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Abstract 

In this work, the effect of Co and Cu doping on the magnetic properties of Nickel Zinc 

ferrite films was investigated. Three types of films with composition Ni0.5Zn0.5Fe2O4, 

Ni0.35Cu0.2Zn0.45Fe2O4 and Ni0.35Co0.2Zn0.45Fe2O4 were prepared using the sol-gel method. These 

films were annealed at 500, 600, 700 and 800°C using a rapid thermal annealing furnace. . XRD 

diffraction confirmed the formation of single-phase spinel structure in these films.  Magnetic 

properties such as saturation magnetization (Ms) and coercivity of these films were measured using 

an alternating gradient magnetometer. The highest values of Ms were obtained for films annealed 

at 600 ⁰C which are 350, 334 and 261 emu/cm3 for undoped, Co doped and Cu doped films, 

respectively. The corresponding coercivity values of these films were 102, 509 and 95 Oe. Thus, 

Co0.2 doping resulted in an increase in the coercivity whereas Cu0.2  doping  reduced the coercivity.  

Grain size distribution was measured using a scanning electron microscope. It was observed that 

at higher annealing temperatures (above 600⁰C), films developed cracks which results in the 

reduction of the saturation magnetization from such films.  
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1. Introduction:  

Nickel–zinc spinel ferrite is of interest due to its low conductivity and high saturation 

magnetization [1–3] , which makes it suitable for a wide variety of applications including magnetic 

recording, inductors, and high-frequency microwave devices [4], among many others.  Two types 

of spinel are possible, normal AB2O4 and inverse spinel A2BO4, where A and B sites represent 

tetrahedral site and octahedral site, respectively [4]. The magnetic properties depend on the 

interactions between metallic ions occupying particular positions relative to the oxygen ions in the 

spinel crystalline structure of the  soft ferrites [5]. In the thin film form, various factors including 

deposition temperature, post growth annealing temperature, and choice of substrate can affect the 

microstructure of the film, which in turn can affect the film properties [6].  

The magnetic properties of Nickel–zinc ferrite vary depending on the grain size, 

microstructure, type and composition of additives, impurities, and the preparation routes [7]. For 

bulk NiZn ferrite, it has been shown that the properties can be modified by ion substitution or 

addition of proper additives like Mn2+ [8], Cu2+ [9,10],  Bi3+ [11], W6+ [12],  and Nb5+[13]  ions.  

Thin films of ferrite have been fabricated by a number of techniques such as spin–spray ferrite 

plating [14,15], RF sputter deposition [16–19],  chemical vapor deposition [20,21], laser ablation 

techniques [22] and Sol–gel [23–25]. Each processing technique has its advantages and 

disadvantages. Sol-gel, which is a popular growth technique in piezoelectric and ferroelectric 

community, is gaining interest in the magnetic community due to low processing temperature and 

low cost., 

Although there is some literature available on the preparation of Nickel–zinc ferrite films using 

sol gel, a good understanding on how doping affects the properties of Nickel–zinc ferrite films is 

still missing. Copper doping has been reported to tune the magnetic properties which could be used 
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to fabricate multilayer chip inductors  and electromagnetic interference  filters [26,27]. Properties 

of Cu- substituted Nickel–zinc films were investigated by Liu et al who reported magnetization 

value of 271 emu/cc for these films [28]. Structure and magnetic properties of Co-substituted  films 

{Ni0.5Zn0.5CoxFe2xO4 (0≤x≤0.2)} synthesized by the sol–gel method was reported by  Li  et al [29].  

Singh et al. reported  Cr3+ substitution in nickel ferrite films and studied the electro catalytic 

properties [30].  Liu et al reported crystallographic and magnetic properties of Sn-substituted NiZn 

ferrite films [31]. The aim of this study is to understand the effect of Co and Cu substitution in 

NiZn ferrite films prepared by Sol gel and study the co-relation of post growth annealing 

temperature on the morphology and magnetic properties of these films.  

