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Abstract: Zn-ferrite is a versatile material among spinels owing to its physicochemical properties,
as demonstrated in rich phase diagrams, with several conductive or magnetic behaviors dictated
by its cation inversion. The strength and the type of cation inversion can be manipulated through
the various thermal treatment conditions. In this study, inverted Zn-ferrite thin films prepared from
radio frequency magnetron sputtering were subjected to different in situ (in vacuum) and ex situ (in
air) annealing treatments. The temperature and field dependence of magnetization behaviors reveal
multiple magnetic interactions compared to its bulk antiferromagnet behavior. Using the magnetic
component model, the different magnetic interactions can be explained in terms of superparamagnetic
(SPM), paramagnetic (PM), and ferrimagnetic (FM) contributions. At low temperatures, the SPM
and FM contributions can be approximated to the hard and soft ferrimagnetic phases of Zn-ferrite,
respectively, which changes with the annealing temperature and sputter power. Distinct magnetic
properties emanating from in situ annealing compared to the ex situ annealing were ascribed to the
nonzero Fe2+/Fe3+ ratio, leading to the different magnetic interactions. The anisotropy was found to
be the key parameter that governs the behavior of annealed in situ samples.

Keywords: magnetic interactions; cation inversion; nanocrystalline Zn-ferrite; annealing

1. Introduction

Zn-ferrite (ZnFe2O4) is a spinel ferrite with a chemical composition that guarantees
abundant and relatively cheap production costs, in addition to its environmentally friendly
nature [1–6]. Its spinel structure is relatively “open”, with many vacant crystallographic
sites, which facilitates the insertion of (mobile) dopants that can expand the number of
applications of such material [1,2]. Zn-ferrite is very sensitive to growth conditions that
can produce different amounts of defects and grain boundary densities, off-stoichiometry
effects in the Zn and Fe content, nonzero Fe2+/Fe3+ ratios, and micro/nano strains, which
eventually affect the overall properties of nanostructured Zn-ferrite [7–12]. Even though
thermal annealing is a convenient way for fine-tuning magnetic properties by controlling
their crystallite sizes, modifying their surfaces, and affecting their magnetic interactions, it
can also have detrimental effects. For instance, upon annealing, the migration of Zn cations
can lead to the formation of two different crystalline (hematite and magnetite) phases along
with Zn-ferrite, which eventually hinders many technological applications [6,9,13,14]. The
thermodynamics of the cation disorder and the dependence of the degree of inversion
with the annealing temperature have been studied in various nanostructured Zn-ferrite,
ranging from nanoparticles to nanocrystalline thin films [7,15,16]. The cation inversion can
be presented as [Zn1−x

+2Fex
+3]A[Znx

+2Fe2−x
+3]BO4 in the inverted Zn-ferrite’s tetrahedral

(A) and octahedral (B) sites, in contrast to the bulk [Zn]A[Fe2]BO4 normal structure. Despite
the fact that we know that the distribution of cations (Fe3+ and Zn2+) governs the physical
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properties of Zn-ferrite films and their emerging applications in spintronic [17] and high-
frequency devices [18–23], its low-temperature magnetic properties have not been explored
extensively; it is very important to understand the ordering behavior of magnetism in Zn-
ferrite. In this study, inverted Zn-ferrite thin films were synthesized by sputtering, followed
by in situ vacuum annealing and ex situ air annealing. These films exhibit interesting and
different temperature-dependent magnetic properties, which can be explained in terms of
the magnetic (ferrimagnetic, superparamagnetic, and paramagnetic) components model.

2. Experimental

Zn-ferrite thin films (500 nm) were prepared by radio frequency (RF) magnetron
sputtering on fused quartz substrates at an RF power of 100 and 200 W in a pure argon
pressure of 1 × 10−3 mbar from the ceramic ZnFe2O4 target. The first set of as-grown films
were annealed ex situ at temperatures of 500 and 850 ◦C in the air for one hour. We selected
these two annealing temperatures (500 and 850 ◦C), wherein at the former temperature,
large magnetizations were reported in the literature, and for the latter temperature, a bulk
normal structure was obtained [7,20]. The second sets of as-grown films were annealed in
situ in the vacuum of 1 × 10−5 mbar at the annealing temperature of 500 ◦C for two hours.
The crystalline phase and microstructure of these films were studied by X-ray diffraction
(XRD) and scanning electron microscope (SEM), respectively. The magnetic properties
were measured by a physical property measurement system (PPMS) attached to a vibrating
sample magnetometer (VSM). The temperature dependence of magnetization (M-T) data
was measured in a relatively large applied field of 1.59 × 106 A/m with cooled conditions
from 300 to 5 K. The diamagnetic contribution of quartz substrate was subtracted from the
magnetization data of films.

