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Abstract 

We present a new solution-phase, sol-gel based spin-coating method to fabricating high quality, nickel zinc ferrite (NZFO) 

thin films. The effect of annealing temperature on the microstructure, static magnetic properties and X-band FMR linewidth 

and resonance field was investigated. Furthermore, the effect of composition on these properties was explored in films with 

the formula NixZn(1-x)Fe2O4 (where x = 0 to 1 in 0.1 increments). Films annealed at the highest annealing temperature of 

1100 ˚C were found to have the highest saturation magnetization and coercivity, as well as the lowest FMR linewidths. Films 

with the composition Ni0.3Zn0.7Fe2O4 were found to have the lowest linewidths along with favorable magnetic properties for 

microwave applications. The champion film showed an FMR linewidth of 93 G, corresponding to a low Gilbert damping 

coefficient of α = 0.003, a saturation magnetization of 330 emu/cm3, and a coercivity and anisotropy field of 14 and 62 Oe 

respectively. Copyright © 2018 VBRI Press. 
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Introduction 

Soft ferrites are widely used in microwave applications 

such as phase shifters, circulators and isolators, largely 

due to their high electrical resistivity and low losses at 

high frequencies.1-11 Currently, most of these applications 

use bulk-processed ferrite powders. However, there is a 

significant push towards miniaturized and fully integrated 

microwave devices, which requires that routes to high 

quality, thin films of these materials be developed. 
2, 3, 6, 7, 12 Soft ferrites can be divided into three classes 

based on their structure: garnets, hexaferrites and spinel 

ferrites. The most commonly used garnet is yttrium iron 

garnet (YIG)2-4, 10, 13-15 which is an incredibly low loss 

material,16 but is difficult to fabricate as a thin films as it 

often requires expensive gadolinium gallium garnet 

(GGG) substrates.13, 16 Hexaferrites, such as barium M-

type hexaferrite (BaM), have the advantage of uniaxial 

anisotropy which can reduce the required biasing field in 

devices, but they are also difficult to fabricate and 

generally have lower room temperature magnetization and 

higher coercivity (HC) than other ferrites.6, 7, 17-21 Spinel 

ferrites, such as nickel zinc ferrite (NZFO), are promising 

for use in integrated microwave devices due to their high 

tunability, ease of fabrication and relatively  

improved magnetic properties, such as higher 

magnetization.22-25 

 The spinel structure consists of a cubic close-packed 

oxygen lattice with both octahedral and tetrahedral sites 

occupied by cations. The general formula for these 

materials is AB2O4 where A represents divalent cations 

and B represents trivalent cations. In spinel ferrites, there 

are generally two iron atoms per formula unit and the 

remaining metal cation can be a wide variety of other 

metals (e.g. Co, Ni, Mn, Zn, Cu, Ti, Cr), or any 

combination of these, which leads to a high degree of 

tunability. The coupling between spins in adjacent cation 

sites in spinel ferrites is antiferromagnetic, but often the 

magnetic moment between the sites is unequal, creating a 

net magnetization along the direction of the stronger 

moment. This type of magnetism, termed ferrimagnetism, 

is thus highly dependent on the distribution of the cations 

within these sites.24, 26, 27 This grants spinel ferrites 

another level of tunability, since the cation distribution is 

sensitive to the fabrication methods and processing 

conditions. 

 Nickel-zinc ferrite (NZFO) is a spinel ferrite that has 

attracted significant research interest.26, 28-35 As a bulk 

powder, it is currently used commercially in a number of 

discreet microwave components. Due to its high 
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resistivity and thermal stability, it is often used in  

devices operating above 5 MHz or at high temperatures.9 

In an effort to integrate NZFO into micro-devices,  

there have been a number of attempts to fabricate  

NZFO thin films. The methods employed have included 

pulsed laser deposition (PLD),29, 36-39 alternative 

sputtering,22, 40 chemical bath deposition,41, 42 and spin-

spray methods.30, 31, 35, 43 In the cases of PLD and 

alternative sputtering, the resulting films were found to 

have high losses,29, 40 high coercivities,22, 38-40 or high 

stress-induced anisotropy fields.36, 37 The magnetic and 

high frequency properties of the films made using the 

chemical bath deposition method were not investigated, 

however this method yielded films with a flake 

morphology. While this structure is beneficial for the 

pseudocapacitive applications they were investigating, 

these films had a high degree of porosity which often 

increases losses, making it not an ideal method.  