2. Experimental Methods 

2.1 Solution Preparation 

The precursor solutions with compositions (here after referred as “Sol”) of Ni0.5Zn0.5Fe2O4  

(NZF), Ni0.35Co0.2Zn0.45Fe2O4  (NCoZF) and Ni0.35Cu0.2Zn0.45Fe2O4  (NCuZF) were prepared in 

house using chemical solution deposition-sol gel method. To prepare a “Sol” of  NZF, high purity 

salts of Nickel acetate tetrahydrate {Ni(OCOCH3)2·4H2O} (99 % pure from Acros Organics), Zinc 

acetate dihydrate {Zn(CH3COO)2.2H2O} (97% pure from Alfa Aesar), and Iron nitrate 

nonahydrate {Fe(NO3)3.9H2O} (99 % pure from Acros Organics) were used as starting materials. 

The amount of chemicals used was calculated based on the stoichiometric composition of 

Ni0.5Zn0.5Fe2O4  and the desired molarity of the solution. These raw materials were first fully 

dissolved in dimethylformamide. The solution was stirred for 1 h before acetic acid was added to 

adjust the concentration of the solution to 0.5mol/L. The solution was again stirred for 2 h, and 

then left undisturbed (at room temperature) for at least 36 h to form a stable “Sol.”  The process is 

summarized in the flowchart of Figure 1. The same process was used to prepare the other two 
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“Sols” of  NCoZF and NCuZF, with the only exception that cobalt nitrate hexahydrate 

{Co(NO₃)₂·6H₂O} (98-102% pure from Alfa Aesar) and Copper nitrate trihydrate 

{Cu(NO3)2.3H2O} (Alfa Aeasar) were added respectively as starting materials. In addition, for 

NCuZF, (Ni(NO3)2.6H2O was used in place of  Ni(OCOCH3)2·4H2O. 

 

Fig. 1. Flowchart showing the steps for preparing Sol for Ni0.5Zn0.5Fe2O4   
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2.2 Film preparation 

Using the “Sols” prepared in house, films of Ni0.5Zn0.5Fe2O4  (NZF), Ni0.35Co0.2Zn0.45Fe2 

O4  (NCoZF) and Ni0.35Cu0.2Zn0.45Fe2O4  (NCuZF) were prepared on Si/SiO2 substrates using spin 

coating method. Spin coating method is simple, low cost, and allows deposition of films with 

uniform thickness over a larger area which is advantageous for scalability. A rotation speed of 

4000 rpm and spinning time of 50 s were used for depositing all the films. After depositing each 

layer, the film went through a hydrolysis step (120 ⁰C for 30 min on hotplate) to remove the 

solvents followed by a Pyrolysis step (400 ⁰C for 30 min on hotplate) to exclude the organic 

substances [28]. For each film, multiple layers were deposited by repeating the process above until 

a desired film thickness was obtained. A flowchart showing the films preparation steps and process 

parameters is presented in Figure 2. The as grown films were amorphous. To promote 

crystallization, the films were annealed post growth at different temperatures (500, 600, 700, 800 

°C)  in rapid thermal annealing furnace (RTA) in 2000 sccm of flowing O2. Annealing 

temperatures below 500 °C were not used to avoid the formation of intermediate phases of Fe2O4 

which can be detrimental to magnetic properties [28]. 
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Fig. 2. Flowchart showing the process for film preparation: Sol of NZF, NCoZF and NCuZF 

were used to prepare the respective films 

 

2.3 Characterization 

The XRD diffraction patterns were obtained using Bruker D8 Discover XRD with a Cobalt 

source as an X-ray generator. The 2θ values were converted from Co source to equivalent Cu 

source. The surface morphology of the films was observed using Apreo FE-SEM scanning electron 

microscope (SEM). Grain size was also calculated using SEM.  The magnetic properties of the 
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films were measured at room temperature using an alternating gradient magnetometer (AGM). The 

maximum applied field was 18 kOe which was applied in increments of  33 Oe. To investigate the 

effect of post annealing temperature on the magnetic properties of NZF, NCoZF, and NCuZF, each 

film was cut into four pieces and annealed at 500, 600, 700 and 800 °C for 10 min, resulting in a 

set of 12 films [28]. The in-plane magnetizations loops were recorded for all samples and the 

values of saturation magnetization (Ms) and coercivity (Hc) were extracted.  