3. Results and Discussion

XRD patterns of as-grown Zn-ferrite thin films and those annealed in the air (ex situ)
and vacuum (in situ) are shown in Figure 2, confirming the formation of a single-phase
FCC cubic spinel Zn-ferrite structure. Significantly, XRD peaks can be observed even in
as-grown samples prepared at a sputter power of 100 and 200 W, which is otherwise hardly
observed in ferrite films without going through high-temperature processing [7,24]. The
XRD pattern obtained for films annealed at 850 ◦C in the air is mostly similar to the bulk
polycrystalline Zn-ferrite (JCPDS file no. 22–1012) powder. The lattice constant for these
films was extracted and provided in Table 1, in the range of 8.41–8.46 Å, compared to the
bulk Zn-ferrite value of 8.44 Å [25]. The larger lattice constant (8.46 Å) in the as-grown
film is ascribed to the room temperature growth-induced stresses, which, however, reduces
to 8.44 Å for the air-annealed (850 ◦C) sample. On the other hand, the Zn-ferrite films
annealed in the vacuum exhibit a lower lattice constant (8.41 Å) compared to the bulk
value (8.44 Å), indicating stoichiometric or Fe valence state changes [25] due to vacuum
annealing, which we will discuss further in a later section. The grain sizes estimated from
the Scherrer formula (Table 1) for as-grown films are in the range of 24–30 nm and increase
(31–58 nm) upon annealing (irrespective of the environment), which is further supported
by SEM images (see Figure 1).

Table 1. Lattice constants, grain sizes, and M-T data fitting parameters.

Sample Lattice
Constant (Å)

Grain Size
(nm) β TC or θ (K) α

as-grown 100 W 8.46 24 1.25 604 0.85
as-grown 200 W films 8.43 30 1.25 600 0.8

100 W films air annealed at 500 ◦C 8.43 31 1.45 452 1
100 W films air annealed at 850 ◦C 8.44 58 - 254 0
100 W films vacuum annealed at

500 ◦C 8.41 41 2.5 828 1
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Figure 1. XRD patterns of as-grown, air-annealed, and vacuum-annealed Zn-ferrite thin films along 
with bulk Zn-ferrite data. 

 
Figure 2. SEM images of as-grown Zn-ferrite thin films (deposited at an RF power of 100 W), which 
were later annealed at 500 °C and 850 °C in the air. 

The effect of ex situ air annealing on the temperature dependence of magnetization 
of Zn-ferrite thin films was investigated first. The field-cooled (FC) magnetizations of as-
grown and air-annealed samples are plotted in Figure 3. The magnetization behavior of 
the ex situ air-annealed sample shows distinct magnetization behaviors in comparison to 
the bulk Zn-ferrite, which is paramagnetic at room temperature and antiferromagnetic 
below TN of 15 K [22]. In comparison, as-grown 100 and 200 W samples show a gradual 
increase of magnetization with an upturn below 50 K, indicating the mixture of superpar-
amagnetic (SPM) and ferrimagnetic (FM) grains. While the ex situ air-annealed sample at 
500 °C (sputter power of 100 W) shows the resemblance of dominant FM ferrimagnetic 
behavior, the ex situ air-annealed sample at 850 °C shows more paramagnetic (PM) be-
havior. To confirm and estimate the contribution of various magnetic interactions, FC 
magnetization curves were fitted to Expression (1) that consists of ferrimagnetic (FM) (first 

Figure 1. SEM images of as-grown Zn-ferrite thin films (deposited at an RF power of 100 W), which
were later annealed at 500 ◦C and 850 ◦C in the air.
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Figure 2. XRD patterns of as-grown, air-annealed, and vacuum-annealed Zn-ferrite thin films along
with bulk Zn-ferrite data.