Currently, the most promising route to NZFO  

thin films are spin-spray methods in which a solution of 

dissolved metal ions or metal-oxide oligomers  

is sprayed onto a spinning, often heated, substrate.  

The spin-spray method has a number of advantages 

including low processing temperatures, a high degree of 

uniformity in thickness and composition and good 

scalability. However, NZFO films fabricated using this 

method often have poor crystallinity which leads to low 

saturation magnetization (MS) and, often, a high 

anisotropy field (HA).35 

 Here we report a solution-phase, sol-gel based  

spin-coating route to NZFO thin films with low high-

frequency losses, high saturation magnetization  

and low coercivity. While only spin-coating was 

investigated here, similar results could be likely be 

obtained using other related methods, including  

dip-coating or doctor blading. Solution-phase methods to 

thin film fabrication are advantageous because they are 

relatively cheap, scalable and create very compositionally 

uniform materials. Aqueous solutions have been used 

extensively as precursors to powders of NZFO and other 

ferrites as well as being used as the precursor in  

spin-spray deposition methods,35, 44-51 but the high  

surface tension of water makes it less than ideal for many 

room temperature thin film deposition processes. Indeed, 

high-quality thin films of a variety of ferrites including 

pure nickel ferrite have been fabricated using spin-coating 

and dip-coating methods based on organic solvents 

containing small amounts of water.23, 27, 52-55 These 

organic solvents provide improved the substrate wetting, 

compared with purely aqueous systems. Here, we utilize a 

propanol solution of dissolved metal precursors to 

fabricate NZFO thin films and investigate the effect of 

annealing conditions and composition on the static and 

dynamic magnetic properties of the films. We find that 

films with the optimal composition and annealing 

conditions have a narrower FMR linewidth than any 

previously reported NZFO thin films, and a higher 

saturation magnetization than films prepared using spin-

spray methods. 

Experimental methods 

Materials 

Iron (III) nitrate nonahydrate (99.999%) and zinc (II) 

acetate dihyrdate (97%) were purchased from Alfa Aesar 

and used without further purification. Nickel(II) acetate 

tetrahydrate (98%) and 1-propanol (99.7%) were purchase 

from Sigma-Aldrich and used without further purification. 

Preparation of sol-gel precursor solution 

The solutions were prepared by dissolving the metal salts 

in the desired molar ratio into 1-propanol to form a 

solution with a final concentration of 0.2 M. In a typical 

synthesis for Ni0.3Zn0.7Fe2O4, Fe(NO3)3·9H2O (0.808 g,  

2 mmol), Zn(OOCCH3)2·2H2O (0.128 g, 0.7 mmol), and 

Ni(OOCCH3)2·2H2O (0.075 g, 0.3 mmol) were dissolved 

in 10 mL of 1-propanol. The mixture was magnetically 

stirred at room temperature for 1 hour at which point the 

solution was red-orange in color and completely clear. 

The metal compounds were not dissolved if the solutions 

were not stirred for more than 30 minutes, and the 

solutions turned cloudy and unusable after 5 hours. 

Film deposition and annealing 

The solutions were deposited by spin coating onto clean 

(100) Si wafers (2 x 2 cm in size) at 2000 RPM for 

2 minutes. The film was then immediately heated to 200 

˚C in air for 10 minutes to ensure complete dehydration; 

this was followed by cooling to room temperature. The 

films were then crystalized in a quartz tube in a tube 

furnace under flowing O2. The temperature was increased 

to the desired temperature (800-1100 ˚C) at a rate of 20 

˚C/min, and then held at temperature for 30 minutes 

before the oven was turned off and the films were allowed 

to cool down slowly. 

Characterization 

A JEOL JSM-6700F field emission scanning electron 

microscope (FE-SEM) was used to characterize the 

microstructure of the films. X-ray diffraction patterns 

were the result of 2D grazing incidence wide angle X-ray 

scattering experiments (GIWAXS) performed at the 

Stanford Synchrotron Radiation Lightsource (SSRL). 

