with current density, 

while Ni and Fe contents varied nonlinearly. VSM 

analysis demonstrated a superparamagnetic behavior at 

lower Gd concentrations, with a transition to soft 

ferromagnetism as Gd concentration increased. The 

saturation magnetization decreased nearly linearly with 

higher Gd content due to the antiparallel alignment of Gd 

atomic moments with the NiFe matrix. Coercivity (Hc) 

increases with decreasing grain size. These findings 

suggest that Ni-Fe-Gd thin films hold great potential for 

applications in magnonic and spintronic devices due to 

their tunable magnetic properties. 
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Регулювання намагніченості у тонких плівках Ni-Fe-Gd методом електроосадження 

P. Sathishkumar, E. Elayaperumal, S.G. Juliana, D. Azhakanantham, A.A. Ghfar, and A. Ganguly 

Анотація. Тонкі плівки з м’якими магнітними властивостями є критично важливими для магнітних пристроїв 

зберігання та передачі даних. Дане дослідження сфокусовано на електроосадженні тонкоплівкових сплавів  

Ni-Fe-Gd на мідних підкладках при варіюванні густини струму для вивчення їх складу, структурних, 

морфологічних та магнітних властивостей. Отримані плівки демонструють комплексні кристалічні структури, 

що включають змішані гранецентровану кубічну (ГЦК), об’ємно-центровану кубічну (БЦК) та гексагональну 

щільноупаковану (ГПУ) фази, в залежності від вмісту іонів Gd та умов осадження. Спостережувана магнітна 

поведінка варіюється від суперпарамагнітної до м’якої феромагнітної, в залежності від взаємодії Gd з Ni та Fe, 

а також локальних мікроструктурних дефектів. Таке дослідження є важливим для розвитку тонких плівок на 

основі магнітних сплавів для магнонних та спінтронних застосувань. 
 

Ключові слова: феромагнетизм, електроосадження, магнітні властивості, тонкі плівки Ni-Fe-Gd.  
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