The effect of ex situ air annealing on the temperature dependence of magnetization
of Zn-ferrite thin films was investigated first. The field-cooled (FC) magnetizations of as-
grown and air-annealed samples are plotted in Figure 3. The magnetization behavior of the
ex situ air-annealed sample shows distinct magnetization behaviors in comparison to the
bulk Zn-ferrite, which is paramagnetic at room temperature and antiferromagnetic below
TN of 15 K [22]. In comparison, as-grown 100 and 200 W samples show a gradual increase
of magnetization with an upturn below 50 K, indicating the mixture of superparamagnetic
(SPM) and ferrimagnetic (FM) grains. While the ex situ air-annealed sample at 500 ◦C
(sputter power of 100 W) shows the resemblance of dominant FM ferrimagnetic behavior,
the ex situ air-annealed sample at 850 ◦C shows more paramagnetic (PM) behavior. To
confirm and estimate the contribution of various magnetic interactions, FC magnetiza-
tion curves were fitted to Expression (1) that consists of ferrimagnetic (FM) (first term)
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and superparamagnetic (SPM) (second term) or paramagnetic (PM) functions [26–28], as
given by,

M(T) = α

[
MS

{
1 −

(
T
TC

)β
}]

+ (1 − α)
C
T

(1)

where TC is the Curie temperature, β is the critical exponent, and C is the Curie constant.
The terms α and (1 − α) refer to the FM and SPM or PM contributions, respectively.
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Figure 3. FC M-T curves measured at the fixed field of 1.59 × 106 A/m for as-grown (a) and
air-annealed Zn-ferrite thin films (b,c). Red lines indicate fitted data with a component model.

All the extracted fitting parameters are given in Table 1. The FM contribution can
be attributed to the partial inversion or mixed inverted spinel Zn-ferrite structures. The
presence of smaller-sized superparamagnetic (SPM) grains, which have very low blocking
temperatures, show Curie-law-type (∼C

T ) decay of the magnetization. It is estimated that
the as-grown films (100 and 200 W) show 15–20% SPM contributions. The FM part can
be fitted well to the ferromagnetic Bloch’s law [26,27] with a β value of ~1.25 instead
of a reported FM value of 1.5 and high TC values of ~ 600 K. On the other hand, the
FC curves of the sample annealed at 500 ◦C can be well fitted mainly with the FM part,
giving β and TC values of ~1.45 and ~452 K, respectively. This is because now smaller
SPM grains also grow in size and become FM upon annealing. For a higher annealing
temperature of 850 ◦C, the FC curve changes its shape and can now be fitted well with the
Curie–Weiss (C–W) law, ~ C

T−θ , where θ is the Weiss temperature. The Weiss temperature is
related to the strength and type of magnetic interactions present [28]. The yielded Weiss
temperature is θ = −254 K. This large negative value reflects the presence of dominant
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antiferromagnetic ordering, possibly due to the Zn-ferrite structure tending to resume its
normal bulk structure. The large θ

TN
> 3 value in our antiferromagnetic Zn-ferrite thin

films suggests the existence of geometrical frustration in the compounds [28]. Recently,
Monsalve et al. [21] grew sputtered Zn-ferrite thin films on Si substrates under a pure Ar gas
atmosphere with an Ar/O2 ratio of 1:2 and 2:1, showing a signature of room temperature
magnetic ordering. However, they measured low-temperature magnetic properties only
for the sample of Ar/O2 (2:1), which had an extrapolated Curie temperature value of
~440 K. Our previous study [22] on nanocrystalline Zn-ferrite thin films synthesized by
pulsed laser deposition (PLD) in an oxygen atmosphere (0.16 mbar) found the films were
ferrimagnetic only at an intermediate in situ growth temperature (200–500 ◦C) while our
sputtered samples were strongly ferrimagnetically ordered even at the as-grown state.
On the other hand, Yamamoto et al. [23] reported that ZnFe2O4 thin films deposited at
a low oxygen atmosphere (1 × 10−6 mbar) showed cluster glass behavior. Therefore, to
understand these diverse results, it is imperative to conduct an in-depth investigation of
magnetic properties of annealed Zn-ferrite thin films and how various SPM, FM, and PM,
and/or AFM components further play a key role in determining magnetic properties at the
nanoscale.