These experiments were carried out using beamline 11-3, 

and the resulting 2D diffractograms were integrated to 

create the 1D patterns presented here. FMR spectra were 

collected using a Bruker EMX X-band EPR spectrometer 

operating at 9.72 GHz. The magnetic properties were 

measured using a Quantum Design MPMS 

superconducting quantum interference device (SQUID) 

magnetometer. 

Results and discussion 

The effect of annealing temperature was investigated on 

films with a fixed composition of Ni0.3Zn0.7Fe2O4.  

Fig. 1a-d shows top-view SEM images of the films.  

The grain size was observed to increase with increased 
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annealing temperature. XRD analysis performed on the 

same films (Fig. 1e) indicates that the films all have the 

desired spinel crystal structure with no detectable 

impurities in films annealed above 900 ˚C. The film 

annealed at 800 ˚C, however, has an impurity peak at 

33.189˚ which corresponds to the (311) peak of Fe2O3. 

The appearance of this phase at temperatures below  

900 ˚C is consistent with previous work on ferrite 

powders.56  

 In order to probe the high frequency properties of 

these films, X-band (9.72 GHz) FMR was used, and the 

resulting spectra are presented in Fig. 1f. The main Figure 

of merit we use to evaluate these films is the peak-to-peak 

linewidth of the FMR spectra, which is a measure of the 

high frequency magnetic losses. This linewidth can be 

used to determine the Gilbert damping coefficient, a 

unitless parameter used to characterize losses in the 

Landau-Lifshitz-Gilbert (LLG) model,57 through the 

following relation: 

 

 𝛼 =
𝛾Δ𝐻pp
4π𝑓′

 (1) 

 

where 𝛾 is the gyromagnetic ratio, which is  

determined by the FMR resonance field (𝐻res) as 

discussed below, and 𝑓′ is the measurement frequency. 

For most microwave applications, low loss corresponding 

to low values for α, and therefore low linewidths, are 

desired. As seen in Fig. 1f, the FMR linewidth decreases 

with increasing annealing temperature from 379 G  

(α = 0.013) for films annealed at 800 ˚C to 93 G  

(α = 0.003) for films annealed at 1100 ˚C. All of the 

linewidths and calculated Gilbert damping coefficients are 

presented in Table 1.  

 

 

 

 

 

 

Fig. 1. Top-view SEM micrographs of Ni0.3Zn0.7Fe2O4 films annealed to 

(a) 800 ˚C (b) 900 ˚C (c) 1000 ˚C and (d) 1100 ˚C (all images are set to 

the same scale.) Higher annealing temperatures are seen to increase 
grain size. (e) X-ray diffractograms of the same films showing the spinel 

crystal structure for all films with an Fe2O3 impurity appearing only in 

samples annealed to at low temperature (800 ˚C, dotted line). (f) FMR 
spectra of the same films showing the lowest linewidth for films 

annealed to 1100 ˚C (solid line). 
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Fig. 2. Room-temperature magnetic hysteresis loops for Ni0.3Zn0.7Fe2O4 

films annealed at various annealing temperatures. (Insert) Coercivity 
(HC, black squares) and anisotropy field (HA, grey circles), determined 

from the M-H loops as a function of annealing temperature. 

  The static magnetic properties of these films were 

investigated using SQUID magnetometry at room 

temperature, and the resulting M-H loops are presented in 

Fig. 2. The saturation magnetization increases 

significantly with annealing temperature reaching a 

maximum of 330 emu/cm3 for the film annealed at  

1100 ˚C. In addition to increasing MS, the anisotropy  

field increasing annealing temperature. The HC and HA 

values for the M-H loops in Fig. 2 are presented 

graphically in the inset and included in Table 1.  

The film annealed at 1100 ˚C has the lowest  

anisotropy field (62 Oe), which is desired for most 

applications, but it also has the highest coercivity  

(14 Oe), which is not desired for some applications. 

Despite this fact, from these investigations, we decided 

that 1100 ˚C was the optimal annealing temperature to 

fabricate low-loss NZFO films suitable for microwave 

applications, and thus we used this temperature for the 

subsequent studies focusing compositional variation, 

described below. 