 

3. Results and Discussions 

XRD analysis was performed on NZF, NCoZF and NCuZF films annealed at 600 and 800 

°C  and the results are presented in Figure 3. For NZF films,  the peaks were identified as (111), 

(220), (311), (222), (440), (422), (333) and (440) by comparing with ICDD-00-069-0240 data. For 

NCoZF and NCuZF films, (111), (220), (311), (222), (440), (422), (511) and (440) peaks were 

identified by comparing the data with the ICDD-04-023-9163 and  ICDD-04-020-7944. All the 

peaks match well with the characteristic reflections of cubic spinel structure of NZF, NCoZF and 

NCuZF and with reported literature [32, 33, 26] confirming absence of any intermediate phases in 

all the films. 

 

 

 

 

 

 

 

(a) (b) 
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Fig. 3. X-ray diffraction patterns of (a) NZF, (b) NCoZF, and (c) NCuZF films annealed 

at 600 °C and 800 °C. 

The temperature dependence of saturation magnetization (Ms) for NZF, NCoZF and 

NCuZF  films is presented in Fig 4(a). The values for saturation magnetization (Ms) for all the 

films increased until annealing temperature of 600 ⁰C and then decreased. The  Ms values increased 

from  256 to 350 emu/cm3 for undoped NZF films; from 251 to  334  emu/cm3  for NCoZF films 

and from  237 to 261 emu/cm3 for NCuZF, when the annealing temperature increased from 500 to 

600 ⁰C.  For films annealed at temperatures higher than 600 ⁰C, the Ms values decreased in all of 

the sample types.  In general,  post growth annealing of films is expected to reduce the amorphous 

phase, improve crystallinity and consequently improve the saturation magnetization [34]. 

Accordingly, films annealed at 800 ⁰C should have resulted in highest values for the saturation 

magnetization. The reduction in magnetization from films annealed at 800 °C, can be attributed to 

the enhancement of the (220) peak and reduction in (311) peak intensity for the films annealed at 

800 °C  in compassion to films annealed at 600 °C as seen from the XRD results.  

(C) 
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Fig. 4a. Saturation magnetization as a function of annealing temperature for NZF, 

NCoZF, and NCuZF  films 
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Fig. 4b. Coercivity as a function of annealing temperature for  NZF, NCoZF and NCuZF  films 

 

A similar trend was seen in the Coercivity (Hc) of these films. The temperature dependence 

of coercivity (Hc) for NZF, NCoZF and NCuZF  films is presented in Fig 4(b). Hc values increased 

from 91 to 102 Oe for undoped NZF films; from 439 to 509 Oe for NCoZF films; and from 75 to 

95 Oe for NCoZF film, when the annealing temperature increased from 500 to 600 ⁰C. Beyond 

this temperature, a decreased in Hc values was seen for all the samples. The Ms and Hc  values for 

all the films are summarized in Table I.  Among all these films, highest saturation magnetization 

was obtained for films annealed at a temperature of 600 ⁰C. A  similar behavior from NiZn ferrite 

films has been reported by Bae. et al.  reported [35].  

Table I: Saturation magnetization (Ms), remanent magnetization (Mr) and coercivity (Hc) of 
NZF, NCoZF and NCuZF films annealed at 500, 600, 700 and 800 ° C 

 

Sample Ms (emu/cm3) Mr (emu/cm3) Hc (Oe)  

500 
°C 

600
°C 

700
°C 

800
°C 

500
°C 

600
°C 

700
°C 

800
°C 

500
°C 

600
°C 

700
°C 

800
°C 

NZF 256 350 326 289 70 101 110 106 91 102 83 63 

NCoZF 251 334 297 222 107 144 135 95 439 509 319 210 

NCuZF 237 261 219 200 46 73 68 53 75 95 81 50 
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Fig. 5. Surface morphology of NZF films annealed at (a) 500⁰C (b) 600⁰C(c) 700⁰C and (d) 

800⁰C 

 

 

 

 

 

 

 

 

Fig. 6. Surface morphology of NCoZF films annealed at (a) 500⁰C (b) 600⁰C(c) 700⁰C and (d) 