To evaluate the above distinct magnetic behaviors observed in our Zn-ferrite thin
films, the field dependence of the magnetization (M−) curve was measured at a low tem-
perature, which is shown in Figure 4 for both as-grown and air-annealed samples. The
M–H curve of Zn-ferrite thin films indicated a ferrimagnetic nature, in contrast to the
AFM behavior of typical bulk Zn-ferrite. The low-field region (insets) shows the nonzero
remnant magnetization and coercivity values while high fields regions show a nonsat-
uration behavior of M–H curves even for the highest magnetic field of 6.37 × 106 A/m.
This nonsaturation behavior is further pronounced in high-temperature annealed samples,
indicating the increased PM/AFM contribution alike observed in FC M-T data. To quantify
SPM/PM/AFM contributions along with the FM contribution, we fitted M–H curves (solid
lines) with Expression (2), assuming the individual contributions of the FM, AFM, and/or
PM components;

M(H) = ∑2
i=1 αi

[
2Mi

S
π

tan−1

{
H ± Hi

C

Hi
C

tan
(

πSi

2

)}]
+
(

1 − α1 − α2
)

χH (2)

here, both the first (i = 1) and second (i = 2) term is an appropriate function for fitting
FM hysteresis curves [29,30], and the third term is a linear component representing a PM
and/or AFM contribution. As the FC M-T curves (Figure 3) indicated as-grown films have
an SPM contribution, such an SPM phase is anticipated to show FM behaviors at very
low temperatures (below the blocking temperature). For this reason, second FM terms
were added in Expression (2), in addition to inverted spinel FM grain contributions. Here,
S = Mr/MS is the squareness ratio, Ms is the saturation magnetization, χ is the magnetic
susceptibility, and HC is the coercivity. The α1, α2, and 1 − α1 − α2 are the contribution
of the FM part-1 and FM part-2 and the PM or AFM part, respectively. All the extracted
fitting parameters are given in Table 2. The total FM contributions are predominant in
as-grown films grown at 100 and 200 W while the PM or AFM contribution increases from
~11 to ~17% with an increasing annealing temperature. This is expected because high-
temperature annealing facilitates cation distribution partially reverts to the bulk Zn-ferrite
normal structure. The reduction in χ values from 473 (as-grown) to 0.12 (850 air annealed)
further supports our argument.
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Table 2. Squareness ratio: S = Mr/MS, saturation magnetization: MS, magnetic susceptibility: χ,
coercivity: HC, and α1 and α2.

Sample HC1
(kA/m)

HC2
(kA/m) MSf1 (T) MSf2

(T) S1 S2 α1 α2 1 − α1 − α2 χf

as-grown 100 W 9.55 92.95 0.35 0.19 0.34 0.25 0.597 0.402 0.001 473
as-grown 200 W 45.67 446.111 0.048 0.02 0.20 0.13 0.984 0.001 0.016 0.47

100 W air annealed at 500 ◦C 38.28 42.73 0.39 0.21 0.31 0.17 0.251 0.636 0.112 0.32
100 W air annealed at 850 ◦C 14.40 36.37 0.16 0.13 0.06 0.03 0.105 0.722 0.173 0.13

100 W vacuum annealed at 500 ◦C 35.5 32.06 0.063 0.16 0.15 0.41 0.452 0.52 0.003 0.12

To shed light on the nonsaturation behavior in air-annealed samples, first, the high
fields magnetization data were fitted to the Chikazumi law [24] of approach for saturation
with expression M(H) ∝ (1 − a/Hn). The experimental data do not fit well with it, ruling
out the possibility that factors such as defects and atomic anisotropy fluctuation can be
the origin of this nonsaturation effect; alternatively, the PM contribution appears to be
responsible for this high-field, nonsaturation behavior. We further notice that the FM
contribution in as-grown films is composed of both soft (low HC and high MS) and hard
part (high HC and low MS) ferrimagnetic phases. The soft part is attributed to the FM grain
contribution, in which anisotropy gradually increases upon cooling in the inverted spinel
while the hard part belongs to the SPM grain, in which larger changes in HC and S can be
observed below the blocking temperature due to increased effective anisotropy. With an
increasing annealing temperature, the contribution of α2 vs. α1 increases because now the
SPM grain grows to the FM, and the FM grain tends to the PM grain. Similar behavior
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is also observed in 200 W films; it appears that both a high annealing temperature and
high sputter power act as sources of thermal energy. Thus, air annealing is a good way
to enhance the magnetic properties of sputtered films while retaining the stoichiometric
Zn-ferrite phase. These results are different and stand out from reported spinel ferrite films
where reasonably good magnetization can only be obtained at high-growth temperatures
compared to our Zn-ferrite films grown at room temperature with post-thermal treatment.