 
Table 1. Magnetic Properties of Ni0.3Zn0.7Fe2O4 Films Annealed to 

Various Temperatures. 
 

 

 With the optimal annealing temperature identified, it 

is interesting to understand why this high temperature is 

needed. The decrease in FMR linewidth and increase in 

saturation magnetization with higher annealing 

temperatures are likely both due to differences in the 

cation distribution. Previous work has shown that cation 

distribution plays a large role in determining the magnetic 

properties of NZFO and analogous systems.24 27, 50, 51, 58 

Pure NiFe2O4 is an inverse spinel structure in which the 

Ni2+ cations preferentially occupy octahedral sites while 

the Fe3+ cations occupy the remaining octahedral sites and 

the tetrahedral sites. However, in ZnFe2O4, which is a 

normal spinel, the Zn2+ cations preferentially occupy the 

tetrahedral sites leaving the Fe3+ occupying the octahedral 

sites.59 When Zn2+ cations are substituted into the 

NiFe2O4 system, they preferentially occupy tetrahedral 

sites which forces more Fe3+ into octahedral sites. This 

change in Fe3+ cation distribution can have a large effect 

on the overall magnetic properties.58, 59 

 In the current work, high annealing temperatures can 

allow for more cation migration during crystallization, 

while at low annealing temperatures, cation migration is 

more limited. This likely leads to a more thermo-

dynamically-favored cation distributions in films 

annealed at 1100˚C, and a more kinetically-controlled 

cation distributions in films annealed at 800˚C. In a 

kinetically-controlled distribution, the Fe3+ cations are 

more likely to be evenly distributed between octahedral 

and tetrahedral sites, which would cause those magnetic 

moments to cancel out, leading to lower saturation 

magnetization. Furthermore, cation ordering has been 

shown to effect electrical conductivity in spinel ferrites 

where the primary conduction mechanism is charge-

hoping through percolated networks of redox active Fe 

sites.26, 58 Decreased conductivity at higher annealing 

temperatures60 likely contributes to the low linewidth 

observed in films annealed at 1100˚C.  

 In order to more fully understand the effects of 

annealing conditions on these NZFO films, we also 

crystallized films using rapid thermal annealing  

(RTA). In our standard annealing, as discussed above,  

the NZFO films are heated in a tube furnace under 

flowing oxygen for 30 minutes in addition to  

the time needed for heating up and cooling down.  

RTA, on the other hand, is able to heat and cool samples 

in just a few minutes total time. The NZFO films were 

heated in oxygen to 1080 ˚C over 1 minute and then 

annealed at that temperature for 1 minute before being 

quickly cooled to room temperature. Note that 1080˚C 

was used because it is the highest temperature that our 

RTA system can achieve. Using this method, we 

investigated two annealing procedures: films annealed via 

RTA only, and films pre-annealed at 800 ˚C using our 

standard annealing procedure, and then RTA annealed to 

1080 ˚C. 

Top-view SEM images of films annealed using  

these various methods (Fig. 3a-c) show that there  

is little difference in microstructure for films annealed 

under different conditions. XRD analysis (Fig. 3d) 
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indicates that films annealed using RTA have the desired 

spinel structure with same Fe2O3 impurity that was 

previously found in  films annealed more slowly at 800 

˚C, which is not desired. FMR investigations found that 

both films prepared using RTA have significantly larger 

linewidths than films annealed through our standard 

method, as shown in Fig. 3e. The film pre-annealed at 

800 ˚C before RTA treatment (dashed line) has a 

linewidth of 348 G, which is a small improvement over 

the film that was only annealed at 800 ˚C using our 

standard conditions, where the linewidth was 379 G. 

However, the RTA treatment is unable to remove the 

Fe2O3 impurity, or reduce the linewidth to values 

comparable to films annealed through the standard 

method at 1100 ˚C. The film annealed directly to 1080 ˚C 

using RTA had an even higher linewidth of451 G, 

suggesting reduced cation ordering, per the discussion 

above. Thus, slow annealed films like this had more 

thermodynamic controlled cation distributions, which are 

favorable for RF applications. In RTA, the short duration 

of heating leads to a more kinetically-determined cation 

distribution, which produced materials with relatively 

high losses.  