800⁰C 
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Fig. 7. Surface morphology for NCuZF films annealed at (a) 500⁰C (b) 600⁰C(c) 700⁰C and (d) 

800⁰C 

Table II: Grain size of NZF, NCoZF and NCuZF films annealed at different temperature 

Sample  Grain size(nm) 

500 °C  600 °C 700 °C 800 °C 

NZF 34 47.6 84.6 128.54 

NCoZF 29 37.5 54 183 

NCuZF 19.5 49 85 214 

 

 

To further understand the effect of annealing temperature on the magnetic properties, the 

grain size distribution of all the films was investigated. Figures 5, 6 and 7 are the SEM micrographs 

obtained on NZF, NCoZF and NCuZF films annealed at 500, 600, 700 and 800 °C. The grain size 

for all the films annealed at various temperatures are summarized in Table II. The values reported 

for each sample were obtained by averaging the measured diameter of approximately 6-8 grains. 
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It was observed that temperature has a significant effect on the grain size of these films.  As the 

annealing temperature increases, the grain size also increases but nonlinearly. This trend was 

observed for all the samples. As smaller grains have higher surface energy compared to larger 

grains, smaller grains diffuse into larger grains to minimize the total energy. As a result, grain 

boundary moves, the larger grains keep growing at the expense of smaller grains which eventually 

vanish [34].  It was observed that with the increase in the annealing temperature, the grain size 

becomes larger, but many cracks developed on the surface of the films annealed at higher 

temperatures.  No crack formation was observed from samples which were annealed at temperature 

upto 600 ⁰C whereas the cracks started developing when annealing temperature was above 700 ⁰C. 

This behavior was consistent for the three types of films. More cracks were seen on films annealed 

at 800⁰C in comparison to those annealed at 700⁰C. Representative SEM micrographs for NZF and 

NCuZF films annealed at 800 ⁰C are shown in Figure 8 (a, b). 

 

 

 

 

Fig. 8. Micrographs showing crack formation on films annealed at 800⁰C for (a) NZF and (b) 

NCuZF 

Slonczewski et al reported that cracks severely perturb the domain structure in their 

immediate vicinity [36] which results in a higher demagnetization factor with respect to the 

original film [37]. In our case, only those films which were annealed at 700 and 800 ⁰C developed 

cracks. This could be the reason for the reduction of the saturation magnetization from such films. 

The interdiffusion of the film and substrate is also reported to be another reason for the degradation 
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of the saturation magnetization [38]. In this work, all the films were prepared on Si/SiO2 which 

should prevent interdiffusion. Further, evaporation of volatile Zn is also reported to play a role in 

the reduction of saturation magnetization of the films as the volatilization of Zn2+ leads to lattice 

defects [38,39]. However, for our films the amount of Zn did not vary drastically, irrespective of 

annealing temperature, which was verified by Energy Dispersive Spectroscopy. 

To evaluate the effect of doping on the magnetic properties, the in-plane magnetic 

hysteresis loops of the NZF, NCoZF and NCuZF films annealed at 600 °C are presented in Figure 

9. These loops are indicative of typical behavior of soft ferrite.  It is clear that all the samples are 

magnetized to saturation when the external field is less than 5,000 Oe. The NZF film exhibit 

highest saturation magnetization value followed by films doped with Co. Cu doped film has the 

lowest saturation magnetization value. The coercivity of the in-plane hysteresis loop of NZF, 

NCoZF and NCuZF films annealed at 600°C are 102 Oe, 509 Oe and 95Oe, respectively. Thus, 

doping Ni0.5Zn0.5Fe2O4 films with Co0.2 resulted in a large increase in the coercivity whereas doping 

with Cu0.2 decreased the coercivity. A similar trend has been reported by Kumar et al for Co doped 

and Xiang et al  for Cu doped NiZF films [26,40]. 