In the second experiment, we analyzed the magnetic behavior of in situ vacuum-
annealed (500 ◦C) Zn-ferrite films. Vacuum annealing is regarded to enhance ferrimagnetic
properties, as suggested by many reports [7,31,32]. The FC magnetization behavior for in
situ vacuum-annealed (500 ◦C) Zn-ferrite films is plotted in Figure 5a; it shows an anomaly
below 130 K, which deviates from typical ferrimagnetic behavior as represented in the red
dashed line (Bloch T5/2 law [27]). We attribute the source of this anomaly to the presence of
Fe+2 ions, which are believed to be produced during annealing in the reducing atmosphere
(vacuum) because of the partial transformation of Fe+3 ions into Fe+2 ions at octahedral B
sites of Zn-ferrite, such as [(Zn2+)1−x−y(Fe3+)x+y]A[(Zn2+)x(Fe2+)y(Fe3+)2−x−y]B(O2−)4−δ.
The M−H loops (see Figure 5b) of these films exhibit lower saturation magnetization
MS values (Table 2), which further indicates certain changes in the valance state of Fe.
Particularly, the low MS values can be linked to the presence of Fe+2 as Fe+2 has a lower
spin magnetic moment of 4 µB compared to 5 µB of Fe+3. It is worth noting that the
lower lattice constant of 8.41 Å was observed for the vacuum-annealed sample, which
further supports the argument about the presence of Fe+2 ions as it can induce structural
shrinkage [31,32]. This cation inversion scheme is different not only from our ex situ
air-annealed Zn-ferrite films [Zn1−x

+2Fex
+3]A[Znx

+2Fe2−x
+3]BO4 of the same annealing

temperatures (see Table 2) but also from ZnxFe3−xO4:[Znx
+2Fe1−x

+3]A[Fe1+x
+3Fe1−x

+2]BO4
(see Figure 6), in which magnetization values normally increase if Zn contents decrease
upon heat treatment, particularly in a reducing atmosphere [8,25,31,32]. The anisotropy
constant of induced Fe+2 ions normally changes its sign (K1 > 0) and also increases in value
at the isotropic point ~130 K, which we suppose is responsible for the drop of magnetization
values in the FC data. The change of sign in K1 can occur at a particular temperature for the
mixed-valence magnetite, [Fe3+]A[Fe2+Fe3+]BO2−

4 [33–37], with the maximum allowable
concentration of Fe2+ ions, as reproduced in Figure 5a for reference. However, if the amount
of Fe2+ concentration is decreased (by partial oxidation), this change in sign would occur at
lower temperatures. At an isotropic point, the magneto-crystalline easy axis is reported to
change from a <111> to <110> direction in the magnetite, but the crystal structure remains
cubic [34–37].

To further verify the observed anomaly is related to the change in the valance state of
Fe, that is, the presence of Fe+2 ions as a controlled experiment, we also sputtered magnetite
films from the hematite (Fe2O3) target under similar growth and annealing conditions of
Zn-ferrite films. Strikingly, we found an analogy of magnetization drop below 130 K in
FC magnetization curves (see inset of Figure 5a) of magnetite films, albeit with higher
net magnetization values in the entire temperature range. Thus, this study infers that the
magnetic properties of nanocrystalline Zn-ferrite films are extremely sensitive not only to
growth conditions but also postannealing treatments and their environment, leading to
different types of grain sizes, Fe2+/Fe3+ ratios, and magnetic interactions [32,38–40].
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4. Conclusions

This research was aimed at interpreting the underlying magnetism of nanocrystalline
Zn-ferrite thin films, which is commonly referred to as an antiferromagnet in its bulk form.
Distinct forms of in situ and ex situ annealing procedures were used on these films, each of
which caused cation inversion in the Zn-ferrite spinel structures in a different way. The
following main conclusions can be drawn from the present study.

• By employing the component (SPM, FM, and PM) model, we successfully explained
the temperature- and field-dependent magnetic properties of sputtered Zn-ferrite thin
films, suggesting that the model may be the most appropriate for multicomponent
magnetic systems.

• Ex situ air annealing changes the mixed dominance of the SPM and FM contributions
to FM and, finally, bulk-type AFM state with increasing annealing temperature while
preserving the single magnetic ion (Fe+3) character.

• In situ vacuum annealing, on the other hand, results in a partial transformation of
octahedral Fe+3 ions into Fe+2 ions, lowering the saturation magnetization value and
causing an anomaly in low-temperature magnetization data around 130 K.

• Finally, because sputtered Zn-ferrite thin films have a low processing temperature
and are easy to integrate with semiconductor technology, these tunable magnetic
characteristics offer potential in spintronics and high-frequency devices.
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