  

 

 

 

Fig. 3. Top-view SEM images of films annealed (a) using rapid thermal 

annealing (RTA) at 1080 ˚C, (b) using a standard tube furnace to slowly 
anneal the sample at 800 ˚C, followed by RTA at 1080 ˚C and (c) using 

our standard slow procedure in a tube furnace at 1080 ˚C. (d) XRD 

diffraction powder patterns for the same films showing an iron oxide 
impurity in both RTA processed films. (e) FMR spectra showing 

increased linewidths in RTA films compared to films annealed for 

longer times at 1100 ˚C. 
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Fig.  4. (a) FMR linewidth (black, left axis) and centerfield (grey, right 

axis) as a function of composition in NixZn(1-x)Fe2O4 films. (b) FMR 

spectra for films with x = 0.1 (solid line), x = 0.5 (dashed line) and  
x = 1.0 (dotted line). 

 

 

 After determining that slow anneal at 1100 ˚C is the 

optimal annealing procedure for these films, we 

investigated the effect of composition. To do this, the 

ratio of nickel and zinc was systematically changed while 

the amount of iron was held constant. Fig. 4a shows the 

FMR linewidth (black squares) and center field  

(grey circles) as a function of composition. Example 

spectra for samples of NixZn(1-x)Fe2O4 where x = 0.1, 0.5 

and 1.0 are presented in Fig. 4b. Lower nickel content 

samples have generally lower linewidths with the 

minimum linewidth of 93 Oe being at x = 0.3, 

Ni0.3Zn0.7Fe2O4. The FMR center field, or the field at 

which the intensity reaches 0 between the peaks, reaches a 

minimum at x = 0.5 (Fig. 4b, dotted line). The center 

field is a material dependent property and thus the change 

with composition is expected. This value is used in 

combination with the measurement frequency to 

determine the gyromagnetic ratio (𝛾): 

 𝛾 =
𝑓′
𝐻res

    (2) 

where 𝑓′ is the measurement frequency. In addition to 

being used in calculating the Gilbert damping coefficient 

(eq. 1), the gyromagnetic ratio is used to determine a 

device’s operation frequency and biasing field. 

 The room temperature coercivity, anisotropy field 

and saturation magnetization as a function of composition 

are presented in Fig. 5. The coercivity (Fig. 5a, black 

squares) is generally lower for films with nickel content 

less than x = 0.4, reaching a minimum of 10 Oe for  

x = 0.1. HC reaches a maximum value of 50 Oe at x = 0.7 

and then decreases as nickel content further increases. On 

the other hand, HA (Fig. 5a, black squares) again starts 

low values of x < 0.4, but HA then monotonically 

increases with increasing nickel content up to x = 1.0. The 

MS (Fig. 5b) lowly increases with increasing nickel 

content until it reaches a maximum at x = 0.6 and then it 

decreases more rapidly as nickel content further increases. 

From this data, low nickel content films are the most 

promising for most microwave applications where low HC 

and low HA are important. Since high MS is also desirable, 

the higher end of that low nickel range becomes 

preferable. Taking into account the FMR properties of 

these films, Ni0.3Zn0.7Fe2O4 is found in this work to be the 

optimal composition for these thin films. 

 

 
 

Fig. 5. (a) Room-temperature coercivity (black, left axis) and anisotropy 

field (grey, right axis) as a function of Ni content. (b) Room-temperature 

saturation magnetization as a function of Ni content. 

 

Conclusions 

Here we present the synthesis of high-quality, low-loss 

NZFO thin films using a sol-gel method. We found that 

slow annealing in a standard furnace under flowing 

oxygen at 1100 ˚C yielded films with the lowest FMR 

linewidths and highest saturation magnetization. 

Investigations into the effect of composition suggest that 

Ni0.3Zn0.7Fe2O4 is the optimal composition for microwave 

applications. Films with the optimal composition and 

annealing conditions were found to have a low coercivity 

(14 Oe), low saturation field (62 Oe), high saturation 

magnetization (330 emu/cm3) and a low FMR linewidth 

(93 G at 9.72 GHz).  
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