Among various factors, the cation distribution, structure, and composition play a 

significant role in the magnetic properties for spinel ferrites [41]. The variation of saturation 

magnetization can be estimated using the exchange interaction of the ions in the tetrahedral (A) 

and octahedral (B) sites [42].  Some ions tend to have special preference to a certain site based on 

the environment. For example, Zn2+ prefers tetrahedral (A) site due to the electronic configuration 

being favorable for tetrahedral bonding to the oxygen ions [43]. Even though Zn2+ and Co2+ have 

the same ionic radius, Co tends to move to octahedral (B) site because of its configuration [43]. 
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On the other hand, Ni2+ and Cu2+ have strong preference for octahedral (B) site [43,44] . Iron cation 

can be distributed to both sites with the preference to move to octahedral (B) site [42].  

For NZF films, the saturation magnetization may be attributed to the Ni and Zn 

concentration in the spinel lattice.  Zn2+ occupy tetrahedral (A) site and Ni2+ occupy octahedral 

(B) site. Fe3+ can migrate from A to B site to accommodate Zn2+.However, Fe3+ can still exist on 

A site. The Fe3+ moments on the tetrahedral (A) site orient all the octahedral (B) site moments 

antiparallel to them so that Fe3+ moments from the A site are neutralized. Thus, the 

uncompensated moments result in net magnetic moments [5,45].  According to Miller’s site 

preference energies of ions [46], the cations distribution of NZF film can be written as follows: 

                            (Zn0.5Fe0.5) (A site) [Ni0.5Fe1.5]O4 (B site) 

According to Néel model, the magnetic moment of Ni0.5Zn0.5Fe2O4 ferrite film can be calculated 

using the following equation:  M=|MB-MA|, where MA and MB are the magnetic moments in the 

A and B site [27,29].  Using this equation and the values of magnetic moments of Zn2+, Ni2+, 

Cu2+, Co2+ and Fe3+ ions as  0, 2, 1, 3 and 5 μB, respectively, the net magnetic moment values of 

NZF, NCoZF, and NCuZF films were calculated as 6, 5.8 and 5.4 μB respectively. The trend of 

our experimental results for magnetization are in agreement with the calculations.  

 The increase in coercivity value can also be related to the grain size.  The coercivity 

increases until a critical diameter of the grain size is reached, which acts as a single domain. The 

smaller the grain size, the lower the value of coercivity due to the randomizing effects of thermal 

energy. Thermal energy plays an important role in magnetic instability in single domain. As the 

grain size is small, thermal agitation will be small. As a result, there will be fewer fluctuations in 

the magnetic spin orientations [47]. On the other hand, the increase of annealing temperature 
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increases the grains size, which reduces the grain boundary volume. According to Juang and 

Wohlfarth, increasing grain size results in multi-domain grain structures which ultimately results 

in the reduction in coercivity [48,49]. The reason is the domain wall in large multi-domain grains 

can easily be shifted by a relatively weak magnetic field [49] . Fernando et al. also showed a linear 

inverse proportionality between coercivity (Hc) and grain size (D) given by Hc α 1/D[50]. Murali 

et. al. calculated the critical size of the mono-domain (Dm) to be 50.2 nm for NiZn ferrite which is 

comparable with our result [49]. The grain size of the films annealed at 600 ⁰C could be less than 

the critical diameter of the grain size and could be attributed as a reason for seeing highest value 

of coercivity from such films.    

 

Fig. 9. In plane magnetization of NZF, NCoZF, and NCuZF films 

4. Conclusion: 

Thin films of Ni0.5Zn0.5Fe2O4,  Ni0.35Co0.2Zn0.45Fe2O4  and Ni0.35Cu0.2Zn0.45Fe2O4 were 

successfully prepared by sol gel method. NZF films showed maximum saturation magnetization 

followed by NCoZF films, whereas NCuZF films showed minimum saturation magnetization. 

Doping NZF films with Co resulted in increase in the coercivity whereas doping NZF films with 
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Cu resulted in decrease in the coercivity, in comparison to NZF films.   Annealing temperature 

was seen to affect the structural and magnetic properties of the films.   Even though highest grain 

size was obtained from films annealed at 800 ⁰C, the highest magnetization and coercivity values 

were obtained from films annealed at 600 ⁰C temperature. Based on the requirement of a specific 

application, magnetic properties of these films can be tuned by doping with a suitable dopant.  
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